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ABSTRACT 
 

The research described in this thesis is focused on the bacterial cell division protein FtsZ, a 
promising target for novel antibacterial agents. Structurally closely related, the eukaryotic 
FtsZ homologue tubulin is the other main player in this thesis. Tubulin is an important target 
for anticancer drugs due to its pivotal role in eukaryotic cell proliferation.  
The following introduction illustrates the major structural and functional features of FtsZ and 
tubulin and provides a brief account on compounds interfering with the function of these 
proteins. The review of the current scientific literature reveals that there are still many open 
questions in this field, which deserve further exploration. The research described here 
contributes to clarify some of these issues and might be another step forward towards the 
development of novel therapeutics targeting FtsZ and tubulin.   
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1.1 THE PROKARYOTIC CELL DIVISION PROTEIN FTSZ 
 

1.1.1 FtsZ and the Bacterial Cell Cycle 
 

The bacterial cell division is a very complex process, which has only partially been elucidated 
yet. It involves numerous proteins, several of which still need to be identified and 
characterized. Although FtsZ is a major player in the process, it requires various other 
proteins to successfully fulfill its task. The brief review of the role of FtsZ in bacterial cell 
division given in this section does not attempt in any way to give a complete survey of this 
issue. For a more detailed description of bacterial cell division and citations to the original 
studies, the interested reader is referred to several recent reviews (1-7), which form the basis 
of the summary given in this section.  

  

Bacterial Cell Division 
Cell division in bacteria is mediated by a number of proteins, which assemble at the division 
site into a multiprotein complex referred to as the septal ring or divisome. The formation of 
this structure is initiated by polymerization of the protein FtsZ into the Z-ring, which 
subsequently recruits other proteins to the division site (8) (Figure 1.1). 

Bacterial cell division continues by the concerted inward growth of all three layers of the 
cell envelope – the cytoplasmic membrane, peptidoglycan wall and outer membrane. It has 
been proposed that invagination of the cytoplasmic membrane is driven by Z-ring 
constriction. Inward growth of the peptidoglycan layer is then effected by peptidoglycan-
synthesizing proteins residing in the cytoplasmic membrane (e.g. FtsI). Finally, separation of 
the daughter cells requires splitting of septal murein, which is accomplished by murein 
hydrolases such as AmiA, AmiB and AmiC.    

 

Structure and Dynamics of the Z-ring 
Depending on the growth conditions, a bacterial cell contains 5,000-15,000 molecules of 
FtsZ, approximately 30% of which are associated with the Z ring at a given time (Figure 1.1). 
This is sufficient to span the circumference of the cell several times. Possibly, the Z-ring 
consists of multiple strands of FtsZ polymers, which may be single linear filaments or an 
assembly of short protofilaments. Based on the observation of helical FtsZ polymers in cells 
overproducing FtsZ, it has also been suggested that the Z-ring is actually not a closed ring but 
a tight spiral.  

Although the dynamic nature of the Z ring has been noted since the very beginning given 
its cycles of assembly, persistence, constriction and disassembly (Figure 1.1), recent studies 
(9) using fluorescence recovery after photobleaching (FRAP) have revealed that FtsZ 
molecules in the ring turn over very rapidly with the cytoplasmic pool of FtsZ with a half-life 
of approximately 9 s.    
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Figure 1.1: Bacterial cell division and the Z-ring: Time course of FtsZ assembly and disassembly 
and the role of regulatory proteins. (A) In newborn cells, FtsZ (represented as small spheres) is 
unassembled, and Z-ring formation is effectively suppressed by the nucleoid occlusion protein SlmA 
(prevents Z-ring assembly on top of unreplicated chromosomal DNA) and the MinCDE system 
(prevents Z-ring assembly at the poles, here shown as a grey density gradient). (B) Roughly coinciding 
with the termination of DNA replication, ‘nucleoid occlusion’ is gradually relieved as a joint result of 
cell elongation and nucleoid segregation, allowing assembly of the Z-ring at midcell. Assembly starts 
from a single or two points on the inner surface of the cytoplasmic membrane and extends 
bidirectionally. The Z-ring then recruits at least ten other membrane-associated proteins to form the 
cell division complex known as the divisome. (C) Cell division proceeds by concerted inward growth 
of all three layers of the cell envelope, which is presumably driven by Z-ring constriction and 
disassembly. 
 

Spatial and Temporal Regulation of Cell Division 
The future division site is determined by the location of the Z ring, which is controlled by two 
major processes. One of these processes termed ‘nucleoid occlusion’ prevents Z ring 
formation in regions containing chromosomal DNA. The other pathway accounts for the 
suppression of Z ring assembly in the DNA-free regions at the poles. Together, the two 
pathways ensure that the Z ring forms at midcell upon chromosome segregation.       

 Inhibition of Z ring assembly at the poles is mediated by the Min proteins. In E. coli, the 
Min system comprises the proteins MinC, MinD and MinE. MinC directly binds to FtsZ and 
destabilizes FtsZ polymers. MinD is an ATPase that binds cooperatively to the cytoplasmic 
membrane in its ATP form and is released upon ATP hydrolysis. As a result of the 
concentration gradient, MinD recruits MinC to the membrane, thereby increasing the local 
concentration of MinC and leading to effective inhibition of FtsZ polymerization. MinE 
competes with MinC for MinD binding. Binding of MinE to MinD results in activation of its 
ATPase activity, which triggers the release of MinD from the membrane. MinD then binds at 
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the opposite pole of the membrane. The oscillation of MinD and MinE proteins from pole to 
pole results in a time-averaged concentration minimum of MinC at midcell and concentration 
maxima at the poles, which leads to pole-specific FtsZ-depolymerization. Although the 
MinCDE system is present in many bacterial species, there are also species, which completely 
lack the Min proteins and others like B. subtilis, which only possess MinCD. In B. subtilis, no 
oscillation of MinD is observed but instead, the MinD and MinC proteins are tethered to the 
cell poles by another protein.  

Much less is known about the proteins involved in nucleoid occlusion. Two proteins 
mediating this process in E. coli and B. subtilis, SlmA and Noc, respectively, have recently 
been discovered. The normal appearance of SlmA- and Noc- mutant cells, however, suggest 
the existence of other, partially redundant nucleoid occlusion systems.    

The proteins mentioned above are just a few of many regulatory proteins known to affect 
Z ring assembly. Important other regulators in E. coli are ZipA, FtsA, ZapA and SulA. ZipA, 
ZapA and FtsA are positive regulators of Z ring assembly. Both ZipA and ZapA induce 
bundling of FtsZ protofilaments in vitro. However, while presence of ZipA is essential for cell 
division, loss of ZapA has no detectable consequences in vivo, except when combined with 
other defects. In contrast to ZipA, ZapA and FtsA, the protein SulA is synthesized only 
following induction of the SOS response. It inhibits Z-ring assembly presumably by directly 
binding to FtsZ and blocking its polymerization into protofilaments.  

In the previous paragraphs, only the most essential proteins involved in the regulation of 
Z-ring assembly in E. coli have been discussed. Many additional proteins involved in Z-ring 
formation have been characterized, and new proteins being part of the complex are 
continuously being discovered.     
 
 

1.1.2 Structure and Function of FtsZ 
 

Structure and Sequence of the FtsZ Monomer 
FtsZ is the most highly conserved protein found in the septal ring. Homologues of FtsZ are 
present in nearly all bacteria, many archaea, some chloroplasts and several primitive 
mitochondria (10). Remarkable exceptions, however, are Chlamydia and some archaeal 
species (11).   

According to phylogenetic analysis (10), the amino acid sequence of FtsZ homologues 
from various sources can be subdivided into four distinct regions (Figure 1.2). These include a 
variable N-terminal portion, a highly conserved core region, a variable spacer, and a 
conserved C-terminal segment. The C-terminal portion is responsible for  interaction  of  FtsZ  
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Figure 1.2: Four distinct regions of FtsZ sequences from various sources and the minimum and 
maximum lengths of each region (aa – amino acids) according to Vaughan et al. (10). FtsZ 
homologues from Archaea generally miss the C-terminal region (see text).  
 

with other proteins of the septal ring such as ZipA and FtsA, but is not required for FtsZ 
assembly into protofilaments. The function of the variable N-terminal portion and the spacer 
have not yet been elucidated. The core region accounts for GTP-binding and hydrolysis. 

The crystal structure of the ~40 kDa polypeptide was determined using FtsZ from the 
thermophilic archaeon Methanococcus jannaschii (Figure 1.3) (12). In M. jannaschii, the N-

terminal region (residues 1-37) forms an α-helix (H0) and a loop, which both project out from 

the core of the molecule. According to Vaughan et al. (10), the variable spacer of M. 

jannaschii comprises residues 339-363, a portion identified as part of the core region by Löwe 
and Amos (12). In contrast to FtsZ from E. coli, the M. jannaschii homologue completely 
lacks the C-terminal region (10). 

The core region of M. jannaschii FtsZ consists of two globular domains with a 23-residue 
long central helix (H7) connecting them. The N-terminal segment, subsequently denoted Nt 
core, comprises residues 38-227 and is involved in GTP/GDP binding. It consists of a 6-

stranded parallel β-sheet surrounded by 5 α-helices and includes a 7-residue GTP-binding 

motif ([GGGTGTG], residues 132-138) almost identical to the signature sequence involved in 
the binding of GTP by tubulins (14). The C-terminal domain, in the following denoted Ct, 

contains residues 228-356 and forms a nearly parallel 4-stranded β-sheet with 2 α-helices on 

one side of the sheet. Recently, it has been shown that the Nt and Ct core are actually two 
independent folding entities (15). The Nt core, which contains the nucleotide binding site, 
binds the bottom part of the adjacent monomer in the filament. The Ct core, on the other hand, 
binds the top part of the preceding monomer in the filament, which results in activation of the 
GTPase activity. 

The major secondary structure elements and the most important residues involved in 
nucleotide binding are depicted in Figure 1.3B and 1.3C, respectively. Loops T1 to T4 
(known as the tubulin loops) are mainly involved in backbone contacts with the phosphate 

chain, with the glycine-rich T4 loop (Gly130−Gly136) containing the tubulin-signature 

sequence (see above). Loop T5 between S5 and H5 plays a central role in ribose recognition, 
with Glu165 hydrogen-bonding to the O2’ and O3’ hydroxyl groups and Arg169 contacting 

the O5’ hydroxyl group and the α-phosphate. The key residues for guanine recognition are 



Chapter 1 
 

 6 

located in the central helix H7. Asp212 is engaged in hydrogen-bonding with N1 and the 
exocyclic amino-group of the guanine base, while Phe208 stacks on the aromatic ring. The 
aromatic stack is expanded by Phe162 (within T5) and Phe196 (within H6). Also within H7, 
Leu215 is involved in a hydrophobic contact on the other side of the purine system. Finally, 
Asn51 (within H1) provides another strong interaction by hydrogen-bonding with O6 of the 
base and Asn192 (within T6/H6) by hydrogen bonding with N3 of the base.  

 

 
Figure 1.3: Crystal structure of FtsZ from M. jannaschii with bound GDP (PDB accession code: 
1FSZ). (A) Ribbon diagram with coloring indicating the domain structure and GDP represented as 
space filling model. The N-terminal region (darkturquoise) comprises helix H0 and a loop. The core 
region consists of two globular domains, the Nt core (lightgreen) and the Ct core (blue), which are 
connected by the central helix H7 (green). The Nt core is involved in nucleotide binding and binds to 
the bottom part of the adjacent monomer in the protofilament. The Ct core binds to the top part of the 
preceding monomer in the filament, thereby completing the active site and triggering GTPase activity. 
(B) Ribbon drawing of the nucleotide-binding domain showing only structural elements directly 
involved in nucleotide binding. The representation illustrates the central role of the nucleotide in 
controlling the conformation of core helix H7 via its strong interactions with the guanine base, which 
in turn determines the relative orientations of the Nt and Ct core.  (C) Detailed view of the nucleotide 
binding site of FtsZ showing all major residues involved. Particularly noteworthy are two residues 
engaged in strong interactions with the ribose-moiety (Glu165 and Arg169 within loop T5) and the 
key residues responsible for guanine recognition (Asp212, Phe208, and Leu215 within H7; Asn51 
within H1; Asn192 within T6), see main text for further details. Prepared using PyMol (13). 
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Structure of FtsZ Protofilaments and Multistranded Polymers  
FtsZ polymerization has been observed under many different conditions, which give rise to a 
variety of polymeric structures (16). In the presence of GTP, FtsZ forms linear protofilaments 
without any net twist or curvature (17, 18). GDP, in contrast, gives rise to sharply curved 
protofilament structures such as rings and spirals with substantially weakened subunit-subunit 
interactions (19). 

Apart from single-stranded protofilaments, FtsZ also forms numerous higher-order 
structures such as bundles and sheets, which arise from lateral association of protofilaments 
(19, 20). Among others, bundling is induced by Ca2+ (20-23), Mg2+ (21, 23), macromolecular 
crowding (24) and the binding of partner proteins like ZipA (21, 22). Although there is no 
definite proof yet, it is assumed that multistranded FtsZ polymers might play a vital role in 

vivo. 
 

 

Figure 1.4: Structure of the refolded M. jannaschii FtsZ dimer with MgGTP soaked in after 
crystallization (PDB accession code: 1W5A). (A) Ribbon diagram of the dimer with a color scheme 
based on the domain structure as in Figure 1.3. MgGTP is represented as space-filling model (Mg in 
yellow). (B) Detailed view of the longitudinal protofilament interface with labeling of the secondary 
structure elements involved in direct contacts. As many as five contacts may be distinguished; contact 
A1: H10 (upper subunit, US) with loop between H6 and H7 (lower subunit, LS); contact A2: loop 
between H10 and S9 (US) with loop T5 between S5 and H5 (LS); contact B1: loop T7 between H7 and 
H8 (US) with H2 (LS); contact B2: H8 (US) with loop T3 between S3 and H3 (LS); contact C: H0 (US) 
with H2, S3 and T3 (LS). The T7 loop plays a crucial role in the activation of the polymerization-
dependent GTPase activity by complementing the GTPase domain of the lower subunit with two 
aspartates (Asp235 and Asp238) that polarize the attacking water molecule. (C) Space-filling model of 
the same dimer illustrating the solvent-accessibility of the nucleotide binding site. The open channel 

with dimensions of about 8 × 9 Å allows free exchange of nucleotides as demonstrated by the fact that 

MgGTP can be soaked into the preformed filament. Prepared using PyMol (13). 
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The first model of FtsZ protofilaments has been derived by electron microscopy of 
polymerized, Ca2+-induced M. jannaschii FtsZ sheets (22). Recently, the atomic structure of a 
semicontinuous protofilament obtained by crystallization of nucleotide-free M. jannaschii 
FtsZ has been reported (15), revealing a high degree of similarity to the first model. The 
protofilament shows two alternating subunit spacings of 43 Å and 46 Å, respectively. While 
the dimer interface of the 43-Å contact is tight and most likely represents true protofilament 
interactions, a distance of 46-Å is too large for a proper protein-protein contact and is a 
consequence of crystallization constraints. The crystal structure of the M. jannaschii FtsZ 
dimer with MgGTP soaked in after crystallization is depicted in Figure 1.4. The expansion of 
the intersubunit region (Figure 1.4B) illustrates the location of the longitudinal contacts with 
specific labeling of all secondary structure elements involved. The space-filling model of the 
FtsZ dimer (Figure 1.4C) shows that the nucleotide-binding site in FtsZ is freely accessible to 
the surrounding medium allowing unhindered exchange of nucleotides, thereby supporting the 
conclusions of earlier reports based on biochemical data (24). 
 
FtsZ Polymer Dynamics 
In general, polymerization may occur by two principally different mechanisms: cooperative 

assembly and isodesmic assembly (2, 25). In cooperative assembly, the affinity of subunits for 
an existing polymer increases with polymer length. This is reflected in a critical concentration 
below which little polymerization occurs. Isodesmic assembly, in contrast, is independent of 
the subunit concentration with dimer formation being equally favourable as polymer 
formation. In vitro, the mechanism of FtsZ polymerization depends on the experimental 
conditions, which in turn determine the type of polymers formed. Assembly of single-
stranded, small polymers in the absence of nucleotide hydrolysis appears to be primarily 
isodesmic (23, 26). In the presence of GTP and Mg2+, where rapid GTP hydrolysis is 
observed, conflicting results have been obtained. There are studies in support of both 
isodesmic (25) and cooperative (27, 28) assembly models. The assembly of multistranded 
polymers in the presence of DEAE dextran and Ca2+ presumably occurs by a cooperative 
mechanism, although even this issue is still controversial (29, 30).  

From the various conditions employed to study FtsZ assembly in vitro, polymerization in 
the presence of GTP, Mg2+ and possibly stabilizing factors, which induce a certain degree of 
protofilament bundling, most closely resembles the in vivo situation. The driving force of the 
GTP-induced assembly of single-stranded protofilaments is apparently provided by the 
mutual affinity of the GTP-bound monomers. Oligomerization of FtsZ triggers its GTPase 
activity, suggesting that the active site for GTP hydrolysis is formed at the interface between 
two FtsZ subunits in the protofilament (23). This finding has been confirmed by an elaborate 
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study with FtsZ mutants showing that the GTPase active site consists of the nucleotide 
binding site of one subunit together with the T7-loop of an adjacent FtsZ monomer (31) and 
the recently reported crystal structure of FtsZ protofilaments (15). Also worth mentioning is 
the role of Mg2+-ions. While protofilament assembly also occurs without Mg2+, it is absolutely 
required for GTP hydrolysis (32, 33).  

The nucleotide content of FtsZ polymers at steady state has remained a controversial issue 
for quite some time. Two studies launched to resolve this question both found one equivalent 

of 32P bound to FtsZ assembled in the presence of [γ-32P]GTP. While one group (34) 

presented evidence that the polymer-bound 32P is actually present in the form of GDP and 
labelled inorganic phosphate (32Pi), the others concluded that the label is part of unhydrolyzed 
GTP (35). However, in the former experiments (34), it remained unclear whether hydrolysis 
was only a consequence of experimental handling during analysis.  

 

 

Scheme 1.1: Model for FtsZ polymerization and the associated GTP hydrolysis cycle (adapted from 
(36)). Circles with label ‘T’ represent FtsZ with bound GTP and circles with label ‘D’ represent FtsZ 
with bound GDP. GTP-containing subunits associate into straight filaments (A). When assembled, 
FtsZ can hydrolyze GTP (B). Phosphate release rapidly follows (C). The resulting GDP-containing 
curved filaments are unstable and rapidly disassemble (D) or undergo nucleotide exchange (F). 

Recently, Romberg and Mitchison (36) performed a series of ingenious experiments 
which clarified previously contradictory results in the literature and finally suggested answers 
to fundamental questions about nucleotide turnover in FtsZ polymers. Based on their findings, 
they proposed a model for the FtsZ polymerization cycle, which is illustrated in Scheme 1.1. 
The main features of this model are: 1) GTP hydrolysis is the major rate-limiting step in GTP 
turnover (khydrolysis ~ 8/min). 2) FtsZ polymers predominantly contain GTP, only about 20% of 
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polymer subunits contain GDP. 3) Phosphate release is not rate-limiting, but a step leading to 
GDP release from the polymer might be partially rate limiting. GDP release may either occur 
by direct nucleotide exchange in the polymers as suggested by Mingorance et al. (35) or via 
depolymerization and subsequent nucleotide exchange in the monomers. Recent publications 
provide further evidence for nucleotide exchange in the polymers based on both biochemical 
data (24) and the crystal structure of an M. jannaschii FtsZ dimer (15). 
  

1.1.3 Inhibitors of FtsZ as a New Class of Antibiotics 
 

The increasing emergence of pathogenic bacterial strains resistant to all classes of currently 
available antibiotics requires the continuous development of novel antibacterial agents. 
Recently, a whole issue of Chemical Reviews has been devoted to the issue of antibiotic 
resistance (37). The FtsZ protein is a promising target for novel antibiotics, since it is highly 
conserved in many bacterial strains and very different from the targets of the antibiotics in 
current use, thereby resulting in a low potential for cross-resistance with existing antibiotics.  

Until now, identification of small-molecule inhibitors of FtsZ was mainly accomplished 
by screening large chemical libraries (38, 39) or numerous extracts of microbial fermentation 
broths and plants (40). Screening of 200 compounds, originally designed as putative inhibitors 
of tubulin polymerization, for antibacterial activity against M. tuberculosis resulted in two 
promising 2-alkoxycarbonylaminopyridines, SRI-3072 and SRI-7614 (Figure 1.5), which 
were subsequently also shown to inhibit M. tuberculosis FtsZ polymerization and GTPase 
activity (39). Starting from lead structure SRI-3072, the search for analogues with improved 
synthetic accessibility resulted in a full pteridine analogue (one aromatic C is substituted for 
N, Figure 1.5) with a one order of magnitude higher minimum inhibitory concentration (MIC) 
than the parent compound (41).  

In 2003, Wang et al. (40) reported the identification of several novel FtsZ inhibitors by 
screening >100,000 extracts of microbial fermentation broths and plants using a high-
throughput fluorescent FtsZ polymerization assay. Unfortunately, from the most active 8 
extracts, only the structure and biological activity of one compound, viridoxin (Figure 1.5), 
has been published so far. Apart from its inhibitory activity on the polymerization and the 
GTPase activity of FtsZ in vitro, viridoxin proved also effective against many clinically 

relevant gram-positive bacterial pathogens with MIC-values between 2 and 16 µg/ml. The 

antibacterial activity of viridoxin has been directly related to its interaction with FtsZ, since 
permeable E. coli mutants overexpressing FtsZ showed reduced susceptibility towards 
viridoxin.   
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Recently, six potent inhibitors of FtsZ GTPase activity were identified via screening of 
small-molecule chemical libraries in a real-time enzyme-coupled high-throughput assay for 
FtsZ GTPase activity (38). The chemical structure of these molecules, referred to as Zantrins 
(FtsZ guanosine triphosphatase inhibitors) is shown in Figure 1.5. The Zantrins were shown 
to perturb in vitro FtsZ assembly through distinct mechanisms. While Z1 and Z4 destabilized 
FtsZ assembly, Z3 and Z5 stabilized the polymers. Finally, it was also demonstrated that 
Zantrins perturb Z-ring assembly by directly targeting FtsZ in vivo.  

Intrigued by the striking structural similarities between zantrin Z1 and the natural products 

dichamanetin and 2′′′-hydroxy-5′′-benzylisouvarinol-B (Figure 1.5), which have also been 

reported to possess antibacterial activity, Urgaonkar et al. (42) hypothesized that also these 
compounds might derive their antibacterial activity by interfering with FtsZ function. Indeed, 
after total synthesis, they demonstrated that both natural products are potent inhibitors of FtsZ 
GTPase activity with IC50 values comparable to Zantrin Z1. 

The ongoing search for novel antibiotics has led to the development of a cell-based 
screening assay for inhibitors of the division machinery of bacteria (43). Using this microtiter 
plate assay, screening of a library of 105,000 synthetic compounds resulted in a promising hit, 
a compound designated PC58538 (Figure 1.5). Further biochemical, cytological and genetic 
investigations have revealed that FtsZ is the specific target of PC58538. Notably, PC58538 
displayed only modest antibacterial activity. A number of analogues were prepared, and 
several showed significantly improved potency. PC170942 (Figure 1.5), for instance, proved 
8- to 16-fold more active than the parent compound towards various Gram-positive and 
Gram-negative bacteria, and was even effective against methicillin-resistant S. aureus and 
vancomycin-resistant Enterococcus.       

Another approach towards antibiotics acting at the level Z-ring formation in bacteria is 
directed towards inhibition of the interaction of FtsZ with the membrane-anchored protein 
ZipA (see § 1.1.1). The compounds reported so far (44-46), however, all inhibit the 
interaction by targeting the FtsZ-binding site of ZipA and not FtsZ itself and are therefore not 
further discussed here.   
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Figure 1.5: Chemical structures of various small-molecule FtsZ inhibitors.  
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1.2 TUBULIN – THE EUKARYOTIC HOMOLOGUE OF FTSZ 
 
1.2.1 Structure and Function of Tubulin 
 

Tubulin and Microtubules 
The α,β-tubulin heterodimer is the structural subunit of microtubules, the major component of 

the eukaryotic cytoskeleton. Together with a variety of microtubule associated proteins 
(MAPs) and motor proteins, microtubules play a central role in many important cellular 
processes ranging from mitosis and intracellular transport to cell motility and cell-shape 
determination.  

Unpolymerized tubulin is actually present as a tight α,β-tubulin heterodimer with two 

bound molecules of GTP. GTP bound to α-tubulin, the so-called N-site, is trapped between 

the two monomers of the heterodimer. It is non-exchangeable and apparently never 

hydrolyzed. In contrast, the nucleotide bound to β-tubulin, at the E-site, is exchangeable. In 

the presence of GTP, α,β-tubulin heterodimers polymerize in a head-to-tail polar fashion into 

a linear protofilament. Microtubules are formed by lateral association of 9-18 linear 
protofilaments into a cylindrical structure (Figure 1.6). In vivo, the microtubule cylinders 
mostly consist of 13 protofilaments (pf). The hollow pipe-like structures are several 
micrometers long, with 5 nm walls and internal and external diameters of about 15 and 25 nm 
(47). Monomers in adjacent protofilaments are slightly staggered.  
 

 ‘Dynamic Instability’ and ‘Treadmilling’    
Microtubule assembly predominantly occurs through addition of individual heterodimers to 
the ends of protofilaments. In vivo, microtubule assembly is initiated by an organizing center 

consisting of γ-tubulin and other proteins. The minus end is attached to the nucleation center, 

while the more dynamic plus end is able to grow and shrink (Figure 1.6). In vitro, in contrast, 
polymerization and depolymerization may occur from both ends, although the rate of 
polymerization at the plus end is higher (48). The growth of microtubules may continue as 
long as GTP is present and the free tubulin concentration remains above a critical value. But 
even when these conditions are satisfied, individual microtubules may stop growing and start 
to shrink rapidly, a process known as ‘catastrophe’. After some while, the length of the 
microtubule may remain constant, and it may start growing again, a process termed ‘rescue’. 
The stochastic and reversible transitions between growth and rapid shrinkage of individual 
microtubules are known as ‘dynamic instability’ (49). Apart from dynamic instability, 
microtubules may also cycle by ‘treadmilling’, a process in which elongation occurs at one 
end of the microtubule while shrinkage occurs at the other end of the same polymer (7). 
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Figure 1.6: Schematic structure of microtubules and the mechanism of dynamic instability. α- and 

β-Tubulin monomer subunits are depicted as dark and light spheres, respectively. (A) Structural 

features of the most common type of microtubules formed in vivo, which is made up of 13 
protofilaments (pf) running straight in a parallel fashion along the longitudinal axis. Its lateral 
interactions involve only contacts between the same type of monomer subunits apart from a single 

“seam” where α-subunits contact the β-subunits, a network known as the B-lattice. (B) Schematic 

model of a growing 13-pf microtubule. Microtubule assembly starts from a nucleation center 

consisting of various Dgrips proteins and γ-tubulin (minus end). (C) The same 13-pf microtubule hit 

by a ‘catastrophe’, that is, rapid shrinkage at its plus-end. This process may occur spontaneously, but 
can also be induced by certain kinesin motors. Figure is adapted from reference (48). 

 
GTP Hydrolysis 
The instable nature of microtubules has been attributed to GTP hydrolysis within the 

polymers. Upon polymerization of tubulin, the α-tubulin makes contact with the GTP bound 

to the E-site of the preceding subunit, resulting in hydrolysis of GTP into GDP, which is 
trapped in the polymer. Although no precise data exists on how fast GTP hydrolysis occurs 
after addition of a subunit to the growing polymer, recent studies monitoring phosphate 
release during nucleated microtubule assembly strongly suggest that GTP hydrolysis and 
assembly are closely coupled (50). GTP hydrolysis introduces considerable strain into the 
microtubule structure, since the GDP-bound tubulin polymer, which naturally prefers a 
curved conformation, is forced to reside in the form of straight protofilaments due to the 
lateral contacts with neighbouring subunits in the lattice. Microtubules are assumed to be 
stable as long as a “cap” of GTP-bound dimers is present at the end of growing microtubules. 
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Consequently, dynamic instability may be explained by random loss and restoration of the 
GTP-tubulin cap. Several recent investigations, however, have presented evidence that the 
stabilizing GTP-tubulin cap is actually a single layer of stably bound (GDP-Pi)-tubulin. In this 
case, destabilization of the microtubule core is explained by Pi release as the layer of (GDP-
Pi)-tubulin becomes buried by addition of new subunits (51).    
 

Structure of the αααα,ββββ-Tubulin Heterodimer and its Protofilaments compared to FtsZ 

 
Figure 1.7: Crystal structure of the α,β-tubulin heterodimer from bovine brain with non-

exchangeable GTP bound to α-tubulin (N-site) and paclitaxel and exchangeable GDP (E-site) bound 

to β-tubulin (PDB accession code: 1JFF). (A) Ribbon diagram with coloring indicating the domain 

structure and GTP, GDP and paclitaxel represented as space filling models. Analogous to FtsZ, the 

core regions of both α- and β-tubulin consist of two globular domains, the Nt core (lightgreen) and the 

Ct core (blue), which are connected by the central helix H7 (green). The Nt core is involved in 

nucleotide binding and makes contact to the bottom part of the adjacent β-tubulin in the heterodimer 

or α-tubulin in the protofilament, respectively. The Ct core, which forms the paclitaxel binding site 

together with helix H7, makes contact with the top part of the preceding α-tubulin in the heterodimer 

or to the preceding β-tubulin protofilament, respectively. Similar to FtsZ, elongation of a tubulin 

protofilament by binding of the α-subunit of the next heterodimer to the β-subunit of the growing 

filament, triggers GTPase activity by completing the active site. Finally, very different from FtsZ, 
tubulin possesses a large C-terminal domain comprising two helices, which is responsible for 

interaction with motor proteins and MAPs. (B) Detailed view of the nucleotide binding site of α-

tubulin showing all major residues involved. Particularly noteworthy are two residues engaged in 
strong interactions with the ribose-moiety (Ser178 and Thr179 within loop T5) and the key residues 
responsible for guanine recognition (Asn206 within T6, Asn228 and Tyr224 within H7), see main text 
for further details. (C) Space-filling model of the same dimer illustrating that the nucleotides bound to 

α- and β-tubulin are entirely occluded by the protein. Prepared using PyMol (13).  
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The α- and β-tubulins share 40% sequence identity (52), and also show about 10% 

sequence homology to FtsZ (29, 53). The atomic structure of the ~100 kDa α,β-tubulin 

heterodimer was solved by electron crystallography of zinc-induced bovine brain tubulin 
sheets (Figure 1.7) (54, 55). Apart from the high sequence homology found in regions 
involved in nucleotide binding (e.g. tubulin signature motif GGGTGS/TG) and hydrolysis 
(loop T7), comparison of the crystal structures of FtsZ and tubulin reveals striking similarities 
in the protein folds and GTP binding interactions between the two proteins (compare Figures 

1.3 and 1.7) (53). Similar to FtsZ, the core regions of both α- and β-tubulin consist of a pair 

of globular domains on either side of the central helix (H7, residues 225-243), the Nt core and 
the Ct core. The Nt core (residues 1-224) includes the nucleotide binding region in the form 

of a typical Rossmann fold, in which parallel β-strands alternate with α-helices. The Ct core 

(residues 244-381) contains the paclitaxel binding site. The C-terminal domain starting from 
residue 382 is formed by helices H11 and H12. It is very different from FtsZ and has been 
shown to be a major site for interaction with motor proteins and MAPs (55). Also very 
different from FtsZ, nucleotide exchange in tubulin polymers is not possible, since the 

nucleotides in both α- and β-tubulin are completely occluded by the protein (Figure 1.7C). 

The residues involved in nucleotide binding of α-tubulin are depicted in Figure 1.7B. As 

with FtsZ, loops T1 to T4 (tubulin loops) mainly contact the phosphate backbone. The 
glycine-rich T4-loop contains the tubulin signature sequence GGGTGSG (instead of 
GGGTGTG in FtsZ). Although for both FtsZ and tubulin, loop T5 between S5 and H5 is 
responsible for binding of the ribose moiety of the nucleotide, the primary sequence and the 
conformation of the loop are different for the two proteins. Consequently, also different 

residues in T5 are involved in nucleotide binding (tubulins: α:Val171 or β:Ile171, 

α/β:Ser178, α:Thr179 or β:Asp179; FtsZ: Thr159, Pro161, Phe162, Glu165, Arg169). 

Guanine recognition in tubulin is achieved by hydrogen bonding of the 2-exocyclic amino 
group in GTP to the hydroxyl groups of Asn206 in loop T6 (FtsZ: Asn192) and Asn228 in 
helix H7 (FtsZ: Asp212), and by hydrogen bonding of the 6-oxo group to the amino group of 
Asn206. Furthermore, the guanine base is situated in a rather hydrophobic pocket (defined by 

α/β:Ile16, α/β:Tyr224, α/β:Leu227, α:Ile231 or β:Val231) and is involved in aromatic 

stacking interactions with Tyr224 of helix H7 (FtsZ: Phe208, also in H7).  
In general, residues involved in nucleotide binding and hydrolysis are highly conserved 

between α- and β-subunits. An exception is the sugar-binding T5-loop, which differs 

considerably (see above), and a remarkable change at position 254 in helix H8 (structurally 

corresponding to FtsZ: Asp238 within the T7-loop), which is glutamate in α-tubulin and 

lysine in β-tubulin. Glu254 in α-tubulin is ideally positioned for hydrolysis of the E-site GTP, 

while Lys254 in β-tubulin might strengthen the monomer-monomer contacts by interaction 

with the phosphate groups of the N-site nucleotide (55).  
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1.2.2 Tubulin-Binding Agents and Cancer Chemotherapy 
 

Microtubules form the mitotic spindles required for chromosome segregation before cell 
division. As such, they are indispensable for cell proliferation and form an important target 
for anticancer drugs. Numerous compounds targeting microtubule dynamics have already 
found widespread use in anticancer chemotherapy, and continuous efforts are directed 
towards the identification of novel tubulin-binding agents and their clinical evaluation. 
Consequently, a huge amount of data is available in the field, which will not be discussed here 
in detail. In the following, only a brief survey of the main groups of microtubule-targeting 
agents will be given and a short discussion of the binding mode of the main representative of 
each class. For a more detailed description and data concerning clinical evaluation of the 
compounds, the interested reader is referred to several recent reviews (47, 48, 56-58). 

Not all compounds interfering at the level of microtubule function directly bind to tubulin 
itself, some also bind to the MAPs or motor proteins. Among the compounds that directly 
bind to tubulin, two main classes may be distinguished: microtubule depolymerization 
inhibitors (microtubule stabilizing agents), and microtubule polymerization inhibitors 
(microtubule destabilizing agents). The latter may be subdivided into compounds binding to 
the colchicine binding site, and those binding to the vinca alkaloids binding site.  

Taxol� (paclitaxel) (Figure 1.8) is the most prominent representative among the 

microtubule-stabilizing compounds. The continuing search for cancer chemotherapeutics has 
yielded a number of novel microtubule-stabilizing compounds such as epothilones, 
discodermolide, eleutherobin and the sarcodictins (for a review, see ref. (47, 48)). Despite 
their structural diversity, however, they actually compete with paclitaxel for binding to 

microtubules, suggesting that they bind to the same pocket on β-tubulin (48, 56). The 

paclitaxel binding pocket is located above the β-sheet of the activation domain and next to the 

core helix (H7), a region that is occupied by the S9-S10 loop in α-tubulin. Paclitaxel has been 

shown to bind to β-tubulin in a “T-shaped” conformation, mainly via hydrophobic contacts 

(55, 59). Upon binding of Taxol�, the hydrophobic depression of the Taxol binding site is 

converted into a hydrophilic surface. 
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Figure 1.8: Chemical structures of three representative tubulin-binding agents.   
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In contrast to Taxol, the binding site of the classic microtubule destabilizing agent 
colchicine (Figure 1.8) has long remained elusive. Cross-linking of colchicine analogs to 

Cys239 and Cys354 in β-tubulin combined with molecular modeling studies has resulted in 

the identification of two potential colchicine binding sites. One site is entirely encompassed 

within β-tubulin, while the other potential binding site is situated at the α/β-interface (60). 

Distances between the paclitaxel, colchicine, and exchangeable GTP binding sites in tubulin 
obtained by fluorescence resonance energy transfer experiments (FRET) (61) and the recently 
published crystal structure (62) of a complex of two tubulin heterodimers, colchicine and the 
stathmin-like domain of the neural protein RB3 (stathmins are phosphoproteins known to 

interact with the α,β-tubulin heterodimer (63)) confirmed that the colchicine binding site is 

actually situated at the α/β-interface close to the N-site GTP. Although colchicine primarily 

interacts with the β-subunit, it also makes contacts with loop T5 of the adjacent α-subunit, 

consistent with the colchicine-induced stabilization of the tubulin heterodimer noted earlier 

(64). In contrast to straight protofilaments, the α,β-tubulin heterodimer in the colchicine-

stathmin complex is in a curved conformation. Indeed, when theoretically combining an α-

tubulin subunit and a colchicine-bound β-tubulin subunit into a hypothetical straight α,β-

heterodimer as found in a protofilament, many unfavorable steric interactions are revealed 

(62). Evidently, colchicine binding requires a curved conformation of the α,β-tubulin 

heterodimer, and destabilizes the linear protofilaments found in microtubules, which contain 

straight α,β-heterodimers. An important issue that remains unresolved, however, is the 

stimulation of the GTPase activity of tubulin upon binding of colchicine. Similar to the 
paclitaxel binding site, the colchicine binding site may also accommodate various other 
ligands, such as podophyllotoxin, combretastatins, flavonols, aromatic carbamets, chalcones, 
steganacin and many others, several of which are promising agents for anticancer 
chemotherapy (for a review, see ref. (47)). Most compounds were identified as colchicine-site 
binding agents due to competition studies with colchicine, although binding of e.g. 
podophyllotoxin to the colchicine site was also confirmed by crystallography (62).  

The second class of microtubule destabilizing agents are the vinca alkaloids vinblastine 
(Figure 1.8) and vincristine and their analogs. They occupy a different binding site than 

colchicine, located on β-tubulin somewhere on residues 175-213, a region involved in 

longitudinal polymerization contacts between dimers (65, 66). Interestingly, while GTP is 
hydrolyzed normally in the presence of Taxol and increased GTP hydrolysis is noted in the 
presence of colchicine (67), vinblastine actually inhibits GTP hydrolysis (65). Various other 
drugs, both synthetically prepared and from natural sources are known to bind to the vinca 
alkaloid site. Examples include myatansin, dolastatins, rhizoxin, spongistatin, etc. (for a 
review, see ref. (47)).     
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1.3 FTSZ VERSUS TUBULIN: DESIGNING SELECTIVE INHIBITORS 
 

The majority of FtsZ inhibitors known today has been discovered by arbitrary screening 
of large chemical libraries, plant extracts or microbial fermentation broths. Distinct from this 
approach, the FtsZ crystal structure, especially the recently elucidated structure of a dimer, 
paves the road for the rational design of small-molecule inhibitors of FtsZ. Given the 
requirement of guanine nucleotides for FtsZ polymerization, the central position of the 
nucleotide binding site at the interface between monomers, and the role of GTP/GDP in 
controlling the macromolecular structure of the polymers, we considered the GTP skeleton to 
be a logical starting point for the development of novel inhibitors. Examination of the FtsZ 
dimer structure (Figure 1.9A) reveals that the nucleotide binding cavity of the monomer is 
sufficiently spacious to accommodate a variety of potential substituents at C8 of the guanine 
base. Conversely, we expected that GTP analogues with large substituents at C8 might 
prevent binding of the next subunit, thereby inhibiting FtsZ polymerization.   

Most interestingly, the nucleotide binding cavity within the eukaryotic FtsZ-homologue 
tubulin is significantly smaller, presumably not tolerating GTP analogues with large 
substituents at C8 (Figure 1.9B). The predicted selectivity renders C8-substituted GTP 
analogues even more attractive, since interaction with tubulin is expected to result in serious 
side effects, precluding the use of these type of agents in antibacterial therapy.  
 

 
Figure 1.9: Comparison of the nucleotide binding cavity and the intersubunit interface in (A) FtsZ and 
(B) tubulin illustrating our hypothesis that FtsZ, but not tubulin, will presumably tolerate a variety of 
C8-substituted GTP analogues. GTP, shown as space-filling model with C8 highlighted in turquoise, is 
bound to the lower subunit (green mesh), which contacts the upper subunit (blue mesh). Figure 1.9A is 
based on the crystal structure of the refolded M. jannaschii FtsZ dimer with MgGTP (Mg depicted in 
green) soaked in after crystallization (PDB accession code: 1W5A). Figure 1.9B was prepared using 

the refined crystal structure of the α,β-tubulin heterodimer (PDB accession code: 1JFF). The figure 

actually shows the catalytically inactive intradimer contact with GTP bound to the α-tubulin N-site, 

however, the nucleotide binding cavity is known to be very similar in the catalytically active 
interdimer contacts, especially concerning the regions around the guanine base (§ 1.2.1). Prepared 
using PyMol (13). 
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1.4 OUTLINE OF THIS THESIS 
 

The overview given in the preceding introductory sections shows that despite extensive 
research efforts, many aspects of the bacterial cell division protein FtsZ still remain elusive. 
Apart from its precise role in bacterial cell division, even the mechanism of FtsZ 
polymerization in vitro is not yet fully understood. Given the significance of FtsZ as an 
emerging target for novel antibacterial agents, resolving these issues is generally considered 
to be of major importance.  

The research described in this thesis provides new mechanistic insights into FtsZ function 
and has resulted in the identification of several novel small-molecule inhibitors of FtsZ. 
Chapter 2 is dedicated to the synthesis of the inhibitors, which are C8-substituted derivatives 
of guanosine 5’-triphosphate (GTP), the natural substrate of FtsZ. The GTP analogues are 
prepared via 5’-triphosphorylation of the modified guanosine precursors using a one-pot 
three-step reaction sequence based on published procedures. As a spin-off of the preparation 
of the required 8-substituted guanosine analogs, we also developed a simple procedure for the 
synthesis of 8-aminoguanosines. Chapter 3 deals with the biological characterization of the 
GTP analogues concerning their effects on FtsZ function, which were investigated in vitro 
under a variety of conditions. To this end, several assays were developed, among others a 
coupled fluorescent assay, which allows simultaneous monitoring of FtsZ polymerization and 
FtsZ GTPase activity. The results obtained with the GTP analogues were discussed in the 
light of current models for FtsZ polymerization and nucleotide turnover in the polymers. 
Chapter 4 comprises an investigation of the effects of the GTP analogues on tubulin, the 
eukaryotic analogue of FtsZ. Differences and similarities to the results obtained with FtsZ are 
discussed, and possible explanations are given. Chapter 5, finally, explores several prodrug 
approaches aimed to convert the GTP analogues with proven in vitro inhibitory activity 
towards FtsZ polymerization into antibacterial agents. The prodrugs need to be devoid of the 
negatively charged phosphate groups, which are the major obstacle for crossing the bacterial 
cell envelope. Apart from the parent guanosine analogues and the corresponding guanine 
bases, especially the cycloSal-GMP analogues are considered promising candidates. The 
synthesis of these pronucleotides is discussed, and their antibacterial activity is evaluated. 
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CHAPTER 2 
 

Synthesis of 8-Substituted Guanosine Derivatives  
and their 5’-Triphosphates 

ABSTRACT 
 

A structurally diverse series of 8-substituted guanosine analogues has been prepared using 
previously published procedures with minor modifications. 8-Methyl- and 8-t-butylguanosine  
were obtained by free radical alkylation of guanosine and 8-phenylguanosine by Suzuki 
arylation. Depending on the type of halogen, different synthetic approaches were required for 
the halogenation of guanosine. Nucleophilic aromatic substitution of 8-bromoguanosine 
provided access to 8-alkoxyguanosines and a series of 8-alkylaminoguanosines, which were 
obtained in good yields simply by refluxing 8-bromoguanosine in the corresponding amine.  
The 8-substituted guanosine analogues were subsequently converted to the corresponding 5’-
triphosphates according to an optimized procedure based on a published one-pot three-step 
phosphorylation protocol. An NMR-based solution-state conformational analysis of the 
guanosine analogues and their triphosphorylated derivatives revealed that although all 
analogues prefer the syn-conformation, the precise position of the equilibrium is very much 
dependent on the nature of the C8-substituent, with the size of the substituent being the 
primary determinant. 
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2.1 GENERAL INTRODUCTION 
 

The discovery of nucleic acids dates back to the late nineteenth century. At that time, it was 
known that nucleic acids are long-chain polymers of nucleotides, which are made up of the 
pentose sugars ribose or deoxyribose, phosphates and the nitrogen containing bases adenine, 
cytosine, guanine, thymine and uracil. More than 50 years passed, until Oswald Avery proved 
that deoxyribonucleic acid (DNA) carries genetic information. In 1953, Watson and Crick 
published their now classical paper on the structure of DNA. Since then, nucleosides and 
nucleotides have been found to fulfil many other functions in addition to their role as the 
carrier of genetic information. In fact, nucleosides and nucleotides are ubiquitous in biological 
systems and are involved in vital processes ranging from the cellular energy supply to 
phosphorylation reactions and the biosynthesis of diverse cofactors. Moreover, they are 
important messenger molecules regulating several cellular functions via interactions with 
specific receptors.    

Due to the biological importance of nucleosides and nucleotides and their numerous 
functions, chemically modified analogues of these molecules have been prepared for 
therapeutic purposes. At present, the major drug applications of nucleoside and nucleobase 
derivatives comprise cancer chemotherapy (e.g. 5-fluorouracil, arabinosylcytosine, 
hydroxyurea, mercaptopurine, thioguanine and many others) and antiviral therapy (e.g. 
acyclovir, AZT and numerous others). The continuing search for novel nucleoside analogues 
as potential drugs, which is not limited to treatment of cancer and viral infections has entailed 
extensive synthetic studies towards the preparation of nucleoside derivatives. Consequently, 
the synthesis of most (but not all) of the 8-substituted guanosine derivatives described in this 
chapter has been performed using previously published procedures.   

Similarly, various procedures are available for the triphosphorylation of nucleosides by 
both chemical and enzymatic methods. For the triphosphorylation of 8-substituted guanosines, 
we developed a modified protocol based on a one-pot three-step phosphorylation procedure 
first described by Ludwig and Eckstein (1) and later successfully applied for the preparation 
of adenosine analogues (2-5). 

Finally, this chapter is completed by a conformational analysis of the guanosine analogues 
and their 5’-triphosphates by NMR-spectroscopy together with a characterization of the 
different 8-substituents in terms of sterical parameters.  
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2.2 8-HALOGUANOSINES 
 

2.2.1 Introduction 
 

8-haloguanosines, and especially 8-bromoguanosine is a versatile starting material for the 
preparation of numerous 8-substituted guanosines. 8-bromoguanosine (1a) has first been 
isolated by Holmes and Robins in 1963. They obtained 8-bromoguanosine in 50% overall 
yield via bromination of 2’,3’,5’-tri-O-acetylguanosine with molecular bromine in glacial 

acetic acid containing sodium acetate at 50-60°C, followed by deacetylation with methanolic 

ammonia (6). Bromination of guanosine with molecular bromine has also been performed 
under anhydrous conditions in 2-methoxyethanol in the presence of calcium carbonate (7). 
Shapiro and Agarwal have investigated the reaction of guanosine with bromine in aqueous 
solution and presented evidence that the reaction proceeds in two stages with first the 
formation of 8-bromoguanosine, which is then further oxidized by bromine accompanied by 
the destruction of both rings (8). Optimization of this synthetic approach resulted in the 
simple procedure also employed here, that implies adding aliquots of bromine-water to an 
aqueous solution of guanosine (9) as depicted in Scheme 2.1.  

Two alternative methods for iodination of guanosine have been reported in the literature 
(6, 10). One of these procedures involves the three-step sequence guanosine � 8-
bromoguanosine � 8-mercaptoguanosine � 8-iodoguanosine with in an overall yield of 46% 
(6). We employed the direct iodination of guanosine with N-iodosuccinimide with catalytic 
amounts of n-butyl disulfide in DMSO as described by Lipkin et al. (10), which provided 8-
iodoguanosine (2a) in up to 70% yield.   

Unlike bromination at C8 of purine derivatives, direct chlorination of purines with Cl2-
H2O in analogy to Br2-H2O failed (11). Alternative approaches included treatment of purines 
with tetrabutylammonium iodotetrachloride in dry DMF (12), use of t-butyl hypochlorite (13), 
or the reaction of purines with m-chloroperbenzoic acid (MCPBA) and HCl in dipolar aprotic 
solvents such as DMF or DMA (11). We employed the latter method, since it is the first to 
specifically address the synthesis of 8-chloroguanosine (3a), and reasonable yields were 
reported.  
 

2.2.2  Results 
 

The halogenations of guanosine proceeded smoothly with good to reasonable yields. The 
halogenation procedures employed and the yields are reported in Scheme 2.1. The 
significantly lower yield of 8-iodoguanosine, 47% instead of the 70% reported in the 
literature, was due to losses during recrystallization. 
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Scheme 2.1:  Synthesis of 8-haloguanosines starting from guanosine. Yields: 8-iodoguanosine (2a): 
47%, 8-bromoguanosine (1a): 85%, 8-chloroguanosine (3a): not determined. 

 
 

2.3 8-ALKYLAMINOGUANOSINES 
 

2.3.1 Introduction 
 

The readily available starting material 8-bromoguanosine provides access to a large variety of 
8-alkylaminoguanosines, which can easily be prepared by nucleophilic displacement of 
bromine with the corresponding amines. The first reported 8-aminopurine nucleoside, 8-
aminoguanosine, was synthesized by refluxing 8-bromoguanosine with an aqueous solution of 
hydrazine (14). Similarly, 8-methylaminoguanosine and 8-ethylaminoguanosine were 

obtained by reacting 8-bromoguanosine in a sealed vessel at 115°C with methylamine - 

anhydrous MeOH and ethylamine – anhydrous EtOH, respectively (15). The procedure could 
also be extended to benzylic, aromatic and olefinic amines. Amination of 2’,3’-O-
isopropylidene protected 8-bromoguanosine with benzylamine and allylamine proceeded in 
good yields (16), the only drawback being long reaction times (up to 191 hours) and harsh 

conditions (125°C in a pressure tube). In the same way,  8-phenylaminoguanosine could be 

prepared by reacting 8-bromo-2’,3’,5’-tri-O-acetylguanosine with aniline and aniline 
hydrobromide in i-PrOH followed by deprotection (17, 18), and even the synthesis of 8-
diphenylaminoguanosine with starting materials 8-bromoguanosine and diphenylamine has 
been described (19).   
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2.3.2 Results and Discussion 
 

Since our interest was first focused on larger substituents at C-8 of guanosine because of the 
biological part of the research, we investigated the coupling of several secondary cyclic 
amines to 8-bromoguanosine via nucleophilic aromatic substitution (SNAr). The experimental 
conditions are considerably simplified due to the fact that all amines used are liquids at room 
temperature, i.e. the reactions could simply be performed by refluxing 8-bromoguanosine in 
the corresponding amine without using any additional solvents (Scheme 2.2). The results are 
presented in Table 2.1. 

Since the results with secondary cyclic amines were encouraging, we also tried the simple 
secondary amine diethylamine. Unfortunately, no significant conversion was observed with 
diethylamine under the usual reaction conditions. Based on the published procedures for the 
synthesis of the comparable compounds 8-ethylaminoguanosine (15) and 8-
dimethylaminoguanosine (20), both of which required high temperature and pressure (5h, 

130°C in a Parr pressure reaction apparatus in the case of reference (20)), we anticipated that 

the reaction might proceed better when increasing the temperature by using DMF (bp 153°C) 

as solvent instead of only diethylamine (bp 55°C). However, the altered procedure still did not 

lead to any notable improvement. 
As expected for a primary amine, cyclopentylamine turned out to be substantially less 

reactive in the aromatic nucleophilic substitution reaction. TLC-analysis after refluxing 
overnight revealed, that only a small fraction of 8-cyclopentylaminoguanosine was formed. 
After refluxing for about 1 week, the conversion was nearly complete. The low yield reported 
in Table 2.1 was caused by losses during isolation and recrystallization.  

Surprisingly, the preparation of 8-diphenylaminoguanosine was not successful, although 
we followed strictly the procedure described in the literature (19). When comparing this 
procedure with the conditions described for the synthesis of 8-phenylaminoguanosine (17, 

18), it is striking that the latter two reports both mention reaction times of 60 hours, while 
Amer et al. (19) claimed 79% yield of 8-diphenylaminoguanosine after refluxing 8-
bromoguanosine with diphenylamine in DMF for only 3 hours.    
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Scheme 2.2: Synthesis of 8-alkylaminoguanosines from 8-bromoguanosine via direct SNAr.  
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Table 2.1:  Preparation of 8-aminoguanosines from 8-bromoguanosine and various amines. 
Briefly, 8-bromoguanosine (0.5 g) was refluxed overnight in the corresponding 
amine (15 ml) or the indicated solvents (15 ml) containing 30 equivalents of the 
amines. 

 

Product Amine Bp Amine (°C) Solvent Yield (%) 

4a NH
 

87-88 − 74 

5a NH
 

106 − 72 

6a O NH
 

129 − 78 

7a N NH
 

138 − 69 

8a HN NH
 

145-146 MeOH not formed 

9a NH
 

55 − / DMF not formed 

10a NH2
 

106-108 − 26 3) 

11a 
N
H  

302, mp 50-53 DMF not formed 

 1) bp: boiling point  2) mp: melting point      3) after refluxing for 7 days 
 
 

2.4 8-ALKOXYGUANOSINES 
 

2.4.1 Introduction 
 

Synthesis of an 8-alkoxyguanosine was first reported by Holmes and Robins (14). They 
prepared 8-benzyloxyguanosine by treating 8-bromoguanosine with sodium benzyloxide in a 
mixture of benzyl alcohol and DMSO. Attempted synthesis of 8-methoxyguanosine by 
refluxing 8-bromoguanosine in methanol containing sodium methoxide failed, in contrast to 
the same reaction with 8-bromoadenosine. The lower reactivity of guanosine is presumably 
due to the deactivation of the purine ring towards nucleophilic substitution by methoxide ion - 
induced deprotonation of N-1 (14). Ikehara and Muneyama (21) addressed this problem by 

applying more vigorous reaction conditions (130-150°C), while others used sodium 

methoxide in a mixture of methanol and DMSO similar to the preparation of 8-
benzylguanosine (20). 
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2.4.2 Results and Discussion 
 

We prepared both 8-benzyloxyguanosine (13) and 8-methoxyguanosine (12a) in reasonable 
yields by reacting 8-bromoguanosine with a mixture of the corresponding alkoxide and 
alcohol in DMSO as described (20) (Scheme 2.3).  
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Scheme 2.3: Synthesis of 8-alkoxyguanosines (12a, 13) from 8-bromoguanosine (1a). 

 

2.5 8-ALKYLGUANOSINES AND 8-ARYLGUANOSINES 
 

2.5.1 Introduction 
 

Historically, preparation of 8-alkylpurines was accomplished by Traube cyclization of a 4,5-
diaminopyrimidine with the suitable carboxylic acid fragment (22). Nowadays, several 
methods are available for the introduction of alkyl-substituents directly onto the purine 
skeleton.  

One of the first broadly applicable reactions reported, was the photochemical addition of 
alcohols to pyrimidines and purines. With unsubstituted purines, this reaction preferably lead 
to addition of the alcohols across the 1,6-double bond (23). In case of purine nucleosides 
substituted at C-6, such as adenosine and guanosine, UV-induced addition of i-PrOH resulted 
in substitution at C-8 (the hydrogen atom is replaced by a hydroxyalkyl group) (24). The yield 
of these transformations could be significantly improved by performing the reactions in the 
presence of peroxides (25).  

C-alkylation and C-acylation of guanosine by a free radical process catalyzed by ferrous 
ion with a peroxide or aldehyde / persulfate as a radical source provided access to a diverse 
series of 8-substituted guanosines (26). Optimized procedures for the synthesis of 8-t-butyl-
guanosine (27) and 8-methylguanosine (28) via a free radical reaction have been reported, and 
the method still remains attractive, as testified by recent literature using the same protocol 
(29). 

Several alternative approaches towards 8-alkylpurine nucleosides involved palladium-
catalyzed condensation of Grignard reagents (30) and tetraalkyltin derivatives (31) to TMS-
protected 8-halogenopurine nucleosides under anhydrous conditions. A more efficient route 
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towards 8-alkylguanosines and 8- and 2-alkyladenosines utilized a palladium-catalyzed cross-
coupling reaction of trialkylaluminiums to TMS-protected 8-halogenopurine nucleosides (32).  

Apart from alkylation, palladium-catalyzed couplings are the method of choice for the 
introduction of numerous other carbon-substituents to the purine skeleton, such as alkynyl-, 
alkenyl- and aryl-groups. The available methods comprising the Sonogashira, Stille, and 
Suzuki-Miyaura reactions are reviewed elsewhere (33). By far the simplest procedure is an 
efficient one-step Suzuki arylation in water-acetonitrile (2:1) recently reported by Western et 

al. (34), which provided access to various 8-arylpurine nucleosides directly from the 
corresponding unprotected 8-bromopurine nucleosides.  
 

2.5.2 Results and Discussion 
 

As outlined in the preceding chapter, our target compounds within the class described in this 
section dealing with C-C bond formation at the guanosine C-8 position are 8-methyl-, 8-t-
butyl- and 8-phenylguanosine.  

Since we only required limited amounts of 8-substituted nucleosides (100-200 mg), we 
decided to prepare 8-methyl- and 8-t-butylguanosine by free radical alkylation of guanosine in 
aqueous acidic solution. This approach does not require protective groups and also 
circumvents the use of expensive trialkylaluminiums. Synthesis of 8-methylguanosine (14a) 
with methyl radical homolytically derived from t-butylhydroperoxide (28) and 8-t-
butylguanosine (15a) with t-butyl radical derived from pivaldehyde (27) proceeded smoothly, 
although yields were low as expected (Scheme 2.4). In particular, the yield of 8-
methylguanosine was substantially lower than reported earlier. This is most likely due to the 
different purification method employed (28), and the fact that we preferred a lower yield 
above contamination with unreacted guanosine. 

8-Phenylguanosine (16a, structure depicted in § 2.10) was prepared by Suzuki coupling of 
unprotected 8-bromoguanosine in water-acetonitrile (2:1) with phenylboronic acid in the 
presence of palladium acetate and the water-soluble phosphine TPPTS as described (34). 8-
Phenylguanosine was obtained in 75% yield, which is slightly higher than the value reported 
earlier (64%). 
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2.6 5’-TRIPHOSPHORYLATION OF 8-SUBSTITUTED GUANOSINES 
 
2.6.1 Introduction 
 

5’-Triphosphorylation of Nucleosides 
Owing to the biological significance of nucleoside 5’-triphosphates, a variety of chemical and 
enzymatic routes towards these class of compounds have been described (for a review, see 
reference (35)). Enzyme-mediated syntheses of nucleoside triphosphates are particularly 
useful for natural nucleosides. In the case of synthetic nucleosides with unnatural base or 
sugar moieties, they are of limited use only, since the respective nucleosides are not always 
substrates for the enzymes. Chemical triphosphorylation procedures are more broadly 
applicable and are the method of choice for the preparation of small amounts of novel 
unnatural nucleoside triphosphates. 

In general, several procedures for the chemical synthesis of nucleoside triphosphates can 
be distinguished. One approach involves monophosphorylation and isolation of the nucleoside 
monophosphates, which are then activated and reacted with pyrophosphates. Activation of 
monophosphates may be achieved by converting them to phosphoroimidazolidates using 1,1’-
carbonyldiimidazole (36, 37), by reaction with trifluoroacetic anhydride (38), or via 
transformation to the nucleoside phosphoroamidates with N,N’-dicyclohexylcarbodiimide 
(DCC) and morpholine in DMSO (39, 40). An entirely different approach is the direct 
displacement of nucleoside 5’-O-leaving groups by the desired mono-, di-, or triphosphate 
nucleophiles. Concerning nucleoside triphosphates, unfortunately, this method has only been 
evaluated for the synthesis of ATP, which is successfully prepared from unprotected 5’O-
tosyl adenosine and tetrabasic triphosphate in up to 55% yield (41, 42).   

One of the most convenient procedures for the preparation of nucleoside 5’-triphosphates 
so far has been developed by Ludwig (43) and others (44) working independently. The most 
diverse set of unnatural nucleosides can be converted to the corresponding 5’-triphosphates by 
using a modified protocol directly derived from Ludwig’s originally described simple one-
pot, three-step reaction sequence (2-5). The method is based on the 5’-phosphorylation of 
unprotected nucleosides with POCl3 in dry trialkyl phosphate followed by reaction of the 
intermediate nucleoside dichlorophosphates I with bis(tri-n-butylammonium) pyrophosphate 
in dry DMF and quenching with aqueous triethylammonium bicarbonate buffer (Scheme 2.5). 
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Scheme 2.5: Main features of Ludwig’s “one-pot, three-step” triphosphorylation procedure.  
 

Coupling of nucleoside dichlorophosphate I with bis(tri-n-butylammonium) 
pyrophosphate was proposed to proceed via the highly reactive trimetaphosphate intermediate 
II, which is then readily hydrolyzed in the presence of water to yield the linear triphosphate 
III (43). Use of trimethyl or triethyl phosphate as the solvent appeared to both accelerate the 
rate of phosphorylation and to result in improved regioselectivity for 5’-phosphorylation (45). 
It took about 30 years before the active role of trialkyl phosphates in the phosphorylation 
reaction has been clarified in detail (46). Evidently, the reaction between guanosine and 
POCl3 in triethyl phosphate proceeds via a guanosine-triethyl phosphate (Guo-TEP) complex 
in which triethyl phosphate is coordinated to guanosine of high-anti form in a 1 : 1 molar 
ratio. In this complex, hydrogen bonding between the 5’-OH of guanosine and the phosphate 
oxygen of TEP results in selective activation of the 5’-OH oxygen towards electrophilic 
attack by POCl3. Ludwig’s original one-pot phosphorylation procedure could be further 
improved by carrying out the phosphorylation in the presence of 1,8-

bis(dimethylamino)naphthalene (Proton Sponge, see Figure 2.1), which significantly 

accelerates the reaction and also allows preparation of acid-
sensitive nucleoside triphosphates (47). Moreover, the steric 

effects, which render Proton Sponge a strong base with 

weak nucleophilic character might also increase 
regioselectivity by preferable deprotonating the nucleoside 5’-
hydroxyl group. 

More recently, Ludwig and Eckstein (1) reported an alternative three-step, one-pot 
procedure for the synthesis of nucleoside triphosphates, which involves conversion of the 
nucleoside to an activated phosphite that is subsequently reacted with pyrophosphate and 

Figure 2.1: Proton Sponge� 

N N

CH3

CH3

CH3

H3C
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hydrolyzed / oxidized. This procedure has also been translated to solid-phase chemistry (48, 

49). When compared to traditional solution-phase methods, however, the present procedures 
for solid-phase synthesis of nucleoside triphosphates are less attractive due to protective 
group issues, low resin loadings, and the fact that chromatographic purification is still 
required after cleavage from the resin. 
 

31P-NMR for the Analysis of Nucleotides 
At this point, let us also briefly review some general features of 31P-NMR spectroscopy of 
nucleotides. Like in 1H-NMR, the integrals of the 31P-signals are proportional to the number 
of phosphorus atoms generating them. While the chemical shifts in 1H-NMR are primarily 

determined by the electronegativity the protons experience via their σ-bonds, 31P chemical 

shifts are controlled by an additional factor: back donation of electrons by π-bonding (50). 

Phosphorylation of a phosphate oxygen has a strong shielding effect, which is reflected in an 

upfield shift of the signals of the Pα and Pβ phosphorus atoms in nucleotide di- and 

triphosphates relative to the monophosphates (Table 2.2). Furthermore, it is important to note 
that the position of 31P signals in nucleotides is also dependent on the nucleotide 
concentration (at concentrations of >10mM base stacking may occur), the solvent, the 
temperature, the nature of the counterions, the presence of trace amounts of bivalent metal 
ions, and in particular the pH of the solution (for a review, see (51)). The 31P chemical shifts 

and the 31P−O−31P coupling constants for 5’-GMP, 5’-GDP and 5’-GTP in the protonated and 

unprotonated forms are given in Table 2.2 (52). Although the position of all 31P-signals in 
nucleotides is governed by the pH to some extent, the terminal phosphates are most strongly 
affected. The pH-dependence of nucleoside mono-, di- and triphosphates has been addressed 
by Myers and others (53-55).  
 

 

Table 2.2:  31P chemical shifts and coupling constants of adjacent phosphorus 
atoms in 5’-O-guanosine nucleotides (52) 

 

Nucleotide Phosphorus δAH
 a) δA- a) δAH − δA- 2Jαβ = 2Jβγ 

pKa-
value 

α −10.83 −10.53 −0.30 

β −22.58 −21.28 −1.30 GTP 
γ −10.24 −5.57 −4.67 

19.4 ± 0.2 
(JAH = JA-) b) 6.72 

α −10.73 −10.18 −0.55 
GDP 

β −10.20 −5.81 −4.39 
20.3 ± 0.2 (JAH) b) 

22.3 ± 0.2 (JA-) b) 6.44 

GMP α +0.85 +4.40 −3.55  6.26 
 

a) δAH
 , chemical shift in the protonated form; δA-, chemical shift in the unprotonated form  

b) JAH, coupling constant in the protonated form; JA-, coupling constant in the unprotonated form 
 
 



Chapter 2  
 

 36 

2.6.2 Results and Discussion 
 

In agreement with the aim of this thesis, investigation of the biological aspects of the GTP-
analogues on FtsZ and tubulin, we were interested in a fast and generally applicable method 
for the triphosphorylation of the various 8-substituted guanosines described in the preceding 
sections. Therefore, the choice for an improved protocol (2-5) based on Ludwig’s one-pot, 

three-step procedure was straightforward. The protocol included use of Proton Sponge in the 

first phosphorylation step and purification by LC with a Sephadex DEAE-A25 anion 
exchanger followed by semi-preparative HPLC (Scheme 2.6). Isolated yields and purities of 
the diverse 8-substituted guanosine 5’-triphosphates are given in Table 2.3. 
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Scheme 2.6: Triphosphorylation and purification of 8-substituted guanosine analogues. 
 

Although the desired 5’-triphosphates were obtained with all the 8-substituted guanosines, 
it is evident from Table 2.3 that the yields were substantially different. This may partly be 
attributed to the low solubility of some of the 8-substituted guanosines in trimethyl phosphate 
resulting in incomplete reaction of the nucleoside with POCl3 in the first step of the 
triphosphorylation procedure. With some of the 8-substituted guanosines, we tried to 
circumvent this problem by using more trimethyl phosphate (volume given in column 3 of 
Table 2.3). However, even then not all 8-substituted guanosines dissolved completely, in 
particular 8-phenylguanosine (16a). 

Apart from unreacted guanosines (not quantified), we also noted several other side 
products, such as nucleoside mono- and polyphosphates and inorganic phosphates (Table 2.3). 
For several 8-substituted guanosines, the by-products were isolated and characterized. The 
chromatogram (UV: 260 nm) of the LC-purification generally showed one or two peaks 
shortly after application of the crude product to the Sephadex DEAE-A25 column, and 3-4 
main peaks with significantly longer retention times (several hours under the conditions 

used). The first peak(s) comprised uncharged compounds or cations, such as Proton Sponge 

and the unreacted nucleosides, the 3-4 other main peaks were nucleoside mono-, tri- and 
polyphosphates, which are all negatively charged. HPLC-analysis of the crude products 
revealed a similar pattern. 
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Table 2.3:  Experimental results for the triphosphorylation of 8-substituted 

guanosines: Composition of the crude product, isolated yields, and 
purities.  

 
 

 

Product R (subst. at C-8) Solubility in 
PO(OMe)3 a) 

Composition 
Crude Product b) 

Yield c) 
RGTP (%) 

Purity d) 
RGTP (%) 

1b Br + (2 ml) No data 57 > 90 

2b I ++ (2 ml) 
RGMP e):     8 % 
RGTP e):     85 % 
RGPPs e,f):     7 % 

59 > 99 

3b Cl + (2 ml) 
RGMP e):    10 % 
RGTP e):     70 % 
RGPPs e,f):  20 % 

37 > 99 

4b N
 

+ (2 ml) 
RGMP e):    17 % 
RGTP e):     41 % 
RGPPs e,f):  42 % 

41 > 96 

6b ON
 

+ (3 ml) 
RGMP e):    16 % 
RGTP e):     56 % 
RGPPs e,f):  28 % 

43 > 94 

7b NN
 

No data 
RGMP g):    10 % 
RGTP g):     60 % 
RGPPs f,g):  30 % 

48 No data 

12b 
CH3

O
 

++ (2 ml) 
RGMP e):    12 % 
RGTP e):     44 % 
RGPPs e,f):   44 % 

37 > 99 

14b CH3 − (4 ml) 
RGMP e):    25 % 
RGTP e,g):   68 % 
RGPPs e,f,g):  7 % 

23 > 99 

15b 
 

+ (2 ml) No data 24 > 91 

16b 
 

−− (6 ml) 
RGMP g):    40 %   
RGTP g):     40 % 
RGPPs f,g):   30 %  

20 > 99 

 
a) Solubility: ++ (good), + (reasonable), − (bad). Values in parentheses indicate volume of PO(OMe)3 

employed. 
b) Amount of unreacted 8-substituted guanosine has not been quantified. 
c) Isolated yield after DEAE-Sephadex purification. 
d) Purity of compounds after preparative HPLC (based on analytical HPLC with UV detection; 262 nm 

and 225nm). 
e) Based on HPLC-analysis of the crude product. 
f) RGPPs: higher phosphate esters of 8-substituted guanosines, such as guanosine-5’-O-pentaphosphates 

(e.g. compound 6d), guanosine-5’-O-triphosphate-2’,3’-O-cyclophosphate (e.g. compound 6e) and the 
hydrolysis product guanosine-5’-O-triphosphate-2’(3’)-O-phosphate. 

g) Based on chromatogram from DEAE-Sephadex purification.
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Figure 2.2: By-products found in the first nucleotide fraction from DEAE-Sephadex. The by-products 
comprise 8-morpholino-5’-GMP (6d), inorganic pyrophosphate (I), and inorganic triphosphate (II). 
 

Several typical features of the by-products are best illustrated by considering the 
phosphorylation of 8-morpholinoguanosine (6a) as model reaction. Four major fractions 
containing nucleotides could be distinguished and were labelled fraction 1 to 4 in the order of 
increasing retention time. The composition of the fractions was determined by HPLC-analysis 
together with 1H and 31P NMR-studies after lyophilization.    

Fraction 1 contained 8-morpholino-5’-GMP (6d) together with inorganic pyrophosphate 
(I) and inorganic triphosphate (II) (Figure 2.2). Identification of the inorganic phosphates was 
based on comparison of 31P-NMR data with published reference spectra for inorganic 
phosphates (50, 56, 57), and the structure of 6d was verified by comparison with 31P and 1H-
spectra from an authentic sample of 8-bromo-5’-GMP and published NMR-data for 5’-GMP 
(50, 58-60). The presence of 8-RGMPs results from direct hydrolysis of the intermediate gua-
nosine dichlorophosphates instead of reaction with bis(tri-n-butylammonium)pyrophosphate.   

The major component of fraction 2 was the desired 8-morpholino-5’-GTP (6b). The 
structure of 6b was verified by comparison with published 1H-, 31P- and 13C-NMR data for 5’-
GTP (52, 60-63) together with the data obtained from 8-morpholinylguanosine. The  1H-, 31P- 
and 13C-NMR spectra of 6b are depicted in Figure 2.3, since they are representative for all the 
prepared 8-substituted 5’-GTPs given in Table 2.3 and are used for the discussion in the next 
paragraphs. Apart from the various effects on the 1H-NMR-shifts, such as a downfield shift of 
about 0.5 ppm for the H5’-protons combined with only a small downfield shift of the H2’-
proton (ca. 0.2 ppm), the position of the triphosphate moiety may be unequivocally 
established by the 31P-13C couplings observed in the 1H-decoupled 13C-spectra. More 
specifically, it has been demonstrated that the 31P-13C coupling in phosphate esters is often 

larger at the β-carbon than at the α-carbon (63). Consequently, in 5’-GTP, the resonance of 

C4’ appears as a doublet at 83.9 ppm with 3JPOCC = 7.4 Hz, while the signal of C5’ is actually 
a poorly resolved doublet at 65.1 ppm with 2JPOC = 5.1 Hz (61). Only slightly deviating from
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this data, in all cases where 13C-NMR spectra were recorded, we found the signals of C4’ 

centered around 83 ppm with 3JPOCC ≈ 9 Hz and of C5’ at about 65 ppm with 3JPOCC ≈ 5 Hz 

(Figure 2.3b).  The 31P-NMR spectra of the 8-substituted 5’-GTPs obtained after DEAE-

Sephadex purification (pH 9-10) generally showed three signals centered around −5, −10 and 

−18 ppm with 2JPOP = 14.8 Hz (Figure 2.3c). This value for the geminal 31P-31P coupling 

constant is somewhat smaller than reported for GTP and all 31P-signals, particularly that of Pβ, 

are shifted downfield compared to the GTP-reference (Table 2.2). The deviations observed 
are not surprising, since both the 31P chemical shifts and the coupling constants of nucleotides 
are known to be affected by the nature of the counter ions, and the presence of divalent metal 
cations in particular (51, 53). Indeed, the 31P-NMR spectrum obtained after an additional 

HPLC purification step (pH 5-6), showed three signals at −9.8, −10.2 and −22.2 with 2JPOP = 

18.8 Hz (§ 2.10), which is in agreement with published values for GTP (Table 2.2).  
   

 
 

 

Figure 2.3: 1H-, 31P- and 13C-NMR spectra of 8-morpholinyl-5’-GTP (6b). 
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Analytical HPLC of the third major fraction eluted from the DEAE-Sephadex column 
showed only one peak with a slightly higher retention time than 8-morpholino-5’-GTP. 31P-
NMR data suggests the presence of a pentaphosphate, and the 1H-NMR resonances are 
compatible with 5’-O-phosphorylated 8-morpholinylguanosine 6e (Figure 2.4). 
Mechanistically, the generation of 6e during the triphosphorylation procedure can be 
explained by reaction of the 8-morpholinylguanosine-5’-O-trimetaphosphate intermediate 
(compound II of Scheme 2.5) with another equivalent of bis(tri-n-butylammonium) 
pyrophosphate.   
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Figure 2.4:  Structure and 31P-NMR data of 8-morpholinylguanosine-5’-O-pentaphosphate 

(6e) compared with reference compounds. 
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Figure 2.5: Structure and 31P-NMR data of 8-morpholinylguanosine-5’-O-triphosphate-2’,3’-

cyclophosphate (6f) compared with reference compounds.



Synthesis of 8-Substituted Guanosine Derivatives and Their 5’-Triphosphates 

 41 

Similar to the third fraction, also the last major fraction from the DEAE-Sephadex column 
contained essentially one single nucleotide (6f). The 31P-NMR spectrum displays the 
characteristic pattern of a triphosphate (two doublets at -5.1 and -9.9 ppm and a badly 
resolved triplet at -18.4 ppm with integral ratios of approximately 1:1:1) together with a 
singlet at +21.3 ppm with an integral-value of roughly 1. The characteristic shift of about +20 
ppm is a sound indication for the presence of a nucleoside 2’,3’-cyclic monophosphate, since 
phosphorus nuclei in other cyclic nucleotides such as nucleoside 3’,5’-cyclophosphate and 
nucleoside 3’,5’-cyclopyrophosphate resonate in entirely different chemical shift ranges 
(Figure 2.5). Taken together, the 31P-NMR data of nucleotide 6f is most compatible with a 
mixed 5’-triphosphate-2’,3’-cyclophospate. Along with the 1H-NMR data (§ 2.10), which is 
also compatible with published results (64), the structure of 6f was identified as 8-
morpholinylguanosine-5’-O-triphosphate-2’,3’-cyclophosphate (Figure 2.5).     

Apart from phosphorylation side products, we also noted products resulting from 
nucleophilic substitution at C-8 of guanosine. The DEAE-Sephadex purified triphosphates 
after phosphorylation of both 8-bromoguanosine and 8-iodoguanosine contained about 20-
30% of 8-chloroGTP, which was isolated by preparative HPLC and analyzed by NMR-
spectroscopy. By means of NMR, the different 8-haloguanosines and their triphosphates are 
most easily distinguished by the 13C-chemical shift of C8, which varies significantly from 96 
ppm for 8-iodoGTP and 124 ppm for 8-bromoGTP to 135 ppm for 8-chloroGTP. POCl3-
induced chlorination of C8 in purines has been reported earlier, as has been the nucleophilic 
displacement of halide substituents in purines by other halide ions, with halide substituents at 
C8 being the primary target under acidic conditions (22). It is reasonable to assume, therefore, 
that the 8-chloroGTP observed after phosphorylation of 8-bromoguanosine and 8-
iodoguanosine is formed via nucleophilic substitution of chloride ions liberated from POCl3 
during the reaction. 

In conclusion, most 8-substituted 5’-GTPs have been prepared in good yields, exceptions 
being the 8-alkyl and 8-phenylGTPs. A general problem of the phosphorylation procedure 
employed was the low solubility of most 8-substituted guanosines in trimethyl phosphate. 
Poorly dissolving 8-substituted guanosines showed lower yields and, unfortunately, even 
using more trimethyl phosphate did not result in large improvements. Apart from unreacted 
guanosines, side products of the triphosphorylation reaction also include the corresponding 
5’-monophosphates and a number of polyphosphorylated guanosines, among others 5’,3’-
diphosphates. The presence of 5’-monophosphates is a very common feature observed using 
Ludwig’s one-pot, three step procedure, and often 5’-mono and 5’-triphosphates are 
simultaneously isolated upon purification of the crude product (2). Also the formation of 
polyphosphates is a generally observed phenomenon, although the large amounts of 
polyphosphates e.g. in the case of 8-phenylguanosine are possibly related to the low solubility 
of 8-phenylguanosine in trimethyl phosphate, which in turn results in a large excess of POCl3. 
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2.7 STERICAL ASPECTS OF C8 SUBSTITUENTS AND 
CONFORMATIONAL ANALYSIS OF THE PREPARED      
GUANOSINE ANALOGUES AND THEIR 5’-TRIPHOSPHATES 

 

2.7.1 Sterical Aspects  
 

The characterization of the sterical properties of substituents is straightforward in the case of 
single-atom substituents, such as the series of halogens. For this purpose, the van der Waals 
substituents of the atoms can be employed (65). However, as soon as multi-atom, non-
spherical substituents are involved, the situation becomes more complex. 

Figure 2.6:  Illustration of the Sterimol parameters for an arbitrary substituent (detailed explanation 
in main text). Left: Perpendicular view on the L-axis directed along the bond between the point of 
attachment on the parent molecule (black dot) and the nitrogen atom of the substituent. Right: View of 
the same substituent along the L-axis (shown as cross). B1 to B5 are perpendicular to L an are situated 
in the plane of the paper.    

 

Verloop and co-workers addressed this issue by defining a new set of parameters, which 
account for the shape of more complex, non-spherical substituents. These STERIMOL 
parameters, L and  B1 to B5, are in fact a set of distances (Figure 2.6). L is the length that the 
substituent extends along the axis formed by the bond between the substituent and the atom it 
is attached to. B1 to B4 are a set of width values perpendicular to both L and to each other, 
with B1 being the smallest width. B5 represents the longest possible radius perpendicular to 
L, and forms a good measure of the space required around the L-axis in the case of free 
rotation about the bond connecting the substituent with the parent molecule. In comparison to 
other steric parameters such as those proposed by Taft and Hancock (66, 67), the main 
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advantage of the STERIMOL parameters is their easy computation for any substituents by 
making use of tabulated data for bond lengths and van der Waals radii of individual atoms 
being part of the substituents. STERIMOL parameters are currently well-established in the 
medicinal chemistry literature (68), and numerous computer modelling programs allow direct 
calculation of the parameters (69).   

The STERIMOL parameters of the various C8-substituents of the prepared guanosine 
analogues calculated with the computer program “Molecular Modeling Pro Plus” (69) are 
given in Table 2.4. As expected, the different substituents show a pronounced effect on the 
preferred conformation of the nucleosides about the glycosidic bond, which will be described 
in detail below. 

 
2.7.2 Conformational Analysis of Purine Nucleosides 
 

Three main determinants of the conformation of purine nucleosides can be discriminated, the 
torsion angle about the glycosidic bond between C1’ and N9, the ribose puckering, and the 
exocyclic C4’-C5’ bond conformations. The primary determinant of nucleoside conformation 
is the glycosidic torsion angle, which has a profound impact on the other conformational 
preferences (70).  

The torsion angle about the glycosidic bond of purines is denoted by the symbol χ and 

defined by the sequence of atoms O4’-C1’-N9-C4. A torsion angle of χ = 0 corresponds to the 

eclipsed conformation of the bonds O4’-C1’ and N9-C4. Positive values of χ correspond to an 

anticlockwise rotation of the N9-C4 bond relative to the C1’-O4’ bond when looking along 

the N9-C1’ bond. Two main conformational regions of χ can be distinguished, χ = 0° ± 90° 

(referred to as syn) and χ = 180° ± 90° (referred to as anti) (71). Typical syn and anti 

conformers of guanosine are depicted in Figure 2.7. 
 

 

HN

N

N

O

H2N N

O

OH
OH

HO

NH

N

N

O

NH2
N

O

OH
OH

HO

2

1
3

4

5
7

8

9

1'

6

4'
3'

2'

5'
5'

4'

H1'

C2'

O4'

C4
χ

CA B

C8

 
 

Figure 2.7:  Definition of the glycosidic torsion angle χ illustrated by a Newman projection 

along the N9-C1’ bond (A) and typical syn (B) and anti (C) conformations of 
guanosine
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In solid-state structures of nucleosides and nucleotides, the torsion angles of individual 
molecules are fixed. In solution, however, rotation around the glycosidic bond may occur 
more or less freely, depending on the nature of the nucleoside, the solvent, pH, temperature 
and various other factors.  

The solid-state structures of purines and derivatives have been elucidated by X-ray 
analysis. While the naturally occurring purine nucleosides have been observed in both syn and 
anti conformations, purines with large substituents at C8 were found exclusively in the syn 
conformation (72, 73). Solution-state conformational equilibrium distributions of purines 
have been studied by circular dichroism (CD) (74) and NMR-spectroscopy (for a review, see 
Davies (71)). The basic methods of relevant NMR-techniques described by Davies comprise 

1) NOE effects between H8 and the ribose protons (75), 2) Calculation of χ from the vicinal 
13C-1H coupling constants 3J(C8,H1’) and 3J(C4,H1’) by using the Karplus relation, 3) 
Perturbation of sugar 1H and 13C chemical shifts due to anisotropy effects of the nucleobase. 
Conformational analysis of 8-substituted guanosines by NOE is not possible because of the 
absence of H2 and H8 protons. The main drawback of the second method is the superposition 
of the desired couplings with other 3J(C8, H) couplings from protons being part of the C8-
substituent (moreover, when both syn and anti-conformers are present, the measured 
3J(C8,H1’) and 3J(C4,H1’) are the mean of the coupling constants for the forms syn and anti).      

In contrast, a semi-quantitative approximation of the solution-state syn-anti 
conformational equilibrium populations of 8-substituted guanosines may be deduced from the 
chemical shifts of H2’ and C2’. As the orientation of the nucleobase changes from anti to syn, 
the purine ring anisotropy caused by both the ring current of the purine system and the lone-
pair on N3 results in a downfield shift of H2’ (70, 74) and an upfield shift of C2’(76). In a 
first approximation, the syn-anti conformer populations in purine nucleosides may be 
estimated by comparing the chemical shift of H2’ or C2’ of the nucleoside in question with 
the corresponding chemical shifts in two model compounds, which are known to be 
exclusively in the syn and anti conformation (equation 1).  
 

δobs(X2’) = Psyn δsyn(X2’) + Panti δanti(X2’)  (equation 1) 
 

Where X = 1H or 13C, δobs is the chemical shift for the given nucleoside, and δsyn and δanti are 

the shifts for the fixed syn and anti analogues (59, 77). For guanosine, 8-t-butylguanosine 

(15a, δ(H2’) = 5.06 ppm) served as a model compound constrained to the syn conformation, 

while 8,5’-cyclo-8-oxoguanosine (δ(H2’) = 4.20 ppm) was the reference compound in the anti 

conformation. Calculation of the syn-anti conformer populations could further be refined by 
introducing a correction term to account for the different conformations of the exocyclic 
CH2OH group about the C4’-C5’bond of nucleosides (78). These conformations may be 
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calculated from the coupling constants of H4’ with H5’a and H5’b (79). However, the 
improvement of the population estimates when using the correction term was small, and 
required extended calculations and unequivocal assignment of H5’a and H5’b. Therefore, we 
used the simple relationship described in equation 1, which provides a rough estimation of the 
syn-anti populations. 

The chemical shift of H2’ in adenosine, guanosine and the prepared 8-substituted 
guanosine derivatives is given in Table 2.4 together with the estimated population of the syn-
conformer calculated according to equation 1. In contrast to adenosine, guanosine clearly 
prefers the anti conformation. The syn conformation of guanosine is destabilized by steric 
hindrance caused by the exocyclic amino group at C2 of the guanine base. Compared to the 
parent nucleoside guanosine, all 8-substituted derivatives show a preference for the syn 
conformation with 8-t-butylguanosine and 8-phenylguanosine being exclusively in the syn 
conformation, and 8-methylguanosine and 8-methoxyguanosine allowing a population of the 
anti-conformer of about 40%.  

The tendency of C8-substituted purines to adopt the syn conformation is mainly attributed 
to steric hindrance between the C8-substituent at the heterocyclic base and the ribose moiety. 
However, also electrostatic repulsion between electron-rich substituents at C8 and 5’-O of the 
ribose has been suggested to influence the conformational equilibrium (80). Indeed, in 
agreement with the increasing van der Waals radius of 8-haloguanosines in the sequence Cl < 
Br < I, a small percentage of 8-chloroguanosine is still present as the anti-conformer, while 8-
iodoguanosine is exclusively encountered in the syn conformation. In contrast, 8-
methylguanosine, with a reported van der Waals radius of 2.0 Å (78) (approximately equal to 

Sterimol parameter B5), shows only a slight preference for the syn conformation (≈60%). In 

this case, it is obvious that van der Waals radii are not sufficient to explain the conformational 
equilibrium. Since the methyl group may freely rotate around the connecting bond to C8, it is 
flexible and may adopt conformations with minimized steric hindrance with the ribose 
moiety, a fact partly represented by a value of only 1.7 Å for the Sterimol parameter B1 (see 
preceding paragraph). Similarly, free rotation about the C8-OMe bond in 8-
methoxyguanosine may result in reduced steric hindrance with the ribose moiety, when the 

shortest radius extending perpendicular to the C8-OMe bond (B1 ≈ 1.5 Å) is directed towards 

the ribose.  
A comparable effect is also noted with the cyclic tertiary 8-alkylaminoguanosines 4a, 6a 

and 7a, which still show a 10% population of the syn-conformer despite the large size of the 
substituents. Presumably, the cyclic tertiary 8-alkylaminoguanosines may adopt 
conformations with minimized steric hindrance with respect to the ribose, i.e., although they 
possess comparatively large B5-values, they show small B1-values. Our results are in 
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agreement with literature reports proposing a preferential anti-conformation of 8-amino- and 
8-monoalkylaminoadenosines and their 5’-phosphates (2, 80, 81) and still a 10% anti-
population in the case of 8-dimethylamino-AMP (80). The anti conformation of primary and 
secondary alkylaminoadenosines and their 5’-phosphates might be stabilized by a hydrogen 
bond between the 8-amino group and O5’ of the ribose or the 5’-phosphate, respectively (81). 
Especially when noting the stronger preference of guanosine for the anti-conformation when 
compared to adenosine (75), it is not amazing that even the more bulky cyclic tertiary 8-
alkylaminoguanosines given in Table 2.4 show an anti-population of approximately 10%.  

In contrast to all other 8-substituted guanosine derivatives given in Table 2.4, 8-
phenylguanosine may not freely rotate about the C8-phenyl bond, but is fixed in the same 

plane as the heterocyclic base due to conjugation of the π-systems. Consequently, anti-

conformations will result in maximal steric hindrance with the ribose moiety, and a 100% 
syn-population is observed. 
 

2.7.3 Conformational Analysis of Purine Nucleotides 
 

Compared to the parent nucleosides, the 5’-mono-, di- or triphosphate chain of the 
corresponding nucleotides introduces an additional level of complexity. Apart from the 
conformation about the C4’-C5’ bond, also the orientation of the phosphate group needs to be 
considered, particularly the conformation about the C5’-O5’ bond.  However, also in 
nucleotides the principal conformational determinant is the glycosidic torsion angle. The 
profound impact of the glycosidic torsion angle on the conformational preferences about the 
C4’-C5’ and C5’-O5’ bonds in nucleotides is comprehensively described elsewhere (70), and 
in the following we will focus on the glycosidic torsion angle.  

While 5’-AMP and 5’-ADP show considerable conformational flexibility with a 
preference for the anti domains (70), 5’-ATP is preferably found in a particular 
conformational region. This region is known as high anti and located between the syn and anti 

domains with χ-values close to -90°. In the case of adenosine 5’-(β,γ-methylene)triphosphate, 

ROESY experiments have indicated that this base orientation is accompanied by base-
phosphate stacking. Since an exocyclic 5’-triphosphate chain is able to entirely overlap the 
purine ring in contrast to mono- and diphosphates, it has been suggested that such a base-
phosphate stacking is a general attribute of purine nucleoside 5’-triphosphates (82).  

NMR-studies of guanine nucleotides generally show similar results. In 5’-GMP, syn and 
anti conformations contribute equally to the conformational equilibrium (83). In analogy to 
the increased syn population of GMP when compared to AMP, ROESY-studies with ATP and 

GTP indicate a slight preference for the syn region in the case of GTP: χ(GTP) > χ(ATP) ≈ -

90°. This observation has been explained in terms of an interaction between the 2-exocyclic 

amino group and the 5’-phosphate (84). 
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Table 2.4:  STERIMOL parameters for the C8-substituents of the prepared guanosine 
analogues and estimated population of their syn-conformers based on δ(H2’). 

 
 

R (substituent at C-8) Nucleoside (a) 
Nucleotide (b) Structure of R Sterimol parameters 

(Å) 

δ H2’ (ppm) 

Nucleoside  
(a) g) 

δ H2’ (ppm) 

Nucleotide  
(b) h) 

Nucleoside in 
syn confor- 
mation (%) 

Adenosine / 
ATP H 

L:  2.10   B5: 1.00 
B1: 1.00   B2: 1.00   
B3: 1.00   B4: 1.00 

4.62 a) 4.68 
52 (58) a) 

60 b) 

Guanosine / 
GTP H Idem  4.41 

 4.40 a) 4.71 
24 (30) a) 

30 b) 

1a / 1b Br 
L:  3.79   B5: 1.92 
B1: 1.92   B2: 1.92   
B3: 1.92   B4: 1.92 

5.03 q 5.38 t c) 
97 

95 d) 

2a / 2b I 
L:  4.13   B5: 2.06 
B1: 2.06   B2: 2.06   
B3: 2.06   B4: 2.06 

5.05 t e) 5.22 t 100 

3a / 3b Cl 
L:  3.48   B5: 1.77 
B1: 1.77   B2: 1.77   
B3: 1.77   B4: 1.77 

4.93 t e) 

4.93 d) 5.14 t 
85 

90 d) 

4a / 4b N
 

L:  5.38   B5: 3.32 
B1: 1.56   B2: 3.16   
B3: 3.24   B4: 3.01 

5.00 t e) 5.24 t 93 

6a / 6b ON
 

L:  5.51   B5: 3.43 
B1: 1.78   B2: 3.27   
B3: 3.27   B4: 2.79 

4.97 q 5.22 t 90 

7a / 7b NN
 

L:  7.07   B5: 3.48 
B1: 1.81   B2: 3.28   
B3: 3.27   B4: 2.82 

4.97 q n.a. 90 

12a / 12b 
CH3

O
 

L:  4.24   B5: 3.21 
B1: 1.52   B2: 1.75   
B3: 2.41   B4: 3.12 

4.72 q 4.93 t 60 

13a / 13b CH3 
L:  3.08   B5: 2.22 
B1: 1.70   B2: 2.07   
B3: 2.07   B4: 2.20 

4.69 q 4.95 t 57 

15a / 15b 
 

L:  4.34   B5: 3.37 
B1: 2.95   B2: 3.36   
B3: 3.36   B4: 3.19 

5.12-5.06 m 
5.06 a) 5.32 t 100 f) 

16a / 16b 
 

L:  6.28   B5: 3.18 
B1: 1.77   B2: 3.18   
B3: 3.18   B4: 1.77 

5.05 t e) 5.23 t 100 

 

a) Values taken from reference (85); both uncorrected values (calculated according to eqn. 1) and corrected 
vaues (in parentheses, calculated using eqn. 1 and an additional correction term, see main text) are given.          
b) Values based on NOE-studies according to reference (75).     c) Measured as triethylammonium salt at lower 
pH, in contrast to the other GTPs, which were analyzed as their ammonium salts.     d) Values taken from 
reference (78).     e) After adding a drop of D2O.     f) Model syn-nucleoside according to reference (85).            
g) Solvent: d6-DMSO.     h) Solvent: D2O. 
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Unfortunately, to our knowledge, there are not yet any investigations dealing with the 
conformational equilibrium of 8-substituted GTPs in aqueous solution. However, when 

comparing the experimental data (Table 2.4) for δ(H2’) of the 8-substituted GTPs (b) with 

δ(H2’) of the parent nucleosides (a) it is evident that both follow the same trend, suggesting 

that also the syn-anti equilibria are quite similar, and the populations of the syn conformers 
given in Table 2.4 might serve as a rough approximation for the 8-substituted GTPs. 
Considering the increased preference of 5’-GMP and 5’-GTP for the syn conformation when 
compared to guanosine, though, it is likely that the syn population of the 8-substituted GTPs 
might be slightly higher than given in Table 2.4 for the corresponding guanosines. The 
assumption that syn-anti equilibria are similar in aqueous solution is also supported by several 
studies of 8-substituted 5’-AMPs indicating that the syn-anti conformational equilibrium of 
nucleotides generally resemble that of the parent nucleosides (2, 70). Finally, it is in 
agreement with the suggestion that the C8-substituent is the chief determinant of the 
glycosidic torsion angle, which in turn governs the other conformational equilibria. 
 
 

2.8 CONCLUSIONS 
 

In summary, a diverse set of 8-substituted guanosines has been prepared by employing 
different synthetic approaches ranging from free radical alkylation and Suzuki arylation of 
unprotected guanosines to nucleophilic aromatic substitution. Using the latter type of reaction, 
we were able to synthesize a series of 8-alkylaminoguanosines in good yields illustrating the 
versatility of this simple, straightforward procedure. 

For the 5’-triphosphorylation of the guanosine analogues, we developed a protocol based 
on a published one-pot three-step phosphorylation procedure (43). Depending on the specific 
guanosine derivative employed, isolated yields after purification by ion-exchange 
chromatography were between 20 and 59%, which is comparable to yields obtained for the 
triphosphorylation of adenosine analogues by other research groups (2-5).  

Finally, the syn-anti conformational equilibrium of the prepared 8-substituted guanosines 
and the corresponding triphosphates was roughly estimated from the chemical shifts of the 
H2’-protons. The results were in agreement with the tendencies expected from the sterical 
requirements of the 8-substituents. Four major classes of guanosine analogues can be 
distinguished based on conformational similarity: 8-t-butyl-, 8-phenyl- and 8-iodoguanosine 
are exclusively in the syn conformation, 8-bromoguanosine is for 95% syn, 8-
alkylaminoguanosines display a syn-conformer population of 90%, and 8-methylguanosine 
and 8-methoxyguanosine only show a slight preference for the syn conformation (60%).      
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2.10 EXPERIMENTAL SECTION 
 

General information  
All reactions involving moisture sensitive compounds were performed under an inert atmosphere of 
dry nitrogen. Anhydrous solvents (DMF, MeOH) were purchased from Aldrich (H2O < 50 ppm). All 
commercially available chemicals were used without further purification. Flash chromatography (86) 
refers to chromatographic purification on a column of Acros silica gel (0.035-0.075 mm) with the 
eluent indicated. Rf-values were obtained by using thin layer chromatography (TLC) on silica coated 

plastic sheets (Merck silica gel 60 F254), and compounds were visualized by UV light (λ = 254 nm).  

Nuclear magnetic resonance (NMR) spectra were recorded on a Bruker ARX 400 (1H: 400 MHz,  13C 
(APT): 100 MHz) and a Varian Inova 500 (1H: 500 MHz, 13C (APT): 125.7 MHz, 31P: 202.4 MHz) 

using the indicated solvent and a temperature of 25°C, unless noted otherwise. Both 13C- and 31P-

spectra were acquired using broad band proton decoupling. Chemical shifts (δ) are reported in ppm 

downfield from tetramethylsilane (1H, 13C) and coupling constants J are in Hz. In the case of 
guanosine triphosphates (solvent: D2O), nucleotide concentrations ranged between 5 and 7 mM 
(sufficiently low to avoid base-stacking), and Na-(3-trimethylsilyl)-propionate (a water soluble form 
of TMS) was used as an internal standard. 31P chemical shifts are expressed in ppm downfield to an 
external standard of  85% H3PO4. Peak-shapes in the NMR spectra are abbreviated with the symbols 
‘s’ (singlet), ‘bs’ (broad singlet), ‘d’ (doublet), ‘dd’ (double doublet), ‘t’ (triplet), ‘dt’ (double triplet), 
‘q’ (quartet) and ‘m’ (multiplet).  
UV-visible spectra were measured with a single beam diode-array HP8453 spectrometer in a 2 ml 

quartz cuvet (path length: 1cm). Nucleosides were dried overnight in vacuo at 60°C, and the required 

amounts for a 1 mM stock solution were dissolved in 50 mM phosphate buffer pH 7.2 (50 ml). The 
stock solutions were diluted 20 times to obtain a concentration of 0.05 mM. UV-spectra of a dilution 

series (0.05, 0.04, 0.03, 0.02, 0.01 mM) were recorded. Extinction coefficients (εmax) at the absorption 

maxima were determined by linear regression of absorbance values (Amax) in the dilution series 

obtained with different nucleoside concentrations using the law of Lambert-Beer (Amax =  εmax × c × l ; 

c: concentration, l: path length of cuvet).  
Mass spectra and accurate mass measurements were performed on a JEOL JMS-SX / SX 102 A 
Tandem Mass Spectrometer using Fast Atom Bombardment (FAB). A resolving power of 10,000 
(10% valley definition) for high resolution FAB mass spectrometry was used. Nucleotides were 
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desorbed form a glycerol matrix under FAB negative conditions (FAB−), all other compounds were 

characterized employing FAB positive conditions (FAB+). 
 
8-Bromoguanosine (1a). 8-bromoguanosine was synthesized by direct bromination of guanosine with 
bromine in water (9). To a suspension of guanosine (10 g, 35.3 mmol) in water (60 ml) was added 
saturated bromine-water (prepared by adding 3 ml of bromine to 300 ml of water and stirring for 15 
min) in aliquots of 10-20 ml at such a rate that the reaction mixture became colourless between each 
addition. The addition was stopped when the reaction mixture stayed slightly yellow due to unreacted 
bromine (ca. 270 ml bromine-water required). The colourless solid is quickly filtered off, washed with 

60 ml of cold water and 30 ml of ice-cold acetone (−20°C), recrystallized from 150 ml of hot water 

and dried in vacuo for 6 hrs at 60°C. Yield: 10.85 g (30.0 mmol, 85%) of colourless, needle-like 

crystals. 1H-NMR (400 MHz, d6-DMSO) δ 10.85 (bs, 1H, NH), 6.52 (bs, 2H, NH2), 5.71 (d, 3J = 6.3, 

1H, H1’), 5.47 (d, 3J = 6.2, 1H, (OH)2’), 5.11 (d, 3J = 5.0, 1H, (OH)3’), 5.03 (q, 3J = 6.0, 1H, H2’), 
4.96 (t, 3J = 6.0, 1H, (OH)5’), 4.18-4.13 (m, 1H, H3’), 3.90-3.85 (m, 1H, H4’), 3.71-3.63 (m, 1H, 

H5’a), 3.57-3.48 (m, 1H, H5’b). 13C-NMR (APT, 125.7 MHz, d6-DMSO) δ 155.5 (C6), 153.5 (C2), 

152.1 (C4), 121.2 (C8), 117.5 (C5), 89.7 (C1’), 85.9 (C4’), 70.6 (C2’), 70.4 (C3’), 62.1 (C5’). HRMS 

(FAB+) observed mass 362.0109, calculated mass for C10H13N5O5Br 362.0100. UV λmax1 = 201 nm, 

λmax2 = 261 nm (ε = 16,600 M-1cm-1).  

 
8-Iodoguanosine (2a). Iodination of guanosine was performed with N-iodosuccinimide and catalytic 
amounts of n-butyl disulphide according to a published procedure with minor modifications (10). 
Briefly, a solution of guanosine (1.0 g, 3.53 mmol), N-iodosuccinimide (7.8 g, 34.67 mmol) and n-

butyl disulphide (50 µl, 0.26 mmol) was stirred at room temperature for 18 hours. The reaction 

mixture was poured in 50 ml of ice cold acetone and allowed to stand at -20°C for 3 hours. The 

precipitate was filtered, recrystallized from hot water (40ml) and the resulting white to slightly pink 

crystals were dried in vacuo. Yield: 685 mg (1.67 mmol, 47%). 1H-NMR (400 MHz, d6-DMSO) δ 

10.78 (bs, 1H, NH), 6.44 (bs, 2H, NH2), 5.63 (d, 3J = 6.2, 1H, H1’), 5.42 (d, 3J = 6.2, 1H, (OH)2’), 
5.10-5.03 (m, 2H, H2’ and (OH)3’), 4.98 (t, 3J = 6.0, 1H, (OH)5’), 4.20-4.13 (m, 1H, H3’), 3.91-3.84 
(m, 1H, H4’), 3.72-3.65 (m, 1H, H5’a), 3.57-3.49 (m, 1H, H5’b). 13C-NMR (APT, 100 MHz, d6-DMSO) 

δ 155.4 (C6), 153.1 (C2), 151.7 (C4), 120.6 (C5), 96.4 (C8), 91.6 (C1’), 85.8 (C4’), 70.6 (C2’), 70.3 

(C3’), 62.1 (C5’). HRMS (FAB+) observed mass 409.9947, calculated mass for C10H13N5O5I (MH+) 

409.9961. UV λmax1 = 201 nm, λmax2 = 261 nm (ε = 17,900 M-1cm-1).  

 
8-Chloroguanosine (3a). 8-chloroguanosine was prepared by chlorination of guanosine with m-
chloroperbenzoic acid (MCPBA) and 0.5 M HCl in N,N-dimethylacetamide (DMA) as described (11). 
In contrast to the published procedure, final purification was achieved by silica column 
chromatography with eluens CHCl3/MeOH/H2O 65:25:4; Rf (8-chloroguanosine) 0.26. Yield: not 
determined. 1H-NMR (400 MHz, d6-DMSO) 10.93 (bs, 1H, NH), 6.57 (bs, 2H, NH2), 5.72 (d, 3J = 6.4, 
1H, H1’), 5.47 (d, 3J = 6.1, 1H, (OH)2’), 5.12 (d, 3J = 5.0, 1H, (OH)3’), 5.00-4.93 (m, 2H, H2’ and 
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(OH)5’), 4.17-4.11 (m, 1H, H3’), 3.90-3.85 (m, 1H, H4’), 3.69-3.62 (m, 1H, H5’a), 3.57-3.49 (m, 1H, 

H5’b). 13C-NMR (APT, 100 MHz, d6-DMSO) δ 155.7 (C6), 153.8 (C2), 151.9 (C4), 131.8 (C8), 115.5 

(C5), 88.4 (C1’), 85.8 (C4’), 70.5 (C2’), 70.4 (C3’), 61.9 (C5’). HRMS (FAB+) observed mass 

318.0590, calculated mass for C10H13N5O5
35Cl (MH+) 318.0605. UV λmax1 = 201 nm, λmax2 = 259 nm (ε 

= 16,400 M-1cm-1).  
 

 
General Procedure for the Preparation of 8-Aminoguanosine Derivatives  
8-bromoguanosine (1) (0.5 g, 1.381 mmol) was dissolved in 15 ml of the corresponding amine and 
refluxed overnight (15 h) under nitrogen. The amine was evaporated under reduced pressure. The 
residue was dried in vacuo and recrystallized from water.    

 
8-Pyrrolidinylguanosine (4a). Amine used: pyrrolidine. Yield: 362 mg 
(1.027 mmol, 74%). Rf (CHCl3/MeOH/H2O 65:25:4) 0.34. 1H-NMR (400 

MHz, d6-DMSO) 10.58 (bs, 1H, NH), 6.18 (bs, 2H, NH2), 5.61 (d, 3J = 6.5, 
1H, H1’), 5.32 (d, 3J = 6.0, 1H, (OH)2’), 5.10-4.97 (m, 3H, H2’, (OH)3’, 
(OH)5’), 4.13 (bs, 1H, H3’), 3.86-3.82 (m, 1H, H4’), 3.70-3.63 (m, 1H, 
H5’a), 3.57-3.49 (m, 1H, H5’b), 3.38-3.25 (m, 4H, HA pyrrolidinyl), 1.92-

1.81 (m, 4H, HB pyrrolidinyl). 13C-NMR (APT, 100 MHz, d6-DMSO) δ 155.8 (C6), 152.2 (C2), 151.6 

(C4), 150.4 (C8), 113.7 (C5), 88.0 (C1’), 85.4 (C4’), 70.7 (C2’), 70.2 (C3’), 62.2 (C5’), 51.3 (CA 
pyrrolidinyl), 24.5 (CB pyrrolidinyl). HRMS (FAB+) observed mass 353.1580, calculated mass for 

C14H21N6O5 (MH+) 353.1573. UV λmax1 = 201 nm, λmax2 = 266 nm (ε = 17,800 M-1cm-1).  

 
8-Piperidinylguanosine (5). Amine used: piperidine. Yield: 366 mg (0.999 

mmol, 72%). 1H-NMR (400 MHz, d6-DMSO) δ 10.54 (bs, 1H, NH), 6.20 

(bs, 2H, NH2), 5.54 (d, 3J = 6.4, 1H, H1’), 5.34 (d, 3J = 6.2, 1H, (OH)2’), 
5.03-4.93 (m, 3H, H2’, (OH)3’, (OH)5’), 4.14-4.10 (m, 1H, H3’), 3.84-3.80 
(m, 1H, H4’), 3.68-3.62 (m, 1H, H5’a), 3.54-3.46 (m, 1H, H5’b), 3.12-3.03 
(m, 2H, HA,a piperidinyl), 3.00-2.92 (m, 2H, HA,b piperidinyl), 1.68-1.57 (m, 

4H, HB piperidinyl), 1.57-1.49 (m, 2H, HC piperidinyl). 13C-NMR (APT, 100 MHz, d6-DMSO) δ 155.9 

(C6), 152.6 (C2 and C4), 150.4 (C8), 113.7 (C5), 87.8 (C1’), 85.4 (C4’), 70.7 (C2’), 70.2 (C3’), 62.2 
(C5’), 52.2 (CA piperidinyl), 25.1 (CB piperidinyl), 23.7 (CC piperidinyl). HRMS (FAB+) observed 

mass 367.1729, calculated mass for C15H23N6O5 (MH+) 367.1730. UV λmax1 = 201 nm, λmax2 = 263 nm.  

 
8-Morpholinylguanosine (6a). Amine used: morpholine. Yield: 398 mg 

(1.080 mmol, 78%). 1H-NMR (500 MHz, d6-DMSO) δ 10.59 (bs, 1H, NH), 

6.25 (bs, 2H, NH2), 5.60 (d, 3J = 6.5, 1H, H1’), 5.36 (d, 3J = 6.0, 1H, 
(OH)2’), 5.05-5.01 (m, 2H, (OH)3’, (OH)5’), 4.97 (q, 3J = 6.0, 1H, H2’), 
4.14-4.10 (m, 1H, H3’), 3.85-3.81 (m, 1H, H4’), 3.77-3.68 (m, 4H, HB 
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morpholinyl), 3.68-3.62 (m, 1H, H5’a), 3.54-3.48 (m, 1H, H5’b), 3.19-3.12 (m, 2H, HA,a morpholinyl), 

3.02-2.94 (m, 2H, HA,b morpholinyl). 13C-NMR (APT, 100 MHz, d6-DMSO) δ 156.0 (C6), 152.8 (C2), 

151.6 (C4), 150.6 (C8), 113.6 (C5), 87.6 (C1’), 85.5 (C4’), 70.5 (C2’), 70.2 (C3’), 62.0 (C5’), 65.8 
(CB morpholinyl), 51.4 (CA morpholinyl). HRMS (FAB+) observed mass 369.1525, calculated mass 

for C14H21N6O6 (MH+) 369.1523. UV λmax1 = 202 nm, λmax2 = 261 nm (ε = 17,900 M-1cm-1).   

 
8-(N-Methylpiperazinyl)guanosine (7a). Amine used: N-
methylpiperazine. Yield: 361 mg (0.947 mmol, 69%). 1H-NMR (500 

MHz, d6-DMSO) 10.55 (bs, 1H, NH), 6.23 (bs, 2H, NH2), 5.56 (d, 3J = 
6.6, 1H, H1’), 5.53 (d, 3J = 6.3, 1H, (OH)2’), 5.05-5.00 (m, 2H, 
(OH)3’ and (OH)5’), 4.97 (q, 3J = 6.1, 1H, H2’), 4.14-4.09 (m, 1H, 
H3’), 3.85-3.80 (m, 1H, H4’), 3.68-3.62 (m, 1H, H5’a), 3.54-3.48 (m, 

1H, H5’b), 3.19-3.10 (m, 2H, HA,a N-methylpiperazinyl), 3.05-2.96 (m, 2H, HA,b N-methylpiperazinyl), 
2.53-2.40 (m, 4H, HB N-methylpiperazinyl), 2.23 (s, 3H, HC methyl from N-methylpiperazinyl). 13C-

NMR (125.7 MHz, d6-DMSO) δ 155.9 (C6), 152.7 (C2), 151.8 (C4), 150.6 (C8), 113.6 (C5), 87.7 

(C1’), 85.4  (C4’), 70.6 (C2’), 70.1 (C3’), 62.1 (C5’), 54.2 (2 × CA N-methylpiperazinyl), 51.0 (2 × CB 

N-methylpiperazinyl), 45.8 (CC methyl from N-methylpiperazinyl). HRMS (FAB+) observed mass 

382.1843, calculated mass for C15H24N7O5 (MH+) 382.1839. UV λmax1 = 201 nm, λmax2 = 260 nm (ε = 

17,800 M-1cm-1).  
 

8-Cyclopentylaminoguanosine (10). Amine used: cyclopentylamine. In 
contrast to the other (secondary) amines, the primary cyclopentylamine 
turned out to be substantially less reactive. The reaction was stopped after 
refluxing for 7 days, although there was still starting material left. After 
evaporation of excess amine, the crude product was purified by flash 
chromatography (CHCl3/MeOH/H2O 65:25:4). Yield: 124 mg (0.338 

mmol, 24%). 1H-NMR (400 MHz, d6-DMSO) δ 10.33 (bs, 1H, NH), 6.18 (bs, 2H, NH2), 6.12 (d, 3J = 

6.5, 1H, NH), 5.77 (d, 3J = 7.4, 1H, H1’), 5.58 (t, 3J = 4.5, 1H, (OH)5’), 5.23 (d, 3J = 6.3, 1H, (OH)2’), 
5.02 (d, 3J = 3.9, 1H, (OH)3’), 4.52-4.46 (m, 1H, H2’), 4.11-4.00 (m, 2H, H3’ and H5’a or HA 
cyclopentylamino), 3.91-3.87 (m, 1H, H4’), 3.68-3.59 (m, 2H, H5’b and H5’a or HA 
cyclopentylamino), 1.95-1.86 (m, 2H, HB,a cyclopentylamino), 1.73-1.62 (m, 2H, HB,b 

cyclopentylamino), 1.58-1.44 (m, 4H, HC cyclopentylamino). 13C-NMR (APT, 100 MHz, d6-DMSO) δ 

155.5 (C6), 151.9 (C2), 150.5 (C4), 148.2 (C8), 112.5 (C5), 85.9 (C1’), 85.0 (C4’), 70.6 (C2’), 70.0 

(C3’), 61.2 (C5’), 53.8 (CA cyclopentylamino), 32.3 & 32.2 (2 × CB cyclopentylamino), 23.4 & 23.3 (2 

× CC cyclopentylamino). HRMS (FAB+) observed mass 367.1746, calculated mass for C15H23N6O5 

(MH+) 367.1730. UV λmax1 = 201 nm, λmax2 = 263 nm, λmax3 = 293 nm. 

 
8-Methoxyguanosine (12a). 8-methoxyguanosine was prepared according to a published procedure 

(20) with minor modifications. Briefly, a mixture of 30 wt% NaOCH3 in MeOH (3 ml × 5.33 M = 
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15.99 mmol) and anhydrous MeOH (5 ml) was added to a solution of 8-bromoguanosine 1 (0.73 g, 

2.02 mmol) in anhydrous DMSO (15 ml). The reaction mixture was stirred in an oil bath at 65°C for 

18 h, allowed to cool to room temperature, neutralized with glacial acetic acid (∼1.5 ml), and then 

poured slowly into 400 ml of Et2O. The precipitate was collected on a filter and washed twice with 

ice-cold acetone (5 ml). The residue was recrystallized from water (∼20 ml), and the resulting white 

crystals were filtered and dried in vacuo. Yield: 575 mg (1.835 mmol, 91%). 1H-NMR (400 MHz, d6-

DMSO) δ 10.58 (bs, 1H, NH), 6.32 (bs, 2H, NH2), 5.59 (d, 3J = 6.2, 1H, H1’), 5.32 (d, 3J = 6.1, 1H, 

(OH)2’), 5.01 (d, 3J = 5.0, 1H, (OH)3’), 4.85 (t, 3J = 6.0, 1H, (OH)5’), 4.72 (q, 3J = 5.8, 1H, H2’), 
4.08-4.01 (m, 1H, H3’), 3.96 (s, 3H, methoxy), 3.83-3.75 (m, 1H, H4’), 3.59-3.53 (m, 1H, H5’a), 3.49-

3.42 (m, 1H, H5’b). 13C-NMR (125.7 MHz, d6-DMSO) δ 155.9 (C6), 153.1 (C2), 151.6 (C4), 150.3 

(C8), 110.8 (C5), 86.1 (C1’), 85.1 (C4’), 70.6 (C2’), 70.5 (C3’), 62.0 (C5’), 56.5 (methoxy). HRMS 

(FAB+) observed mass 314.1098, calculated mass for C11H16N5O6 (MH+) 314.1101. UV λmax1 = 201 

nm, λmax2 = 248 nm (ε = 12,800 M-1cm-1), λmax3 = 285 nm (ε = 8,400 M-1cm-1).  

 
8-Benzyloxyguanosine (13). The synthetic procedure is essentially the 
same as described for 8-methoxyguanosine (20). Briefly, a mixture of 1 
M NaOCH2C6H5 in benzyl alcohol (9 ml = 9.00 mmol) and anhydrous 
DMSO (10 ml) was added to a solution of 8-bromoguanosine 1 (0.75 g, 
2.07 mmol) in anhydrous DMSO (8 ml). The reaction mixture was 

stirred in an oil bath at 65°C for 18 h, allowed to cool to room 

temperature, neutralized with glacial acetic acid (∼1 ml), and then poured slowly into 400 ml of Et2O. 

The ether layer was decanted, and the remaining oily residue was slowly poured into 100 ml of 
acetone. The precipitate formed was filtered, stirred with water (10 ml), and again collected by 
filtration. Final purification by recrystallization from EtOH-H2O (5:3) resulted in white crystals, which 
were collected by filtration and dried in vacuo. Yield: 534 mg (1.371 mmol, 66%). 1H-NMR (400 

MHz, d6-DMSO) δ 10.62 (bs, 1H, NH), 7.53-7.48 (m, 2H, HB benzyloxy), 7.45-7.35 (m, 3H, HC and 

HD benzyloxy), 6.35 (bs, 2H, NH2), 5.64 (d, 3J = 6.2, 1H, H1’), 5.43 (s, 2H, CH2 benzyloxy), 5.35 (d, 
3J = 6.0, 1H, (OH)2’), 5.01 (d, 3J = 4.8, 1H, (OH)3’), 4.86 (t, 3J = 5.9, 1H, (OH)5’), 4.75 (q, 3J = 5.8, 
1H, H2’), 4.03-3.97 (m, 1H, H3’), 3.81-3.76 (m, 1H, H4’), 3.55-3.48 (m, 1H, H5’a), 3.45-3.37 (m, 1H, 

H5’b). 13C-NMR (APT, 100 MHz, d6-DMSO) δ 155.7 (C6), 153.1 (C2), 150.9 (C4), 150.2 (C8), 135.8 

(CA benzyloxy), 128.5 (CB, CC or CD benzyloxy), 128.3 (CB, CC or CD benzyloxy), 128.1 (CB, CC or CD 
benzyloxy), 110.8 (C5), 86.2 (C1’), 85.1 (C4’), 70.6 (CH2 benzyloxy), 70.5 (C2’ or C3’), 70.4 (C2’ or 
C3’), 62.0 (C5’). HRMS (FAB+) observed mass 390.1411, calculated mass for C17H20N5O6 (MH+) 

390.1414. UV λmax1 = 201 nm, λmax2 = 249, λmax3 = 284 nm. 

  
8-Methylguanosine (14a). 8-methylguanosine was prepared by free radical methylation of guanosine 

in acidic aqueous solution as described (28). In short, guanosine (300 mg, 1.05 mmol) and FeSO4 × 

7H2O (1.2 g, 4.32 mmol) were dissolved in 0.5 M H2SO4 (60 ml) and nitrogen was bubbled through 
the solution for 15 minutes. An aqueous solution of t-butylhydroperoxide (prepared by diluting 0.46 
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ml of aqueous t-butylhydroperoxide 70% (wt./wt.) with 15 ml of water) was added dropwise within 5 
min at room temperature under a nitrogen flux. After 30 min, the reaction mixture was neutralized 
with aq. KOH. The brown sludge was centrifuged, the supernatant separated and the precipitate 
washed with hot water. The combined supernatants were concentrated under reduced pressure. The 

concentrated solution was applied on a column of activated charcoal (4.0 cm × 20 cm). The column 

was washed with water (2 L) and eluted with MeOH-conc. NH4OH (3:1 v/v, 3.5 L). The eluate was 
evaporated to dryness, and the crude product was further purified by flash chromatography 
(CHCl3/MeOH/H2O 65:25:4); Rf (8-methylguanosine) 0.23; Rf (guanosine) 0.13. Yield: 93 mg (0.313 

mmol, 30%). 1H-NMR (d6-DMSO, 500 MHz) δ 10.62 (bs, 1H, NH), 6.30 (bs, 2H, NH2), 5.66 (d, 3J = 

6.5, 1H, H1’), 5.32 (d, 3J = 6.0, 1H, (OH)2’), 5.14-5.12 (m, 1H, (OH)5’), 5.08-5.07 (m, 1H, (OH)3’), 
4.69 (q, 3J = 6.0, 1H, H2’), 4.10-4.07 (m, 1H, H3’), 3.86-3.83 (m, 1H, H4’), 3.66-3.62 (m, 1H, H5’a), 

3.55-3.51 (m, 1H, H5’b), 2.39 (s, 3H, methyl). 13C-NMR (d6-DMSO, 125.7 MHz) δ 156.2 (C6), 152.9 

(C2), 151.8 (C4), 144.7 (C8), 115.3 (C5), 87.5 (C1’), 85.4 (C4’), 71.1 (C2’), 70.3 (C3’), 61.8 (C5’), 
14.6 (methyl). HRMS (FAB+) observed mass 298.1147, calculated mass for C11H16N5O5 (MH+) 
298.1151. 
 
8-t-Butylguanosine (15a). 8-t-butylguanosine was prepared by free radical alkylation of guanosine in 
acidic aqueous solution similar to the procedure described for the t-butylation of guanosine-5’-
monophosphate (27). Guanosine (1.33 g, 4.70 mmol) was dissolved in 50% aqueous acetic acid (160 

ml), cooled to 10°C, and nitrogen was bubbled through the solution for 15 minutes. 1.5 M aqueous 

H2SO4 (25 ml) and pivalaldehyde (19 ml, 175 mmol) were added, and the reaction mixture was purged 

with nitrogen again. Aqueous solutions of Fe(NH4)2(SO4)2 × 6H2O (14.5 g, 37 mmol in 100 ml H2O) 

and K2S2O8 (10 g, 37 mmol in 150 ml H2O) were prepared, cooled to 10°C and nitrogen was bubbled 

through the solutions for 10 min. Both solutions were added simultaneously, dropwise in the course of 

1.5 hrs, while the reaction mixture was constantly stirred and maintained between 10 and 15°C. After 

stirring for another 2 hrs at room temperature, the reaction mixture was diluted with water (300 ml) 
and passed through a short column of activated charcoal (60 g, upper layer) and Celite (30 g, lower 
layer) on a glass filter. The column was washed with water (2.5 L) and eluted with EtOH-H2O-
conc.NH4OH (10:10:1 v/v, 2.2 L). The eluate was evaporated to dryness, and the crude product was 
further purified by flash chromatography (CHCl3/MeOH 4:1); Rf (8-t-butylguanosine) 0.27; Rf 

(guanosine) 0.04. Yield: 328 mg (0.966 mmol, 21%). 1H-NMR (400 MHz, d6-DMSO) δ 10.62 (bs, 1H, 

NH), 6.22 (bs, 2H, NH2), 5.97 (d, 3J = 6.3, 1H, H1’), 5.36 (d, 3J = 6.3, 1H, (OH)2’), 5.12-5.05 (m, 2H, 
H2’ and (OH)5’), 5.00 (d, 3J = 5.0, 1H, (OH)3’), 4.22-4.16 (m, 1H, H3’), 3.91-3.86 (m, 1H, H4’), 
3.74-3.67 (m, 1H, H5’a), 3.59-3.51 (m, 1H, H5’b), 1.41 (s, 9H, t-butyl). 13C-NMR (APT, 100 MHz, d6-

DMSO) δ 156.4 (C6), 154.0 (C8 or C2), 152.6 (C2 or C8), 152.3 (C4), 115.1 (C5), 89.3 (C1’), 85.7 

(C4’), 70.8 (C2’), 70.6 (C3’), 62.3 (C5’), 33.6 (CA t-butyl), 29.8 (3 × CB t-butyl). HRMS (FAB+) 

observed mass 340.1617, calculated mass for C14H22N5O5 (MH+) 340.1621. UV λmax1 = 201 nm, λmax2 

= 254 nm (ε = 14,600 M-1cm-1).  
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8-Phenylguanosine (16a). 8-phenylguanosine was prepared by Suzuki 
arylation of unprotected 8-bromoguanosine according to a recently 
published procedure (34). Briefly, 8-bromoguanosine (134.4 mg, 0.371 
mmol), phenylboronic acid (55.6 mg, 0.449 mmol), sodium carbonate (79.5 
mg, 0.750 mmol), tris(3-sulfonatophenyl)phosphine (TPPTS, 14.8 mg, 
0.025 mmol) and palladium acetate (Pd(OAc)2, 2.2 mg, 0.01 mmol) placed 

in a round-bottomed flask under argon. 3.5 ml of degassed water/acetonitrile (2:1) was added and the 

reaction mixture was heated in an oil bath at 80°C. The course of the reaction was monitored by TLC-

analysis on silica-coated plates with eluens CHCl3/MeOH/H2O 65:25:4; Rf (8-bromoguanosine) 0.26; 

Rf (8-phenylguanosine) 0.32. After complete conversion (± 2.5 h), the  reaction mixture was diluted 

with ca. 20 ml of water and neutralized (pH 6-7) with 10% aqueous HCl. The precipitate was 
dissolved by heating the mixture and the product was allowed to crystallize overnight in the 
refrigerator. Filtration over a glass filter yielded a fine white powder, which was dried in vacuo. Yield: 
100 mg (0.278 mmol, 75%). 1H-NMR (500 MHz, d6-DMSO) δ 10.78 (bs, 1H, NH), 7.70-7.63 (m, 2H, 

HA phenyl), 7.58-7.50 (m, 3H, HB phenyl), 6.40 (bs, 2H, NH2), 5.64 (d, 3J = 6.3, 1H, H1’), 5.38 (d, 3J 
= 6.3, 1H, (OH)2’), 5.10-5.00 (m, 2H, H2’ and (OH)5’), 4.98 (d, 3J = 4.6, 1H, (OH)3’), 4.08 (bs, 1H, 
H3’), 3.83 (bs, 1H, H4’), 3.71-3.64 (m, 1H, H5’a), 3.60-3.52 (m, 1H, H5’b). 13C-NMR (125.7 MHz, d6-

DMSO) δ 156.6 (C6), 153.1 (C2), 152.0 (C4), 147.4 (C8), 130.1 (C phenyl), 129.4 (C phenyl), 129.2 

(C phenyl), 128.6 (C phenyl), 117.1 (C5), 88.9 (C1’), 85.8 (C4’), 70.6 (C2’), 70.3 (C3’), 62.1 (C5’). 

HRMS (FAB+) observed mass 360.1296, calculated mass for C16H18N5O5 (MH+) 360.1308. UV λmax1 = 

206 nm, λmax2 = 278 nm (ε = 18,700 M-1cm-1). 

 
 
General Procedure for the Preparation of 8-Substituted Guanosine-5’-Triphosphates 
General. The triphosphorylation protocol described below was adapted from published procedures (2, 

3, 5). All phosphorylation reactions were performed in flame-dried, nitrogen-flushed one-necked 

flasks sealed with rubber septa. Nucleosides were dried in vacuo at 100°C for 15 h. Proton Sponge® 

was pulverized and dried in vacuo for 15 h. Anhydrous solvents (H2O < 50 ppm) were used (trimethyl 
phosphate, DMF).  
Preparation of Tri-n-butylammonium Pyrophosphate Solution for Triphosphate Synthesis. A 
solution of 1 M pyridine in deionized water was passed through an activated column of Dowex 

50WX-8 (2 cm × 15 cm, 200-400 mesh, H+-form) until the pH reached 8 (about 200 ml 1M pyridine 

required). The column was washed with 200 ml of deionized water. A solution of 2.22 g (10 mmol) 
disodium pyrophosphate (Na2H2P2O7) in 40 ml of deionized water was transferred through the column 
while fractions of ca. 8 ml were collected. The column was further eluted with deionized water. 

Fractions with pH ≤ 6 were pooled, 4.8 ml (20 mmol) tri-n-butylamine (nBu3N) was added and the 

resulting suspension was stirred until a clear solution was obtained. Lyophilization yielded a 
colourless viscous oil, which was coevaporated twice with 10 ml anhydrous pyridine and twice with 
20 ml anhydrous DMF. The residual oil was dissolved in 10 ml anhydrous DMF resulting in a 1M 
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solution of tri-n-butylammoniumpyrophosphate ((Bu3NH+)2(H2P2O7
2-)) when assuming 100% recovery 

from the column. The solution was stored cold (+4°) over activated molecular sieves. 

Preparation of Triethylammonium Bicarbonate (TEAB) Buffer. To a 1 M triethylamine solution 
in deionized water was added dry ice until the pH reached 7.5.   
Typical Phosphorylation Procedure. 8-R-guanosine (0.25 mmol) was dissolved in anhydrous 
trimethyl phosphate (2 ml) by slightly warming the mixture. Unfortunately, some 8-R-guanosines did 

not dissolve completely. The solution was put under a flow of nitrogen and cooled to 0°C. Proton 

Sponge® (161 mg, 0.75 mmol) was added at once. After stirring for 20 min at 0°C, phosphorus 

oxychloride (POCl3, 70 µl, 0.75 mmol) was added dropwise. The reaction was allowed to stir for 

another 2 h at 0°C. Then, a mixture of Bu3N (0.24 ml, 1.00 mmol) and 1M (Bu3NH+)2(H2P2O7
2-) in 

DMF (1.5 ml, 1.50 mmol) was added at once followed by quenching with 15 ml 0.2 M TEAB solution 
after 2 min. The crude reaction mixture was lyophilized, applied to a 3 x 20 cm column of DEAE 
Sephadex A-25 coupled to a UV-monitor with recording at 260 nm and eluted with a linear gradient of 
0.1 to 1.0 M NH4HCO3. Fractions containing the triphosphate were pooled and lyophilized overnight.  
Purification by Semi-Preparative HPLC. The 8-R-guanosine 5’-triphosphates were further purified 

by semi-preparative HPLC with an Adsorbosphere Nucleotide/Nucleoside 7µ column (1 cm × 25 cm; 

Alltech Associates, Inc.) equipped with the corresponding guard column and a linear gradient of 0.1 M 
triethylammonium acetate (eluant A) and acetonitrile (eluant B) at 4 ml/min flow rate. Depending on 
the nucleotide, different gradients were applied. Gradient 1: 0 to 5min: 0% B, 5 to 25 min: 0 � 10% 
B, 25 to 30 min: 10% B, 30 to 33 min: 10 � 0% B, 33 to 40 min: 0% B. Gradient 2: 0 to 5min: 0% B, 
5 to 25 min: 0 � 15% B, 25 to 30 min: 15% B, 30 to 33 min: 15 � 0% B, 33 to 40 min: 0% B. 
Gradient 3: 0 to 5min: 0% B, 5 to 25 min: 0 � 25% B, 25 to 30 min: 25% B, 30 to 33 min: 25 � 0% 
B, 33 to 40 min: 0% B. Detection: UV absorption at 262 and 225 nm using a Pharmacia LKB 
VWM2141 dual diode array variable wavelength detector.  
 
8-Bromoguanosine 5’-triphosphate (1b, BrGTP). Yield: 93 mg (142 µmol, 57%). The compound 

was further purified by semi-preparative HPLC using gradient 1, retention time was 22.0 min and 
purity >90%. The NMR-data given below was obtained after HPLC-purification, i.e. compound 1b 

was present as its triethylammonium salt. 1H-NMR (500 MHz, D2O, pH 5.6) δ 5.98 (d, 3J = 6.3, 1H, 

H1’), 5.38 (t, 3J = 6.3, 1H, H2’), 4.68 (m, integral cannot be determined due to superposition with 

water peak, H3’), 4.36-4.23 (m, 3H, H4’,H5’a and H5’b). 31P-NMR (202.4 MHz, D2O, pH 5.6) δ −9.75 

(bs, 1P, Pγ), −10.31 (bs, 1P, Pα), −22.22 (bs, 1P, Pβ). 13C-NMR (125.7 MHz, D2O, 5°C) δ 158.0 (C6), 

153.5 (C2), 153.0 (C4), 124.3 (C8), 116.7 (C5), 89.2 (C1’), 83.7 (C4’), 70.2 (C2’), 69.8 (C3’), 64.9 

(C5’). HRMS (FAB-) observed mass 601.8914, calculated mass for C10H14N5O14P3
81Br (M4− + 3H+) 

601.8915. 
 

8-Iodoguanosine 5’-triphosphate (2b, IGTP). Yield: 104 mg (149 µmol, 59%). The compound was 

further purified by semi-preparative HPLC using gradient 1, retention time was 22.4 min and purity 

>99%. 1H-NMR (500  MHz, D2O, pH 9.8) δ 5.77 (d, 3J = 5.5, 1H, H1’), 5.22 (t, 3J = 5.5, 1H, H2’), 
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4.56-4.50 (m, 1H, H3’), 4.22-4.12 (m, 3H, H4’,H5’a, H5’b). 31P-NMR (202.4 MHz, D2O, pH 9.8) δ 

−5.11 (d, 2JPOP = 13.6, 1P, Pγ), −9.97 (d, 2JPOP = 14.8, 1P, Pα), −18.41 (bs, 1P, Pβ). 13C-NMR (D2O, 

125.7 MHz) δ 160.4 (C6), 155.7 (C2), 153.0 (C4), 120.6 (C5), 96.2 (C8), 91.5 (C1’), 83.6 (d, 3JPOCC = 

9.2, C4’), 70.7 (C2’), 70.1 (C3’), 65.5 (d, 2JPOC = 5.8,  C5’). HRMS (FAB-) observed mass 647.8802, 

calculated mass for C10H14N5O14P3I (M4− + 3H+) 647.8795. 

 
8-Chloroguanosine 5’-triphosphate (3b, ClGTP). Yield: 57 mg (94 µmol, 37%). The compound 

was further purified by semi-preparative HPLC using gradient 1, retention time was 21.4 min and 

purity >99%. 1H-NMR (500  MHz, D2O, pH 10.0) δ 5.87 (d, 3J = 6.0, 1H, H1’), 5.14 (t, 3J = 6.0, 1H, 

H2’), 4.57-4.53 (m, 1H, H3’), 4.24-4.16 (m, 3H, H4’, H5’a and H5’b). 31P-NMR (202.4 MHz, D2O, pH 

10.0) δ −4.90 (d, 2JPOP = 15.0, 1P, Pγ), −9.83 (d, 2JPOP = 15.0, 1P, Pα), −18.25 (t, 2JPOP = 15.0, 1P, Pβ). 
13C-NMR (125.7 MHz, D2O, 5°C) δ 158.1 (C6), 153.6 (C2), 152.8 (C4), 135.6 (C8), 114.9 (C5), 88.0 

(C1’), 83.7 (d, 3JPOCC = 9.2, C4’), 70.3 (C2’), 69.8 (C3’), 64.9 (d, 2JPOC = 5.6, C5’). HRMS (FAB-) 

observed mass 555.9440, calculated mass for C10H14N5O14P3
35Cl (M4− + 3H+) 555.9439. 

 

8-Pyrrolidinylguanosine 5’-triphosphate (4b, PyrrGTP). Yield: 66 mg (103 µmol, 41%). The 

compound was further purified by semi-preparative HPLC using gradient 1. Retention time was 26.2 

min and purity >96%. 1H-NMR (500 MHz, D2O, pH 10.0) δ 5.71 (d, 3J = 6.0, 1H, H1’), 5.24 (t, 3J = 

6.0, 1H, H2’), 4.51-4.48 (m, 1H, H3’), 4.22-4.10 (m, 3H, H4’, H5’a and H5’b), 3.42-3.36 (m, 2H, HA,a 
pyrrolidinyl), 3.34-3.28 (m, 2H, HA,b pyrrolidinyl), 1.89-1.77 (m, 4H, HB pyrrolidinyl). 31P-NMR 

(202.4 MHz, D2O, pH 10.0) δ −4.97 (bs, 1P, Pγ), −9.77 (d, 2JPOP = 15.0, 1P, Pα), −18.23 (bs, 1P, Pβ). 

HRMS (FAB-) observed mass 591.0406, calculated mass for C14H22N6O14P3 (M4− + 3H+) 591.0407. 

 

8-Morpholinylguanosine 5’-triphosphate (6b, 
MorphGTP). Yield: 71 mg (108 µmol, 43%). The 

compound was further purified by semi-preparative 
HPLC using gradient 1. Retention time was 23.1 min 

and purity >94%. 1H-NMR (500  MHz, D2O, pH 10.0) δ 

5.71 (d, 3J = 7.0, 1H, H1’), 5.22 (t, 3J = 6.0, 1H, H2’), 
4.52-4.49 (m, 1H, H3’), 4.22-4.14 (m, 3H, H4’,H5’a, 

H5’b), 3.85-3.77 (m, 4H, HB morpholinyl), 3.17-3.07 (m, 4H, HA morpholinyl). 31P-NMR (202.4 MHz, 

D2O, pH 10.0) δ −4.75 (d, 2JPOP = 14.8, 1P, Pγ), −9.71 (d, 2JPOP = 14.8, 1P, Pα),  −18.13 (bs, 1P, Pβ). 
31P-NMR-data obtained after HPLC-purification, i.e. compound 6b was present as its 

triethylammonium salt (D2O, 202.4 MHz, pH 4.4): δ −9.82 (bs, Pγ), −10.26 (d, 2JPOP = 18.8, Pα),  

−22.20 (bs, Pβ). 13C-NMR (125.7 MHz, D2O, 5°C) δ 157.8 (C6), 153.4 (C2), 153.0 (C4), 152.0 (C8), 

112.4 (C5), 87.4 (C1’), 83.4 (d, 3JPOCC = 9.4, C4’), 70.0 (C2’), 69.6 (C3’), 66.0 (CB morpholinyl), 65.0 
(d, 2JPOC = 5.1, C5’), 50.7 (CA morpholinyl). HRMS (FAB-) observed mass 607.0342, calculated mass 

for C14H22N6O15P3 (M4− + 3H+) 607.0356. 
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8-Morpholinylguanosine 5’-monophosphate (6d). 1H-NMR (500 

MHz, D2O, pH 6.3) δ 5.69 (d, 3J = 7.0, 1H, H1’), 5.20 (t, 3J = 6.0, 

1H, H2’), 4.45-4.40 (m, 1H, H3’), 4.12-4.08 (m, 1H, H4’), 4.05-
4.00 (m, 1H, H5’a), 3.97-3.92 (m, 1H, H5’b), 3.84-3.77 (m, 4H, HB 
morpholinyl), 3.18-3.07 (m, 4H, HA morpholinyl). 31P-NMR 

(202.4 MHz, D2O, pH 6.3) δ +2.83 (s, Pα). 

 
8-Morpholinylguanosine 5’-penta 
phosphate (6e). 1H-NMR (500 MHz, D2O, 

pH 9.6) δ 5.71 (d, 3J = 6.0, 1H, H1’), 5.25 (t, 
3J = 6.0, 1H, H2’), 4.50-4.46 (m, 1H, H3’), 
4.24-4.12 (m, 3H, H4’,H5’a, H5’b), 3.86-
3.75 (m, 4H, HB morpholinyl), 3.18-3.05 (m, 
4H, HA morpholinyl). 31P-NMR (202.4 MHz, 

D2O, pH 9.6) δ −4.68 (bs, 1P, Pε), −9.78 (d, 2JPOP = 14.8, 1P, Pα), −18.82 (bs, 1P, Pδ), −20.74 (bs, 2P, 

Pβ & Pγ). 

 
8-Morpholinylguanosine 5’-triphosphate-2’,3’-
cyclophosphate (6f). 1H-NMR (500 MHz, D2O, pH 10.0) 

δ 5.94 (d, 3J = 3.2, 1H, H1’), 5.63-5.56 (m, 1H, H2’), 

5.24-5.16 (m, 1H, H3’), 4.35-4.30 (m, 1H, H4’), 4.27-
4.12 (m, 2H, H5’a, H5’b), 3.86-3.76 (m, 4H, HA 
morpholinyl), 3.15-3.06 (m, 4H, HB morpholinyl). 31P-

NMR (202.4 MHz, D2O, pH 10.0) δ +21.31 (s, 1P, Pδ), 

−5.12 (d, 2JPOP = 14.8, 1P, Pγ), −9.95 (d, 2JPOP = 14.8, 1P, 

Pα), −18.39 (bs, 1P, Pβ). 

 

8-(N-Methylpiperazinyl)guanosine 5’-triphosphate (7b, NMePipGTP). Yield: 62 mg (92 µmol, 

37%). The compound was further purified by semi-preparative HPLC using gradient 1. Retention time 
was 22.3 min and purity >99%. All NMR-data reported was recorded after HPLC-purification, i.e. 

compound 7b was present as its triethylammonium salt.  1H-NMR (500 MHz, D2O, pH 5.3) δ 5.81 (d, 
3J = 7.0, 1H, H1’), 5.31 (t, 3J = 6.3, 1H, H2’), 4.61-4.57 (m, 1H, H3’), 4.32-4.22 (m, 3H, H4’, H5’a 
and H5’b), 3.75-3.60 (m, 4H, HA N-methylpiperazinyl), 3.48-3.30 (m, 4H, HB N-methylpiperazinyl), 

2.99 (s, 3H, HC methyl from N-methylpiperazinyl). 31P-NMR (D2O, 202.4 MHz, pH 5.3) δ −9.77 (bs, 

1P, Pγ), −10.23 (d, 2JPOP = 18.8, 1P,  Pα),  −22.15 (bs, 1P, Pβ). 13C-NMR (D2O, 125.7 MHz, 5°C) δ 

158.1 (C6), 153.3 (C2), 152.1 (C4), 151.7 (C8), 112.9 (C5), 86.8 (C1’), 83.3 (C4’), 69.5 (C2’), 69.3 

(C3’), 64.8 (C5’), 52.7 (2 × CA or CB N-methylpiperazinyl), 52.6 (2 × CB or CA N-methylpiperazinyl), 

48.1 (CC methyl from N-methylpiperazinyl). HRMS (FAB-) observed mass 620.0648, calculated mass 

for C15H25N7O14P3 (M4− + 3H+) 620.0672. 
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8-(N-Methylpiperazinyl)guanosine 5’-triphosphate-2’,3’-cyclophosphate (7f, cycloNMePipGTP). 
Yield: 81 mg (121 µmol, 48%). 1H-NMR (500 MHz, D2O, pH 10.0) δ 6.03 (d, 3J = 3.1, 1H, H1’), 5.71-

5.66 (m, 1H, H2’), 5.37-5.30 (m, 1H, H3’), 4.50-4.43 (m, 1H, H4’), 4.38-4.33 (m, 1H, H5’a or H5’b), 
4.32-4.27 (m, 1H, H5’a or H5’b), 3.35-3.16 (m, 4H, HA N-methylpiperazinyl), 2.78-2.65 (m, 4H, HB N-
methylpiperazinyl), 2.35 (s, 3H, HC methyl from N-methylpiperazinyl). 31P-NMR (202.4 MHz, D2O, 

pH 10.0) δ +20.88 (s, 1P, Pδ), −5.28 (bs, 1P, Pγ), −10.13 (d, 1P, Pα), −18.57 (bs, 1P, Pβ). HRMS (FAB-) 

observed mass 682.0234, calculated mass for C15H24N7O16P4 (M5− + 4H+) 682.0230. 

 
8-Methoxyguanosine-5’-triphosphate (12b, OMeGTP). Yield: 56 mg (93 µmol, 37%). The 

compound was further purified by semi-preparative HPLC using gradient 1. Retention time was 19.9 

min and purity >99%. 1H-NMR (500 MHz, D2O, pH 9.2) δ 5.74 (d, 3J = 5.6, 1H, H1’), 4.93 (t, 3J = 5.6, 

1H, H2’), 4.45-4.42 (m, 1H, H3’), 4.18-4.06 (m, 3H, H4’, H5’a and H5’b), 4.00 (s, 3H, methoxy). 31P-

NMR (202.4 MHz, D2O, pH 9.2) δ −5.01 (d, 2JPOP = 14.5, 1P, Pγ), −9.89 (d, 2JPOP = 14.8, 1P, Pα), 

−18.31 (t, 2JPOP = 14.9, 1P, Pβ). 13C-NMR (125.7 MHz, D2O) δ 158.7 (C6), 154.2 (C2), 153.8 (C4 or 

C8), 151.4 (C4 or C8), 111.1 (C5), 86.4 (C1’), 83.1 (d, 3JPOCC = 8.8, C4’), 71.1 (C2’), 70.1 (C3’), 65.6 
(d, 2JPOC = 5.7,  C5’), 57.6 (methoxy). HRMS (FAB-) observed mass 551.9955, calculated mass for 

C11H17N5O15P3 (M4− + 3H+) 551.9934. 

 
8-Methylguanosine 5’-triphosphate (14b, MeGTP). Yield: 33 mg (56 µmol, 23%). The compound 

was further purified by semi-preparative HPLC using gradient 1. Retention time was 17.9 min and 

purity >99%. 1H-NMR (500 MHz, D2O, pH 9.4) δ 5.73 (d, 3J = 6.5, 1H, H1’), 4.95 (t, 3J = 6.5, 1H, 

H2’), 4.46-4.42 (m, 1H, H3’), 4.20-4.13 (m, 3H, H4’, H5’a and H5’b), 2.39 (s, 3H, methyl). 31P-NMR 

(202.4 MHz, D2O, pH 9.4) δ −4.87 (d, 2JPOP = 14.8, 1P, Pγ), −9.74 (d, 2JPOP = 14.8, 1P, Pα),  −18.19 (t, 
2JPOP = 14.8, 1P, Pβ).  

 

8-(t-Butyl)guanosine-5’-triphosphate (15b, tBuGTP). Yield: 37 mg (59 µmol, 24%). The compound 

was further purified by semi-preparative HPLC using gradient 2. Retention times were 22.7 min 

(gradient 2) and 29.0 min (gradient 1), purity was >91%. 1H-NMR (500 MHz, D2O, pH 9.5) δ 6.14 (d, 
3J = 6.5, 1H, H1’), 5.32 (t, 3J = 6.5, 1H, H2’), 4.58 (bs, 1H, H3’), 4.29-4.21 (m, 1H, H4’), 4.21-4.13 

(m, 2H, H5’a and H5’b). 31P-NMR (202.4 MHz, D2O, pH 9.5) δ −4.84 (d, 2JPOP = 17.0, 1P, Pγ), −9.66 

(d, 2JPOP = 17.0, 1P, Pα), −18.17 (bs, 1P, Pβ). HRMS (FAB-) observed mass 578.0474, calculated mass 

for C14H23N5O14P3 (M4− + 3H+) 578.0454. 

 
8-Phenylguanosine-5’-triphosphate (16b, PhGTP). Triphosphorylation of 8-phenylguanosine 
required several changes in the procedure. Since 8-phenylguanosine did not dissolve well, 6 ml 
trimethyl phosphate was used instead of 2 ml. Triphosphorylation of 8-phenylguanosine using the 
standard procedure primarily resulted in polyphosphorylated products. Therefore, 1.5 equivalents of 

POCl3 (35 µl, 0.38 mmol) was used instead of 3 equivalents. In this case, the ratio of 5’-
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phosphorylated to polyphosphorylated product was about 4/3. Yield: 33 mg (51 µmol, 20%). The 

compound was further purified by semi-preparative HPLC using gradient 3. Retention times were 19.5 

min (gradient 3) and 30.2 min (gradient 1), purity was >99%. 1H-NMR (500  MHz, D2O, pH 9.7) δ 

7.73-7.66 (m, 2H, HA phenyl), 7.66-7.59 (m, 3H, HB phenyl), 5.80 (d, 3J = 6.5, 1H, H1’), 5.23 (t, 3J = 
6.5, 1H, H2’), 4.49-4.46 (m, 1H, H3’), 4.35-4.20 (m, 3H, H4’, H5’a and H5’b). 31P-NMR (202.4 MHz, 

D2O, pH 9.7) δ −5.26 (d, 2JPOP = 14.8, 1P, Pγ), −10.03 (d, 2JPOP = 14.8, 1P, Pα), −18.49 (bs, 1P, Pβ). 

HRMS (FAB-) observed mass 598.0135, calculated mass for C16H19N5O14P3 (M4− + 3H+) 598.0141. 
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CHAPTER 3 
 

Effect of GTP Analogues on FtsZ Function 
 

 

 

Part of the research described in this chapter has been published (Biochemistry 2005, 44, 7879-7884). 
 
ABSTRACT 
 

The GTP analogues described in the previous chapter were probed for their effects on FtsZ 
function. 8-Bromoguanosine 5’-triphosphate (BrGTP), which was selected as the model GTP 
analogue for preliminary studies on FtsZ, was indeed found to potently inhibit the GTP-
dependent FtsZ polymerization. Thorough characterization of the effects of BrGTP on FtsZ 
polymerization and GTPase activity have revealed that BrGTP acts as a reversible 

competitive inhibitor with a Ki for GTPase activity of 31.8 ± 4.1 µM. 

The effects of the other C8-substituted GTP analogues were very similar to BrGTP, i.e., all of 
them inhibited FtsZ polymerization and GTPase activity in a competitive fashion. The most 

potent GTP analogue in the series, OMeGTP with an IC50(GTPase) of 15 µM, was about 4-

times more active than BrGTP, while NMePipGTP spanned the other side of the range with 

an IC50(GTPase) of approximately 300 µM. Apparently, the inhibitory potency of the 

analogues decreases with increasing size of their C8-substituents.  
Simulation of the possible binding mode of the analogues by molecular modelling studies 
revealed that apart from the GTP-like anti-conformations, also syn-range conformations are 
energetically accessible and may be even more favourable than the anti-conformations in case 
of a nucleotide-induced conformational change of the protein. The possibly altered 
conformation of analogue-bound FtsZ monomers might preclude formation of productive 
intersubunit interactions in polymers, presumably through changes in the orientation of the 
central helix H7. 
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3.1 INTRODUCTION 
 

As described in chapter 1, selective inhibitors of FtsZ polymerization, which do not affect 
tubulin polymerization, are interesting candidates for novel antibacterial agents and might 
also contribute to resolve mechanistic questions of the FtsZ polymerization dynamics (1). 
Until now, identification of small-molecule inhibitors of FtsZ was mainly accomplished by 
screening large chemical libraries (1, 2) or numerous extracts of microbial fermentation broths 
and plants (3).  

In an alternative approach, we designed a selective inhibitor of FtsZ based on the structure 
of its natural substrate GTP. Our search for a suitable lead compound was greatly facilitated 
by making use of published data on the nucleoside triphosphate specificity of tubulin (4, 5) 
and FtsZ (6-8). For both proteins, the 2-exocyclic amino group and the 6-oxo group of the 
purine system are essential for base recognition. Regarding potential C8-substituents, the 
situation is expected to be different for FtsZ and tubulin. While we anticipated that tubulin 
might only tolerate GTP derivatives with a narrow range of relatively small C8-substituents, 
we deduced from the crystal structure of FtsZ that considerably larger C8-substitutents may 
be accommodated in the nucleotide binding cavity of the monomer. Binding of a C8-
substituted GTP analogue to the top of an FtsZ monomer, however, presumably blocks its 
ability to associate with the bottom of another monomer and form a filament (Figure 1.9). Out 
of numerous potential candidates, 8-bromoguanosine 5’-triphosphate (BrGTP, Figure 3.1) 
was selected for initial evaluation studies, since it was reported not to inhibit tubulin assembly 
(9, 10). Indeed, BrGTP turned out to be a potent inhibitor of FtsZ polymerization in the 
preliminary studies.  

Since the polymerization process of FtsZ, the type of polymers formed and the associated 
GTPase activity is very much dependent on the specific conditions employed, this issue 
deserves special attention. In the following section (§ 3.2), most of the currently employed 
assays are briefly reviewed, and the influence of reaction conditions such as temperature, ion 
concentrations and pH is discussed. Having carefully selected suitable assay conditions, the 
effect of BrGTP on FtsZ function was comprehensively characterized both under 
circumstances promoting protofilament bundling and under more dynamic conditions (§ 
3.3.1). Evidently, BrGTP acts as a competitive inhibitor of FtsZ polymerization and GTPase 
activity. Inspired by the promising results obtained with BrGTP, a structurally diverse set of 
8-substituted GTP analogues was prepared (see chapter 2), and their effects on FtsZ function 

were investigated (§ 3.3.2). The results are employed to establish a structure−activity 

relationship (SAR), and their implications for current models of FtsZ polymerization and the 
linked GTP hydrolysis cycle are discussed (§ 3.4). 
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3.2 REVIEW OF ASSAYS FOR FTSZ POLYMERIZATION AND GTPase 
ACTIVITY AND INFLUENCE OF REACTION CONDITIONS  

 
3.2.1 Assays for Monitoring in vitro FtsZ Polymerization 
 

A variety of polymeric structures of FtsZ obtained in vitro has been visualized by electron 
microscopy. These FtsZ polymers comprise rings, ribbon-like structures, tubules, single 
straight protofilaments and protofilament bundles (7, 11-13). Quantitative assays for FtsZ 

assembly are based on sedimentation techniques (7, 11, 12) and 90° angle light scattering (7, 

11).  

In the following, we used both electron microscopy and the 90° angle light scattering 

assay to investigate the effect of the synthesized GTP analogues on FtsZ assembly. For a 

correct interpretation of the results obtained from 90° angle light scattering assays, it is 

important to note, that light scattering is proportional to polymer mass only when the 
polymers are longer than the wavelength of the incident light (7). 
 
3.2.2 Assays for Monitoring in vitro FtsZ GTPase Activity 
 

Typically, the GTPase activity of FtsZ has been investigated by monitoring the release of 
inorganic phosphate. The methods employed may be divided in two main subgroups: 
continuous and non-continuous assays. The latter involve retrieval of aliquots from the assay 
mixture at fixed time intervals followed by determination of the phosphate concentration. The 
phosphate concentration of the aliquots is generally determined by a malachite green sodium 

molybdate assay (14-17) or by TLC followed by autoradiographic quantitation when using [γ-
32P]GTP (18-20). More recently, real-time continuous assays for the release of inorganic 
phosphate have been employed to monitor the GTPase activity of FtsZ. Two representative 
assays make use of the enzyme purine nucleoside phosphorylase (PNP) to convert 7-
methylpurine ribosides to the corresponding 7-methylpurines and ribose-1-phoshate in the 
presence of inorganic phosphate. In the case of 2-amino-6-mercapto-7-methylpurine riboside, 
this conversion is accompanied by an absorbance change at 360 nm (21), while it results in a 

decrease in fluorescence (λemission = 390 nm,  λexcitation = 300 nm) when employing 7-

methylguanosine (Scheme 3.1) (17, 22). Apart from being less laborious, the main advantage 
of the continuous assays is that they allow the collection of more data points per time interval 
enabling the measurement of reaction rates, which cannot be obtained with non-continuous 
methods due their inherent experimental limitations (fast retrieval of aliquots from the assay 
mixture). Also concerning the two types of continuous assays mentioned above, a choice has 
to be made. Since fluorimetric assays are inherently more sensitive than spectrophotometric 
assays (22), they are desirable in many instances. The possibility to monitor even 
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considerably small rates of FtsZ-catalyzed GTP hydrolysis in the presence of inhibiting 
nucleotides together with its proven practical applicability for GTPase studies with FtsZ (17) 
prompted us to employ the fluorimetric assay in our studies. 
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Scheme 3.1: Real-time fluorescence assay for release of inorganic phosphate (17, 22) 
 
3.2.3 Combined Assay for in vitro FtsZ Polymerization and GTPase Activity 
 

Instead of measuring FtsZ polymerization and its associated GTPase activity independently, 
we envisaged an integrated assay monitoring both properties simultaneously. This method is 
not only advantageous since it provides continuous data on both properties at every moment 
under exactly the same experimental conditions, it is also less laborious because it does not 
require both properties to be measured in two separate series of experiments. Briefly, our 

combined assay allows monitoring FtsZ polymerization using 90° angle light scattering at 295 

nm and concurrent detection of GTPase activity via a decrease in fluorescence (λemission = 390 

nm,  λexcitation = 295 nm). 

 
3.2.4 Assays employing a GTP-regenerating system 
 

Dynamic FtsZ polymerization is known to be sensitive to the GTP/GDP ratio with an 
increasing GDP concentration leading to destabilization of the polymers (23, 24). Further 
investigations aiming to quantify these effects have shown that decreasing GTP/GDP ratios 
lead both to a decrease of the initial light scattering maximum and to a shortening of the 
steady-state period (18). Under the specific conditions employed in the former publication, a 

7-fold excess of GDP even completely suppressed FtsZ polymerization observed in 90° angle 

light scattering studies. To circumvent any changes associated with a gradually decreasing 
GTP/GDP ratio during in vitro polymerization assays, an enzymatically coupled GTP 
regeneration system based on acetate kinase with acetyl phosphate as phosphate donor has 
been proposed (18). Assays employing such a GTP regeneration system, although useful to 
study FtsZ polymerization, may not easily be combined with the continuous enzyme-coupled 
assays for FtsZ GTPase activity described in the previous sections. Since we were interested 
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in the effects of GTP analogues on FtsZ polymerization and the associated GTPase activity 
under the same conditions, we did not apply a GTP regeneration system. In our experiments, 
the initial data up to a maximum of 25% total GTP hydrolysis appeared to be linear and were 
sufficient to calculate reliable rates of hydrolysis. Moreover, our experimental setup also 
allowed HPLC-analysis of the nucleotide composition of the assay mixture after the assays, 
which provided both an additional control of GTP-hydrolysis measured by the continuous 
fluorescent assay and data on the metabolism of the GTP analogues.  
 
3.2.5 Effect of Reaction Conditions: Temperature, pH, K+, Na+, Mg2+, Ca2+, 

DEAE, GTP- and FtsZ-concentration 
 

FtsZ. Polymerization studies with 1 mM GTP and E. coli FtsZ concentrations varying 

between 2.5 µM and 15 µM in polymerization buffer (50mM MES-NaOH (pH 6.5), 10 mM 

MgCl2, 50mM KCl, 30°C) have yielded a critical concentration for polymerization of about 2 

µM FtsZ based on both centrifugation and 90° angle light scattering assays (7). With FtsZ 

concentrations smaller than 2 µM, no measurable polymerization occurs. Above the critical 

value, FtsZ polymer mass increases in a linear fashion. As expected from the increased 
consumption of GTP with higher FtsZ concentrations, the length of the steady-state period of 
FtsZ polymers observed in the light scattering assay decreases with increasing FtsZ 
concentrations, however, there is no simple linear relation. This observation is paralleled by 
the non-linear concentration dependence of the E. coli FtsZ GTPase activity as reported by 
Sossong et al. (17)  

GTP. Using the same conditions as described above and 12.5 µM FtsZ, FtsZ polymer mass is 

not significantly affected by the GTP concentration (0.1 mM to 1.0 mM). In contrast, the 
length of the steady state period is directly proportional to the GTP concentration, i.e., higher 
GTP concentrations result in a longer persistence of the steady state (7).  

KCl. Experiments with 5 µM FtsZ and 1 mM GTP in polymerization buffer (50 mM MES-

NaOH (pH 6.5), 10 mM MgCl2) have shown that the initial rate of GTP hydrolysis increases 

with increasing KCl-concentration as follows (12): rate(50 mM KCl) = 4 × rate(0 mM KCl), 

and rate(200 mM KCl) =  10 × rate(0 mM KCl). As expected, the lower rate of GTP 

hydrolysis and the prolonged presence of GTP also results in prolonged persistence of the 
FtsZ polymers at lower KCl concentrations (7).   

Mg2+.  Already in the first reports dealing with FtsZ it was noted that Mg2+ is required for 

GTP hydrolysis but not for GTP binding and polymer formation (8, 12, 20). A more detailed 
investigation of the effect of different Mg2+ concentrations on the rate of FtsZ GTPase activity 

revealed a non-linear dependence (7). Experiments with 12.5 µM FtsZ and 1 mM GTP in
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polymerization buffer (50 mM MES-NaOH (pH 6.5), 50 mM KCl, 30°C) showed: rate(1 mM 

Mg2+) = rate(2.5 mM Mg2+) = 2.5 × rate(10 mM Mg2+) and rate(5 mM Mg2+) = 1.5 × rate(10 

mM Mg2+). Obviously, there is an optimum Mg2+ concentration for maximal GTPase activity.  

The effect of Mg2+ concentration on FtsZ polymer mass was addressed using the 90° angle 

light scattering assay. With 0, 2.5, and 5 mM Mg2+, the initial increases in light scattering 
after GTP addition were 36, 46, and 76% of the increase observed with 10 mM Mg2+. 
Interestingly, the return of the light scattering to baseline values was slower with higher Mg2+ 
concentrations, indicating increased polymer persistence at higher Mg2+ concentrations. This 
is in agreement with the reduced GTPase activity at higher Mg2+ concentrations, which results 
in reduced consumption of GTP. In the absence of Mg2+, after the initial increase due to GTP 
addition, light scattering remained constant. The prolonged persistence of FtsZ polymers in 
the absence of Mg2+ is directly related to the absence of GTPase activity under these 
conditions. 
Taken together, the increased polymer mass combined with reduced GTPase activity observed 
at higher Mg2+ concentrations suggests the occurrence of protofilament bundling under these 
conditions. Indeed, electron micrographs have demonstrated the presence of protofilament 
bundles (7).  

Ca2+. Ca2+ is not required for the polymerization of FtsZ (7), and in contrast to Mg2+, it 

cannot induce FtsZ GTPase activity when it is the sole divalent cation present (17). Analysis 
of the effect of 10 mM Ca2+ on FtsZ polymerization and GTPase activity under standard 

conditions (12.5 µM FtsZ and 1 mM GTP in 50 mM MES-NaOH (pH 6.5), 50 mM KCl, 10 

mM MgCl2, 30°C) revealed extensive protofilament bundling (markedly enhanced light 

scattering and EM micrographs) accompanied by a fourfold inhibition of GTPase activity.  
Little effect was observed with 2.5 mM Ca2+. Apparently, Ca2+ reduces the dynamic 
behaviour of FtsZ polymers (7, 17, 19).    

pH. FtsZ polymerization studies in 50 mM buffers of different pH-values (MES pH 6.5, 

PIPES pH 6.9, HEPES pH 7.5, HEPES pH 7.9) under standard conditions (1 mM GTP, 12.5 

µM FtsZ, 10 mM MgCl2, 50mM KCl, 30°C) revealed a 50% shorter steady-state period and a 

20 to 30% smaller initial change in light scattering for each of the three higher pH-values 
when compared to polymerization at pH 6.5. In agreement with this result, GTPase studies 
also indicated a 25% higher GTPase activity for the three higher pH-values (7). Similar 
results indicating that the GTPase activity remains unchanged between pH 7.0 and 8.0 have 
been reported by Sossong et al. (17).  

Temperature. GTPase studies with E. coli FtsZ (conditions: 5 µM FtsZ, 20 – 250 µM GTP, 

50 mM HEPES/NaOH pH 7.5, 100 mM KCl, 5 mM MgCl2) at 37°C and 20°C have indicated 

a 30% decrease of the Vmax and a 25% drop of the Km at the lower temperature. Moreover, 
more precise results have been obtained at the higher temperature (17). 
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3.3 RESULTS 
 

3.3.1 Effect of BrGTP on FtsZ Polymerization and GTPase Activity 
 

As described in chapter 2, BrGTP was the first of a series of 8-substituted GTP analogues 
prepared, and its effects on FtsZ function were thoroughly evaluated using a number of 
different techniques and experimental conditions. In fact, the promising results obtained with 
BrGTP stimulated us to further investigate the effect of other 8-substituted GTP derivatives. 
 

Effect of BrGTP on FtsZ Polymerization under Conditions Promoting Protofilament 
Bundling 
For a first evaluation of the effects of BrGTP on FtsZ polymerization, we decided to perform 
the studies in the presence of 10 mM Ca2+, which reduces the dynamic behaviour of FtsZ 
polymers and facilitates their observation by promoting protofilament bundling. FtsZ 
assembly in the presence of BrGTP was investigated by electron microscopy and using the 

90° angle light scattering assay (7) mentioned in § 3.2.1. 
  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.1: Structure of BrGTP and EM-images of polymerized FtsZ formed in the presence of 

GTP and BrGTP. FtsZ (2.5 µM) was incubated in MES buffer (pH 6.5) supplemented  with 5 mM 

MgCl2 and 10 mM CaCl2 at 30°C, and polymerization was induced by adding 10 µM GTP (A), 8 µM 

GTP / 2 µM BrGTP (B) or 6.6 µM GTP / 3.3 µM BrGTP (C). After 2 min, samples were processed for 

electron microscopy. Bar is 100 nm. 
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Similar results were obtained in the 90° angle light scattering assay (Figure 3.2). Under the 

experimental conditions employed (see legend of Figure 3.2), FtsZ assembly is GTP-

dependent. The assay was started by addition of 30 µM GTP and different concentrations of 

BrGTP, as indicated. In the absence of GTP, BrGTP does not support FtsZ polymerization 
(data not shown). Addition of BrGTP/GTP in a 1:1 ratio leads to about 50% inhibition of FtsZ 
polymerization, while complete suppression of polymerization is observed with a 4:1 mixture 
of BrGTP/GTP. Preincubation with BrGTP followed by GTP-addition resulted in the same 
inhibition of polymerization as addition of the corresponding BrGTP/GTP mixture. Addition 
of a 4-fold excess of BrGTP at the maximum of polymerization resulted in fast 
depolymerization. 

 

Figure 3.2: Effect of BrGTP on GTP-dependent FtsZ polymerization under conditions promoting 

protofilament bundling. FtsZ (3 µM) was preincubated for 5 min in MES buffer (pH 6.5) 

supplemented  with 5 mM MgCl2 and 10 mM CaCl2 at 30°C. Baseline data were collected for 60 s, 
and the assay was started by addition of GTP, BrGTP or a mixture of GTP/BrGTP as indicated.  
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Effect of BrGTP on FtsZ Polymerization under Dynamic Conditions 
Having established the inhibitory activity of BrGTP on FtsZ polymerization under conditions 
promoting protofilament bundling, we set out to characterize the effects of BrGTP on FtsZ 
function in more detail. For this purpose, we chose more dynamic conditions, i.e., a higher pH 
(HEPES buffer pH 7.5 instead of MES buffer pH 6.5), absence of Ca2+-ions, and a Mg2+-
concentration of 5 mM, which is sufficient to promote GTP-hydrolysis but does not result in 
excessive protofilament bundling (see preceding section) (7). By comparing the effect of 
BrGTP on FtsZ polymerization in the presence and absence of protofilament bundling, it is 
possible to discriminate between solely BrGTP-induced inhibition of protofilament bundling 
and inhibition of FtsZ polymerization itself. Moreover, the dynamic conditions employed for 
the experiments described below allow free access of nucleotides to the protofilaments and 
unhindered efflux of the inorganic phosphate liberated upon GTP hydrolysis, enabling real-
time monitoring of the FtsZ GTPase activity.   

In fact, using the combined assay based on 90° angle light scattering and the decrease of 

fluorescence upon release of inorganic phosphate described in § 3.2, both FtsZ polymerization 
and its GTPase activity may be monitored simultaneously. Michaelis-Menten analysis of the 

rates of GTP hydrolysis at initial GTP concentrations ranging from 7.5 to 120 µM yielded a 

Km = 28.9 ± 2.8 µM and a Vmax = 4.81 ± 0.14  mol Pi / mol FtsZ / min. The Km value is 

comparable with published data (17), and also the Vmax is in agreement with previous 
publications (19-21). 

Inhibition experiments with BrGTP were first focused on establishing the mode of 
inhibition, i.e., reversible, semi-tight binding, tight binding or irreversible. As expected, 
BrGTP itself did not induce FtsZ polymerization and no phosphate release was observed. 
Preincubation of FtsZ with BrGTP followed by addition of GTP resulted in the same rate of 
GTP hydrolysis as addition of the same amounts of BrGTP and GTP as a mixture. Identical 
results were also obtained when comparing the degree of polymerization with and without 
preincubation in the 90º angle light-scattering assay, which is not surprising given the 
findings in the presence of Ca2+ (Figure 3.2). These results clearly indicate the reversible 
nature of inhibition by BrGTP.  

Also in the “reverse” experiment, where FtsZ (9 µM) was pre-polymerized with 60 µM 

GTP and a 2-fold excess of BrGTP was added at the maximal scattering signal, the results 
were comparable to those obtained in the presence of Ca2+. Within the time required for the 
addition of BrGTP (< 5 sec), GTPase activity was inhibited and light scattering returned to 
baseline values, indicating complete depolymerization (Figure 3.3A, open triangles). A 
control experiment with addition of the same volume of buffer only showed that this result 
was not simply caused by the addition event itself. 
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Figure 3.3: Effect of BrGTP on FtsZ polymerization measured by 90º angle light scattering. FtsZ (9 

µM) was preincubated for 60 sec with different concentrations of BrGTP in HEPES buffer, pH 7.5, at 

37ºC and the assay was started by addition of (A) 60 µM GTP and (B) 30 µM GTP. The IC50 value for 

polymerization was estimated from a semi-log plot of the percentage control activity versus BrGTP 
concentration (see inset). The maximum change in light scattering upon GTP addition in the absence 
of BrGTP was set to 100%. 
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The inhibitory activity of BrGTP on FtsZ GTPase activity was determined from the rates 

of GTP hydrolysis observed with 60 µM GTP and serial dilutions of BrGTP ranging from 0 to 

120 µM. Nonlinear regression analysis yielded IC50 = 60.2 ± 8.8 µM. Similar results were 

obtained for the effect of BrGTP on FtsZ polymerization (Figure 3.3A). From a semi-log plot 
of the percentage of polymerization (relative to the control without BrGTP) versus above 

mentioned BrGTP concentrations, we estimated IC50 = 37 µM (Figure 3.3A, inset). HPLC 

analysis of the nucleotide composition of the sample mixture after the inhibition experiments 
(Figure 3.4) qualitatively confirmed the results obtained with the enzymatic assay for 
phosphate release. As expected, hydrolysis of BrGTP was generally found to be less than 3%.  

The same type of inhibition experiments were also performed with 30 µM GTP and 

BrGTP concentrations between 0 and 60 µM (Figure 3.3B). In this case, we obtained IC50 

(GTPase) = 26.7 ± 4.6 µM and IC50 (polymerization) = 14 µM. Obviously, the extent of 

inhibition was not determined by the absolute amount of BrGTP, but by the ratio of BrGTP to 

GTP. Inhibition experiments with BrGTP in the presence of 120 µM GTP further supported 

this conclusion (data not shown). Independent of the GTP concentration in our experiments, 
the IC50 for GTPase activity corresponded approximately to a 1:1 ratio of BrGTP:GTP, while 
it was roughly a 1:2 ratio with respect to polymerization.  

 

 
 

Figure 3.4: Inhibition of FtsZ-catalyzed GTP-hydrolysis by BrGTP. After performing the assays 
described in Figure 3.3A, aliquots of the assay mixtures were frozen in liquid nitrogen and the 
nucleotide composition was analyzed by reverse phase HPLC. 
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Figure 3.5: Michaelis-Menten and Lineweaver-Burk plots (inset) for FtsZ GTPase activity in the 

presence of different concentrations of BrGTP. FtsZ (9 µM) was preincubated for 60sec with BrGTP 

in HEPES buffer, pH 7.5, at 37ºC and the assay was started by addition of GTP. GTPase activity was 
measured by a real-time fluorescence-based assay for phosphate release. BrGTP shows the 

characteristic features of a competitive inhibitor. Nonlinear regression yielded Ki = 31.8 ± 4.1 µM, Km 

= 28.9 ± 2.8 µM and Vmax = 4.81 ± 0.14  mol Pi / mol FtsZ / min. 
 

To establish the type of reversible inhibition by BrGTP, rates of GTP hydrolysis in the 

presence of 30 µM and 60 µM BrGTP were monitored with various initial GTP 

concentrations. Analysis of experimental data shows that inhibition can be overcome by 
increasing the substrate concentration, which is indicative of a competitive type of inhibition 
(Figure 3.5). Michaelis-Menten analysis of competitive inhibition yielded a Ki = 31.8 ± 4.1 

µM. 
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3.3.2 Effect of other 8-Substituted GTP Analogues on FtsZ Assembly and 
GTPase Activity 

 

The encouraging results obtained with BrGTP stimulated us to investigate the effects of a 
wider range of GTP analogues on FtsZ function. Apart from finding more potent inhibitors, 
another major goal was to gain more insight into the interaction of FtsZ with the structurally 

diverse set of 8-substituted GTP analogues and to establish a structure−activity relationship 

(SAR).  
A complicating factor encountered with many of the analogues under investigation was 

their comparably high absorbance at 295 nm, the wavelength employed in the combined assay 
for FtsZ polymerization and GTPase activity described in the preceding section. We 
addressed this problem by using two separate assays. FtsZ polymerization was monitored by 

measuring 90° angle light scattering at 350 nm, where none of the analogues showed any 

absorbance. Concerning the GTPase activity, we employed an excitation wavelength of 302 
nm. Although considerably smaller than at 295 nm, the inner filter effects of the GTP 
analogues still needed to be taken into account.   
 

 

Figure 3.6: Effect of OMeGTP on FtsZ polymerization measured by 90º angle light scattering. 

FtsZ (9 µM) was preincubated for 1 min with different concentrations of OMeGTP in HEPES buffer 

(pH 7.5) supplemented with 5 mM MgCl2 at 37ºC, and the assay was started by addition of (A) 60 µM 

GTP or (B) 120 µM GTP. The IC50 values for polymerization were estimated from a semi-log plot of 

the percentage control activity versus OMeGTP concentration as illustrated in Figure 3.3. 
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Preliminary studies revealed that all GTP analogues under investigation were unable to 
induce FtsZ polymerization and were in fact inhibitors of the GTP-dependent polymerization 
of FtsZ, as expected. To obtain quantitative data on the potency of the GTP-analogues 
towards inhibition of FtsZ polymerization, we investigated the GTP-induced polymerization 

of FtsZ in the presence of different concentrations of analogues ranging from 0 to 360 µM 

dependent on the potency of the analogue. Representative results for OMeGTP (the most 
potent analogue) are depicted in Figure 3.6. IC50 values for polymerization were estimated 
from semi-log plots of the percentage of polymerization (relative to the control without 
analogues) versus the concentration of GTP-analogues as described for BrGTP (Figure 3.3, 

inset). For OMeGTP, the IC50 for polymerization was about 10 µM in the presence of 60 µM 

GTP, approximately 20 µM when employing 120 µM GTP (Figure 3.6), and roughly 30 µM 

for 180 µM GTP (not shown). Hence, similar to BrGTP, the IC50’s obtained for OMeGTP 

depend on the OMeGTP/GTP ratio, suggesting a competitive type of inhibition. The complete 
set of IC50 values for all GTP analogues investigated is reported in Table 3.1.  
 

 
 

Figure 3.7: Inhibition of FtsZ-catalyzed GTP-hydrolysis by the two most potent analogues 
(OMeGTP & PyrrGTP) and the two least potent analogues (MorphGTP & NMePipGTP). After 

performing the polymerization assays described in the legend of Figure 3.6A (60 µM GTP, t = 150 s), 

aliquots of the assay mixtures were frozen in liquid nitrogen and the nucleotide composition was 
analyzed by reverse phase HPLC. For the results of the competition studies with other GTP analogues, 
see Table 3.1 and § 3.7. 
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After performing the polymerization experiments, the nucleotide composition of the assay 
mixtures was determined by HPLC analysis. In general, hydrolysis of GTP analogues was 
less than 3%, i.e., they were not substrates for FtsZ. The endpoint GTP hydrolysis data 

(Figure 3.7 and § 3.7) obtained after the polymerization assays in the presence of 60 µM GTP 

analogues (1/1 molar ratio of GTP-analogue to GTP) is in good agreement with the amounts 
expected from the continuous fluorescent assay for GTPase activity (Figure 3.8 and § 3.7) and 
also fits the trends observed in the polymerization studies (Table 3.1).  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 3.8: Effect of OMeGTP on FtsZ GTPase activity measured by the real-time fluorescence-
based assay for release of inorganic phosphate illustrated in Scheme 3.1 (for details, see § 3.7). All 

baselines were set to the same initial value. Briefly, FtsZ (9 µM) was preincubated for 1 min with 

different concentrations of OMeGTP in HEPES buffer (pH 7.5) supplemented with 5 mM MgCl2 at 

37ºC, and the assay was started by addition of 60 µM GTP. To a good approximation, the reduction of 

fluorescence may be converted into concentration units by employing standard curves with known 

phosphate concentrations (not shown). As an additional test, 30 µM KH2PO4 was added after 

termination of the FtsZ-catalyzed reactions (4 min after addition of GTP), and the resulting decrease in 
fluorescence was checked for consistency with values expected from standard curves. Related to the 
increased inner filter effect, higher concentrations of GTP analogues generally result in a slightly 
reduced phosphate-induced fluorescence decrease. The initial rates of GTPase activity are based on the 
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slopes obtained by linear regression of the experimental data between 70 and 90 s. The GTPase 
activities measured in the presence of different concentrations of OMeGTP are fitted to a sigmoidal 
dose-response curve (see inset), and allow calculation of the IC50 value.   
 

Having established a first ranking of the potency of GTP analogues to inhibit FtsZ 
GTPase activity, we went on to characterize their effect on GTP hydrolysis in more detail. To 
this end, we employed the real-time fluorescent assay for phosphate release described above, 
which allows direct monitoring of GTP hydrolysis and the calculation of the initial rates under 
defined conditions. Representative traces obtained in competition studies with OMeGTP are 
depicted in Figure 3.8. The results were used for the construction of log dose-response curves, 
as illustrated in Figure 3.9. Nonlinear regression analysis of the initial rates of GTP hydrolysis 
in the presence of various concentrations of GTP analogues, afforded their IC50’s (Table 3.1). 
The IC50’s for GTPase activity generally match well with those obtained for FtsZ 
polymerization, although the former are consistently about 20-60% higher.   
 

 
 

Figure 3.9: Selected log dose-response curves for the inhibition of FtsZ GTPase activity by 
several GTP analogues. Solid points represent measured GTPase activities, and error bars are standard 
deviations. Calculated regression curves are depicted as solid lines. IC50 values were calculated using 

nonlinear regression analysis. The measurements were performed with 60 µM GTP as described in the 

legend of Figure 3.8. 
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Table 3.1: Inhibitory action of various GTP analogues on FtsZ function. IC50 values for 
FtsZ polymerization and GTPase activity, total GTP hydrolysis during the assay, and the 
relation of this data to the substituent properties and the conformer equilibrium.  
 

R (substituent at C-8) Inhibiting 
Nucleotide Structure of R Sterimol 

parameters a) 

Population of 
syn 

conformers 
in nucleoside 

IC50  
Polym. 
 (µµµµM) b) 

IC50  
GTPase 
(µµµµM) b) 

GTP 
Hydrolysis 

(%) c) 

GTP only H 
B1: 1.00    
B5: 1.00 
L:  2.10     

30 d)   
90.8 ± 3.4 

(n=5) 

OMeGTP 
(12b) CH3

O
 

B1: 1.52    
B5: 3.21 
L:  4.24    

60 e) 10 15.3 ± 0.4 5.9 

PyrrGTP 
(4b) 

N
 

B1: 1.56  
B5: 3.32 
L:  5.38    

93 e) 15 21.4 ± 0.9 16.6 

ClGTP  
(3b) 

Cl 
B1: 1.77    
B5: 1.77 
L:  3.48    

85 e) 

90 f) 
35 44.0 ± 3.4 

44.2 ± 0.7 

(n=2) 

MeGTP  
(13b) 

CH3 
B1: 1.70    
B5: 2.22 
L:  3.08    

57 e) 44 52.0 ± 5.7 
not  

available 

BrGTP  
(1b) Br 

B1: 1.92    
B5: 1.92 
L:  3.79    

97 e) 

95 f) 
37 g) 60.2 ± 8.8 59.0 g) 

IGTP  
(2b) 

I 
B1: 2.06    
B5: 2.06 
L:  4.13    

100 e) 44 68.0 ± 4.5 63.8 

tBuGTP 
(15b)  

B1: 2.95    
B5: 3.37 
L:  4.34    

100 e) h) 41 81.5 ± 2.9 66.0 ± 1.7 

PhGTP  
(16b)  

B1: 1.77    
B5: 3.18 
L:  6.28    

100 e) 71 
not  

available i) 
72.0 

MorphGTP 
(6b) 

ON
 

B1: 1.78    
B5: 3.43 
L:  5.51    

90 e) 139 178.7 ± 14.5 77.9 

NMePipGTP 
(7b) 

NN
 

B1: 1.81  
B5: 3.48 
 L:  7.07      

90 e) 252 297.7 ± 32.9 87.7 

 

a) Values are given in Å. The concept of Sterimol parameters is comprehensively described in § 2.7.1. Briefly, L is the length 
that the substituent extends along the axis formed by the bond between the substituent and C8. B1 is the smallest width and 
B5 is the longest width perpendicular to L.   b) IC50 values for FtsZ polymerization GTPase activity were obtained as 
described in the legends of Figure 3.3. and Figure 3.8, respectively.   c) After performing the polymerization assays in the 
same way as described in Figure 3.6 for OMeGTP, aliquots of the assay mixtures were frozen in liquid nitrogen and the 
nucleotide composition was analyzed by reverse phase HPLC. The data reported in this table refer to competition 

experiments with a 1:1 molar ratio of GTP analogue and GTP (both 60 µM). The complete set of data is given in the 

experimental section.   d) Value based on NOE-studies according to reference (25).   e) Values based on δ(H2’) (Table 2.4).   

f) Values taken from reference (26).   g) Data obtained under different conditions (see experimental section). HPLC studies 
were conducted after  300s  instead  of  90 sec  for all other assays.    h) Model syn-nucleoside according to reference (27).   
i) GTPase activity cannot be determined using the fluorescent assay due to intensive autofluorescence of PhGTP.  
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3.4 DISCUSSION 
 

The extensive studies on the effect of BrGTP on FtsZ polymerization and the associated 
GTPase activity clearly demonstrate that this GTP analogue acts as a reversible competitive 
inhibitor. In the GTP concentration range studied, the IC50 values depend on the ratio of 
BrGTP:GTP which is approximately a 1:1 ratio for GTPase activity and a 1:2 ratio for 
assembly. At first sight, BrGTP seems to be more potent in inhibiting FtsZ assembly than its 
GTPase activity. However, higher BrGTP concentrations result in a larger fraction of shorter 
FtsZ filaments (Figure 3.1). These filaments still possess full GTPase activity but give rise to 
a comparably low level of light scattering, since light scattering is proportional to polymer 
mass only when the polymers are longer than the wavelength of the incident light (7, 14). 
Consequently, the IC50 value for assembly obtained by light scattering appears to be lower 
than the corresponding value for GTPase activity. 

A very interesting observation is the complete depolymerization and inhibition of GTPase 
activity upon addition of a two-fold excess of BrGTP at the maximum of FtsZ 
polymerization, which occurs in less than 5 sec (the time required for the addition process). 
Qualitatively, similar results were described in the literature for the addition of GDP at the 
maximum of FtsZ polymerization (24). However, BrGTP proved significantly more active, 
since a tenfold excess of GDP still did not lead to complete instantaneous disassembly. In 
contrast, identical experiments with the non-hydrolysable GTP analogue guanosine-5’-O-(3-

thiotriphosphate) (GTP-γ-S) resulted in prolonged polymer persistence (24).  

Our results on the effect of BrGTP on FtsZ function can be rationalized in terms of 

Romberg and Mitchison’s model for the FtsZ polymerization − GTP hydrolysis cycle 

described in § 1.1.2 (Scheme 1.1). Like GDP, BrGTP alone is not capable to sustain FtsZ 
assembly under the conditions employed. When FtsZ polymerization is investigated in the 
presence of both BrGTP and GTP, reduced rates of assembly and GTPase activity are 
observed. Presumably, BrGTP and GTP compete for binding of soluble FtsZ. In this way, the 
presence of BrGTP effectively decreases the concentration of soluble FtsZ available for 
polymerization. The IC50 for GTPase corresponding to a 1:1 ratio of BrGTP:GTP suggests 

that both nucleotides bind with equal affinity and that BrGTP−FtsZ is inactive. In addition, 

binding of a BrGTP-bound FtsZ monomer to an existing polymer might terminate polymer 
elongation by blocking assembly of further GTP-bound FtsZ subunits. Finally, BrGTP could 
also effect polymer destabilization by directly replacing GTP/GDP in the polymers.  

This theory can also account for the observation that addition of an excess of BrGTP to 
preassembled polymers in the presence of GTP results in fast (< 5 sec) and complete 
depolymerization and inhibition of GTPase activity. When adding an excess of BrGTP, the 
pool of GTP-bound soluble FtsZ available for polymerization drastically decreases to a level 
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below the critical concentration for filament formation and GTPase activity, which has been 

reported to be about 1.5 µM (12, 17, 28). The existing polymers may undergo rapid 

disassembly via exchange of GTP/GDP for BrGTP in the polymers and/or binding of BrGTP-
bound FtsZ to the polymer as described above. 
 

Based on the promising results with BrGTP, a series of structurally diverse 8-substituted 
GTP analogues has been designed and synthesized in order to identify more potent analogues 
and to establish a structure-activity relationship (SAR). All of the analogues turned out to be 
competitive inhibitors of FtsZ polymerization and its associated GTPase activity with their 
IC50 values spanning more than an order of magnitude (Table 3.1). The most potent GTP 

analogue in the series, OMeGTP with an IC50(GTPase) of 15 µM, was about 4-times more 

active than BrGTP, while NMePipGTP spanned the other side of the range with an 

IC50(GTPase) of approximately 300 µM. As observed in the inhibition experiments with 

BrGTP, IC50’s for FtsZ polymerization are consistently lower than those for GTPase activity.  
Interestingly, the potency of the analogues for inhibition of both FtsZ polymerization and 

the associated GTPase activity appears to be roughly related to the Sterimol B1 parameters of 
their C8-substituents with smaller B1-values resulting in more potent inhibition (Figure 3.10). 
The Sterimol parameter B1 represents the smallest width of the substituent perpendicular to 
the axis formed by the bond between the substituent and C8 (see § 2.7.1 for a comprehensive 
description of the parameters). Remarkably, the length that the substituent extends along that 
axis (Sterimol parameter L) does not correlate with the inhibitory potency of the analogues in 
the present series, indicating that sufficient space is available in the FtsZ monomer to 
accommodate all of the substituents upon binding of the corresponding GTP analogues. 

Apart from direct interactions with FtsZ, the nature of the C8-substituent plays an 
important role in controlling the syn-anti conformer populations of the GTP analogues in 
aqueous solution with large substituents shifting the equilibrium towards the syn-conformers 
due to steric hindrance with the ribose moiety in the anti conformation. In case of free 
rotation around the bond between C8 and the substituent, the substituent may adopt a 
conformation with minimized steric hindrance towards the ribose. Since the minimal sterical 
requirements of the substituents are described by their Sterimol B1 parameter, the B1 values 
allow conclusions about to the conformational equilibrium of 8-substituted GTPs with C8-
substituents with small B1 values resulting in predominantly anti-conformers and substituents 
with large B1-values shifting the equilibrium towards the syn-conformers (§ 2.7.2). Given 
these considerations, the correlation between the inhibitory activity of the GTP analogues 
with the B1-value of their respective C8-substituents might in fact reflect the dependence on 
the resulting syn-anti conformer populations in aqueous solution. According to this 
hypothesis, FtsZ monomers preferentially bind GTP analogues in the anti-conformation like
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Figure 3.10: Correlation between Sterimol B1 parameters (§ 2.7.1) of the C8-substituents and IC50 
values for FtsZ polymerization and GTPase activity. Not included are the considerably less active 

MorphGTP (IC50’s: ∼139 µM for polymerization and ∼179 µM for GTPase activity) and NMePipGTP 

(IC50’s: ∼252 µM for polymerization and ∼298 µM for GTPase activity). The IC50(GTPase activity) 

for PhGTP could not be determined with the fluorescence-based assay due to strong autofluorescence 
of this GTP analogue. 
 

the parent GTP. When comparing with the NMR-derived conformational data reported in 

Table 3.1, this theory holds for the series OMeGTP > ClGTP > BrGTP > IGTP ∼ tBuGTP, 

that is, a decreasing preference for the anti-conformation is paralleled by a reduction in FtsZ 
inhibitory activity.  

According to this theory, GTP itself should bind more potently than all of the analogues. 
However, OMeGTP, PyrrGTP, and ClGTP displayed 50% inhibition of FtsZ GTPase activity 
even when GTP was in excess (Table 3.1), suggesting that these analogues display higher 
affinities for FtsZ than GTP itself. Evidently, the syn-anti equilibrium populations are not the 
only determinant for the inhibitory potency of the GTP analogues, and other contributions, 
such as hydrophobic interactions or hydrogen bonding of the C8-substituent are also 
important.  

Apart from GTP, other notable exceptions to the simplified ‘syn-anti approach’ proposed 
above are MeGTP and PyrrGTP. According to the NMR-data, the conformational equilibria 
of MeGTP and OMeGTP are comparable, which should in turn result in both analogues
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Figure 3.11: Binding of GDP, GTP and selected GTP analogues within the nucleotide binding site 
of FtsZ. (A) Crystal structure of M. jannaschii FtsZ complexed with GDP (PDB entry: 1FSZ). (B) B1 
& B2: Most favourable anti- and syn-conformation of GTP obtained from docking into the crystal 
structure. B3: Magnification of the nucleotide binding site including major residues interacting with 
syn/anti-GTP. (C) Similar to B3, but based on an E. coli homology model. (D, E) Like B3 / C, but for 
OMeGTP and BrGTP, respectively. 
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having also similar inhibitory activity on FtsZ function. PyrrGTP, in contrast, appeared to be 
a significantly more potent inhibitor than expected based on its syn-population of more than 
90%At this point, it is important to note that the NMR-derived conformational data is based 

on the H2’ δ-value of the nucleosides in DMSO at 25°C, and although the NMR-data of the 

corresponding nucleotides in D2O follow a similar trend, the actual conformation will also 

depend on the specific assay conditions employed, especially the temperature (37°C) and pH 

(7.5). In an attempt to more closely address the situation of the triphosphates instead of the 

nucleosides, we calculated the ∆G’s (kJ/mol) for the anti � syn transitions for selected GTP 

analogues including MeGTP in aqueous solution: GTP (∼ +7), OMeGTP (∼ −1), ClGTP (∼ 

−1.4), BrGTP (∼ −6.8), MeGTP (∼ −7.4). According to the latter calculations, MeGTP shows 

a comparable or even slightly larger preference for the syn conformation than BrGTP. This 
result is compatible with the observed FtsZ inhibitory potency of MeGTP, which is about the 
same as for BrGTP.  

In contrast to MeGTP, explanation of the high FtsZ inhibitory activity of PyrrGTP, the 
second exception mentioned above, is not straightforward. First of all, rotation of the 
pyrrolidinyl-group around the interconnecting bond to C8 is severely restricted because of its 
partial double bond character, which requires the pyrrolidinyl-substituent and the guanine 
base to be coplanar. As a consequence, the sterical hindrance between the C8-pyrrolidinyl 
substituent and the ribose moiety may rather be assessed by the Sterimol B5 parameter instead 
of the B1 parameter used for the other substituents in the series. Based on the B5-value of its 
C8-substituent, PyrrGTP should predominantly reside in the syn conformation and, 
consequently, be among the least active inhibitory GTP analogues in the series. To explain its 
high activity, we need to abandon the simplified syn-anti distinction and keep in mind that 
each of the two classifications comprises a whole conformational region described by the 

torsion angle χ, with χ = 0° ± 90° (referred to as syn) and χ = 180° ± 90° (referred to as anti). 

The average torsion angle of GTP in aqueous buffer as derived form NMR experiments is 

slightly smaller than +90°, the conformation known as high anti (§ 2.7.2 and § 2.7.3), that is, 

it is already in the syn-range. This conformation, in which the sterical hindrance between the 
pyrrolidinyl substituent and the ribose moiety is considerably small, is also energetically 

accessible to PyrrGTP, as are conformations with slightly larger χ-values. The conformation 

as observed for bound GTP in the FtsZ crystal structure (χ > 180°), in contrast, is 

accompanied by substantial sterical hindrance in the case of PyrrGTP. To bind to the FtsZ 

monomer, PyrrGTP might adopt intermediate conformations with χ-values somewhere 

between +90 and +180. Compared to its parent molecule GTP, the pyrrolidinyl-substituent 
allows PyrrGTP to form a more extended network of hydrophobic contacts with the FtsZ 
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binding pocket, and possibly provides additional hydrogen bonding interactions resulting 

from activation of the lone-pair on N7 of the guanine base (via π-donation).  

MorphGTP and NMePipGTP, which are structurally very similar to PyrrGTP, also share 
the partial double bond character of the bond between C8 and the substituent, i.e., rotation 
about that bond does not occur under typical assay conditions. The same holds for PhGTP, 

although conjugation with the aromatic π-system of the phenyl group is presumably even 

more pronounced. While the C8-substituent in NMePipGTP is considerably larger than in 
PyrrGTP and the substantially lower FtsZ inhibitory activity of the former nucleotide may be 
rationalized based on this difference, the sterical requirements of MorphGTP are not very 
different from PyrrGTP and sterical reasons may not be sufficient to explain the activity 
difference between the two GTP analogues. The central difference between PyrrGTP and 
MorphGTP is the oxygen atom in the substituent, which may be involved in repulsive 
interactions with the negatively charged triphosphate chain and limit the energetically 
accessible range of glycosidic torsion angles for this GTP analogue to syn type configurations 
with low binding affinity for the FtsZ monomer. The terminal NMe-nitrogen of NMePipGTP 

(pKa ∼ 10, based on similar compounds (29)), in contrast, is predominantly present in its 

positively charged, protonated form under the assay conditions (pH 7.5). Unfortunately, 
however, it is not possible to assess which part of the substituent causes the loss in activity 
when comparing NMePipGTP with MorphGTP and PyrrGTP, since both the size and the 
charge are altered. Moreover, favourable interactions of the positively charged NMePip-
substituent with the triphosphate chain may be counteracted by unfavourable interactions of 
the positively-charged NMePip-substituent with residues in the GTP binding pocket of the 
FtsZ monomer. 
 

The results of the FtsZ polymerization and GTPase studies in the presence of the GTP 
analogues are in good agreement with their postulated inhibitory mechanism, which served as 
the basis for the design of the analogues. Apparently, the available space in the nucleotide 
binding cavity of the FtsZ monomers is sufficient to accommodate all of the GTP analogues 
investigated, although with decreasing affinities for larger substituents. Some of the analogues 
seem to display even higher affinities for the FtsZ monomers than the endogenous ligand GTP 
itself. As expected, once charged with the GTP analogues, FtsZ monomers are not able to 
polymerize.  

As a first step towards a more detailed understanding of the molecular mechanism of 
action of the GTP analogues, we attempted to simulate binding of the analogues to the FtsZ 
monomers and to obtain information on the possible nucleotide conformations and binding 
interactions within the pocket. As a minor complication, the crystal structure of E. coli FtsZ 
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has not yet been elucidated, and we had to rely on the structure from M. jannaschii. 
Fortunately, with a sequence identity of 42% in the alignment region (305 residues), the 
primary sequence of FtsZ from both species is reasonably conserved. The nucleotide-binding 
domains are even more highly conserved. Among the residues involved in direct interactions 
with GTP, apart from several Gly � Ala transitions, the only noteworthy differences are as 
follows: Thr52 � Ala25, Gln75 � Ala48, Leu131 � Met104 and, most importantly: Asp212 
� Asn186. The major differences between both species are within their N- and C-terminal

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 3.12: Selected region of the FtsZ dimer crystal structure (PDB entry: 1W5A) illustrating the 
vital role of GTP for the stabilization of the intersubunit contacts. GTP strongly interacts with 
Asp212(A) of chain A (represented as purple ribbon), which is part of the same helix (H7) as 
Lys209(A) and Lys205(A), two residues that bind to Arg301(B) and Glu298(B) within helix H10 of 
chain B (shown as green ribbons). In addition, the intersubunit contacts are also stabilized by an 
extended network of hydrogen bonds, some of which directly involve GTP. Apart from the direct 
interactions, GTP-binding is postulated to activate FtsZ monomers for polymerization by inducing 
conformational changes within the FtsZ monomers via key helix H7 (legend of Figure 1.3). Prepared 
using VMD molecular visualizer (30) and POV-Ray renderer (www.povray.org). 
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regions. While M. jannaschii FtsZ contains a 38-residue N-terminal region comprising helix 

H0, which is not present in E. coli FtsZ, the latter possesses a ∼40 residue C-terminal portion, 

which is absent in M. jannaschii FtsZ. However, since it is known that the C-terminal portion 
is not required for FtsZ assembly into protofilaments but is responsible for interaction of FtsZ 
with other proteins of the septal ring such as ZipA and FtsA (§ 1.1.2), this difference is not of 
primary importance for the present inhibition studies involving GTP analogues. Taken 
together, the crystal structure of M. jannaschii FtsZ may serve as a reasonable model to 
discuss the possible binding mode and to rationalize the inhibitory activity of the GTP 
analogues. 

The crystal structure of M. jannaschii FtsZ with GDP in the nucleotide binding pocket is 
depicted in Figure 3.11A (page 85). Starting from this structure, we attempted to simulate the 
possible binding mode of GTP and several of the most potent inhibitory GTP analogues. As a 
first approximation, protein coordinates were fixed, and the ligands were docked into the 
crystal structure. To test the reliability of our method, we first docked GDP into the empty 
crystal structure, which resulted in essentially the same picture as observed in the crystal 
structure of the holoenzyme. Then, we proceeded by docking GTP. The most favourable 
conformation involves binding of GTP in an anti-conformation very similar to GDP (Figure 
3.11B1). However, docking suggests that also syn-type conformations (Figure 3.11B2) are 
possible. Most importantly, the syn-type conformations are not only obtained by docking, but 
appear even to be stable in 200 picoseconds molecular dynamics simulations. This finding is 
particularly relevant in the context of the present FtsZ inhibition studies, which involve GTP 
analogues with strong preference for the syn-conformation. A more detailed view of the two 
best-scoring docking results for GTP in the anti- and syn-conformation is depicted in Figure 
3.11B3. Based on the high similarity between FtsZ from M. jannaschii and E. coli, both 
conformations are also expected to be possible in E. coli. As an additional check, an E. coli 
homology model was constructed, and GTP was docked into the model (Figure 3.11C). 
Indeed, the two highest-scoring models with GTP bound in the anti- and syn-conformation, 
respectively, are very similar to the results obtained with the crystal structure of M. jannaschii 
FtsZ. However, as evident from Arg143 and Glu139 being ill-oriented for favourable 
interactions with the 2’- and 3’-hydroxyl groups of the ribose moiety, the present E. coli 
homology model is only a rough approximation. 

Intrigued by the result that, theoretically, FtsZ may also accommodate GTP-conformers in 
the syn-range, we set out to explore this possibility for OMeGTP, the most potent FtsZ 
inhibitor of the series of analogues investigated, and BrGTP, which has been the most 
extensively characterized. Similar to the results obtained with GTP, docking studies with the 
two analogues did not show a clear preference for either the syn or the anti conformations 
(differences in score were <1%) (Figure 3.11D and E).  
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Having proposed several potential binding modes of the GTP analogues to the FtsZ 
monomer, another, even more urgent question has to be addressed: How does binding of the 
GTP analogues to the monomers render them inactive to participate in protofilament 
formation? As already mentioned in the introductory chapter, it is evident from the recently 
published crystal structure of the FtsZ dimer, that sufficient space is available in the 
intersubunit GTP binding pocket to accommodate most of the GTP analogues discussed here, 
especially those with relatively small C8-substituents, which have turned out to be the most 
potent in the series. In other words, binding of another FtsZ monomer to an analogue-charged 
FtsZ subunit is not simply prevented by direct sterical hindrance between the C8-substituent 
of the FtsZ-bound GTP analogue and the next monomer. Instead, we envisaged that FtsZ 
monomers might undergo a conformational change upon binding of a GTP analogue, and that 
it is this conformational change, which renders them inactive towards polymerization. The 
conformational changes of FtsZ occurring upon binding of a GTP analogue might in turn be 
related to the preferred syn-anti conformational equilibrium of this analogue. In an attempt to 
predict the potential conformational changes of FtsZ upon binding of a syn-type GTP 
analogue, we performed a 200 picoseconds molecular dynamics simulation. Unfortunately, 
however, no major conformational changes of the protein were observed. Nonetheless, 200 
picoseconds is a quite short time, even on a molecular dynamics timescale, and changes may 
well be observed in more extended simulations.      

While the precise conformational changes may only be assessed by extensive additional 
molecular dynamics calculations, the critical role of the nucleotide for the intersubunit 
interactions is even evident when looking more closely at the crystal structure of the FtsZ 
dimer (Figure 3.12 on page 88). GTP is involved in very strong interactions with Asp212(A) 
of chain A, which is situated on the same helix (H7) as Lys209(A) and Lys205(A), two 
residues engaged in direct as well as indirect (through water molecules) interactions with 
residues Glu298(B) and Arg301(B) within helix H10 of chain B. Moreover, Asp212(A) and 
even GTP itself additionally stabilize the intersubunit contact by forming a network of 
hydrogen-bonds, which includes several water molecules and extends to chain B. Apart from 
being involved in above-mentioned intersubunit contacts, helix H7 also controls the 
intramolecular conformation of the FtsZ monomer by determining the relative orientations of 
the two globular core regions of FtsZ, the Nt core and the Ct core (legend of Figure 1.3). 

Given the strong interactions of GTP with the central helix H7, we hypothesize that 
binding of  GTP analogues to FtsZ might shift the orientation of helix H7 in a way that 
precludes formation of productive intersubunit interactions. These interactions may not be 
limited to the direct binding interactions between helix H7 of chain A and helix H10 of chain 
B illustrated in Figure 3.12, but may also comprise favourable interactions at the other contact 
interfaces (legend of Figure 1.4), which may be altered in response to changes in the 
orientation of helix H7. 
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3.5 CONCLUSION 
 

8-Bromoguanosine 5’-triphosphate (BrGTP), the model GTP analogue selected for 
preliminary studies on FtsZ, was indeed found to potently inhibit the GTP-dependent FtsZ 
polymerization. Thorough characterization of the effects of BrGTP on FtsZ polymerization 
and the associated GTPase activity have revealed that BrGTP acts as a reversible competitive 

inhibitor with a Ki for GTPase activity of 31.8 ± 4.1 µM. 

Similar to BrGTP, all of the structurally diverse C8-substituted GTP analogues turned out 
to be competitive inhibitors of FtsZ polymerization and GTPase activity with their IC50 values 
spanning more than an order of magnitude. The most potent GTP analogue in the series, 

OMeGTP with an IC50(GTPase) of 15 µM, was about 4-times more active than BrGTP, while 

NMePipGTP spanned the other side of the range with an IC50(GTPase) of approximately 300 

µM. The potency of the analogues for inhibition of FtsZ function is apparently related to the 

sterical properties of their C8-substituents, with smaller substituents resulting in more potent 
inhibition. Molecular modelling studies employing fixed protein coordinates suggested that 
the GTP analogues may bind to FtsZ preferably in GTP-like anti-conformations, but that also 
the syn-range conformations preferred by the C8-subtituted analogues are energetically 
accessible. In fact, binding of GTP analogues in the syn-conformation may induce a 
conformational change of the protein, resulting in significantly improved nucleotide-protein 
interactions. We hypothesize that the altered conformation of analogue-bound FtsZ monomers 
precludes formation of productive intersubunit interactions in polymers, presumably through 
changes in the orientation of the central helix H7. 
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3.7 EXPERIMENTAL SECTION  
 

Overproduction and Purification of FtsZ. FtsZ was overproduced in E. coli BL21(DE3) 
transformed with pRRE6 and purified as described earlier (24). Protein concentration and purity were 
determined by amino acid quantification (Eurosequence, NL). FtsZ was 99.4% pure.  

Nucleotide Stock Solutions. For the biological tests, we prepared 10 mM stock solutions of the 
GTP analogues in buffer (50 mM HEPES/NaOH pH 7.5, 50 mM KCl) using the UV extinction 

coefficients ε of the corresponding nucleosides reported in chapter 2. GTP was purchased from 

Aldrich and a 10 mM GTP stock solution was prepared in the same way using  ε = 13700 M-1cm-1 

(λmax = 253 nm, pH 7).   

Electron Microscopy. FtsZ (2.5 µM) was polymerized with 10 µM GTP (Figure 3.1A), 8 µM GTP 

/ 2 µM BrGTP (Figure 3.1B) or 6.6 µM GTP / 3.3 µM BrGTP (Figure 3.1C) at 30 °C in 100 µl of pre-

warmed MES buffer (50 mM MES/NaOH pH 6.5, 50mM KCl), supplemented with 5 mM MgCl2 and 

10 mM CaCl2. After 2 min, 3 µl of the polymerization reaction was applied on a 400-mesh carbon-

coated grid for 5 min and blotted dry by placement of a filter paper to the side of the grid. The grid 

was subsequently negatively stained for 1 min with 3 µl 1% aqueous uranyl acetate and blotted dry. 

Finally, the grids were dried for 1 hour at 30 ºC. Grids were viewed in a Philips 400T transmission 
electron microscope (a generous gift of A. Knoester, Shell Research and Technology Centre 
Amsterdam). Images were taken with a cooled Princeton CCD camera using the program IP 
Labspectrum 3.1 (Signal Analytics Corp.). 

Polymerization Studies under Conditions Promoting Protofilament Bundling (Presence of 
Ca2+). All assays were performed in a stirred quartz cuvet that was maintained at 30 ºC by a 
circulating water bath using a PTI QuantaMaster 2000-4 fluorescence spectrophotometer (Photon 

Technology International, New York). Both λ(excitation) and λ(emission) were set to 350 nm, and all 

slit widths were 2 nm. The MES buffer (50 mM MES/NaOH pH 6.5, 50 mM KCl) was pre-warmed to 
30 ºC in a circulating water bath. Stock solutions of FtsZ (3 mg/ml), GTP (10 mM in MES buffer), 
BrGTP (10 mM in HEPES buffer), and MgCl2 (10 mM in Millipore water) were kept on ice. The 

cuvet was rinsed with pre-warmed Millipore water. FtsZ (3 µM) was preincubated for 5 min in MES-

buffer (pH 6.5) supplemented with 5 mM MgCl2 and 10 mM CaCl2 at 30°C. The total volume was 1.3 
ml. Baseline data was collected for 60 s, and the assay was started by addition of GTP, BrGTP or a 

mixture of GTP/BrGTP as indicated. 90° angle light scattering was recorded for 15 min, and aliquots 

were frozen in liquid nitrogen for subsequent HPLC analysis of the nucleotide composition.  
GTPase Activity and Polymerization Studies under Dynamic Conditions – General Procedure. 

All assays were performed in a stirred quartz cuvet that was maintained at 37 ºC by a circulating water 
bath using a PTI QuantaMaster 2000-4 fluorescence spectrophotometer (Photon Technology 
International, New York). The HEPES buffer (50 mM HEPES/NaOH pH 7.5, 50 mM KCl) was pre-
warmed to 37 ºC in a circulating water bath. Stock solutions of nucleoside phosphorylase (10 
units/ml), FtsZ (15.7 mg/ml), GTP (10 mM in HEPES buffer), the GTP analogues (10 mM in HEPES 
buffer), 7-methylguanosine (10 mM in HEPES buffer) and MgCl2 (10 mM in Millipore water) were 
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kept on ice. The cuvet was rinsed with pre-warmed Millipore water. HEPES-buffer, MgCl2, and, if 
appropriate, 7-methylguanosine and nucleoside phosphorylase were added, and the cuvet was allowed 
to equilibrate in the holder under stirring for 4 min. FtsZ was added, and the solution was allowed to 
equilibrate for 1 min. Air bubbles were removed using a Gilson pipette. For the inhibition 
experiments, the GTP analogues were added and the content of the cuvet was mixed with a pipette. 
After recording a baseline for 60 sec, polymerization was induced by addition of GTP, followed by 
quickly mixing with a pipette. The measurement was paused during the addition process, which 
generally took less than 5 sec. Data analysis was performed by nonlinear regression using SigmaPlot 
V8.02 equipped with Enzyme Kinetics Module V1.1 (SPSS Inc., Chicago, IL).  

GTPase Activity and Polymerization Studies −−−− Effect of BrGTP (1b). We simultaneously 

monitored the polymerization of FtsZ and its GTPase activity by combining two assays described in 
the literature. Polymerization was observed by 90º angle light scattering (7), and the GTPase activity 

by a coupled assay for phosphate release (17). λ(excitation) = 295 nm, λ(emission 1) = 299 nm and 

λ(emission 2) = 390 nm. Excitation slit widths were 2 nm and emission slit widths 6 nm. The cuvet 

contained 5 mM MgCl2, 50 mM KCl, 200 µM 7-methylguanosine, 0.3 units/ml nucleoside 

phosphorylase, 9 µM FtsZ, BrGTP (1b) at the concentration indicated and 50 mM HEPES/NaOH pH 

7.5 in a total volume of 1.3 ml. After recording a baseline for 60 sec, polymerization was induced by 

addition of GTP with final cuvet concentrations between 7.5 µM and 240 µM. Polymer formation of 

FtsZ was measured by 90˚ angle light scattering at 299 nm, and phosphate release from GTP 
hydrolysis was determined by means of a decrease in fluorescence at 390 nm. Standard curves with 
known phosphate concentrations were used to convert the decrease in fluorescence to phosphate 

production. In general, the fractional fluorescence change (F0−F)/F0 (F0 = initial fluorescence; F = 

final fluorescence after addition of Pi) was linear up to about 70% of total fluorescence change, 
indicating that the initial rates may be reliably converted to concentration units. After 6 min, aliquots 
of the assay mixtures were frozen in liquid nitrogen and the nucleotide composition was determined 
by ion-exchange (reversed phase) HPLC analysis (see below). 

GTPase Activity and Polymerization Studies in the Presence of Other 8-Substituted GTP 
Analogues. Several GTP analogues, in particular PhGTP (16b), PyrrGTP (4b), but to a lesser extent 
also IGTP (2b), MorphGTP (6b), NMePipGTP (7b) and OMeGTP (12b) showed comparably high 
absorbance at 295 nm, a fact complicating interpretation of both the light scattering and the 
fluorescence data. Concerning the polymerization studies, the problem mentioned above can be 
circumvented by measuring light scattering at a longer wavelength. At 350 nm, e.g., absorbance of all 
GTP analogues investigated here was negligible. Regarding the fluorescent assay for phosphate 
release, the range of acceptable excitation wavelengths for 7-methylguanosine was quite narrow (290-
305 nm), and the inner filter effects of the GTP analogues at these wavelengths needed to be taken into 
account. The most reliable option, therefore, appeared to be the utilization of two individual assays for 
the measurement of FtsZ polymerization and its GTPase activity. Polymerization Studies (90º angle 
light scattering): Both λ(excitation) and λ(emission) were set to 350 nm, and all slit widths were 1.5 

nm. The cuvet contained 5 mM MgCl2, 50 mM KCl, 9 µM FtsZ, the GTP analogue at the 
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concentration indicated and 50 mM HEPES/NaOH pH 7.5 in a total volume of 1.3 ml. After recording 
a baseline for 60 sec, polymerization was induced by addition of GTP resulting in a final cuvet 

concentration of 60 µM unless noted otherwise. After 2.5 min, aliquots of the assay mixtures were 

frozen in liquid nitrogen and the nucleotide composition was determined by ion-exchange (reversed 
phase) HPLC analysis (see below). GTPase activity (fluorescent coupled assay for phosphate 
release): λ(excitation) = 302 nm, λ(emission) = 390 nm. Excitation slit widths were 2 nm and 

emission slit widths 6 nm. The cuvet contained 5 mM MgCl2, 50 mM KCl, 120 µM 7-

methylguanosine, 0.3 units/ml nucleoside phosphorylase, 9 µM FtsZ, the GTP analogue at the 

concentration indicated and 50 mM HEPES/NaOH pH 7.5 in a total volume of 1.3 ml. After recording 
a baseline for 60 sec, polymerization was induced by addition of GTP resulting in a final cuvet 

concentration of 60 µM unless stated otherwise. As described above, standard curves with known 

phosphate concentrations were used to convert the decrease in fluorescence to phosphate production. 

As an additional check, 30 µM KH2PO4 was added after termination of the FtsZ-catalyzed reactions (4 

min after addition of GTP), and the resulting decrease in fluorescence was recorded.  
HPLC studies. Samples of the assay mixtures (50 µl, see above) were thawed and directly injected 

into the HPLC-system equipped with a Macherey-Nagel CC 125/4 Nucleosil 100-5 C18 HD column 
(0.4 x 12.5 cm) and the corresponding guard column and eluted with a linear gradient of buffer A (5 
mM NBu4H2PO4, 25 mM H3PO4/NH4OH in 95% water / 5% acetonitrile, pH 6.3) and buffer B (5 mM 
NBu4H2PO4 in 10% water / 90% acetonitrile) at 0.4 ml/min flow rate. Gradient details: 0 to 5 min: 0% 
B, 5 to 20 min: 0 � 35% B, 20 to 27 min: 35% B, 27 to 32 min: 35 � 0% B, 32 to 40 min: 0% B. 

Detection: UV absorption at the respective λmax of the GTP analogues and at 253 nm (λmax of GTP) 

using a Pharmacia LKB VWM2141 dual diode array variable wavelength detector. The peaks in the 
HPLC chromatograms were assigned to specific nucleotide species by comparing the retention times 
with known standards obtained on the same day (when necessary) and/or by making use of the ratio of 

the areas of each peak at λmax of the analogue and at 253 nm (Aλmax/A253), that is, peaks with Aλmax/A253 

> 1 were identified as GTP analogues and their hydrolysis products. Unfortunately, retention times for 
the same nucleotide species varied as much as 2 min for HPLC runs on different days (possibly related 
to temperature fluctuations). Representative retention times (tR in min) standardized to conditions 
where GTP results in a retention time of 22.5 min are as follows: GTP (22.5), GDP (18.4); OMeGTP 
(22.9), OMeGDP (19.1); PyrrGTP (24.0), PyrrGDP (21.4); ClGTP (23.80), ClGDP (20.8); MeGTP 
(22.5), MeGDP (18.4); BrGTP (23.9) BrGDP (20.9); IGTP (24.0), IGDP (21.1); t-BuGTP (24.6), t-
BuGDP (22.4); PhGTP (25.0), PhGDP (22.9); MorphGTP (23.3), MorphGDP (20.0); NMePipGTP 
(17.4); cycloNMePipGTP (21.9), cycloNMePipGDP or another product resulting from hydrolysis of 
the 2’,3’-cyclic phosphate moiety (17.6). 
Molecular Modeling and Computational Procedures. The computational part of the research 
described in § 3.4  has been performed by Dr. Jozef Hritz and Dr. Chris Oostenbrink (Section 
Pharmaceutical Sciences / Pharmacochemistry, Vrije Universiteit Amsterdam). The free energy 
differences between the anti and syn conformations of GTP and its C8-substituted analogues were 
calculated by multi-configuration thermodynamic integration (31) using "hidden" dihedral restraints 
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for rotation around the glycosidic bond. All simulations were performed with GROMOS05 (32) 
applying the GROMOS 53A6 force field (33). Docking of GTP and its analogues into FtsZ was 
carried out employing the computer program GOLD in combination with the GOLD scoring function 
(34, 35). The E. coli FtsZ homology model was constructed using SWISS-MODEL (36, 37). FtsZ with 
bound nucleotides was visualized using VMD molecular visualizer (30) and POV-Ray renderer 
(www.povray.org).  

 
 
Tables 3.2−−−−3.11: Effect of GTP analogues on FtsZ polymerization and GTPase activity 
 

General Remarks:  

a) In case of replicates, values are reported as means ± standard deviation (n = number of 

independent experiments). 
b) The total amount of GTP hydrolyzed was determined by HPLC-based nucleotide analysis of 

the assay mixture following the polymerization experiments, which was generally 1.5 min 
after addition of GTP, the only exception being the studies with BrGTP, where nucleotide 
analysis was performed 5 min after addition of GTP (see above). 

c) The extent of polymerization as determined by 90° angle light scattering was expressed 

relative to the maximum change in light scattering observed upon GTP addition in the absence 
of any GTP analogue, which was set to 100% 

d) The initial rate of GTP hydrolysis was determined employing the fluorescent coupled assay 
for phosphate release described above. 

e) As described above, the experimental conditions for the measurements with BrGTP were 
different from those employed for the other analogues.   

 
Table 3.2: Effect of BrGTP (1b) on FtsZ polymerization and GTPase activity e) 

BrGTP 
(µM) 

GTP 
(µM) 

Special 
features 

Total amount of GTP 
hydrolyzed (%) a,b) 

90° Angle light 
scattering (%) c) 

Initial rate of GTP 
hydrolysis (mol of 

Pi/mol of FtsZ/min) a, d) 

0 7.5    1.09 ± 0.01 (n = 2) 

0 15    1.63 ± 0.04 (n = 2) 

0 30    2.46 ± 0.01 (n = 2) 

0 60 only GTP 86.3 ± 1.5 (n = 3) 100 (by def.) 3.07 ± 0.06 (n = 2) 

0 90    3.58 ± 0.06 (n = 2) 

0 120    3.92 ± 0.06 (n = 2) 

0 240    4.23 ± 0.08 (n = 2) 

0 30   100 (by def.) 2.46 

7.5 30   75 2.18 
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15 30   46 1.87 

30 30   22 1.09 

60 30   3 0.38 

0 60 only GTP 86.3 ± 1.5 (n = 3) 100 (by def.) 3.07 ± 0.06 (n = 2) 

30 60  74  59 2.78 ± 0.12 (n = 2) 

60 60  59 29 1.75 ± 0.16 (n = 2) 

120 60  24 0 0.19 
 
 
 
Table 3.3: Effect of IGTP (2b) on FtsZ polymerization and GTPase activity  

IGTP (µM) 
Special 
features 

Total amount of GTP 
hydrolyzed (%) a,b) 

90° Angle light 
scattering (%) c) 

Initial rate of GTP 
hydrolysis (mol of 

Pi/mol of FtsZ/min) a, d) 

0 only GTP 90.8 ± 3.4 (n = 5) 100 (by def.) 3.82 ± 0.21 (n = 5) 

30  75.1 64 ± 2 (n=2) 3.54 

60  63.8 40 ± 3 (n=2) 2.32 ± 0.30 (n = 2) 

60 no FtsZ 2.9 0  

90    1.28 

120  33.0 11 0.71 ± 0.07 (n = 2) 

240  12.7 0 0.23 
 

 
 

Table 3.4: Effect of ClGTP (3b) on FtsZ polymerization and GTPase activity  

ClGTP 
(µM) 

Special 
features 

Total amount of GTP 
hydrolyzed (%) a,b) 

90° Angle light 
scattering (%) c) 

Initial rate of GTP 
hydrolysis (mol of 

Pi/mol of FtsZ/min) a, d) 

0 only GTP 90.8 ± 3.4 (n = 5) 100 (by def.) 3.82 ± 0.21 (n = 5) 

30  68.5 ± 0.5 (n = 2) 59 2.56 ± 0.12 (n = 2) 

30 no FtsZ 2.8 0  

45    1.89 ± 0.15 (n = 2) 

60  44.2 ± 0.7 (n = 2) 24 1.37 ± 0.10 (n = 2) 

120  17.5 ± 2.1 (n = 2) 5 0.42 

240    0.12 
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Table 3.5: Effect of PyrrGTP (4b) on FtsZ polymerization and GTPase activity  

PyrrGTP 
(µM) 

Special features Total amount of GTP 
hydrolyzed (%) a,b) 

90° Angle light 
scattering (%) c) 

Initial rate of GTP 
hydrolysis (mol of 

Pi/mol of FtsZ/min) a, d) 

0 only GTP 90.8 ± 3.4 (n = 5) 100 (by def.) 3.82 ± 0.21 (n = 5) 

7.5  80.4 75.5 ± 4.9 
(n=2) 

4.08 

7.5 mixture of 
OMeGTP/GTP 75.9 69.2  

15  69.6 ± 3.0 (n = 2) 50.5 ± 3.5 
(n=2) 

3.30 

15 no FtsZ 2.8 0  

22.5    1.84 

30    0.99 

45    0.53 

60  16.6 0 0.22 

 
Table 3.6: Effect of MorphGTP (6b) on FtsZ polymerization and GTPase activity  

MorphGTP 
(µM) 

Special 
features 

Total amount of GTP 
hydrolyzed (%) a,b) 

90° Angle light 
scattering (%) c) 

Initial rate of GTP 
hydrolysis (mol of 

Pi/mol of FtsZ/min) a, d)  

0 only GTP 90.8 ± 3.4 (n = 5) 100 (by def.) 3.82 ± 0.21 (n = 5)  

60  77.9 99 3.90 ± 0.18 (n = 3) 

60 no FtsZ 2.7 0  

120  65.5 51 3.09 ± 0.25 (n = 2)  

240  53.3 22 1.01 ± 0.05 (n = 3) 

360  30.0 7 0.20 

 
Table 3.7: Effect of NMePipGTP (7b) on FtsZ polymerization and GTPase activity  

NMePipGTP 
(µM) 

Special 
features 

Total amount of GTP 
hydrolyzed (%) a,b) 

90° Angle light 
scattering (%) c) 

Initial rate of GTP 
hydrolysis (mol of 

Pi/mol of FtsZ/min) a, d) 

0 only GTP 90.8 ± 3.4 (n = 5) 100 (by def.) 3.98 ± 0.23 (n = 2) 

60  87.7  4.48 ± 0.01 (n = 3) 

120  82.6 100 ± 3 (n = 2) 4.18 ± 0.27 (n = 2) 

240   49 2.60 

360  63.9 30 ± 2 (n = 2) 1.91 
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Table 3.8: Effect of OMeGTP (12b) on FtsZ polymerization and GTPase activity  

OMeGTP 
(µM) 

Special features Total amount of GTP 
hydrolyzed (%) a,b) 

90° Angle light 
scattering (%) c) 

Initial rate of GTP 
hydrolysis (mol of 

Pi/mol of FtsZ/min) a, d) 

0 only GTP 90.8 ± 3.4 (n = 5) 100 (by def.) 3.82 ± 0.21 (n = 5)  

7.5  79.8 63 3.80 

15  56.2 31 2.18 ± 0.04 (n = 2)  

15 mixture of 
OMeGTP/GTP  57.6 29  

22.5    0.64 

30  19.7 ± 2.1 (n = 2) 0 0.35 

30 no FtsZ 1.3 0  

60  5.9 0 0.25 

 
Table 3.9: Effect of MeGTP (14b) on FtsZ polymerization and GTPase activity  

MeGTP 
(µM) 

Special features Total amount of GTP 
hydrolyzed (%) a,b) 

90° Angle light 
scattering (%) c) 

Initial rate of GTP 
hydrolysis (mol of 

Pi/mol of FtsZ/min) a, d) 

0 only GTP 90.8 ± 3.4 (n = 5) 100 (by def.) 3.82 ± 0.21 (n = 5)  

30  70 3.90 

60  35 1.55 

90  

Results not reliable due 
to superposition of  
OMeGTP and GTP 
signals in HPLC-
chromatograms.  13 0.71 

 
Table 3.10: Effect of tBuGTP (15b) on FtsZ polymerization and GTPase activity  

tBuGTP 
(µM) 

Special features GTP hydrolyzed (%) 
a,b) 

90° Angle light 
scattering (%) c) 

Initial rate of GTP 
hydrolysis (mol of 

Pi/mol of FtsZ/min) a, d) 

0 only GTP 90.8 ± 3.4 (n = 5) 100 (by def.) 3.82 ± 0.21 (n = 5) 

15  96.4 102  

30  86.9 64  

60  66.0 ± 1.7 32 ± 2 (n = 2) 2.88 ± 0.02 (n = 3) 

90    1.61 

120  48.4 10 0.82 

180    0.13 

240  30.1 0 0.06 
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Table 3.11: Effect of PhGTP (16b) on FtsZ polymerization and GTPase activity  

PhGTP 
(µM) 

Special features GTP hydrolyzed (%) 
a,b) 

90° Angle light 
scattering (%) c) 

Initial rate of GTP 
hydrolysis (mol of 

Pi/mol of FtsZ/min)  

0 only GTP 90.8 ± 3.4 (n = 5) 100 (by def.) 

60  72.0 57 

120  60.6 ± 5.0 37 

240  51.2 0 

Rates could not be 
determined employing 

the fluorescent assay due 
to intense 

autofluorescence of 
PhGTP. 
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CHAPTER 4 
 

Effect of GTP Analogues on Tubulin Function 
 
Some of the experiments described in this chapter were performed at the CEA Grenoble in 

collaboration with Aurélie Juhem and Dr. Andrei Popov.  

 
ABSTRACT 
 

The structurally diverse 8-substituted GTP analogues, which have proven inhibitory on FtsZ 
function (chapter 3), were probed for their effects on tubulin assembly and tubulin-catalyzed 
nucleotide hydrolysis. Based on their effects on tubulin assembly, three classes of GTP 
analogues may be distinguished: GTP analogues that more potently induce assembly (type 1), 
those that weakly induce assembly (type 2) and those incapable to support assembly at all 
(type 3). Interestingly, the most potent inducers of tubulin polymerization (type 1 GTP 
analogues) were actually among the most potent inhibitors of both FtsZ polymerization and 
its associated GTPase activity. Apparently unrelated to their ability to support tubulin 
assembly, all GTP analogues were found to be substrates for the tubulin GTPase, the only 
exceptions being NMePipGTP and cycloNMePipGTP (see below).   
Studies of tubulin assembly and GTPase activity in the presence of equimolar GTP and GTP 
analogues revealed that the analogue-supported assembly was inhibited by GTP and vice 
versa, and that both nucleotides were hydrolyzed to a similar extent, suggesting competition 
between GTP and the analogues for both binding and hydrolysis. A notable exception was 
OMeGTP, which yielded essentially the same assembly curve in the presence and absence of 
equimolar GTP, suggesting that this analogue has a higher tubulin binding affinity than the 
natural ligand GTP. 
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4.1 INTRODUCTION 
 

The extensive studies on the effects of 8-substituted GTP analogues on the function of the 
prokaryotic cell division protein FtsZ described in the previous chapter have revealed some 
general features. All 8-substituted GTP derivatives were incapable to induce FtsZ 
polymerization, and, as expected from the fact that polymerization is a prerequisite for 
nucleotide hydrolysis (1), none of them were substrates of its associated GTPase activity. In 
contrast, 8-bromoguanosine 5’-triphosphate (BrGTP), whose inhibitory effects on FtsZ have 
been thoroughly characterized in the previous chapter, was reported to be an even more potent 
inducer of microtubule assembly than GTP itself (2).  

The apparently contrary effects of BrGTP on FtsZ and tubulin strongly motivated us to 
repeat the published tubulin assembly studies with BrGTP under better defined conditions and 
to include also most of the other GTP analogues discussed in the previous chapter. Besides, 
the research described in this chapter also addresses the question if the GTP analogues are 
substrates for tubulin GTPase. 

As with FtsZ, the specific experimental conditions employed strongly influence the results 
obtained in tubulin assembly studies. When compared to FtsZ, which is generally isolated by 
overexpression in E. coli, this problem is even more pronounced in the case of tubulin, since 
tubulin is isolated from animal brain tissue, and if not properly purified, contains many 
contaminating proteins profoundly altering its activity. Therefore, the first part of the present 
chapter is dedicated to the influence of various conditions on tubulin assembly and the 
selection of the most suitable assay. Then, the GTP analogues were tested for their ability to 
support tubulin assembly in the absence of any added GTP, and for their susceptibility 
towards tubulin-catalyzed hydrolysis. Finally, assaying tubulin assembly and nucleotide 
hydrolysis in the presence of mixtures of GTP and the analogues provided evidence that the 
analogues compete with GTP for both binding and hydrolysis.   
 
 
 
4.2 IN VITRO TUBULIN ASSEMBLY: ASSAYS AND CONDITIONS 
 

4.2.1 General Aspects of in vitro Tubulin Polymerization 
  

Several methods have been employed to monitor tubulin assembly in vitro. Some of the first 
assays were based on viscosity measurements. Nowadays, the spectrophotometric turbidity 
assay and centrifugation techniques are the methods of choice (3), together with 
immunofluorescence and electron microscopy for the visualization of the specific type of 
polymer structures formed. 
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Typically, plots for tubulin polymerization observed in the turbidity assays display a 
sigmoidal shape as shown in Figure 4.1. The kinetics of assembly may be characterized by 
several parameters, such as the lag time (LT) before initiation of assembly, the steepness of 
the slope (expressed as t1/2) once detectable polymerization has started, and the final plateau 
level (FP) of turbidity. Enhancers of tubulin polymerization such as paclitaxel may result in a 
faster onset of polymerization, a steeper slope and higher final level of turbidity. Inhibitors of 
tubulin polymerization, such as colchicine, may potently suppress the polymer formation 
(Figure 4.1). 

The cellular functions of microtubules are dependent on their dynamic nature, which is 
best described by the ‘dynamic instability’ model discussed in § 1.2.1 (4). Although the 
causal relationship between GTP hydrolysis and the dynamic properties of microtubules is 
well-established, the precise relationship between microtubule elongation by addition of GTP-
bound tubulin heterodimers and nucleotide hydrolysis remains controversial (5, 6). Notably, 
even though the GTPase activity of tubulin is significantly enhanced upon polymerization, 
tubulin subunits also possess an intrinsic GTPase activity, which is independent of their 
reaction with microtubule ends (6-8). Several cytostatic drugs, especially colchicine and 
analogues, which inhibit tubulin assembly, are known to be potent stimulators of tubulin’s 
intrinsic GTPase function (6, 9). 

 
Figure 4.1: Typical plots for the GTP-supported tubulin assembly monitored by a common turbidity 
assay and the effects of enhancers (e.g., paclitaxel) and inhibitors (e.g., colchicine) of tubulin 
polymerization. LT: Lag-time before initiation of assembly. FT: Final plateau level of turbidity. t1/2: 
Time required to achieve half the maximum turbidity after onset of polymerization. Experimental 
conditions were as described in the legend of Figure 4.2. 



Chapter 4 
 

 104 

4.2.2 Effect of Assay Conditions on in vitro Tubulin Assembly 
 

‘Microtubule Protein’ versus Purified Tubulin. In vitro assembly of microtubules is 

strongly dependent on the tubulin preparation employed. ‘Microtubule protein’ is a protein 
fraction purified from animal brain tissue by a procedure based on repeated temperature-

dependent assembly and disassembly (10, 11). Apart from α,β-tubulin heterodimers, the 

resulting microtubule protein preparation also contains substantial amounts of microtubule-
associated proteins (MAPs) and microtubule motor proteins (motors), which profoundly 
influence the dynamic properties of microtubules assembled in such impure tubulin solutions. 
Removal of MAPs and motors is generally accomplished by ion-exchange chromatography 
on a phosphocellulose (PC) column, which retains most of these basic proteins. Still, 
sometimes phosphocellulose-purified tubulin contains nucleoside diphosphate kinase (NDPK) 
(12), adenylate kinase and ATPase activities (13). By acting as a transphosphorylase, NDPK 
is able to transfer a phosphate from external GTP or ATP in solution to GDP bound to the E-
site of tubulin. Consequently, in tubulin preparations containing NDPK activity, ATP even 
induces assembly at much lower concentrations than required for efficient binding of ATP to 
tubulin (3, 12, 14). To obtain tubulin lacking NDPK activity, the phosphocellulose-purified 
tubulin may be taken through three additional cycles of temperature-dependent 
polymerization-depolymerization (3).  

Recently, the purification of tubulin from animal brain tissue has been substantially 
simplified by the introduction of a novel procedure based on two cycles of assembly-
disassembly in a high-molarity PIPES buffer (15). The concentrated tubulin isolated 
according to this protocol does not require further purification on a phosphocellulose column, 
is highly active, MAP-free and lacks NDPK activity.              

Temperature. Temperature is a primary determinant of tubulin assembly and 

disassembly, with optimal temperatures leading to shorter lag times and faster initial rates 

once the lag has passed. Temperatures between 26 and 37°C allow efficient polymerization 

with comparable final equilibrium states. Lower temperatures generally result in reduced 

turbidity. At 4 to 6 °C, microtubules readily disassemble following simple first-order kinetics 

(16).  

pH. Tubulin assembly is also very sensitive to pH. Optimal polymerization into 

microtubules is obtained in the pH range 6.6-6.9. The even larger increases in turbidity 
observed at lower pH are caused by the formation of non-specific aggregates resulting from 
denaturation of tubulin (16, 17).  

Metal Cations. The inhibitory effect of Ca2+ ions on tubulin assembly in brain extracts 

(protein concentration 10-12 mg/ml) (complete inhibition at Ca2+-concentrations of about 1 
mM) is known since decades (17, 18), and its mechanism has been the subject of more recent 
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investigations (19). Mg2+, Na+, and K+ are also inhibitory, however, at much higher 
concentrations. Considerable inhibition requires at least 15 mM Mg2+ or Na+ or K+ 
concentrations >180 mM (20). On the other hand, sub-millimolar concentrations of Mg2+ have 
been shown to be required for microtubule assembly (18). Extensive investigations on the 
Mg2+-dependence of guanine nucleotide binding to tubulin have revealed, that different from 
GDP, complexation of GTP with Mg2+ significantly increases its affinity for tubulin. This, in 
turn, results in an increased concentration of polymerization-competent GTP-bound tubulin 
dimers and in a potent stimulation of microtubule assembly (21). 

Chelating agents. The results obtained with inclusion of the chelators EGTA and EDTA 

in the tubulin assembly assays parallel the expectations based on the effects of divalent 
cations. Increasing the concentration of EDTA, which strongly complexes both Ca2+ and 
Mg2+, results in suppression of polymerization due to binding of Mg2+. EGTA, which 
preferably binds Ca2+ (with an affinity constant 106 times higher than that for Mg2+), has no 
direct effect on tubulin assembly in the absence of Ca2+, but is generally included in 
polymerization buffers to remove any residual Ca2+ contaminations in tubulin preparations 
(20).  

Buffer conditions. Optimal polymerization has been obtained with a buffer 

concentration of 100 mM PIPES, higher and lower concentrations yield reduced plateau 
levels of steady-state polymerization and slower pre-equilibrium polymerization rates (20).   

Other substances. A variety of other substances is known to promote microtubule 

assembly, although the underlying mechanisms have not been elucidated in all cases. Among 
the various agents stimulating tubulin assembly, dimethyl sulfoxide (DMSO), glutamate, 
glycerol and sucrose are especially noteworthy, since they are used in many routine tubulin 
assembly assays (22-25). This is because in these agents allow monitoring assembly of 
purified tubulin at low tubulin concentrations, while very high protein concentrations are 
required in their absence (26). However, changing the solvent conditions does not only affect 
assembly kinetics, but also the type of polymers formed and the dependence of tubulin 
assembly on cofactors such as GTP/Mg2+. Inclusion of glycerol and sucrose, e.g., even allows 
formation of microtubules in the absence of added nucleotides (10, 27), and tubulin 
assembled in the presence of glycerol (3-4 M) (10, 27, 28) or high concentrations of organic 
acids such as glutamate, MES and PIPES (0.5-1.0 M) (29) shows many abnormal assembly 
forms beside the typical microtubules. Similarly, while microtubules are the predominant 
polymers in the presence of 10% DMSO, higher concentrations of DMSO stimulate the 
formation of sheets of protofilaments (26, 30). The assembly-promoting action of glycerol 
and DMSO has been explained by a lower free energy of polymerization in the solvent 
mixtures compared to aqueous buffer only (30). 
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4.3 RESULTS 
 

4.3.1 Setup of a Suitable Assay System 
 

Tubulin was purified from bovine brain employing the assembly-disassembly procedure in 
high-molarity PIPES buffer (15). The final tubulin preparation was >99% pure as assessed by 
SDS-gel electrophoresis and essentially free of nucleoside diphosphate kinase (NDPK) 
activity as evidenced by the absence of any noticeable polymerization in the presence of 1.5 
mM ATP (see § 4.2.2, results not shown) (3). The nucleotide content of the tubulin 

preparation (50 µM) was <150 µM, i.e., the E-site was presumably saturated with GTP/GDP. 

Since we were interested in the effects of the GTP analogues relative to the parent nucleotide 
GTP, we chose conditions where tubulin assembly into microtubules is GTP-dependent and 
results in the formation of microtubules as the predominant polymer species. These 
constraints exclude the inclusion of high concentrations of glutamate, glycerol and DMSO, 
which are known to favour formation of aberrant polymer structures even in the absence of 
GTP (10, 26-29).   

Therefore, all subsequent tubulin assembly studies were performed in a low molarity 
PIPES buffer (80 mM PIPES/KOH pH 6.8, 1 mM MgCl2, 1 mM EGTA) without addition of 
any other solvents. Under these conditions, at least 0.5 mM GTP is required to obtain a 
typical sigmoidal-shape tubulin assembly curve, with higher GTP concentrations resulting in 
shorter lag times and a higher final plateau level of turbidity (data not shown). The curves 
apparently converge at concentrations >2 mM. To compare the effects of the GTP analogues 
with those of GTP, we investigated the ability of the analogues to induce assembly at a 
concentration of 1.5 mM, where tubulin assembly with GTP was optimal at the conditions 
employed.    
 
 
4.3.2 Effect of GTP Analogues on in vitro Assembly of Purified Tubulin 
 

The structurally diverse GTP analogues – all of them inhibitors of FtsZ – were probed for 
their effect on tubulin assembly employing a common turbidity assay (Figures 4.2A and B). 
Interestingly, some of the GTP analogues promoted tubulin assembly stronger than GTP 
itself, while others showed no visible assembly in the same assay and identical conditions.  

The tubulin turbidity plots obtained with the GTP analogues that were less active than 
GTP are shown in Figure 4.2B. While PyrrGTP, MorphGTP and PhGTP still supported 
assembly to some degree, NMePipGTP, cycloNMePipGTP and tBuGTP were essentially 
incapable to sustain polymerization under the conditions employed. 
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Figure 4.2: Effect of GTP analogues on in vitro assembly of purified tubulin monitored by a 
turbidity assay. (A) GTP analogues, which more potently promote assembly than GTP. (B) GTP 
analogues, which are less effective than GTP in promoting assembly. Curves are means of duplicate 
experiments, and error bars represent standard deviations. Briefly, the assay mixtures were prepared 
on ice in BRB80 buffer (80 mM PIPES/KOH pH 6.8, 1 mM MgCl2, 1 mM EGTA) and contained 50 

µM tubulin and 1.5 mM RGTP or GTP. Just before starting the experiments, the assay mixtures were 

carefully pipetted to the wells of a 96-well plate (duplicate for each nucleotide, 70 µl per well). The 

plate was transferred to the reader, which was pre-warmed to 37°C. A350 and the temperature was 

measured every 30s for 1 h. 
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Examination of the plots obtained with the assembly-promoting GTP analogues (Figure 
4.2A) shows that the assembly-promoting effects include a reduced lag time before assembly, 
a steeper slope and a higher final level of turbidity (see § 4.2.1). A summary of the numerical 
data is given in Table 4.1. Starting from the natural ligand GTP, which is the least potent of 
the series in Figure 4.2A, all the three properties tabulated increase/decrease in a parallel 
fashion in the series GTP < IGTP < OMeGTP < BrGTP > ClGTP, with ClGTP displaying 
about a 2.5-fold higher plateau level of turbidity, a 3.5-fold shorter lag time, and a 5.5-fold 
shorter t1/2 when compared to GTP. After reaching the maximum turbidity, all plots show a 
gradual decrease. This phenomenon is quite common for the GTP-dependent polymerization 
under these conditions and is indicative of the dynamic nature of the polymers, which is 
powered by continuous nucleotide hydrolysis (see below). 

To further exclude the possibility that the observed increase in turbidity is simply due to 
unspecific aggregation, we also tested the cold-reversibility of polymerization. After 
performing the assembly assays described in Figure 4.2A, the 96-well plate was cooled on 

ice, and ∆A350 was measured every 10 min. After 20 min, turbidity readings have returned to 

initial values (∆A350 = 0) with all analogues except with ClGTP, which even after 30 min still 

displayed a ∆A350 of 0.1. Upon warming to 37°C, an additional round of polymerization could 

be induced, although maximum turbidity values were generally about 0.1 units lower 
compared to the first cycle of assembly with the exception of ClGTP, which showed a 
reduction of 0.3 in the reassembly cycle (data not shown). The ability of the GTP analogues to 
induce the complete sequence of assembly-disassembly-reassembly strongly suggests that the 
polymers involved are functionally active microtubules. 
 

Table 4.1: Comparative Description of GTP Analogue Induced Tubulin 

Assembly Based on Numerical Data of lag time, t1/2, and final ∆A350  

Nucleotide Lag time (min) t1/2 (min) Plateau ∆∆∆∆A350 a) 

GTP 5.5 11.0 0.30 

IGTP 4.0 5.0 0.31 

OMeGTP 4.0 2.0 0.43 

BrGTP 2.5 8.5 0.48 

ClGTP 1.5 2.0 0.78 
 

This conclusion was confirmed by direct visualization of the polymers using 
immunofluorescence staining and fluorescence microscopy. Typical images of the polymers 
formed in the presence of GTP and the assembly-promoting GTP analogues are depicted in 
Figure 4.3. In general, the shape of the polymers formed in the presence of the GTP analogues 
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resemble those of the typical microtubules obtained in the presence of GTP, although the 
analogue-induced polymer network appears to be more dense and the mean length of the 
microtubules is apparently reduced. This is perfectly in line with the shorter lag times and t1/2 
values for the GTP analogue-induced tubulin assembly observed in the turbidity assay, which 
cooperatively point towards enhanced nucleation.   

 

 
Figure 4.3: Fluorescence microscopy images of microtubules formed in the presence of GTP and 
assembly-promoting GTP analogues, respectively. After the first cycle of assembly described in 
Figure 4.2A, aliquots of the assay mixtures were processed for immunofluorescence microscopy as 
described in the experimental section (§ 4.7). 

 
 

4.3.3 Nucleotide Hydrolysis During GTP Analogue Induced Tubulin Assembly 
in vitro   

Although studies with non- (or slowly) hydrolyzable GTP analogues have indicated that 
hydrolysis is not a requirement for tubulin assembly (31-33), it is important for the proper 
functioning of microtubules in the cell, which is based on ‘dynamic instability’ (§ 1.2.1). 
Therefore, when investigating the effect of novel regulators of tubulin function, the effect of 
these molecules on tubulin-catalyzed GTP hydrolysis needs to be considered. Among the
various compounds perturbing tubulin-catalyzed GTP hydrolysis, nucleotides are special 
since they are potential substrates for the tubulin GTPase function themselves and might 
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compete with GTP for binding and hydrolysis. Adenosine 5’-triphosphate (ATP), inosine 5’-
triphosphate (ITP), and xanthosine 5’-triphosphate (XTP), for example, induce tubulin 
polymerization and are substrates of the tubulin GTPase, although they possess a substantially 

weaker affinity for tubulin than GTP (3). Guanosine 5’-β,γ-imidotriphosphate (GMPPNP), 

guanosine 5’-β,γ-methylenetriphosphate (GMPPCP), and guanosine 5’-α,β-

methylenetriphosphate (GMPCPP), in contrast, induce tubulin polymerization even though 
they are not susceptible to hydrolysis (31-34). 

To check if the GTP analogues are substrates of the tubulin GTPase function, we 
determined the nucleotide composition of the assay mixtures after performing the assembly 
studies described in Figure 4.2. The results are reported in Figure 4.4. Apart from 
NMePipGTP, all GTP analogues are hydrolyzed. Hydrolysis is generally between 25 and 
35%, which is about 15% lower than observed with the natural substrate GTP. A notable 
exception is cycloNMePipGTP, which is hydrolyzed for only 14%. However, 
cycloNMePipGTP contains a 2’,3’-cyclic phosphate ester in addition to the common 5’-
triphosphate chain, and it is possible that the degradation product observed after the tubulin 
assembly assay is actually not the expected 5’-diphosphate, but a nucleotide arising from 
hydrolysis of the 2’,3’-cyclic phosphate. This hypothesis is further supported by the finding 
that NMePipGTP, the structural analogue of cycloNMePipGTP devoid of the cyclic 
phosphate moiety, is apparently not hydrolyzed by tubulin. 

HPLC analysis of the assay mixtures after the tubulin assembly studies yielded another 
surprising result. Apart from the expected GDPs, we also observed the formation of the 
corresponding GMP derivatives. In case of the strongly assembly-promoting analogues 
ClGTP, BrGTP, IGTP and OMeGTP, about 10% of the starting triphosphates ended up as the 
monophosphates, and ca. 20% were found as diphosphates (a RGDP/RGMP ratio of 2:1). The 
picture was different with GTP, where about 10% was hydrolyzed to GMP and 40% to GDP 
(a GDP/GMP ratio of 4:1). Substantially less RGMPs (ca. 5%) were observed with PyrrGTP 
and MorphGTP, while the total amount of RGTPs hydrolyzed was comparable to the strongly 
assembly-promoting analogues, resulting in a RGDP/RGMP ratio of 5:1. 

The formation of GMP as the final product of the tubulin-catalyzed GTP hydrolysis has 
been noted earlier in a publication dealing with the role of nucleotides in tubulin 

polymerization (35). Evidently, tubulin also catalyzes hydrolysis of the α,β-phosphate bond. 

From further investigations employing GTP and GDP analogues containing non-hydrolysable 

α,β- or  β,γ-phosphate bonds, GTP α,β-bond hydrolysis was inferred to play a role in 

microtubule depolymerization (35). Unfortunately, given the numerous open questions 
regarding microtubule assembly dynamics, this issue apparently has lost attention, and still 
remains controversial. 
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Figure 4.4: Nucleotide hydrolysis during GTP and GTP analogue induced in vitro assembly of 
purified tubulin as described in the legend of Figure 4.2. Immediately after the assays described in this 
figure, aliquots of the assay mixtures were frozen in liquid nitrogen and the nucleotide composition 
was analyzed by ion-exchange reversed-phase HPLC. Since RGTP hydrolysis results into the 
corresponding diphosphates (RGDPs) and monophosphates (RGMPs) as the only products, the full 
lengths of the bars are equal to the total percentages of RGTP hydrolysis. Control experiments in the 
absence of tubulin indicated that RGTP hydrolysis was negligible (< 1%) under these conditions, also 

with cycloNMePipGTP, which contains a 2’,3’-cyclic phosphate moiety in addition to the common 
5’-triphosphate chain (data not shown). 
 

Interestingly, the susceptibility of the GTP analogues towards tubulin-catalyzed 
hydrolysis does not seem to be directly related to their potency in the tubulin assembly assays. 
PyrrGTP, MorphGTP and PhGTP, which only weakly supported assembly, and even 
tBuGTP, which did not induce assembly at all, were still hydrolyzed during the tubulin 
assembly assay to a comparable extent as the strongly assembly-promoting analogues. 
Uncoupling of tubulin assembly and nucleotide hydrolysis, although unexpected at first sight, 
has been reported earlier for the ddGTP-induced assembly of purified tubulin in the absence 
of MAPs (36). In the latter study, onset of nucleotide hydrolysis preceded any visible 
assembly in the turbidity assay, and it was speculated that abortive nucleation or elongation 
events might be the underlying reason. Moreover, an intrinsic GTPase activity, which is not 
coupled to the addition of tubulin subunits to a growing microtubule, has also been described 
with the natural substrate GTP (6-8). Similar to the effects observed upon colchicine-binding 

to the tubulin α,β-heterodimer (6, 9), binding of the GTP analogues discussed in this thesis 

might stimulate the intrinsic GTPase of tubulin. 
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4.3.4 In vitro Tubulin Assembly and Nucleotide Hydrolysis in the Presence of 
Equimolar Mixtures of GTP and GTP Analogues 

  
 

Based on the results of the preceding section, our set of GTP analogues may be subdivided 
into three classes of analogues: strong stimulators of assembly, analogues which still promote 
assembly, but to a lesser extent than the natural ligand GTP, and GTP analogues apparently 
incapable to support assembly. As a first step towards the elucidation of the mode of action of 
these analogues, we addressed the question if the analogues compete with GTP for tubulin 
binding and tubulin-catalyzed nucleotide hydrolysis.  
 
 

 
Figure 4.5: Effect of equimolar mixtures of GTP and GTP analogues on in vitro assembly of 
purified tubulin monitored by a turbidity assay. Setup and conditions were as described in the legend 
of Figure 4.2. Mixtures contained 1.5 mM GTP and 1.5 mM GTP analogues (for the GTP trace: 1.5 
mM GTP only). For clarity reasons, error bars were omitted, and traces with nearly identical shapes 

(∆∆A350 < 0.015 at all time points) were presented as a hybrid trace (mean of both independent 

experiments). 
 

To this end, we studied tubulin assembly and tubulin-catalyzed nucleotide hydrolysis in 
the presence of both the GTP analogues and the natural ligand GTP. The results of tubulin 
assembly studies in the presence of equimolar amounts of GTP analogues and GTP are 
depicted in Figure 4.5. Clearly, the picture is very different from that obtained with the same 
amount of analogues in the absence of GTP (Figure 4.2). Concerning the strongly assembly-
promoting GTP analogues discussed in Figure 4.2A, all RGTP/GTP combinations appear to 
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be less effective in inducing tubulin assembly than the RGTPs alone, with the exception of 
OMeGTP/GTP, which shows essentially the same curve as OMeGTP in the absence of GTP 

(taking into account that maximum ∆A350 values were also about 0.05 lower for the GTP 

blanco in Figure 4.5 compared to Figure 4.2). Strikingly, while the turbidity curve obtained 
with ClGTP/GTP was equal to the trace obtained with GTP only, equimolar BrGTP/GTP and 
IGTP/GTP appeared to be even less effective than GTP only. MorphGTP and PhGTP, which 
poorly promoted assembly in the absence of GTP, only slightly inhibited the GTP-induced 
assembly in the competition studies. Among the GTP analogues, which did not support 
tubulin assembly itself, cycloNMePipGTP and NMePipGTP turned out to partly inhibit the 
GTP-induced assembly in the competition studies, and tBuGTP was the most potent inhibitor 
of the whole series of GTP analogues. 
 

 

Figure 4.6: Nucleotide composition of the assay mixtures after performing the tubulin assembly 
studies in the presence of equimolar GTP and GTP analogues described Figure 4.5. Analysis was 
performed as described in the legend of Figure 4.4. 
 

Nucleotide analysis of the assay mixtures after performing the competition experiments 
(Figure 4.6) revealed that generally both the RGTPs and GTP are hydrolyzed to nearly the 
same extent (15-25%), with the exception of NMePipGTP and cycloNMePipGTP. 
Apparently, the RGTPs investigated are equally good substrates for the tubulin GTPase than 
GTP itself, a finding further supported by the GTP hydrolysis of about 50-60% in the absence 
of competing nucleotides, i.e., the total molar amount of nucleotides hydrolyzed is the same in 
all experiments. Conversely, when comparing the hydrolysis of RGTPs in the absence and 
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presence of GTP (Figure 4.4 versus Figure 4.6), it is evident that RGTP hydrolysis is reduced 
when including equimolar GTP. The results obtained with NMePipGTP and 
cycloNMePipGTP in the competition studies (Figure 4.6) confirm those obtained in the 
absence of competing GTP (Figure 4.4). No hydrolysis was observed with NMePipGTP, and 
poor hydrolysis in the case of cycloNMePipGTP. In agreement with this result, both 
nucleotides were also not very effective in inhibiting tubulin-catalyzed GTP hydrolysis in the 
competition studies.  
 
 

4.4 DISCUSSION 
 

Although many investigations have addressed the effect of GTP analogues on tubulin 
assembly, most of these earlier studies involved ribose-modified (36) or phosphate-modified 
non-hydrolysable analogues (27, 31, 37, 38). A notable exception is a report on the effects of 
a series of base-modified purine nucleotides on tubulin polymerization (2, 39). Two of these 
nucleotides were actually C8-substituted GTP analogues, the cyclic 2’-deoxy-8,2’-S-GTP 
with a fixed high-anti conformation, and 8-Br-GTP (here referred to as BrGTP). While 2’-
deoxy-8,2’-S-GTP did not support assembly, BrGTP was reported to be slightly more 
effective in promoting polymerization than GTP itself (2). This result is in agreement with our 
present findings, although in the former investigation microtubule protein was used instead of 
purified tubulin. In addition, we found that ClGTP even more potently promoted assembly of 
purified tubulin, while IGTP was less effective than BrGTP, but still better than GTP. 
Interestingly, the assembly-promoting effects in the series of 8-halo-GTPs (i.e., ClGTP, 
BrGTP and IGTP, in the following referred to as “XGTPs”) decrease with increasing van-der-
Waals radius of the halogen substituent. Notably, apart from the XGTPs, also OMeGTP 
potently supported microtubule assembly.     

The effects of the XGTPs and OMeGTP on tubulin assembly and GTPase activity reveal 
several striking similarities with the results of earlier studies focused on deoxyguanosine 
nucleotide analogues (36). Like the XGTPs and OMeGTP, also the deoxyGTP analogues 
ddGTP, 3’-dGTP and 2’-dGTP displayed shorter lag times, higher final turbidity plateaus and 
shorter average microtubule lengths. Taken together, these observations all point towards 
enhanced microtubule nucleation. As with the deoxyGTPs, several lines of experimental 
evidence obtained with the XGTPs and OMeGTP strongly suggest competitive binding of 

these analogues to the β-tubulin E-site. First, all GTP analogues were found to be hydrolyzed. 

Second, nucleotide analysis after performing the tubulin turbidity assay in the presence 
assembly-supporting GTP analogues only (Figure 4.4) and analogues with equimolar GTP 
(Figure 4.6) revealed that approximately the same total amount of nucleotide triphosphates 
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(NTPs) was hydrolyzed in both experiments (taking into account that total NTP hydrolysis 
was also about 10% higher for the GTP blanco in Figure 4.4 compared to Figure 4.6), that is, 
GTP hydrolysis in the RGTP/GTP competition assays occurred at the expense of RGTP 
hydrolysis and vice versa. This observation is illustrated in Figure 4.6, which shows that GTP 
hydrolysis was reduced 2-3 fold when including equimolar RGTPs. The fact that the molar 
decrease of GTP hydrolysis was slightly larger than the corresponding increase in RGTP 
hydrolysis is compatible with the larger total hydrolysis of GTP only compared to hydrolysis 
in the presence of analogues only (Figure 4.4).   

Concerning the tubulin binding affinities of the analogues relative to GTP, the 
experiments described here only allow some indirect preliminary conclusions to be drawn. If 
GTP-binding is considerably more favourable than binding of the analogues, the assembly 
curves obtained in the tubulin turbidity assay in the presence of an equimolar mixture of 
RGTP/GTP are expected to be identical to the curve with GTP only. Conversely, if the GTP 
analogues possess a significantly higher binding affinity than GTP itself, the assembly curve 
should resemble the curve obtained with the analogues in the absence of GTP. Indeed, the 
OMeGTP/GTP trace was very similar to the trace obtained with OMeGTP in the absence of 
GTP, suggesting that OMeGTP has a higher binding affinity for tubulin than GTP. 

Surprisingly, however, neither of these two scenarios was observed with the assembly 
promoting XGTPs. Instead, inclusion of equimolar GTP into the XGTP-supported tubulin 
turbidity assay resulted in significantly lower activities than observed with the analogues 
alone, i.e., a later onset of polymerization, reduced rate of elongation (t1/2), and lower final 
level of turbidity (see Figure 4.5). These observations might suggest that the affinities of the 
analogues are not very different from GTP itself and that a mixture of GTP-bound and 
analogue-bound tubulin heterodimers does not polymerize efficiently. In other words, it is 
possible that XGTP-tubulin and GTP-tubulin form two pools that polymerize independently. 
The size of each pool is smaller than the total amount of tubulin, thus explaining the lower 
polymerization dynamics. Alternatively, ‘hybrid’-microtubules formed from GTP-charged 
and XGTP-charged tubulin heterodimers may be intrinsically less stable due to lateral contact 
instability. These explanations are, however, purely speculative, and more experiments are 
required to clarify this issue.  
 
 

4.5 CONCLUSION 
 

The investigations described in this chapter have indicated that the effects of the 8-substituted 
GTP analogues on tubulin function are very different from their effects on its prokaryotic 
homologue FtsZ described in the preceding chapter. While all GTP analogues were 
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essentially inhibitory on both FtsZ polymerization and its associated GTPase activity, effects 
on tubulin were more complex. Based on their potency in the tubulin assembly assays, three 
classes of GTP analogues may be distinguished. ClGTP, BrGTP, IGTP and OMeGTP more 
strongly support assembly than GTP itself. PyrrGTP, MorphGTP and PhGTP are significantly 
less effective than GTP, and NMePipGTP, cycloNMePipGTP and tBuGTP are essentially 
incapable to sustain assembly. All GTP analogues were found to be hydrolyzed during the 
tubulin assembly assays to approximately the same extent, independent of their effect on 
assembly. The only exceptions were NMePipGTP, which was not hydrolyzed at all, and 
cycloNMePipGTP, which was hydrolyzed to a significantly lower extent. Apart from the 
corresponding GDP analogues, also the related GMP derivatives were found in the assay 
mixtures after the tubulin assembly studies.   
Tubulin assembly studies in the presence of equimolar amounts of the strongly assembly-
promoting GTP analogues (RGTPs) and GTP revealed that all RGTP/GTP combinations were 
less effective in inducing tubulin assembly than the RGTPs alone, with the exception of 
OMeGTP/GTP, which yielded essentially the same curve as OMeGTP in the absence of GTP. 
These results together with the finding that GTP hydrolysis in the RGTP/GTP competition 
assays occurred at the expense of RGTP hydrolysis and vice versa are most compatible with 

competitive binding of these analogues to the β-tubulin E-site with ClGTP, BrGTP, and IGTP 

having equal or slightly lower affinity than GTP and OMeGTP having higher affinity than the 
endogenous ligand GTP. 
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4.7 EXPERIMENTAL SECTION  
 

Preparation of Tubulin. Tubulin was obtained from bovine brain tissue following a recently 
described improved method employing two cycles of polymerization-depolymerization in a high 

molarity PIPES buffer (15). According to SDS-gel electrophoresis, the tubulin consisting of α,β-

heterodimers was >99% pure and free of microtubule associated proteins (MAPs). The tubulin 

preparation was also free of NDPK activity, since ATP (150 µM) was unable to induce assembly. The 

total nucleotide content of the tubulin preparation as determined by HPLC-analysis (see below) was 

about 150 µM (74 µM AMP, 31 µM GDP, 45 µM GTP), i.e., the E-site was presumably saturated with 

GTP/GDP. The concentration of the final tubulin stock solution in BRB80 buffer (80 mM 
PIPES/KOH pH 6.8, 1 mM MgCl2, 1 mM EGTA) as determined by its absorbance at 280 nm (A280) 

using ε280 = 115,000 M-1cm-1 (15) was 25 mg/ml (250 µM).  
Nucleotide Stock Solutions. For the GTP analogues (RGTPs) and GTP, we employed the 10 mM 

stock solutions in HEPES-buffer (50 mM HEPES/NaOH pH 7.5, 50 mM KCl) prepared for the FtsZ 
studies (see chapter 3) with the concentration adjusted using the known molar UV extinction 
coefficients.  

Turbidity Assay. In vitro tubulin assembly was observed by measuring the change in light 
scattering at 350 nm (A350). The experiments were carried out in 96-well plates using a Spectramax 
(Molecular Probes)  spectrophotometer/platereader. Tests with each nucleotide were performed in 

triplicate, with a total volume of 70 µl per well. 250 µl of the assay mixtures, sufficient for the 

triplicates, were prepared on ice. The assay mixtures were prepared in BRB80 buffer and contained 50 

µM tubulin and 1.5 mM RGTP or GTP. Just before starting the experiments, the assay mixtures were 

carefully pipetted to the wells of a pre-cooled well plate to avoid any formation of air-bubbles. The 

plate was transferred to the reader, which was pre-warmed to 37°C. A350 and the temperature was 

measured each 30s for 1 h. Warming the plate to 37°C took about 2-3 min. To check the reversibility 

of assembly and to discriminate the turbidity from an unspecific protein precipitation, the plate was 
subsequently placed on ice and turbidity was checked every 10 min for 30 min. The GTP analogues 
that promote assembly more than GTP itself were assayed for their ability to induce an additional 

cycle of assembly by warming the plate to 37°C again and measuring turbidity development for 

another hour as in the first cycle. Data analysis was performed using Microsoft Office Excel and 
SigmaPlot V8.02 equipped with Enzyme Kinetics Module V1.1 (SPSS Inc., Chicago, IL).   

Immunofluorescence Staining and Microscopy. After the first cycle of assembly, for GTP and 

each of the strongly assembly-promoting RGTPs, 20µl-samples from representative wells were 

carefully added to 1 ml fixation buffer (1% Glutaraldehyde and 0.5% Triton-X-100 in BRB80 buffer), 
and centrifuged onto glass coverslips through 5 ml of a 20-30% glycerol cushion (resulting in a 

column of about 3-4 cm). After post-fixation with methanol at −20°C for 15 min, the polymers were 

washed with PBS (3×, fast), PBS+NaBH4 (1×, 5 min), PBS (2×, fast), PBST (PBS + 0.5% Triton) (1×, 

1 min), and incubated for 30 min with a monoclonal mouse anti-α-tubulin antibody (clone DM1A 

1mg/ml Sigma) 1/200 in PBST. Following additional washings with PBST (3×, 5 min), the polymers 
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were incubated for 30 min with a goat anti-mouse − Alexa488 conjugate (# A11001 IgG 2mg/ml 

Molecular probes) 1/1000 in PBST and rinsed with PBST (3×, 5 min). The coverslips were carefully 

dried and mounted on glass slides using the mounting liquid Fluorsave™ Reagent (Calbiochem). For 
the observation of samples and image acquisitions we used an Axiovert 200M microscope (Zeiss) 
coupled with a Coolsnap HQ camera (Roper Scientifics), driven by the Metamorph (Universal 
Imaging™ Corporation) software. 

HPLC studies. After 60 minutes, aliquots of the turbidity assay mixtures were frozen in liquid 
nitrogen and the nucleotide composition was determined by ion-exchange (reversed phase) HPLC 

analysis. Samples (50 µl) were thawed, diluted 1:10 with Millipore water and directly injected into the 

HPLC-system equipped with a Macherey-Nagel CC 125/4 Nucleosil 100-5 C18 HD column (0.4 x 
12.5 cm) and the corresponding guard column and eluted with a linear gradient of buffer A (5 mM 
NBu4H2PO4, 25 mM H3PO4/NH4OH in 95% water / 5% acetonitrile, pH 6.3) and buffer B (5 mM 
NBu4H2PO4 in 10% water / 90% acetonitrile) at 0.4 ml/min flow rate. Gradient details: 0 to 5 min: 0% 
B, 5 to 20 min: 0 � 35% B, 20 to 27 min: 35% B, 27 to 32 min: 35 � 0% B, 32 to 40 min: 0% B. 

Detection: UV absorption at the respective λmax of the GTP analogues and at 253 nm (λmax of GTP) 

using a Pharmacia LKB VWM2141 dual diode array variable wavelength detector. The peaks in the 
HPLC chromatograms were assigned to specific nucleotide species by comparing the retention times 
with known standards obtained on the same day (when necessary) and/or by making use of the ratio of 

the areas of each peak at λmax of the analogue and at 253 nm (Aλmax/A253), that is, peaks with Aλmax/A253 

> 1 were identified as GTP analogues and their hydrolysis products. Unfortunately, retention times for 
the same nucleotide species varied as much as 2 min for HPLC runs on different days (possibly related 
to temperature fluctuations). Representative retention times (tR in min) standardized to conditions 
where GTP results in a retention time of 22.5 min are as follows: GTP (22.5), GDP (18.4), GMP 
(10.8); OMeGTP (22.9), OMeGDP (19.1),  OMeGMP (12.0); ClGTP (23.80), ClGDP (20.8), ClGMP 
(15.7); BrGTP (23.9) BrGDP (20.9), BrGMP (15.8); IGTP (24.0), IGDP (21.1), IGMP (16.1); 
PyrrGTP (24.0), PyrrGDP (21.4), PyrrGMP (17.2); MorphGTP (23.3), MorphGDP (20.0), 
MorphGMP (14.6); PhGTP (25.0), PhGDP (22.9), PhGMP (19.6); t-BuGTP (24.6), t-BuGDP (22.4), t-
BuGMP (18.9); NMePipGTP (17.4); cycloNMePipGTP (21.9), cycloNMePipGDP or another product 
resulting from hydrolysis of the 2’,3’-cyclic phosphate moiety (17.6).  
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CHAPTER 5 
 

From Inhibitors of in vitro FtsZ Function to 
Potential Antibiotics:  

 

Design, Synthesis and Antibacterial Activity 
of Possible Prodrugs for GTP Analogues 

 

ABSTRACT 
 

The GTP analogues (IV) discussed in the preceding chapters, some of which strongly 
inhibited in vitro FtsZ assembly, did not show any antibacterial activity, presumably due to 
ineffective uptake across the bacterial cell envelope. To address this problem, several 
nucleotide prodrug approaches were discussed (see below), and the cycloSal-GMP analogues 
were selected for further evaluation.  

Synthesis of selected 8-substituted cycloSal-GMPs (I) from the corresponding unprotected 
guanosine derivatives (II) was performed by an optimized protocol based on published 
procedures for other antiviral nucleoside analogues. Remarkably, the improved procedure 
provided reasonable yields and displayed good selectivity even though all guanosine 
derivatives contained a mature ribose moiety with three potential phosphorylation sites. 

Antibacterial evaluation of the cycloSal-GMP derivatives has revealed that E. coli is not 
susceptible at all, while growth of B. subtilis in minimal medium is inhibited with MICs in the 
micromolar range. Unfortunately, however, the antibacterial activity turned out not to be 
related to the intracellular delivery of the 8-substituted GMPs (III).  
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5.1 GENERAL INTRODUCTION 
 

The research described in this thesis has resulted in the discovery of a number of GTP-
analogues that inhibit in vitro FtsZ-assembly (see chapter 3). To target FtsZ in intact bacteria, 
the compounds need to cross the cell envelope, which is practically impermeable for the 
highly polar, negatively charged nucleotides. Intracellular delivery of nucleotides can be 
achieved by employing nucleotide prodrugs or the corresponding nucleobase and/or 
nucleoside precursors, which are possibly taken up by active transport systems. 

The design of antibacterial agents based on the structure of the GTP-derivatives, which 
have proven active inhibitors of in vitro FtsZ assembly requires both a thorough 
understanding of the mechanisms governing bacterial uptake of nucleobases, nucleosides, 
nucleotides and their analogues and a detailed knowledge of the bacterial metabolic pathways 
involving these molecules (for reviews, see references (1-3)). In the following, the currently 
available data on these issues is briefly reviewed and several approaches for the design of 
antibacterial molecules based on the structure of the GTP analogues showing inhibition of in 

vitro FtsZ assembly are proposed (§ 5.2). One of the approaches is the intracellular delivery 
of GMP-analogs via lipophilic prodrugs containing a masked phosphate group. From the 
numerous NMP-prodrug concepts described, the cycloSal pronucleotide approach was 
selected, and several cycloSal-protected GMP-analogs were prepared (§ 5.3). This chapter 
concludes with the antibacterial evaluation of the proposed nucleotide prodrugs (§ 5.4). 
 
 

5.2 BACTERIAL MEMBRANE PERMEABILITY AND PURINE 
METABOLISM: DESIGN OF POTENTIAL PRODRUGS FOR GTP 
ANALOGS 

 

5.2.1 Structure of the Bacterial Cell Envelope 
 

The permeability of the bacterial cell envelope towards drug-like molecules is quite different 
for Gram-positive and Gram-negative bacteria, a fact directly related to the different structure 
of their cell envelopes (Figure 5.1). The most striking difference between the two types of 
bacteria is the presence of an outer membrane in Gram-negative bacteria. Besides, although 
the cytoplasmic membrane and the peptidoglycan layer are a common feature of both Gram-
negative and Gram-positive bacteria, the peptidoglycan wall is substantially thicker in Gram-
positive bacteria. The permeability barriers formed by the components of the bacterial cell 
envelope have been reviewed (4-7), and are briefly summarized below. 

The peptidoglycan layer, although mechanically strong, is quite porous and does not 
form a major obstacle to most antibiotics. Globular hydrophilic molecules up to 25 kDa freely 
pass through the peptidoglycan wall, and even proteins up to 50 kDa may possibly enter (8). 
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Figure 5.1: Schematic illustration of the cell envelopes of Gram-positive (top) and Gram-

negative bacteria (bottom). Courtesy of Dr. T. den Blaauwen. 
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The outer membrane of Gram-negative bacteria, in contrast, forms a very efficient 
barrier for many antibiotics. An unusual feature of the bacterial outer membrane is its 
asymmetric structure with phospholipids on its inner surface and predominantly 
lipopolysaccharides in its outer leaflet (Figure 5.1). Drug molecules may cross the outer 
membrane either by dissolving in the lipid matrix (“the hydrophobic pathway”) or by 
diffusion through aqueous pores (“the hydrophilic pathway”). The latter route is the dominant 
pathway for antibiotics, since most of them are hydrophilic, and there have been doubts if the 
hydrophobic pathway plays a significant role at all, since the hydrophobic core of the outer 
membrane is actually shielded by the hydrophilic, negatively charged polysaccharide tails. In 
studies with steroids, the outer membrane displayed 10-100 fold slower rates of permeation 
compared with ordinary phospholipid bilayers (9). The uptake of drug-molecules through the 
porins, a specialized group of proteins that form transmembrane pores, depends on the drug’s 
physicochemical properties. Neutral or positively charged molecules, such as ampicillin and 
imipenem, are taken up easily, while negatively charged molecules (e.g., carboxypenicillins) 
are absorbed very slowly. Moreover, uptake is also facilitated by increasing hydrophilicity 
and low molecular weight of the antibiotics, with molecules >800 Da such as vancomycin and 
highly hydrophobic antibiotics such as actinomycin D being essentially excluded (10).  

The cytoplasmic membrane, finally, is a common part of the cell envelope of all 
bacteria. In contrast to the outer membrane, the cytoplasmic membrane is an ordinary 
phospholipid bilayer structure found in most biological membranes. Passage through the 
cytoplasmic membrane may occur both by active transport or by passive diffusion. Active 
transport mediated by specific carrier proteins has been reported for many antibiotics such as 
aminoglycosides, tetracyclines, and cycloserine. In contrast to active transport, actually all 
drug molecules of sufficient hydrophobicity may cross the cytoplasmic membrane by passive 
diffusion. 
 
 

5.2.2 Nucleoside and Nucleobase Transporters 
 

Like for many other biologically important molecules, bacteria possess specialized transport 
systems for the uptake of nucleosides and nucleobases, which allow accumulation of these 
molecules against a concentration gradient (11). Apart from naturally occurring nucleosides, 
these nucleoside transporters may also provide a route of entry for cytotoxic nucleoside 
analogues. Examples of nucleoside antibiotics have been known for decades (12), but many 
recent publications (13-15) and patents (16, 17) indicate a recurrent interest in these class of 
compounds. The broad target host range of nucleoside antibiotics is exemplified by the 
antibacterial activity of the anti-HIV drug 3’-azido-3’-deoxythymidine (AZT), which has 
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proven active against secondary infection by bacterial pathogens, such as E. coli and 
Salmonella typhimurium (18, 19). 

Although the identification and characterization of nucleoside and nucleobases 
transporters in bacteria is far from completed, considerable progress has been made in the past 
years, and several proteins in E. coli and other bacterial model systems have been 
characterized.  

In E. coli and other Gram-negative bacteria, nucleoside transport across the outer 
membrane is mediated by the nucleoside-specific porin Tsx (20). Once in the periplasmic 
space, the nucleosides are transferred across the cytoplasmic membrane by two principal 
nucleoside transport systems, NupC and NupG, which have first been identified in E. coli 
K12 (21). Nucleoside permease cytidine (NupC) is a specific transporter of pyrimidine and 
adenine nucleosides, while NupG accepts both pyrimidines and purine nucleosides including 
guanosine and inosine (22, 23). NupC and NupG transporters are present in the majority of 
bacteria, including B. subtilis (24).  

Active transport across the cytoplasmic membrane has also been described for 
nucleobases. Nucleobase transporters are found in nearly all cell types, ranging from 
mammalian cells to plants, fungi and bacteria (for a recent review, see reference (25)). 
Regarding the bacteria, nucleobase transport has mainly been studied in E. coli and Bacillus 
species. In E. coli, distinct uracil (uraA), cytosine (codB) and adenine (purP) uptake systems 
have been found (26-28). In B. subtilis, uracil (pyrP), xanthine (pbuX) and guanine-
hypoxanthine (pbuG) uptake systems have been identified (29, 30). However, the list of 
nucleobase transporters is far from complete, and the nucleoside specificity towards synthetic 
nucleobase analogues still remains to be determined.  
 
 

5.2.3 Biosynthesis of Nucleotides from Nucleosides and Nucleobases in Bacteria 
 

In general, bacteria have access to nucleotides via two principally different pathways: de novo 
synthesis of nucleotides or uptake and recycling of nucleotides or derivatives from the 
environment. De novo synthesis of both purines and pyrimidines first results in an 
intermediate nucleoside 5’-monophosphate, which is IMP for purines and UMP for 
pyrimidines. This key intermediate is then converted to the other purine and pyrimidines 
nucleosides, respectively.  

The second pathway, the recycling of external nucleotides, nucleosides and nucleobases 
from the environment via salvage pathways, is obviously more important to solve the issue 
addressed in this section and deserves to be considered in more detail. The main enzymes 
involved in the interconversion of nucleobases, nucleosides and nucleotides and the 
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nucleoside/nucleobase transporters are summarized in Scheme 5.1. External nucleotides 
arising from degradation of nucleic acids in nature, are first dephosphorylated externally by 
nucleotidases to the corresponding nucleoside. Nucleosides and nucleobases may then be 
taken up by specific transport proteins (see above). Within the cytoplasm, both nucleosides 
and nucleobases may be enzymatically converted to the corresponding nucleoside 5’-
monophosphates (NMPs), which are optionally further phosphorylated to nucleoside 5’-
diphosphates (NDPs) and nucleoside 5’-triphosphates (NTPs).  
 

 
 

Scheme 5.1.  Salvage pathways of external nucleotides, nucleosides and nucleobases in 
bacteria.  

 

The biosynthesis of NMPs from nucleobases is accomplished by 
phosphoribosyltransferases, which use the activated substrate phosphoribosyl pyrophosphate 
(PRPP). Phosphoribosyltransferases are very common in bacteria and, in general, bacteria 
possess multiple versions of this enzyme. E. coli, e.g., contains three purine 
phosphoribosyltransferases; adenine phosphoribosyltransferase (APRT, EC 2.4.2.7), 
xanthine-guanine phosphoribosyltransferase (XGPRT, EC 2.4.2.22), and hypoxanthine 
phosphoribosyltransferase (HPRT, EC 2.4.2.8) (2, 31) (for a review, see reference (32)). 

Nucleosides may either undergo direct 5’-monophosphorylation to the corresponding 
NMPs, a reaction catalyzed by nucleoside kinases, or first be degraded to the corresponding 
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nucleobases and ribose-1-phosphate by action of nucleoside phosphorylases. The 
nucleobases may then be transformed to the corresponding NMPs by action of 
phosphoribosyltransferases as described above. Bacteria usually contain two ribonucleoside 
kinases, one specific for adenosine and the other specific for the pyrimidine nucleosides. 
Exceptions include E. coli and several other bacteria, which possess guanosine-inosine kinase 
(EC 2.7.1.73) instead of adenosine kinase (33, 34). Nucleoside phosphorylases are subdivided 
into two major groups based on their substrate specificity, the purine nucleoside 
phosphorylases (PuP) and the pyrimidine nucleoside phosphorylases (PdP). They are present 
in most bacteria, including E. coli (35, 36) and B. subtilis (37). 

Biosynthesis of NTPs and NDPs is performed by enzyme-catalyzed stepwise 
phosphorylation of NMPs. The first step, phosphorylation of NMPs to NDPs is catalyzed by 
nucleoside monophosphate kinases (NMPKs). Four nucleotide-specific enzymes have been 
identified. Although present in the majority of bacteria, the enzymes from E. coli have been 
the primary target of investigators, more specifically: CMP and UMP kinase (38, 39), GMP 
kinase (guanylate kinase, Gmk, EC 2.7.4.8) (40, 41) and AMP kinase (adenylate kinase, Amk, 
EC 2.7.4.3) (42, 43). 

NDPs may be further phosphorylated to the corresponding NTPs, a reaction primarily 
catalyzed by the enzyme nucleoside diphosphate kinase (NDPK, Ndk, EC 2.7.4.6). The 
enzyme is found in all cells and NDP kinase gene sequences show a high degree of similarity 
even between eukaryotic and bacterial sources (44, 45). NDPK has been purified and 
characterized from various bacterial strains (46, 47), including E. coli (48), B. subtilis (49). 
Apart from NDPK, at least three other enzymes are capable to phosphorylate NDPs to the 
corresponding NTPs: pyruvate kinase, adenylate kinase and polyphosphate kinase. Pyruvate 
kinase (Pyk) has been shown to catalyze the phosphoenolpyruvate-dependent 
phosphorylation of NDPs in E. coli (50). Adenylate kinase, apart from carrying out the 
phosphorylation of AMP (see above), has proven capable to complement NDPK deficiency in 
nucleotide metabolism (51). Polyphosphate kinases, finally, which are normally involved in 
the synthesis of inorganic polyphosphates from ATP, have also been shown to catalyze the 
phosphorylation of NDPs at the expense of the terminal phosphate of a polyphosphate chain 
(52-54).   
 
 

5.2.4 Prodrug Strategies 
 

As might be evident from the preceding discussion, nucleobases, nucleosides and nucleotides 
form a special class of molecules, since they are ubiquitous in biological systems and interact 
with numerous targets ranging from enzymes involved in their interconversion and in 
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DNA/RNA metabolism to specific receptors regulating vital physiological functions. 
Consequently, when developing drug molecules based on nucleobases and their 
ribosylated/phosphorylated derivatives, selectivity issues deserve special attention.   

For the goal of the research described in this chapter, the design of prodrugs for the 
delivery of FtsZ-inhibiting GTP analogues, this implies that a suitable prodrug should provide 
the final active GTP analogue in as less as possible and preferably non-enzymatic steps. Of 
course, these are the general characteristics of a good prodrug, but in the case of nucleobases 
and derivatives, these issues are even more important. 

Obviously, the most ideal prodrug would directly deliver the mature GTP analogue, which 
could be achieved by employing several cleavable hydrophobic phosphate masking groups, 
e.g. in the form of mixed acyl-phosphate esters. Such a prodrug is expected to minimize 
possible interference with other proteins, which specifically recognize nucleosides and/or 
nucleobases only. Unfortunately, the development of these type of NTP prodrugs containing a 
mature triphosphate moiety is just beginning to emerge, and a broader application has been 
hampered by several drawbacks of the compounds prepared so far, such as insufficient 
stability in culture media (55). The closest alternative, phosphate-protected NDP analogues, 
showed similar shortcomings and are not further explored here.  

Phosphate-protected antiviral and cytostatic NMP analogues, in contrast, have received 
huge attention in recent years, since they have proven effective prodrugs for the intracellular 
delivery of the corresponding NMP analogues (for reviews, see references (56, 57)). 
Compared to the conventional antiviral and cytostatic nucleoside analogues, the 
corresponding NMP analogues hold several advantages. In general, the nucleoside analogues 
need first to be converted to the 5’-triphosphates before being active inhibitors of the target 
enzymes. This can only be achieved if the nucleoside analogues are substrates of the cellular 
kinases. Especially the first phosphorylation step, which is catalyzed by nucleoside kinases 
and/or 5’-nucleotidases, does not occur efficiently with many antiviral nucleoside analogues. 
Prodrugs of the corresponding NMP analogues, which directly liberate the nucleoside 5’-
monophosphates, effectively bypass the first kinase-catalyzed phosphorylation and have 
proven superior to the parent nucleosides in many cases (58, 59). Apart from increased uptake 
and bioavailability, NMP prodrugs also display an increased specificity and a reduced 
toxicity, because of a smaller range of potential target proteins and the avoidance of toxic side 
products resulting from the intracellular phosphorylation in the case of nucleosides. 

From the variety of currently described NMP prodrug approaches containing a masked 
phosphate group, we have chosen the cycloSal approach (see below). Due to their comparably 
high hydrophobicity, the cycloSal-GMP analogs are expected to pass the bacterial cell 
envelope predominantly via the non-specific “hydrophobic pathway”, i.e. by passive 
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diffusion. This pathway is known to be very inefficient in Gram-negative bacteria due to their 
outer membrane. Consequently, Gram-negative species such as E. coli are anticipated to be 
considerably less susceptible to the hydrophobic cycloSal-GMP analogs than the Gram-
positive bacteria such as B. subtilis.  
       Beside the GTP-, GDP- and GMP-based prodrugs, the corresponding guanines and 
guanosines itself might also act as potential prodrugs for the FtsZ-inhibiting GTP analogues. 
However, this option is definitively not the first choice, since various undesired side effects 
may be expected due to possible interference of these compounds with numerous enzymes 
involved in the metabolism of nucleosides and nucleobases. Nevertheless, we did not 
completely exclude this approach and performed some preliminary investigations to assess its 
potential.     
 
 

5.2.5 Theoretical Evaluation of the Proposed Prodrug Strategies: Chances and 
Difficulties 

 

All prodrug-approaches discussed so far are only effective if the 8-substituted GMP analogues 
(in the following referred to as RGMPs) are in fact enzymatically converted to the 
corresponding RGTP analogues.  

The second of the two sequential phosphorylations (RGDP � RGTP) is expected to 
proceed smoothly. Firstly, nucleoside diphosphate kinase (NDPK) is known to accept a wide 
range of both phosphate-donor and phosphate-acceptor nucleotides, particularly regarding the 
nucleobase (46, 49, 60). The enzyme actually accepts both purine and pyrimidine nucleotides, 
and even nucleobase- and ribose-modified synthetic nucleotide analogs with antiviral activity 
(15, 61, 62). Secondly, apart from NDPK, at least three other enzymes are possibly capable to 
perform the RGDP� RGTP conversion (see above).  

In contrast, the nucleoside monophosphate kinases (NMPK), which catalyze the NMP � 
NDP phosphorylation, are expected to be more specific, based on the characterization of the 
enzymes from E. coli. From the four nucleotide-specific enzymes in this organism, CMP, 
UMP and GMP kinase turned out to be very selective both with respect to phosphoryl-donor 
and phosphoryl-acceptor nucleotides (38-41). Only E. coli AMP kinase (adenylate kinase, 
Amk, EC 2.7.4.3) displays a considerably broader substrate selectivity, especially regarding 
the phosphoryl donor. Apart from dATP and GTP, even pyrimidine nucleoside triphosphates 
and synthetic nucleoside analogs such as 8-azidoATP may substitute for ATP. Although the 
permissible structural variations for the phosphoryl acceptor are considerable smaller, 2’-
AMP, 3’-AMP, AraAMP and even 7-deazaadenosine-5’-monophosphate (tubercidine-MP) 
were able to replace 5’-AMP as substrate (42, 43). Unfortunately, 8-bromo-AMP is neither a 
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substrate nor an inhibitor of the E. coli enzyme (42). Nevertheless, some of the 8-substituted 
GMP analogs discussed in this thesis could well be substrates of an NMPK, or could be 
phosphorylated by a yet undescribed enzymatic route. 2-methyladenosine, e.g., is also 
efficiently metabolized to the corresponding mono-, di- and triphosphates in Mycobacterium 

smegmatis (15), a quite surprising finding given the generally found substrate specificity of 
the E. coli NMPK enzymes, especially with respect to the phosphoryl acceptor. 

Apart from GTP-, GDP-, and GMP-based prodrugs, also the corresponding guanines and 
guanosines have been suggested as potential prodrug alternatives (see preceding section). 
Beside the requirements discussed above, the guanine and guanosine analogues need also be 
accepted by the nucleobase or nucleoside transporters and must be substrates for the enzymes 
involved in their transformation to the corresponding GMP analogues. Guanine and guanosine 
analogs are complementary pathways, since both transport and metabolic activation up to the 
level of the corresponding GMP analogs are performed by different enzymes (see above). 
Guanine analogs are presumably taken up by the nucleobase transporters and subsequently 
converted to the GMP analogs by action of a phosphoribosyltransferase (guanine pathway). 
In contrast, guanosine analogs are expected to enter the bacterial cell via the nucleoside 
transporters and may be directly phosphorylated to the corresponding GMP analogs by a 
nucleoside kinase (guanosine pathway). In addition to the two separate pathways for guanine 
and guanosine analogs, nucleoside phosphorylases offer a third opportunity for the generation 
of GMP analogs in the cell by interconnecting the two metabolic routes by using the 
nucleoside transporter of the guanosine pathway and the enzyme phosphoribosyltransferase of 
the guanine pathway. Notably, the nucleoside phosphorylase pathway (guanosine/guanine 
pathway) would allow production of GMP analogs even in case that, at the same time: a) the 
guanine analogs itself are not accepted by the nucleobase transporters and b) the guanosine 
analogs are not substrates for the nucleoside kinases. 

Among the three E. coli purine phosphoribosyltransferases, XGPRT and HPRT are 
potential candidates for the phosphoribosylation of 8-substituted guanine analogues, since 
they accept guanine and a number of modified nucleobases (63-65). HPRT, e.g., also accepts 
6-mercaptopurine and 8-aza-2,6-diaminopurine, whereas 6-thioguanine and 2-amino-6-
chloropurine are substrates for XGPRT (66). Similar phosphoribosyltransferases were also 
identified in B. subtilis (30, 67). 

Compared to the guanine pathway, the guanosine pathway is expected to be more 
problematic, at least in E. coli. This is because of the stringent substrate specificity of the 
guanosine-inosine kinase in E. coli. In contrast to pyrimidine kinase, which even 
phosphorylates the synthetic nucleoside 3’-azido-3’-deoxythymidine (AZT) (62), guanosine-
inosine kinase does not accept modified guanosines such as acyclovir, and not even adenosine 
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(33). Many other bacteria, however, possess adenosine kinase instead of guanosine-inosine 
kinase. Adenosine kinase generally accepts a wider range of substrates. The enzyme from 
Mycobacterium smegmatis, e.g., even metabolizes 2-methyladenosine (15).  

To follow the guanosine/guanine pathway, finally, the 8-substituted guanosines need not 
only to be substrates for a purine phosphoribosyltransferase (see above), but also for purine 
nucleoside phosphorylase. The latter is expected to be true for at least some of the guanosine 
analogues, since the E. coli enzyme has been shown to accept all natural nucleosides 
including a number of synthetic analogues (68). An extensive study has revealed that various 
8-substituted guanosines including 8-methyl, 8-chloro-, and 8-bromoguanosine are even 
substrates for the mammalian purine nucleoside phosphorylase (69, 70), a fact illustrating the 
potential weakness of nucleobase and nucleoside prodrugs due to interference with eukaryotic 
pathways.    
 
 

5.3 CYCLOSAL-PROTECTED GMP ANALOGS: CONCEPT AND 
SYNTHESIS 

 

5.3.1 Concept 
 

At present, the majority of nucleoside analogs approved for clinical use are in the field of 
antiviral or anticancer chemotherapy. The bioactive species of these drugs are actually the 
corresponding nucleoside-5’-triphosphates, which must first be synthesized involving several 
cellular enzymes. The mammalian enzymes are generally more selective than their bacterial 
counterparts. Especially the first step, the 5’-monophosphorylation of nucleoside analogs, 
does not occur efficiently in many cases, significantly reducing the potency of these drugs. 
Since the high polarity of the corresponding nucleoside 5’-monophosphate analogs precludes 
their cellular uptake, various nucleotide prodrug approaches involving lipophilic phosphate 
masking groups have been devised (for recent reviews, see references (56, 57, 71, 72)). Two 
principally different pro-nucleotide approaches may be distinguished, those requiring 
enzyme-catalyzed cleavage of the masking group and those relying on selective chemical 
hydrolysis of the phosphate protection group. The former approach is very much species-
dependent, since it depends on the level and specificity of the enzyme(s) catalyzing the 
removal of the masking group, such as carboxyesterases, phosphodiesterases or 
phosphoramidases. In contrast, approaches involving selective chemical hydrolysis of the 
masking group are supposedly more generally applicable.  
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Scheme 5.2: The hydrolysis pathway of cycloSal-phosphate triesters (B: heterocyclic organic base, 
X: substituent, R: H or OH) 

 

An especially useful approach of the latter class is the cycloSal-pronucleotide concept, 
which allows regulation of the hydrolysis half-lives by selection of suitably modified 
cycloSal-masking groups (for recent reviews, see references (73, 74)). The rationale of the 
cycloSal pronucleotide concept is based on the earlier reported difference in hydrolytic 
stability of phenyl- (75) and benzylphosphotriesters (76), which are hydrolyzed by entirely 
different mechanisms (reviewed in reference (74)). The proposed hydrolysis pathway of 
cycloSal-NMP phosphotriesters has been verified by NMR-spectroscopy (77) (Scheme 5.2). 
CycloSal-NMP (I) contains three different types of phosphate ester bonds, a phenyl- and 
benzyl-ester formed with the masking group and an alkyl-ester resulting from attachment of 
the nucleoside. The alkyl ester is the most stable ester bond. Also the benzyl ester is relatively 
stable as long as the electron withdrawing phosphate ester is present at its ortho position. The 
phenyl-ester is the most labile of the three ester bonds and is cleaved selectively in the initial 
activation step (step a) via a bimolecular nucleophilic substitution mechanism at phosphorus 
(SNP) to yield the 2-hydroxybenzylphosphodiester (II), which is resonance-stabilized by the 
aromatic ring. As a consequence, the substituent ortho to the benzyl group switches from a 
very weak electron donor (phosphate) to a strong electron donor (hydroxyl) resulting in 
activation of the remaining masking group towards an SN1-type cleavage of the benzyl ester 
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(step b). The spontaneous C-O bond cleavage, which finally yields the free NMPs (III) and 
salicylalcohols (V) presumably proceeds via zwitterion (IVa) or 2-quinonemethide 
intermediates (IVb) followed by water trapping (step b’). The release of free NMPs from the 
cycloSal-NMP precursors is directly governed by the rate of hydrolysis of the phenyl ester, 
which in turn depends on the substitution pattern of the cycloSal moiety. As expected from 
the reaction mechanism, electron-withdrawing substituents X (Scheme 5.2) accelerate the 
hydrolysis, while electron-donating substituents X result in longer hydrolysis half-lives (58, 

77, 78).  
Although the phenyl-ester cleavage is generally preferred above benzyl-ester cleavage, 

31P-NMR studies have indicated that also phenyl phosphate diester (II) is formed. 
Interestingly, in a series of pronucleotides modified in the cycloSal moiety, the amount of 
phenyl phosphate diester formed parallels the stability of the phenyl ester. Unfortunately, 
further degradation of the diesters (II) to the free NMPs (III) by chemical or enzymatic 
means has not yet been observed (74). Although the cycloSal hydrolysis mechanism was 
originally investigated with the 2’,3’-dideoxy-2’,3’-didehydrothymidine derivative (77), 
cycloSal nucleotides containing a 3’-hydroxyl group on their ribose moiety such as (E)-2-
bromovinyl-2’-deoxyuridine showed the same mechanism, indicating that formation of 3’,5’-
cyclic phosphate does not occur (79).    
 
 
5.3.2 Synthesis 
 

Introduction 
CycloSal-pronucleotides have been synthesized via two very different approaches applying 
phosphorus(III)- or phosphorus(V)-chemistry, respectively (Scheme 5.3). The first route 
entails reaction of the unprotected nucleosides (VI) with the reactive cycloSal-
chlorophosphanes (VII), which are previously prepared from the corresponding salicyl 
alcohols and phosphorus trichloride. This results in the cycloSal-NMP phosphite esters 
(VIII), which are oxidized to the cycloSal-NMP phosphate esters (I) with t-butyl 
hydroperoxide. The second route employs phosphorus(V)-chemistry and involves reaction of 
the unprotected nucleosides (VI) with phosphorus oxychloride to yield the intermediate 
dichlorophosphates (IX), which are further reacted with the salicyl alcohols to the desired 
cycloSal-NMPs (I).   

In general, substantially better yields were obtained with the more reactive 
phosphorus(III) chemistry, while diastereoselectivity at the phosphorus center could not be 
achieved using either of the two methods (80). In the case of adenosine- and guanosine-
derivatives, phosphorylation may also occur at the exocyclic amino group of the heterocyclic 
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base. In practice, however, N-phosphorylation did not occur to a large extent with guanine 
nucleosides (59), and could be minimized in the case of adenine nucleosides by using 
optimized reaction conditions (81).  
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Scheme 5.3: The two alternative synthetic pathways towards cycloSal-NMPs (B: heterocyclic 
organic base, X: substituent, R: H or OH) 

 

The preparation of cycloSal derivatives of most antiviral drugs is simplified by the fact 
that most antiviral nucleoside derivatives contain dideoxyriboses or otherwise truncated 
ribose fragments with only a single hydroxyl group. In the case of a mature ribose moiety 
containing three different hydroxyl groups like in 8-substituted guanosine derivatives, 
however, regioselectivity becomes a complicating issue. Synthetic studies towards cycloSal-
protected 2’-deoxy-5-fluorouridinemonophosphates (5-FdUMPs), the phosphoribosylated 
derivatives of the popular anticancer drug 5-fluorouracil (5-FU) only partly addressed this 
issue. 2’-Deoxy-5-fluorouridine contains both a 5’-OH and a 3’-OH-group, and 
phosphorylation may principally occur at either site. In practice, phosphorylation 
preferentially occurred at the 5’-OH, resulting in only two major products, the desired 5’-
cycloSal-FdUMP and 3’,5’-biscycloSal-FdUMP. Approaches based on phosphorus(V) 
chemistry seem to favor 5’-monophosphorylation. 5:1 ratios of  5’-cycloSal / 3’,5’-
biscycloSal are observed using phosphorus(V)-chemistry (82), while 3:1 ratios were obtained 
with phosphorus(III)-chemistry (83). Unfortunately, however, yields were not reported in the 
former publications (82, 83), but for the more recently described synthesis of a cycloSal-2’-
deoxyuridine derivative, the authors preferred phosphorus(III)-chemistry suggesting higher 
yields of this route (79). Also with various other nucleoside derivatives, yields obtained with 
the phosphorus(III)-route were consistently significantly higher than those achieved with 
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phosphorus(V)-chemistry (80), and the former approach appears to be the method of choice in 
the case of purine nucleoside derivatives (58, 59, 78).  
 

Results and Discussion 
The promising results obtained with various purine nucleoside derivatives (58, 59, 78) 

prompted us first to attempt the synthesis of the cycloSal-protected 8-substituted guanosine 
monophosphates via phosphorus(III)-chemistry. To optimize the reaction conditions and to 
get an impression of the hydrolytic half-lives of cycloSal-GMP derivatives, we initially used 
the most simple cycloSal-moiety without any substituents. The required reactive cycloSal-
chlorophosphane (17) was prepared by reacting 2-hydroxybenzyl alcohol with phosphorus 
trichloride in the presence of pyridine as described (84) (Scheme 5.4). Next, the optimal 
reaction conditions had to be established. As a starting point, we used the conditions 
described for the synthesis of cycloSal-5’-O-(2’,3’-dideoxyadenosinyl)phosphate (58) and 
cycloSal-acyclovir monophosphate (59) with 8-bromoguanosine as model compound. 
Although the desired product was formed, also a considerable amount of unreacted starting 
material and a variety of side-products was present, and isolation of cycloSal-BrGMP (1c) 
required extensive purification.  

To increase the yield and suppress formation of side-products, the reaction conditions 
were systematically altered. The choice of possible solvents was limited due to the low 
solubility of the guanosine derivatives and especially guanosine itself in most solvents. 
Guanosine and its 8-substituted derivatives were nearly insoluble in pure THF or pure 
acetonitrile, the typical solvents applied in the procedures published (81). Also a 1:1 ratio of 
DMF:THF showed unsatisfactory results concerning solubility. Since use of DMF as the sole 
solvent generally resulted in reduced N,O-selectivity (81), a 2:1 ratio of DMF:THF appeared 
to be a good choice. The course of the reaction of 8-bromoguanosine with cycloSal-
chlorophosphane (17) was monitored by TLC-analysis. As expected, higher conversions were 
obtained with a larger excess of DIPEA (5 equivalents instead of 2), i.e., less starting material 
was observed. The beneficial effect of prolonged reaction times in combination with stepwise 
increasing temperatures after addition of the cycloSal-chlorophosphane (17) appeared to be 
even more pronounced. While the reaction was still incomplete after stirring for 3 hours at 

−20°C, successive increase of the temperature, first to 0°C and then to room temperature 

resulted in almost complete conversion of the starting material 8-bromoguanosine to more 
lipophilic products (Scheme 5.4). A comparable procedure also turned out to be very useful 
for the second step, the oxidation of the intermediate phosphite ester with t-

butylhydroperoxide, which proceeded smoothly when first stirring 1 hour at −5°C and then 1 

hour at room temperature. The optimized synthetic procedure for 8-bromoguanosine also 
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proved successful for the synthesis of various other cycloSal-protected GMP analogs, as 
reported in Table 5.1. Only for cycloSal-MeMP (19), a control compound proposed in the 
course of the antibacterial evaluation described in the following section, the synthetic 
procedure was slightly modified. Among others, a large excess of methanol was employed, 

and the reaction with cycloSal-chlorophosphane (17) was performed at −10°C instead of 

−20°C. In general, yields obtained after HPLC-purification were substantially lower than 

those after silica column chromatography, possibly due to losses associated with the limited 
solubility of the cycloSal-GMPs in the HPLC eluant. Likewise, the comparably low yields 
obtained with 8-methylguanosine and guanosine itself were most probably related to the 
limited solubility of these compounds in the solvent mixture applied.  

The yields of most 8-substituted cycloSal-GMPs after silica flash chromatography were 
comparable to those reported earlier for the synthesis of cycloSal-5’-O-(2’,3’-
dideoxyadenosinyl) phosphate (58) and cycloSal-5’-O-(2’,3’-dideoxy-2’-
fluoroarabinosyladenyl) phosphate (78), which were 47% and 53%, respectively. This result 
is remarkable given the two additional hydroxyl-groups present in the ribose moiety and the 
extra hydroxyl-group in the base moiety when compared to the adenosine derivatives. 
Potentially, phosphorylation may occur at either functional group, and the fact that it does not 
happen in practice to a large extent nicely illustrates the power and significance or our 
approach, which does not require complex, time-consuming and yield-compromising 
introduction and removal of protecting groups.  

The predicted antibacterial activity of cycloSal-GMP derivatives is very much dependent 
on their hydrolytic stabilities. Hydrolysis in the culture media needs to be sufficiently slow to 
guarantee adequate levels of cycloSal-GMPs at least for several hours (see § 5.4), while 
liberation of the free monophosphates within the bacterial cytoplasm should occur quickly. 
The stability of cycloSal-BrGMP (1c) was assessed in several buffers and growth media at the 

temperatures (37°C and 28°C) used in the biological studies (Table 5.2). As expected, 

hydrolysis was faster at more basic pH-values (compare entries 1 and 2 in Table 5.2). 
Interestingly, the presence of phosphate ions even more profoundly reduced the stability of 
cycloSal-BrGMP (compare entries 2 and 3 in Table 5.2). In phosphate buffer, hydrolysis was 
about 20 times faster than in Tris buffer of comparable pH (7.2 vs. 6.9). In the culture media, 
cycloSal-BrGMP displayed useful hydrolysis half-lives at the temperatures employed in the 
biological studies (entries 4-7). Consequently, cycloSal-BrGMP and other 8-substituted 
cycloSal-GMPs were considered suitable candidates for preliminary antibacterial evaluation, 
and preparation of cycloSal-GMPs containing modifications in the cycloSal moiety was not 
necessary at this stage.   
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Scheme 5.4: Preparation of the reactive cycloSal-chlorophosphane (17) and its application for the 
synthesis of cycloSal-protected GMP analogs via phophorus(III)-chemistry 

 
Table 5.1: Yields and purities of cycloSal-RGMPs. 
 

Product R (substituent at C8) Yield after silica flash 
chromatography (%) 

Yield after prep. 
HPLC (%) 

Purity after prep. 
HPLC (%) 

1c Br 46 20 96 

2c I 56 19 95 

3c Cl 40 10 90 

4c N
 

45 20 99 

14c CH3 27 14 97 

15c 
 

not determined 12 98 

18 H not determined 7 > 99 

19 
CH3O

O

O
P

O

(complete structure)  

not determined 22 > 99 



Chapter 5 
 

 138 

 Table 5.2:  Hydrolysis half-lives (t1/2) a) of cycloSal-BrGMP (1c) in different 
buffers and culture media. 

 

Entry Buffer or Culture Medium pH Temperature (°C) T1/2 (h) a) 

1  30 mM CH3COOH / NH4OH  6.0 37 89.7 

2 30 mM Tris / HCl buffer 6.9 37 60.8 

3 30 mM KH2PO4 / NaOH 7.2 37 3.6 

4 GB1/Lys medium 7.0 28 9.2 

6 MOPS medium 7.4 37 7.7 

7 MOPS medium 7.8 37 6.1 
 

a)  Half-lives (mean of duplicate experiments) were determined by HPLC-analysis and are 
calculated from an exponential fit of the decreasing peak area of the peak corresponding to 
cycloSal-BrGMP.  

 
 

5.4 ANTIBACTERIAL EVALUATION OF THE PROPOSED NUCLEOTIDE 
PRODRUGS 

 

Usually, the potency of antibiotics is studied in rich culture media such as Mueller-Hinton 
broth. Rich media contain a variety of amino acids, nucleosides and nucleotides, vitamins and 
other biological molecules and may also slightly vary in molecular composition. When 
studying the effect of nucleobase, nucleoside and nucleotide analogs on bacterial growth and 
viability, the natural nucleobases and nucleosides in rich media potentially counteract or 
inhibit the action of the analogs (85). Therefore, a more complete picture may be obtained 
when first studying the effects of the analogs on bacterial growth in minimal media devoid of 
nucleosides and nucleobases with precisely defined composition (66, 85, 86). Concerning the 
cycloSal-GMP derivatives, also the hydrolysis half-lives of these compounds in the culture 
media are expected to influence their biological activity. In minimal media, determination of 
the half-lives of the cycloSal-GMP derivatives is straightforward (see preceding section). Rich 
media, in contrast, do not allow application of simple HPLC-techniques and subtle changes in 
ion-concentrations (namely phosphate) observed in different batches of rich media may result 
in variation of the half-lives.  

For the reasons given above, we first studied the effect of our nucleotide prodrugs on 
bacterial cell growth in minimal media. Initially, we investigated the effect of analogues 
containing a bromine substituent at C8 of the guanine moiety, i.e., 8-bromoguanine, 8-
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bromoguanosine, 8-bromo-GMP (BrGMP), 8-bromo-GTP (BrGTP), and cycloSal-BrGMP 
(1c). All compounds did not show any effect on the growth of E. coli in GB1 minimal 
medium (concentration: 1.6 mM, see § 5.7 for experimental details). Growth of B. subtilis, in 
contrast, was partly inhibited by 8-bromoguanine and completely suppressed by cycloSal-
BrGMP (1c), but insensitive towards 8-bromoguanosine, BrGMP, and BrGTP (Figure 5.2).     
 
 
 

 
Figure 5.2: Effect of 8-bromoguanine, 8-bromoguanosine, and cycloSal-BrGMP (1c) on the growth 
of a B. subtilis culture in minimal medium (MOPS, pH 7.4). Inset: Semi-logarithmic version of the 
same graph. Estimated generation times (g): 8-bromoguanosine (56 min), blanco (58 min), 8-
bromoguanine (66 min). CycloSal-BrGMP (1c) turned out to be a potent inhibitor of B. subtilis cell 
growth. Procedure in brief: Cells were grown to steady-state and at an OD450 = 0.2 diluted in 
prewarmed media (t = 0) containing the required amounts of test compounds to result in final 
concentrations of 1.6 mM (0.8 mM for cycloSal-BrGMP). For reasons of clarity, the curves with test 
compounds were corrected for the autoabsorbance of the compounds. The plots in the presence of 
BrGMP and BrGTP were nearly identical to plots in the absence of any test compounds, but were 
obtained employing slightly different experimental conditions and are therefore not included in this 
graph.  
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The complete inhibition of B. subtilis cell growth in the presence of cycloSal-BrGMP 
prompted us to determine its minimal inhibitory concentration (MIC), i.e., the lowest 
concentration completely suppressing visible growth (87). Using a broth macrodilution 
method with serial twofold dilutions of cycloSal-BrGMP in minimal medium (MOPS, pH 7.4) 

ranging from 800 µM to 0.78 µM, we obtained a MIC of 200 µM (106 µg/ml). This value, 

however, is not absolute, and the “true” MIC lies actually between 200 µM and 100 µM.  

Apart from cellular uptake and metabolism within the bacteria, we anticipated that the 
antibacterial activity of cycloSal-GMP analogues is also affected by the stability of the 
compounds in the culture media. It is generally known that the hydrolytic stability in the pH-

range 4−9 increases with lower pH (88), a fact confirmed by our own studies presented in 

Table 5.2. Since the cytosolic pH in bacteria (pH 7.6−7.8) is largely independent of the 

external pH of the culture medium (pH-range 6.7−7.9) (89) and a lower pH of the medium 

results in a longer persistence of the cycloSal-GMP analogues, these compounds are expected 
to exhibit more potent antibacterial activity in more acidic culture media, particularly if the 
action of the cycloSal-GMP analogues is bacteriostatic and not bactericidal. Strikingly, when 
determining the MICs of cycloSal-BrGMP for B. subtilis in minimal medium (MOPS) of pH 
7.0 and 7.8, we found the opposite trend (Table 5.3). The antibacterial activity of cycloSal-

BrGMP was most pronounced at pH 7.8 with a MIC of 25 µM. 

The dependence of antimicrobial activity on the external pH of the culture media has been 
noted earlier for aminoglycoside antibiotics. In this case, the resistance of wild-type strains 
increased more than 100-fold when the pH was reduced from 8.5 to 5.5. The increased 

resistance was accompanied by a reduced electrical potential (∆ψ) across the bacterial 

membrane (interior negative) at lower external pH, and interpreted in support of a model in 

which the uptake of the polycationic aminoglycosides is driven by ∆ψ (90). In contrast to the 

aminoglycosides, the cycloSal-GMP analogues discussed here do not carry a positive charge 
under the conditions used in the studies, i.e., there has to be a different explanation for the 
observed increase in bacterial susceptibility at higher pH-values. Among others, the external 
pH may influence the uptake-efficiency of nutrient molecules from the minimal medium and 
result in increased sensitivity towards the cycloSal-phosphotriesters at higher pH-values. In 
support of this hypothesis, the representative cycloSal-phosphotriester (19) which has proven 
active against B. subtilis in minimal medium (see below), did not show any antibacterial 
activity against this strain in Luria-Bertani medium (pH 7.4) up to a concentration of 1.6 mM. 
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Table 5.3:  pH-dependence of minimal inhibitory concentrations (MICs) of cycloSal-BrGMP 
(1c) for B. subtilis and E. coli. t1/2: hydrolysis half-life of the cycloSal-moiety. 

 

Organism Culture medium pH T (°C) t1/2 (h) 
MIC 

(µM)                        (µg/ml) 

7.0 n.d. > 800 > 424 

7.4 7.7 200 ≥ MIC > 100 106 ≥ MIC >53 B. subtilis MOPS 

7.8 

37 

6.1 25 ≥ MIC > 12.5 13 ≥ MIC > 7 

7.0 9.2   
E. coli GB1/Lys 

7.8 
28 

n.d. > 1600 > 848 

  
As described in chapter 3, the various 8-substituted GTP analogues showed different 

activities with respect to inhibition of the molecular target FtsZ. Although the antibacterial 
activity of their cycloSal derivatives might not necessarily parallel their in vitro activity 
towards FtsZ since numerous other processes such as uptake and intracellular metabolism to 
the triphosphates are also involved, the compounds are expected at least to display different 
potency. To clarify this issue, we determined the MICs (B. subtilis, MOPS pH 7.8) of the 
series of 8-substituted cycloSal-GMP analogues given in Table 5.1 (C8-substituents: Br, I, Cl, 

pyrrolidinyl, methyl, t-butyl). Surprisingly, the same MIC (25 µM) was obtained for all 8-

substituted cycloSal-GMP analogues. 
Although there are several alternative explanations for this finding, we first explored the 

possibility that the antibacterial activity of the cycloSal-GMP analogues was not related to the 
intracellular delivery of the modified GMP-moiety. For this purpose, we prepared cycloSal-
GMP (18) containing the natural guanine base and evaluated its antibacterial activity against 
B. subtilis in minimal medium (MOPS pH 7.8). Unfortunately, cycloSal-GMP indeed 

displayed the same MIC (25 µM) as the 8-substituted cycloSal-GMPs. Although, in principal, 

bacterial growth may also be negatively affected by perturbation of the intracellular 
nucleotide pools similar to the mechanism suggested for adenine toxicity in E. coli (86), the 
hypothesis that the antibacterial activity of cycloSal-GMP and analogues is related to the 
cycloSal-moiety itself and completely independent of the GMP-moiety appears more likely. 
To test this hypothesis, we synthesized cycloSal-O-methylphosphate (cycloSal-MeMP, 19) 

and determined its antibacterial activity. Again, the MIC was 25 µM (5 µg/ml), i.e., the 

antibacterial activity of all cycloSal-derivatives was actually related to the cycloSal-moiety 
itself.   
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Still, the mode of action of the cycloSal-phosphotriesters remains elusive. Several 
potential mechanisms may apply: 1) Hydrolysis of the cycloSal-phosphotriesters in the culture 
medium may release 2-hydroxybenzyl alcohol (salicyl alcohol), a substituted phenol. Phenols 
have been a well-known class of antimicrobial agents already since more than a century ago 
(91). Moreover, salicyl alcohol is known to potentiate the toxicity of cadmium, kanamycin 
and other aminoglyclosides (92). 2) The cycloSal-phosphotriesters are effectively taken up by 
the bacteria, and the active salicyl alcohol is released within the bacteria. 3) The antibacterial 
activity is actually caused by the cycloSal-phosphotriester itself and not the degradation 
product salicyl alcohol. 

The first option, which suggests that the observed antibacterial activity is simply caused 
by salicyl alcohol in the culture medium, seems unlikely since even 20 mM salicyl alcohol did 
not display antimicrobial activity towards E. coli in LB-medium (92) and similarly the 
regioisomeric 4-hydrobenzylalcohol was inactive towards various Gram-negative and Gram-
positive bacteria (91). However, results might depend also on the specific test method applied, 
especially the culture media (rich medium versus minimal medium). Therefore, we attempted 
to determine the MIC of 2-hydroxybenzyl alcohol for B. subtilis in minimal medium (MOPS 
pH 7.8) exactly in the same way as described for the cycloSal-phosphotriesters. No 
antibacterial activity was observed up to a concentration of 1.6 mM, i.e., the antibacterial 
activity of cycloSal-phosphotriesters is not due to hydrolytic release of salicyl alcohol into the 
culture medium.  

In contrast, many organophosphorus compounds are known to possess antimicrobial 
activity (for a review, see ref. (93)). The most prominent representative of organophosphorus 
antibiotics is probably fosfomycin (Figure 5.3), which was discovered in 1969 and has been 
approved for clinical use in 1980 (94). Its bactericidal action is based on the inhibition of 
bacterial cell wall synthesis (95). Substantial research efforts have also been directed towards 
the phosphonopeptides. Alafosfalin (Figure 5.3), e.g., is actively transported into the bacterial 
cell by peptide permeases, and intracellular peptidase-catalyzed cleavage releases the alanine 
mimetic L-1-aminoethylphosphonate, which inhibits alanine racemase (96). Among the 
numerous antibacterial organophosphorus compounds, there are also several which are 
structurally quite similar to the cycloSal-phosphotriesters described here (Figure 5.3). 
Novocol, e.g., has been used in the treatment of pulmonary tuberculosis and Dealid, which 
has bacteriostatic activity, for wound treatment (93). Even more closely resembling our 
cycloSal-phosphotriesters, saligenin cyclic phosphate (I) and derivatives have been reported 
to possess insecticidal and bactericidal activities (97, 98). Interestingly, the structurally 
similar salicyloyl cyclic phosphate (II) and its analogs have recently been shown to be 

reversible covalent inhibitors of several β-lactamases and a DD-peptidase (99). Expression of 



From Inhibitors of in vitro FtsZ Function to Potential Antibiotics: Prodrugs for GTP Analogues 

 143 

β-lactamases results in bacterial resistance against β-lactam antibiotics, and inhibitors of these 

enzymes effectively restore the toxicity of β-lactam antibiotics in resistant strains. Inhibition 

of DD-peptidases, which are involved in bacterial cell wall synthesis, directly results in 
antibacterial activity. Unfortunately, to our knowledge, the antibacterial activity of II has not 
yet been reported.  
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Figure 5.3: Chemical structure of antimicrobial organophosphorus compounds 
 

Although the antibacterial activity of the cycloSal-phosphotriesters is not surprising in 
view of their structural similarity to the organophosphorus compounds with known 
antimicrobial activity (Figure 5.3), their mechanism of action still remains unclear. Also the 
molecular targets of the three compounds most closely resembling cycloSal-O-
methylphosphate (19), that is, Novocol, Dealid and saligenin cyclic phosphate (I) have not yet 
been identified. Intracellular hydrolysis of these compounds would also yield phenols, which 
are compounds with known antibacterial activity. Thus, it remains unclear if these compounds 
derive their activity from the intracellular liberation of the phenols or from the substituted 
phosphate-function itself.  
 
 
 

5.5 CONCLUSION 
 

The extensive review of potential nucleotide prodrugs has resulted in the selection of the 
cycloSal-GMP analogues as the most promising approach, although some preliminary 
investigations were also conducted with the corresponding guanosine and guanine analogues. 
Synthesis of selected 8-substituted cycloSal-GMPs from the corresponding unprotected 
guanosine derivatives was performed by an optimized protocol based on published procedures 
for other antiviral nucleoside analogues. Remarkably, the improved procedure provided 
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reasonable yields and displayed good selectivity even though all guanosine derivatives 
contained a mature ribose moiety with three potential phosphorylation sites.  

Antibacterial evaluation of the cycloSal-GMP derivatives on the representative Gram-
negative and Gram-positive strains E. coli and B. subtilis has revealed that the former is not 
susceptible at all, while growth of B. subtilis in minimal medium is inhibited with MICs in the 
micromolar range with the potency of inhibition increasing with higher pH values of the 
medium. Surprisingly, all cycloSal-GMP derivatives displayed nearly identical MICs, a 
finding strongly suggesting that the antibacterial activity is actually not related to the 
intracellular delivery of the 8-substituted GMPs. Additional investigations using unsubstituted 
cycloSal-GMP and cycloSal-O-methylphosphate, which is completely devoid of the 
guanosine moiety, further confirmed this conclusion. Supplementary studies have shown that 
the antibacterial activity of the cycloSal-esters is not related to liberation of salicyl alcohol 
upon hydrolysis of the parent compounds in the media. Although the antibacterial activity of 
structurally related organic phosphates is well-established, the mode of action remains 
elusive.  
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5.7 EXPERIMENTAL SECTION 
 

Chemistry 
 

General Information. For general experimental details regarding NMR- and mass spectrometric 
analysis, see § 2.10. Unless noted otherwise, both 13C- and 31P-NMR spectra were recorded using 
broad band proton decoupling. 
 

cycloSal-chlorophosphane (17). Salicylchlorophosphane 17 was prepared as 
described (84, 88). To a solution of 2-hydroxybenzylalcohol (10 g, 80.6 mmol) in 140 

ml of dry diethyl ether at -10°C was added phosphorus trichloride (PCl3, 7.6 ml, 87.1 Cl
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mmol). To this mixture was added dropwise with stirring a solution of dry pyridine (13.6 ml, 168.2 
mmol) in dry diethyl ether (30 ml) over a period of 30 min. Stirring was continued for 30 min at -

10°C, then for 1.5 h at room temperature. The mixture was stored at 4°C overnight and the 

precipitated pyridinium hydrochloride was filtered off under nitrogen. The solvent was removed under 
reduced pressure and the residue was distilled in a Kugelrohr apparatus in high vacuum (1.5-2 mmHg, 

160-170°C). Yield: 4.1 ml (5.82 g, 30.9 mmol, 38%) colourless oil. B.p. 160-170°C (ca. 1.75 mm Hg 

= 2.3 mbar). 1H-NMR (500 MHz, CDCl3) δ 7.29 (dt, 3JHH = 7.8, 4JHH = 0.7, 1H, H4-aryl), 7.12 (dt, 3JHH 

= 7.4, 4JHH = 0.5, 1H, H5-aryl), 7.01 (d, 3JHH = 8.1, 1H, H3-aryl or H6-aryl), 6.99 (d, 3JHH = 6.8, 1H, 
H3-aryl or H6-aryl), 5.47 (dd, 2JHH = 14.2, 3JHP = 2.7, 1H, HA-benzyl), 5.04 (dd, 2JHH = 14.2, 3JHP = 

9.5, 1H, HB-benzyl). 31P-NMR (202.4 MHz, CDCl3) δ 140.94. 13C-NMR (APT, 125.7 MHz, CDCl3) δ 

146.0 (d, 2JCP = 5.9, C2-aryl), 129.1 (d, 4JCP = 1.3, C4-aryl), 125.7 (d, 4JCP = 2.1, C6-aryl), 123.9 (s, 
C5-aryl), 121.4 (d, 3JCP = 13.1, C1-aryl), 119.3 (d, 3JCP = 2.5, C3-aryl), 61.0 (d, 2JCP = 2.5, C-benzyl). 
 

General Procedure for the Preparation of cycloSal-protected GMP Analogs (cycloSal-
GMPs) 
General. The synthesis of cycloSal-GMPs was carried out following the same procedure as described 
for cycloSal-acyclovir-5’-monophosphates with minor modifications (59). All reactions were 
performed in flame-dried, nitrogen-flushed one-necked flasks sealed with rubber septa. Nucleosides 

were dried in vacuo at 60°C for 15 h. Anhydrous solvents (H2O < 50 ppm) were used (DMF, THF, 

pyridine).  
Typical Synthetic Protocol. 8-R-guanosine (0.25 mmol) was coevaporated twice with pyridine (10 
ml) and then suspended in a 2:1 mixture of DMF/THF (9 ml) and cooled to -20°C under a continuous 

flow of nitrogen. After sequential dropwise addition of DIPEA (220 µl, 1.25 mmol) and the cycloSal-

chlorophosphane 17 (50 µl, 0.38 mmol), the reaction mixture was allowed to stir for 1 h at -20°C, 1 h 

at 0°C, and 1h at room temperature. The mixture was cooled again to -5°C, and a 5-6 M solution of t-

BuOOH in nonane (227 µl, 1.25 mmol) was added dropwise. Stirring was continued for 1 h at -5°C 

and for another hour at room temperature. The solvents were evaporated under reduced pressure, and 
the crude product was purified by silica flash chromatography. 
Purification by Semi-Preparative HPLC. The cycloSal-GMPs were further purified by semi-

preparative HPLC using a Polygosil 60 C18 column (2 × 25 cm, particle size 10 µm) equipped with 

the corresponding guard column and a linear gradient of eluant A (95% H2O, 5% CH3CN, 0.04% 
HCOOH) and eluant B (95% CH3CN, 5% H2O, 0.04% HCOOH) at 7 ml/min flow rate as indicated: 0 
to 15 min: 0 � 100% B, 15 to 21 min: 100% B, 21 to 22.5 min: 100 � 0% B, 22.5 to 30 min: 0% B. 
Detection: UV absorbance at 254 nm. After lyophilization, the products were generally obtained as 
white powders, except cycloSal-MeMP (19), which was an oil. 
Analytical HPLC. After semi-prep. HPLC, the purity of the end products was determined by 

analytical HPLC on a similar system. Column: Chrompack Inertsil ODS-3 C18-column (4.6 × 5.0 mm, 

particle size 3 µm). Flow rate: 2 ml/min. Gradient: 0 to 5 min: 0 � 100% B, 5 to 7 min: 100% B, 7 to 

7.5 min: 100 � 0% B, 7 to 10 min: 0% B. Detection: UV absorbance at 254 nm. 
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cycloSal-5’-O-(8-bromoguanosinyl)phosphate (cycloSal-BrGMP, 
1c). Yield after silica flash chromatography: 61 mg (115 µmol, 

46%). Yield after prep. HPLC: 25.5 mg (48.1 µmol, 19%). 

Analytical HPLC: tR 1.93 min, purity 96%. Diastereomeric ratio 

based on 1H-NMR: 5:6. 1H-NMR (500 MHz, d6-DMSO) δ 10.80 (bs, 

2H, NH), 7.37-7.29 (m, 2H, H4-aryl), 7.25-7.14 (m, 4H, H6-aryl, 
H5-aryl), 7.09 (d, 3J = 8.0, 1H, H3-aryl), 7.02 (d, 3J = 8.0, 1H, H3-aryl), 6.59 (bs, 4H, NH2), 5.69 (d, 3J 
= 5.0, 2H, H1’), 5.61 (bs, 2H, (OH)2’), 5.50-5.34 (m, 4H, CH2-benzyl), 5.29 (bs, 2H, (OH)3’), 4.96-
4.90 (m, 2H, H2’), 4.47-4.39 (m, 2H, H5’a), 4.38-4.28 (m, 4H, H5’b, H3’), 4.06-4.01 (m, 2H, H4’). 
31P-NMR (202.4 MHz, d6-DMSO) δ −8.75, −8.77. APT (125.7 MHz, d6-DMSO) δ 155.34 (C6), 153.43 

(C2), 151.92 (C4), 151.89 (C4), 149.33 (C2-aryl), 149.27 (C2-aryl), 129.54 (C6-aryl), 129.51 (C6-
aryl), 125.81 (C4-aryl), 125.78 (C4-aryl), 124.21 (C5-aryl), 124.18 (C5-aryl), 120.84 (d, 3JPOCC = 9.8, 
C1-aryl), 120.77 (d, 3JPOCC = 9.8, C1-aryl), 120.53 (C8), 120.45 (C8), 117.97 (d, 3JPOCC = 8.9, C3-aryl), 
117.93 (d, 3JPOCC = 8.7, C3-aryl), 117.33 (C5), 117.30 (C5), 90.18 (C1’), 82.44 (d, 3JPOCC = 6.8, C4’), 
70.61 (C2’), 70.54 (C2’), 69.69 (C3’), 69.67 (C3’), 68.28 (d, 2JPOC = 7.1, CH2-benzyl), 68.21 (d, 2JPOC 
= 7.5, CH2-benzyl), 67.73 (d, 2JPOC = 6.1, C5’), 67.68 (d, 2JPOC = 6.4, C5’). HRMS (FAB+) observed 
mass 530.0067, calculated mass for C17H18N5O8P79Br (MH+) 530.0076. 
 

cycloSal-5’-O-(8-iodoguanosinyl)phosphate (cycloSal-IGMP, 2c). Yield after silica flash 

chromatography: 81 mg (140 µmol, 56%). Yield after prep. HPLC: 27 mg (47 µmol, 19%). Analytical 

HPLC: tR 1.96 min, purity 95%. Diastereomeric ratio based on 1H-NMR: 5:6. 1H-NMR (500 MHz, d6-

DMSO) δ 10.70 (bs, 2H, NH), 7.36-7.28 (m, 2H, H4-aryl), 7.22-7.12 (m, 4H, H6-aryl, H5-aryl), 7.08 

(d, 3J = 8.5, 1H, H3-aryl), 7.00 (d, 3J = 8.0, 1H, H3-aryl), 6.48 (bs, 2H, NH2), 6.47 (bs, 2H, NH2), 5.60 
(d, 3J = 5.0, 2H, H1’), 5.57-5.53 (m, 2H, (OH)2’), 5.48-5.34 (m, 4H, CH2-benzyl), 5.26-5.20 (m, 2H, 
(OH)3’), 4.99-4.93 (m, 2H, H2’), 4.47-4.40 (m, 2H, H5’a), 4.37-4.27 (m, 4H, H5’b, H3’), 4.05-3.99 

(m, 2H, H4’). 31P-NMR (202.4 MHz, d6-DMSO) δ −8.63, −8.66. APT (125.7 MHz, d6-DMSO) δ 155.39 

(C6), 153.12 (C2), 151.66 (C4), 149.39 (C2-aryl), 149.34 (C2-aryl), 129.66 (C6-aryl), 129.62 (C6-
aryl), 125.94 (C4-aryl), 125.90 (C4-aryl), 124.35 (C5-aryl), 124.31 (C5-aryl), 120.91 (d, 3JPOCC = 10.4, 
C1-aryl), 120.83 (d, 3JPOCC = 9.8, C1-aryl), 120.48 (C5), 120.46 (C5), 118.09 (d, 3JPOCC = 8.6, C3-aryl), 
118.06 (d, 3JPOCC = 8.6, C3-aryl), 96.30 (C8), 96.26 (C8), 92.35 (C1’), 92.28 (C1’), 82.50 (d, 3JPOCC = 
6.5, C4’), 70.67 (C2’), 70.58 (C2’), 69.89 (C3’), 68.37 (d, 2JPOC = 7.4, CH2-benzyl), 68.31 (d, 2JPOC = 
8.1, CH2-benzyl), 67.95 (d, 2JPOC = 6.5, C5’), 67.88 (d, 2JPOC = 6.4, C5’). HRMS (FAB+) observed 
mass 577.9932, calculated mass for C17H18N5O8PI (MH+) 577.9938. 
 

cycloSal-5’-O-(8-chloroguanosinyl)phosphate (cycloSal-ClGMP, 3c). Yield after silica flash 

chromatography: 48 mg (99 µmol, 40%). Yield after prep. HPLC: 12 mg (24 µmol, 10%). Analytical 

HPLC: tR 1.93 min, purity 90%. Diastereomeric ratio based on 1H-NMR: 1:1. 1H-NMR (500 MHz, d6-

DMSO) δ 10.90 (bs, 2H, NH), 7.37-7.29 (m, 2H, H4-aryl), 7.25-7.14 (m, 4H, H6-aryl, H5-aryl), 7.08 

(d, 3J = 8.0, 1H, H3-aryl), 7.02 (d, 3J = 8.0, 1H, H3-aryl), 6.61 (bs, 4H, NH2), 5.70 (d, 3J = 5.5, 2H, 
H1’), 5.60 (bs, 2H, (OH)2’), 5.50-5.34 (m, 4H, CH2-benzyl), 5.30 (bs, 2H, (OH)3’), 4.88-4.81 (m, 2H, 
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H2’), 4.45-4.36 (m, 2H, H5’a), 4.36-4.28 (m, 2H, H5’b), 4.28-4.24 (m, 2H, H3’), 4.05-4.00 (m, 2H, 

H4’). 31P-NMR (202.4 MHz, d6-DMSO) δ −8.69. APT (125.7 MHz, d6-DMSO) δ 155.48 (C6), 153.70 

(C2), 153.63 (C2), 151.83 (C4), 151.80 (C4), 149.38 (C2-aryl), 149.33 (C2-aryl), 131.44 (C8), 131.39 
(C8), 129.66 (C6-aryl), 129.62 (C6-aryl), 125.94 (C4-aryl), 125.91 (C4-aryl), 124.34 (C5-aryl), 124.32 
(C5-aryl), 120.87 (d, 3JPOCC = 10.0, C1-aryl), 120.82 (d, 3JPOCC = 10.0, C1-aryl), 118.08 (d, 3JPOCC = 
8.8, C3-aryl), 118.03 (d, 3JPOCC = 8.8, C3-aryl), 115.37 (C5), 115.34 (C5), 88.88 (C1’), 82.47 (d, 3JPOCC 
= 7.5, C4’), 70.69 (C2’), 70.61 (C2’), 69.68 (C3’), 69.65 (C3’), 68.39 (d, 2JPOC = 7.5, CH2-benzyl), 
68.31 (d, 2JPOC = 7.5, CH2-benzyl), 67.80-67.63 (m, C5’). HRMS (FAB+) observed mass 486.0582, 
calculated mass for C17H18N5O8P35Cl (MH+) 486.0582. 
 

cycloSal-5’-O-(8-pyrrolidinylguanosinyl)phosphate (cycloSal 
PyrrGMP, 4c). Yield after silica flash chromatography: 58 mg 

(111 µmol, 45%). Yield after prep. HPLC: 25 mg (48 µmol, 

19%). Analytical HPLC: tR 1.53 min (isomer A), tR 1.47 min 
(isomer B), purity 99%. Isomer A: 1H-NMR (500 MHz, d6-

DMSO) δ 10.83 (bs, 1H, NH), 7.31 (t, 3J = 7.8, 1H, H4-aryl), 

7.23 (d, 3J = 7.6, 1H, H6-aryl), 7.17 (t, 3J = 7.4, 1H, H5-aryl), 
7.01 (d, 3J = 8.3, 1H, H3-aryl), 6.47 (bs, 2H, NH2), 5.65 (d, 3J = 4.6, 1H, H1’), 5.50 (bs, 1H, (OH)2’), 

5.43 (AB-quartet, ∆v = 23.2 Hz, 2J = 14.4, 2H, CH2-benzyl), 5.18 (bs, 1H, (OH)3’), 4.95-4.90 (m, 1H, 

H2’), 4.48-4.44 (m, 1H, H5’a), 4.36-4.28 (m, 2H, H3’, H5’b), 4.04-3.99 (m, 1H, H4’), 3.48-3.28 (m, 
4H - superposition with water peak, HA pyrrolidinyl), 1.94-1.82 (m, 4H, HB pyrrolidinyl). 31P-NMR 

(202.4 MHz, d6-DMSO) δ −8.71. Isomer B: 1H-NMR (500 MHz, d6-DMSO) δ 10.59 (bs, 1H, NH), 

7.37-7.31 (m, 1H, H4-aryl), 7.19-7.13 (m, 2H, H6-aryl, H5-aryl), 7.08 (d, 3J = 8.0, 1H, H3-aryl), 6.30 
(bs, 2H, NH2), 5.59 (d, 3J = 5.0, 1H, H1’), 5.48-5.32 (m, 3H, (OH)2’, CH2-benzyl), 5.14 (bs, 1H, 
(OH)3’), 4.93-4.88 (m, 1H, H2’), 4.47-4.40 (m, 1H, H5’a), 4.36-4.26 (m, 2H, H3’, H5’b), 4.01-3.94 
(m, 1H, H4’), 3.48-3.15 (m, 4H - superposition with water peak, HA-pyrrolidinyl), 1.92-1.78 (m, 4H, 

HB-pyrrolidinyl). 31P-NMR (202.4 MHz, d6-DMSO) δ −8.85. Mixture Isomer A & B: HRMS (FAB+) 

observed mass 521.1555, calculated mass for C21H26N6O8P (MH+) 521.1550. 
 

cycloSal-5’-O-(8-methylguanosinyl)phosphate (cycloSal-MeGMP, 14c). Remark concerning 
synthetic procedure: Due to the limited solubility of 8-methylguanosine in DMF/THF 2:1, 12 ml 

solvent was used instead of 9 ml. Yield after silica flash chromatography: 31 mg (67 µmol, 27%). 

Yield after prep. HPLC: 16 mg (34 µmol, 14%). Analytical HPLC: tR 1.66 min, purity 97%. 

Diastereomeric ratio based on 1H-NMR: 2:3. 1H-NMR (500 MHz, d6-DMSO) δ 10.58 (bs, 2H, NH), 

7.38-7.30 (m, 2H, H4-aryl), 7.26-7.15 (m, 4H, H6-aryl, H5-aryl), 7.10 (d, 3J = 8.3, 1H, H3-aryl), 7.05 
(d, 3J = 8.3, 1H, H3-aryl), 6.35 (bs, 4H, NH2), 5.65 (d, 3J = 4.9, 1H, H1’), 5.64 (d, 3J = 4.4, 1H, H1’), 
5.52-5.34 (m, 6H, (OH)2’, CH2-benzyl), 5.25 (d, 3J = 5.9, 1H, (OH)3’), 5.24 (d, 3J = 5.6, 1H, (OH)3’), 
4.69 (q, 3J = 5.7, 2H, H2’), 4.65 (q, 3J = 5.7, 2H, H2’), 4.45-4.28 (m, 4H, H5’a, H5’b), 4.23-4.17 (m, 
2H, H3’), 4.03-3.97 (m, 2H, H4’), 2.29 (s, 3H, methyl), 2.26 (s, 3H, methyl). HRMS (FAB+) observed 
mass 466.1123, calculated mass for C18H21N5O8P (MH+) 466.1128. 
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cycloSal-5’-O-(8-t-butylguanosinyl)phosphate (cycloSal-tBuGMP, 15c). Yield after prep. HPLC: 15 

mg (29 µmol, 12%). Analytical HPLC: tR 2.17 min, purity 98%. Diastereomeric ratio based on 1H-

NMR: 3:5. 1H-NMR (500 MHz, d6-DMSO) δ 10.60 (bs, 2H, NH), 7.37-7.28 (m, 2H, H4-aryl), 7.24-

7.13 (m, 4H, H6-aryl, H5-aryl), 7.08 (d, 3J = 8.0, 1H, H3-aryl), 7.00 (d, 3J = 8.0, 1H, H3-aryl), 6.32 
(bs, 2H, NH2), 6.29 (bs, 2H, NH2), 5.95 (d, 3J = 5.0, 1H, H1’), 5.94 (d, 3J = 5.5, 1H, H1’), 5.48-5.35 
(m, 6H, (OH)2’, CH2-benzyl), 5.18-5.14 (m, 2H, (OH)3’), 5.01-4.95 (m, 2H, H2’), 4.53-4.44 (m, 1H, 
H5’a), 4.40-4.30 (m, 2H, H3’, H5’b), 4.05-3.98 (m, 2H, H4’), 1.37 (s, 9H, t-butyl), 1.36 (s, 9H, t-

butyl). 31P-NMR (202.4 MHz, d6-DMSO) δ −8.54, −8.64. APT (125.7 MHz, d6-DMSO) δ 156.50 (C6), 

153.60 (C8 or C2), 152.63 (C2 or C8), 152.40 (C4), 149.42 (C2-aryl), 149.36 (C2-aryl), 129.64 (C6-
aryl), 129.63 (C6-aryl), 125.93 (C4-aryl), 125.86 (C4-aryl), 124.32 (C5-aryl), 124.30 (C5-aryl), 
120.94 (d, 3JPOCC = 9.3, C1-aryl), 120.83 (d, 3JPOCC = 9.6, C1-aryl), 118.11 (d, 3JPOCC = 8.6, C3-aryl), 
118.04 (d, 3JPOCC = 8.6, C3-aryl), 114.91 (C5), 90.16 (C1’), 82.41 (d, 3JPOCC = 7.5, C4’), 82.35 (d, 
3JPOCC = 7.5, C4’), 71.03 (C2’), 70.98 (C2’), 70.08 (C3’), 70.00 (C3’), 68.39-68.10 (m, CH2-benzyl, 

C5’), 33.55 (CA t-butyl), 29.67 (3 × CB t-butyl). HRMS (FAB+) observed mass 508.1588, calculated 

mass for C21H27N5O8P (MH+) 508.1597. 
 

cycloSal-5’-O-(guanosinyl)phosphate (cycloSal-GMP, 18). Remark concerning synthetic procedure: 
Due to the limited solubility of 8-methylguanosine in DMF/THF 2:1, 13.5 ml solvent was used instead 

of 9 ml. Yield after prep. HPLC: 8 mg (18 µmol, 7%). Analytical HPLC: tR 1.84 min, purity > 99%. 
1H-NMR (400 MHz, d6-DMSO) δ 10.65 (bs, 2H, NH), 7.82 (s, 1H, H8), 7.78 (s, 1H, H8), 7.41-7.33 (m, 

2H, H4-aryl), 7.30-7.17 (m, 4H, H6-aryl, H5-aryl), 7.15 (d, 3J = 8.7, 1H, H3-aryl), 7.10 (d, 3J = 8.7, 
1H, H3-aryl), 6.48 (bs, 4H, NH2), 5.71 (d, 3J = 5.5, 2H, H1’), 5.52-5.39 (m, 4H, CH2-benzyl), 5.38-
5.32 (m, 2H, (OH)3’), 4.45-4.25 (m, 6H, H2’, H5’a, H5’b), 4.16-4.10 (m, 2H, H3’), 4.08-4.01 (m, 1H, 

H4’). 31P-NMR (202.4 MHz, d6-DMSO) δ −8.67, −8.71. APT (125.7 MHz, d6-DMSO) δ 156.69 (C6), 

153.68 (C2), 151.28 (C4), 151.25 (C4), 149.41 (C2-aryl), 149.36 (C2-aryl), 135.36 (C8), 135.30 (C8), 
129.74 (C6-aryl), 126.05 (C4-aryl), 126.03 (C4-aryl), 124.42 (C5-aryl), 121.20-120.75 (m, C1-aryl), 
118.15 (d, 3JPOCC = 8.7, C3-aryl), 118.14 (d, 3JPOCC = 8.7, C3-aryl), 116.74 (C5), 116.71 (C5), 86.63 
(C1’), 86.58 (C1’), 82.08-81.92 (m, C4’), 72.96 (C2’), 69.89 (C3’), 69.88 (C3’), 68.43 (d, 2JPOC = 7.3, 
CH2-benzyl), 68.37 (d, 2JPOC = 7.3, CH2-benzyl), 67.97-67.80 (m, C5’). HRMS (FAB+) observed mass 
452.0976, calculated mass for C17H19N5O8P (MH+) 452.0971. 
 

cycloSal-O-methylphosphate (cycloSal-MeMP, 19). For the synthesis of 
cycloSal-MeMP, the general synthetic protocol described above needs to be 
slightly altered. Anhydrous methanol (2 ml, 49.4 mmol) in a 2:1 mixture of 

DMF/THF (9 ml) is cooled to -10°C under a continuous flow of nitrogen. After sequential dropwise 

addition of DIPEA (560 µl, 3.2 mmol) and the cycloSal-chlorophosphane 17 (105 µl, 0.80 mmol, 

dissolved in 1 ml DMF), the reaction mixture was allowed to stir for 15 min at -10°C, the cooling bath 
was removed, and the mixture was stirred for 1 h at room temperature. After cooling to 0°C, a 5-6 M 

solution of tBuOOH in nonane (750 µl, 2.63 mmol) was added dropwise. The solution was allowed to 

warm to room temperature within about 15 min, and stirring was continued for 1 h. The solvents were 
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evaporated under reduced pressure, and the crude product was purified by silica flash chromatography 

and semi-preparative HPLC. Yield after prep. HPLC: 36 mg (180 µmol, 22% based on 

salicylchlorophosphane 17). Analytical HPLC: tR 2.53 min, purity > 99%. Diastereomeric ratio based 

on 1H-NMR: 1:1. 1H-NMR (400 MHz, CDCl3) δ 7.32 (t, 3J = 7.8, 2H, H4-aryl), 7.13 (dt, 3J = 7.5, 4J = 

0.9, 2H, H5-aryl), 7.10-7.04 (m, 4H, H6-aryl, H3-aryl), 5.38 (s, 1H, HA-benzyl), 5.37 (s, 1H, HA-
benzyl), 5.34 (s, 2H, HB-benzyl), 3.91 (s, 3H, methyl), 3.88 (s, 3H, methyl). 31P-NMR (202.4 MHz, d6-

DMSO) δ −7.37. APT (125.7 MHz, d6-DMSO) δ 150.23, 150.17 (C2-aryl), 129.79 (C6-aryl), 125.22 

(C4-aryl), 124.24 (C5-aryl), 120.66, 120.58 (C1-aryl), 118.78, 118.71 (C3-aryl), 68.63, 68.58 (CH2-
benzyl), 54.90, 54.86 (methyl). 
 
 

Hydrolysis Studies 
An aqueous solution of cycloSal-BrGMP (1c, 0.1 mM, 1.5 ml) prepared by diluting a fresh stock 

solution (150 µl, 1 mM) with the different buffers or bacterial culture media (1350 µl) was shaken in 

an Eppendorf mixer at the indicated temperatures. Aliquots (150 µl) were generally withdrawn every 2 

hours and immediately frozen in liquid nitrogen. In case of very slow hydrolysis, i.e., with Tris/HCl 
buffer pH 6.9 and with CH3COOH / NH4OH buffer pH 6.0,  aliquots were removed every 10 hours. 
The aliquots were subsequently analyzed by reverse-phase analytical HPLC. After thawing, the 

samples (50 µl) were directly injected into the HPLC system equipped with a Machery Nagel CC 

125/4 Nucleosil 100-5 C18 HD column (0.5 × 10 cm) and the corresponding guard column and eluted 

with a linear gradient of buffer A (10 mM aqueous CH3COOH / NH4OH, pH 7.0) and eluant B (90% 

acetonitrile / 10% water) at a 0.4 ml/min flow rate. Gradient details: 0−5 min, 0% B; 5−25 min 0 � 

100% B; 25−30 min 100% B; 30−35 min 100 � 0% B. Detection: UV absorption at 262 and 225 nm 

using a Pharmacia LKB VWM2141 dual diode array variable wavelength detector. Retention times for 
the different degradation products were 15.8 min (cycloSal-BrGMP), 15.2 min (2-hydroxybenzyl-
alcohol), 13.2 min (8-bromoguanosine), 4.5 min (BrGMP). The half-lives of cycloSal-BrGMP under 
the different conditions were calculated from an exponential fit of the decreasing peak area of the peak 
corresponding to cycloSal-BrGMP using the computer program Microsoft Office Excel and are the 
mean of duplicate experiments.  
 
 

Biological Studies 
 

Minimal Media & Bacterial Strains 
MOPS medium  The 3-[N-morpholino]propanesulfonic acid (MOPS)-buffered growth medium 
initially reported by Neidhardt et al.(100), was used with several modifications, as described (101). 
The medium contains 1.32 mM K2HPO4, 0.4 mM MgCl2, 0.276 mM K2SO4, 0.01 mM FeSO4, 0.14 
mM CaCl2, 80 mM MOPS, 4 mM Tricine, 20 mM glucose, 20 mM NH4Cl, 3 nM (NH4)6Mo7O24, 400 
nM H3BO3, 30 nM CoCl2, 10 nM CuSO4, 10 nM ZnSO4, 0.1 mM MnCl2, 0.245 mM tryptophane, and 
10 mM glutamate. The pH of the medium was adjusted to 7.4 with KOH.  
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GB1/Lys medium  GB1/Lys medium was prepared as described (102) and contains 6.33 g of K2HPO4 
· 3H2O, 2.95 g of KH2PO4, 1.05 g of (NH4)2SO4, 0.10 g of MgSO4 · 7H2O, 0.28 mg of FeSO4 · 7H2O, 
7.1 mg of Ca(NO3)2

 · 4H2O, 4 mg of thiamine, 4 g of glucose, and 50 mg of lysine per liter at pH 7.0. 
Bacterial Strains E. coli K12 MC4100 and B. subtilis 168 1A700. 
 

Antibacterial Evaluation 
Compounds were initially screened for antibacterial activity at a concentration of 1.6 mM (0.8 mM for 
cycloSalBrGMP) in minimal medium (MOPS pH 7.4 for B. subtilis and GB1/Lys pH 7.0 for E. coli). 

Bacteria were grown to steady-state in minimal medium at 37°C. At an absorbance at 450 nm 

(OD450) of 0.2, the culture was diluted 1:4 in prewarmed medium containing the required amounts of 
test compounds to result in final concentrations of 1.6 mM (0.8 mM for cycloSalBrGMP) and the 
growth was monitored hourly by measuring the absorbance at 450 nm. Since BrGuo and BrGua did 
not dissolve easily, the compounds were stirred overnight in prewarmed medium. For the same reason, 
cycloSal-BrGMP was evaluated at a concentration of only 0.8 mM. Growth curves with the test 
compounds were generally found to begin at slightly higher OD450 values compared to the curves 
without the compounds. This observation is due to the absorbance of the test compounds themselves. 
For reasons of clarity, the curves with test compounds were corrected for the autoabsorbance of the 
compounds. Absorbance readings (OD450) were taken every hour for 6 hours, and a final value was 
recorded after 24 hours. Among the compounds investigated, only cycloSal-BrGMP showed 
promising antibacterial activity, however, solely against B. subtilis. 

To assess the antibacterial potency of cycloSal-BrGMP and other cycloSal-derivatives against B. 

subtilis, the minimum inhibitory concentration (MIC) was determined by a broth macrodilution 
method based on the guidelines of the National Committee for Clinical Laboratory Standards 
(NCCLS), in which the MIC is defined as the lowest concentration, which completely inhibits visible 
growth as detected by the unaided eye (87). Preparation of the inoculum: Three to five well-isolated 
colonies of the same morphological type were selected from an agar plate culture, and the top of each 
colony was transferred to 10 ml of minimal medium in a 100 ml erlenmeyer flask. After shaking 

overnight at 37°C, the cultures were diluted 1:100 in 10 ml fresh medium, and grown to OD600 = 0.2. 

Test procedure: The growth studies were performed in duplo in 13 × 100 mm test tubes with plastic 

closure caps containing 2 ml broth with serial dilutions of the test compound (800, 400, 200, 100, 50, 

25, 12.5, 6.25, 3.12, 1.56, 0.78 µM) and a blanco without the compound. The tubes containing the 

serial dilutions of the test compound in broth were pre-warmed to the incubation temperature (37°C) 

for 15 minutes. The inoculum (20 µl), an exponentially growing bacterial culture with OD600 = 0.2 

prepared as described above, was added to the tubes (dilution 1:100 ≈ 106 CFU), and the tubes were 

incubated in an ambient air incubator at 37°C. After 12 hours, the OD600 of the series was determined 

and the morphology of the cells was investigated. The lowest concentration of test compound, which 
completely inhibits visible growth is reported as the MIC. It is important to keep in mind, though, that 
this value is not an absolute value. The “true” MIC is actually somewhere between this concentration 
and the next lower test concentration. 
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Summary 
 
Synthesis of GTP Analogues and Evaluation 
of their Effect on the Antibiotic Target FtsZ 

and its Eukaryotic Homologue Tubulin 
  
The globally recurring emergence of pathogenic bacteria with multiple antibiotic resistance 
has been a major concern in recent years. Although an effective solution of this problematic 
issue might require a number of countermeasures such as restricting the excessive use of 
existing antibiotics and the development of vaccines, there is wide agreement on the necessity 
to develop novel types of antibiotics. To avoid cross-resistance with existing antibiotics, these 
agents should preferably interact with different bacterial target proteins. A review of the 
recent scientific literature and patents indisputably classifies the bacterial cell division protein 
FtsZ as one of the most interesting targets. Structurally and functionally closely related, its 
distant eukaryotic homologue tubulin is an important target for anticancer chemotherapy. 
Different from other approaches for the identification of novel lead drugs targeting FtsZ, 
which primarily relied on arbitrary screening of large compound libraries, the research 
described in this thesis is focused on the rational design of novel FtsZ inhibitors derived from 
the structure of its natural substrate guanosine 5’-triphosphate (GTP).  
 

Chapter 1 provides a general survey on the cell division proteins FtsZ and tubulin. The 
polymers of tubulin and actin play a dominant role in the organization of the eukaryotic 
cytoskeleton. Microtubules, hollow cylindrical structures of laterally associated tubulin 
filaments, control the eukaryotic cell shape and are involved in mitosis and intracellular 
organelle transport. Compounds interfering with microtubule dynamics are in clinical use as 
anticancer agents, the most prominent example being probably paclitaxel (Taxol®). More 
recently, analogous cytoskeletal proteins have been identified in bacteria. FtsZ, the 
prokaryotic tubulin homologue, directs bacterial cell division by forming a ring-like structure 
at midcell, which serves as the anchor for the recruitment of various other cell division 
proteins to the future division site. FtsZ is indispensable for cell division in bacteria. 
Consequently, inhibitors of FtsZ result in abnormal longitudinal growth of bacteria known as 
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filamentation. Due to its pivotal role in bacterial cell division, the fact that it is highly 
conserved in many bacterial strains, and its low potential for cross-resistance with existing 
antibiotics, FtsZ has recently enjoyed much attention as novel target for antibacterial agents. 
In addition to their functional and structural similarity, FtsZ and tubulin also share a common 
substrate, guanosine 5’-triphosphate (GTP), which induces their polymerization into 
multimeric filaments and controls their dynamic properties by polymerization-dependent 
activation of their GTPase activity. Given the central role of the endogenous ligand GTP for 
the proper functioning of FtsZ, we considered the GTP skeleton a promising starting point for 
the development of novel inhibitors of FtsZ. Based on the crystal structure of FtsZ, 8-
substituted GTP analogues were proposed as potential candidates.  

Chapter 2 describes the synthesis of the selected 8-substituted GTP analogues starting 
from guanosine. 8-Methyl- and 8-t-butylguanosine were obtained by free radical alkylation of 
guanosine and 8-phenylguanosine by Suzuki arylation. Depending on the type of halogen, 
different synthetic approaches were required for the halogenation of guanosine. Nucleophilic 
aromatic substitution of 8-bromoguanosine provided access to 8-alkoxyguanosines and a 
series of 8-alkylaminoguanosines. The 8-substituted guanosine analogues were subsequently 
converted to the corresponding 5’-triphosphates according to an optimized procedure based 
on a published one-pot three-step phosphorylation protocol. An NMR-based solution-state 
conformational analysis of the guanosine analogues and their triphosphorylated derivatives 
revealed that although all analogues prefer the syn-conformation, the precise position of the 
equilibrium is very much dependent on the nature of the C8-substituent, with the size of the 
substituent being the primary determinant. 

In Chapter 3, the effect of the GTP analogues on FtsZ function is investigated. All 
analogues were found to be competitive inhibitors both of FtsZ polymerization and its 
associated GTPase activity with their IC50 values spanning more than an order of magnitude 
in the micromolar range. The inhibitory potency of the GTP analogues is apparently related to 
the sterical properties of their C8-substituents, with smaller substituents resulting in more 
potent inhibition. Based on a simulation of the potential binding mode of the analogues by 
molecular modeling studies, it is hypothesized that binding of the GTP analogues to FtsZ 
induces a conformational change of the protein, which in turn precludes the formation of 
productive intersubunit interactions in polymers, presumably through changes in the 
orientation of the central helix H7.   

Chapter 4 deals with the effect of the prepared series of GTP analogues on tubulin 
function. Based on their effects on tubulin assembly, three classes of GTP analogues may be 
distinguished: GTP analogues that more potently induce assembly than GTP itself, those that 
weakly induce assembly, and those incapable to support assembly at all. Interestingly, the 
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most potent inducers of tubulin polymerization were actually among the most potent 
inhibitors of both FtsZ polymerization and its associated GTPase activity. Apparently 
unrelated to their ability to support tubulin assembly, all GTP analogues were found to be 
substrates for the tubulin GTPase, the only exceptions being NMePipGTP and 
cycloNMePipGTP. Studies of tubulin assembly and GTPase activity in the presence of 
equimolar GTP and GTP analogues revealed that the analogue-supported assembly was 
inhibited by GTP and vice versa, and that both nucleotides were hydrolyzed to a similar 
extent, suggesting competition between GTP and the analogues for both binding and 
hydrolysis. 

The GTP analogues, which have proven effective inhibitors of in vitro FtsZ 
polymerization, did not show any antibacterial activity. Chapter 5 addresses the question 
how to turn these GTP analogues into potent antibacterial agents. An extensive discussion of 
the possible nucleotide prodrug strategies resulted in selection of the cycloSal-GMP 
analogues, which were synthesized and tested for antibacterial activity. The compounds 
showed limited effect on the Gram-positive strain B. subtilis, but were totally ineffective 
against the Gram-negative E. coli. Unfortunately, however, the antibacterial activity turned 
out not to be related to the intracellular delivery of the 8-substituted GMPs. 
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Samenvatting 
 

Synthese van GTP Analoga en Evaluatie 
van hun Effect op het Antibacteriële Target 

FtsZ en zijn Eukaryotisch Homoloog 
Tubuline 

 
De steeds terugkerende en in frequentie toenemende uitbraken van pathogene bacteriën met 
multiple antibacteriële resistentie in de afgelopen jaren geeft aanleiding tot bezorgdheid. 
Hoewel een doeltreffende aanpak van dit probleem het beste gebaseerd moet zijn op een 
breed pakket van maatregelen, waaronder ook de beperking van het excessieve gebruik van 
antibiotica en de ontwikkeling van vaccinaties, bestaat er vergaande overeenstemming onder 
de experts over de noodzaak tot het ontwikkelen van nieuwe typen antibiotica. Om 
kruisresistentie met bestaande antibiotica te voorkomen is het wenselijk om met name 
antibiotica te ontwikkelen, die aangrijpen op nieuwe bacteriële target eiwitten. Bestudering 
van de recente literatuur leert dat FtsZ in deze reeks thuishoort en gezien wordt als een van de 
meest veelbelovende nieuwe targets voor toekomstige antibiotica. Het eukaryote homoloog 
van FtsZ, tubuline, is al jaren een belangrijk target in de kanker chemotherapie. Screening van 
omvangrijke chemische bibliotheken op verbindingen die aangrijpen op FtsZ heeft al een 
aantal bruikbare hits opgeleverd. In het in dit proefschrift beschreven onderzoek is voor een 
andere insteek gekozen, het rationele design van nieuwe lead verbindingen gebaseerd op de 
structuur van het natuurlijke substraat van FtsZ, guanosine 5’-trifosfaat (GTP). 
 

In Hoofdstuk 1 wordt een algemeen overzicht gegeven van de celdelingseiwitten FtsZ en 
tubuline. De polymeren van tubuline en actine spelen een belangrijke rol in de organisatie van 
het eukaryote cytoskelet. Microtubuli, cylindrische structuren van parallel tegen elkaar 
aanliggende tubuline filamenten bepalen de eukaryote celvorm en zijn betrokken bij mitose en 
het intracellulaire transport van celorganellen. Verbindingen die de dynamica van microtubuli 
verstoren worden gebruikt als cytostatica. Het bekendste voorbeeld hiervan is waarschijnlijk 
paclitaxel (Taxol®). Meer recent is de ontdekking van soortgelijke cytoskelet-eiwitten in 
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bacteriën. FtsZ, de prokaryote homoloog van tubuline, coördineert de bacteriële celdeling 
door vorming van een ringachtige structuur in het midden van de cel, die als een anker dient 
voor het aantrekken van diverse andere celdelingseiwitten naar de toekomstige plaats van de 
deling. FtsZ is onmisbaar voor de celdeling in bacteriën. Remmers van FtsZ leiden tot 
abnormale longitudinale groei van bacteriën, een verschijnsel dat bekend staat als 
filamentatie. Vanwege zijn centrale rol bij de bacteriële celdeling, het feit dat het goed 
geconserveerd is in verschillende bacteriesoorten en het geringe potentieel voor 
kruisresistentie met bestaande antibiotica heeft FtsZ veel aandacht gekregen als nieuw target 
voor antibacteriële middelen. Naast hun functionele en structurele overeenkomsten gebruiken 
FtsZ en tubuline ook hetzelfde substraat, guanosine 5’-triphosphate (GTP), dat hun 
polymerisatie tot filamenten induceert en verantwoordelijk is voor de dynamische 
eigenschappen van beide eiwitten door de polymerisatie-afhankelijke activering van hun 
GTPase activiteit. Gezien de centrale rol van het endogene ligand GTP leek ons het GTP-
skelet een geschikt uitgangspunt voor de ontwikkeling van nieuwe remmers van FtsZ. 
Uitgaande van de bekende kristalstructuur van het FtsZ-GDP complex werden 8-
gesubstitueerde GTP analoga voorgesteld als mogelijke kandidaten. 

In Hoofdstuk 2 is de synthese van de 8-gesubstitueerde GTP analoga beschreven 
uitgaande van guanosine. 8-methyl- en 8-t-butylguanosine werden verkregen door vrije 
radicaal alkylering van guanosine en 8-phenylguanosine door middel van Suzuki arylering. 
Voor de halogenering van guanosine werden verschillende synthetische routes gebruikt 
afhankelijk van het type halogeen. 8-alkylaminoguanosines en 8-alkoxyguanosines werden 
verkregen middels nucleofiele aromatische substitutie van 8-bromoguanosine. De 8-
gesubstitueerde guanosine analoga werden vervolgens omgezet tot de betreffende 5’-
trifosfaten middels een geoptimaliseerd één-pot drie-staps fosforyleringsprotocol. Een NMR-
gebaseerde conformationele analyse van de guanosine analoga en hun trigefosforyleerde 
derivaten in oplossing liet zien dat alle analoga de voorkeur geven aan de syn-conformatie en 
dat de precieze ligging van dit evenwicht sterk afhangt van het soort substituent, waarbij de 
grootte van de C8-substituent de primaire factor is. 

Hoofdstuk 3 omvat een beschrijving van de effecten van de GTP analoga op de functie 
van FtsZ. Alle analoga bleken competitieve remmers te zijn van zowel de FtsZ polymerisatie 
als ook van de hieraan gekoppelde GTPase activiteit met IC50 waarden in het micromolaire 
gebied. De kracht van de remming is ogenschijnlijk gerelateerd aan de sterische 
eigenschappen van de C8-substituenten van de GTP analoga, waarbij kleinere substituenten 
leiden tot een sterkere remming. Uitgaande van een simulatie van de mogelijke 
bindingsmodus van de GTP analoga middels moleculaire modeleringstudies is een hypothese 
opgesteld voor het mechanisme van de remming: Binding van de GTP analoga aan FtsZ heeft 
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een conformationele verandering van het eiwit tot gevolg, die zodanig is, dat geen 
productieve intersubunit interacties in polymeren meer gevormd kunnen worden, mogelijk 
door veranderingen in de oriëntatie van de centrale helix H7. 

Vergelijkbare studies van het effect van de GTP analoga op tubuline zijn beschreven in 
Hoofdstuk 4. In tegenstelling tot hun effect op FtsZ bleken sommige van de analoga de 
polymerisatie van tubuline te stimuleren, zelfs beter dan het natuurlijke substraat GTP. 
Andere analoga wederom bleken maar een zwak inducerend effect te hebben of 
ondersteunden de polymerisatie van tubulin helemaal niet. Opmerkelijk waren de meest 
potente remmers van FtsZ tegelijkertijd de meest krachtige stimulatoren van de tubuline 
polymerisatie. Onafhankelijk van hun effect op de polymerisatie bleken alle GTP analoga 
substraten van de tubuline GTPase functie, met uitzondering van NMePipGTP en 
cycloNMePipGTP. Studies van de tubuline polymerisatie en GTPase activiteit in 
aanwezigheid van equimolaire hoeveelheden GTP en GTP analoga lieten zien dat de analoga-
ondersteunde polymerisatie geremd word door GTP en vice versa, en dat beide nucleotiden in 
dezelfde mate gehydrolyseerd worden, wat duidt op de competitie tussen GTP en de analoga 
voor zowel binding als hydrolyse. 

Alhoewel de onderzochte GTP derivaten bij de in vitro studies allemaal remmers bleken 
van de FtsZ polymerisatie, vertoonden ze helaas geen antibacteriële activiteit tegen de 
onderzochte Gram-negatieve en Gram-positieve modelorganismen E. coli en B. subtilis, een 
verschijnsel dat te wijten is aan de slechte opname van de GTP analoga in de bacteriën. In 
Hoofdstuk 5 zijn verschillende strategieën besproken om dit probleem te omzeilen door 
gebruik te maken van lipofiele nucleotide prodrugs in plaats van de hydrofiele, negatief 
geladen GTP analoga zelf. Uiteindelijk is gekozen voor de cycloSal-GMP analoga, die 
gesynthetiseerd werden en getest werden op antibacteriële activiteit. De verbindingen toonden 
beperkt effect op B. subtilis en waren geheel ineffectief tegen E. coli. Verder onderzoek wees 
uit dat ook de antibacteriële werking op B. subtilis niet te wijten was aan de intracellulair 
vrijgemaakte 8-gesubstitueerde GMPs. 
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Nawoord 
  
Vol enthousiasme ben ik in 2001 begonnen aan mijn promotieonderzoek, wat uiteindelijk tot 
dit proefschrift heeft geleid. Wat mij bijzonder aansprak aan het project was de mogelijkheid 
om alles zelf uit te voeren, van het synthetiseren van de verbindingen tot het meten van de 
biologische activiteit. Tegelijk was het juist dit feit dat zich ook als een bijzondere uitdaging 
ontpopte. Mijn organisch-chemische kennis alleen was zeker niet toereikend om dit 
promotieonderzoek succesvol af te ronden, temeer de principiële onderzoeksvragen steeds 
meer verschoven van de synthetische chemie naar de biochemie en enzymologie.  

Gelukkig had ik hier specialisten aan mijn zijde die me steunden en stimuleerden ook in 
tijden als ik het niet meer zag zitten. Hier wil ik met name Tanneke den Blaauwen, mijn co-
promotor, noemen. Ik ben je zeer dankbaar voor het vertrouwen dat je in me had, de talloze 
discussies over de strategie van het onderzoek, de praktische hulp bij de uitvoering ervan, de 
contacten die je voor me gelegd hebt, kortom: de uitstekende begeleiding!   

Ook al is de kern van mijn promotieonderzoek langzamerhand meer richting de 
biologische vraagstukken verschoven, de wortels liggen in de organische chemie, of, 
misschien meer doeltreffend, de bio-organische chemie. En hier was mijn promotor, Gerrit-
Jan Koomen, met zijn rijke ervaring in de nucleoside chemie, een voortreffelijke steun. 
Gerrit-Jan, ik wil je hartelijk bedanken dat je me in de gelegenheid hebt gesteld om in je 
groep mijn promotieonderzoek uit te voeren, voor je vertrouwen en enthousiasme voor dit 
onderzoek, je openheid voor nieuwe ideeën, je advies die er was indien nodig, maar die ook 
ruimte liet om zelf mijn weg te vinden. 
 

Ook “het echte werk” op het lab heb ik natuurlijk niet in m’n eentje gedaan. Allereerst 
gaat mijn dank uit naar mijn studenten, die een belangrijk stuk werk hebben bijgedragen aan 
dit proefschrift: Machteld Petram (synthese van 8-gesubstitueerde guanosine analoga), Sander 
van Gelder (synthese en antibacteriële evaluatie van enkele 8-gesubstitueerde cycloSal-
GMPs) en Bart Stegink (trifosforylering van een reeks guanosine analoga en eerste tests op in 

vitro FtsZ polymerisatie). Naast de resultaten die jullie behaald hebben heb ik ook veel van de 
samenwerking met jullie geleerd, en ik hoop natuurlijk dat dit wederzijds was.  

Er zijn echter nog veel meer mensen, die me met woord en daad terzijde hebben gestaan: 
Louis Hartog, Han Peeters, Jan Geenevasen, Jan Meine, Lidy van der Burg, Martin Wanner, 
Fred Brouwer, Sjors Wurpel, Jan van Maarseveen, Ron Wever, en iedereen die ik hier niet 
expliciet heb vermeld. Louis, je ervaring en advies bij de zuivering en HPLC-analyse van de
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nucleotide trifosfaten was van onschatbare waarde! Echter ook je inhoudelijke adviezen 
betreffende de opzet en de richting van het onderzoek heb ik zeer gewaardeerd. Jan & Jan en 
Lidy, ik ben jullie veel dank verschuldigd voor hulp bij het opnemen van NMR-spectra. 
Martin, bedankt voor het overnemen van de begeleiding van Machteld tijdens mijn 
afwezigheid. Han, de massaspectra van de trifosfaten hebben ons aanvankelijk voor wat 
problemen gesteld, maar het is uiteindelijk gelukt. Bedankt ook voor het vlugge opnemen van 
de spectra. Marijke en Stephen, jullie waren altijd zo behulpzaam en snel bij het opvragen van 
publicaties, het kon niet beter! 

Natuurlijk wil ik ook alle anderen bedanken die tot het ontstaan van dit proefschrift 
hebben bijgedragen, zij het door informele discussies over het onderzoek of indirect door de 
gezelligheid in de labs van het D-gebouw. Arnold, Stijn, Boris, Melle, Rokus, Naoko, Teunie, 
Johan, Paul, Tomasso, Alessia, en natuurlijk iedereen die ik in deze opsomming mogelijk 
vergeten ben.     

Verder wil ik m.b.t. het biologische gedeelte in het bijzonder nog Mirjam Aarsman, Alex 
ter Beek (studies op B. subtilis) en Prof. Dr. Klaas Hellingwerf bedanken, maar natuurlijk ook 
alle andere collega’s in de beide labs die me altijd met raad en daad terzijde stonden.  

Totally unexpected, I also received a lot of support from Andrei Popov and Aurélie Juhem 
(CEA Grenoble) with my plans to study the effect of the GTP analogues on tubulin. When 
just asking some experimental details about their published protocol for the purification of 
tubulin, Andrei offered me to collaborate with his group, which finally resulted in my visit to 
Grenoble, where we obtained very interesting results in just a few days (Chapter 4). Aurélie, 
many thanks also for the numerous preliminary experiments you conducted and the additional 
experiments after my visit. Andrei, I appreciated your critical review of chapter 4, and the 
honest and constructive comments. And of course, I also want to thank both of you and also 
Claudia for the nice time in Grenoble! 
 

In het bijzonder wil ik ook Vic, mijn vrouw, danken. Vic, je hebt me altijd gesteund, 
gemotiveerd en gepusht om door te gaan! En niet alleen dat: Je hebt zelfs in belangrijke mate 
bijgedragen tot het ontstaan van dit proefschrift, door een aantal experimenten uit te voeren 
die in dit proefschrift zijn beschreven. Hoe vaak hebben we niet laat in de nacht nog 
gediscussieerd over ons onderzoek? En daarnaast heb je me twee zonen en een dochter 
geschonken. Als dit geen prestatie is! Zoals je naam, Victorine, al zegt: Gij zult overwinnen! 
– daar ben ik heilig van overtuigd. 

Natuurlijk wil ik ook Heleen danken, mijn grote dochter op die ik reuze trots ben. En 
Guus, die ons allemaal moreel en financieel heeft ondersteund. 

Luar-David, Albert-Tilman en Anna-Thyra, onze kids, jullie hebben ons weliswaar 
nachten wakker gehouden, maar toch hebben jullie me zelfs meer energie gegeven! Het doen 
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van onderzoek en het schrijven van een proefschrift was niet altijd makkelijk te combineren 
met het gezin, maar ik hoop dat ik ook jullie voldoende aandacht heb kunnen schenken.  

Gelukkig wist ik dat jullie overdag in goede handen waren bij ‘Minne’, waar jullie ook 
dolgraag naartoe gingen. Lieve Sanne, Petra, Katja, Marjolein, Xenia, stagiaires en natuurlijk 
Hannie en Irene, wat ben ik blij dat jullie zo goed voor ze zorgen!!  

En als jullie niet naar de Minne gingen, dan waren jullie bij Omi en/of Cotilla. Omi, 
zonder je was het een stuk moeilijker geweest! Cotilla, bedankt voor alles wat je voor ons 
gedaan hebt! En natuurlijk hebben ook jullie grootouders Piet en Regina goed voor jullie (en 
voor ons) gezorgd en bijgedragen om een beetje regelmaat in ons onrustige leven te brengen. 

Schließlich möchte ich auch noch meinen Eltern danken: ohne Euch stünde ich hier nicht! 
Ihr habt mich mein Leben lang begleitet und unterstützt, auf alle erdenkliche Weisen, in guten 
Zeiten und in schwierigen. Ich bin froh, daß es Euch gibt! 

Auch möchte ich meinem Bruder Henning, dem Rest meiner Familie und meinen 
Freunden (Matthias, Markus, Christof, Daniel, Ganesh, Mark, Bas und Peter) danken für ihr 
Interesse. 
 
 
  
 
 

          Tilman 
 


