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ABSTRACT

The platelet chemokines NAP-2 and TC-| differ by only two amino acids at their carboxy-
terminal end. Nevertheless they display a significant difference in their direct antimicrobial
activity, with the longer NAP-2 being inactive and TC-| being active. In an attempt to
rationalize this difference in activity we have studied the structure and the dynamics of both
proteins by NMR spectroscopy. Using "*N isotope-labeled protein, we confirmed that the
two monomeric proteins essentially have the same overall structure in aqueous solution.
However NMR relaxation measurements provided evidence that the negatively charged
carboxy-terminal residues of NAP-2 experience a restricted motion, while the carboxy-
terminal end of TC-l1 moves in an unrestricted manner. Detailed analysis of the protein
motions through model-free analysis, as well as a determination of their overall correlation
times, provided evidence for the existence of a monomer-dimer equilibrium in solution,
which seemed to be somewhat more prevalent for TC-I. Dimerization could generate a
larger basic surface area that would increase the antimicrobial activity of these chemokines.
Moreover these data also show that the negatively charged carboxy-terminal end of NAP-2
(which is absent in TC-1) folds back over part of the positively charged helical region of the

protein and in doing so interferes with the direct antimicrobial activity.

INTRODUCTION

Chemokines are a large group of structurally and functionally related proteins that have a
chemotactic activity which helps to target leukocytes to their site of action (I).They act by
binding to chemokine receptor proteins, a class of G-protein coupled receptors. Together,
the chemokines control the migration and actions of leukocytes (2). Recent studies have
shown that several chemokines also possess an endogenous antimicrobial activity (3-5)
Detailed structure-function studies of the human chemokines MIP-3, GCP-2 and CCL28
have shown that positively charged residues on the surface of these three proteins are
largely responsible for their direct antimicrobial activity (6-10). These proteins are believed
to act by perturbing bacterial membranes, a mechanism that is commonly found for other
antimicrobial peptides (I1;12). An interestingly different case, where positively charged
residues do not appear to be directly involved in the antimicrobial action, is provided by
the chemokines thrombocidin-1 and -2 (TC-I and TC-2), which are the platelet chemokines
neutrophil activating protein 2 (NAP-2) and connective tissue-activating protein Ill (CTAP-

1), respectively, with the two C-terminal residues truncated (1 3).
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The 70 amino acid residue long NAP-2, also known as CXCL-7, is generated through
N-terminal proteolytic processing from platelet basic protein (PBP) (14). NAP-2 and its
related proteins are released in large amounts from activated platelets (15;16).As a member
of the CXC chemokine family which includes interleukin 8 (IL-8)/CXCL8 (17) and stromal
cell-derived factor | (SDF-1)/CXCLI12 (18), NAP-2 plays an important role in inflammation,
blood clotting and wound healing. It is a potent mediator of neutrophil activation and
chemotaxis due to its ability to interact with the cell-surface receptors CXCR-1 and CXCR-2
of neutrophils leading to G-protein activation (2).This activity is shared with the homologous
chemokines IL-8 and growth-related oncogene-x (GRO-x) (19). PBP-derived products with
longer N-terminal regions than NAP-2, namely CTAP-IIl and B-thromboglobulin (B-TG), are
typically less active in neutrophil activation, however these proteins appear to be involved in
chemotaxis of other leukocytes, histamine release and glycosaminoglycan and proteoglycan
metabolism (20;21).

NAP-2 is a homodimer in aqueous solution but it is functionally active as a monomer (15;22).
Its structure was first solved as a tetramer by X-ray crystallography (23). Subsequently, its
solution structure and backbone dynamics were studied by NMR spectroscopy using a 4 %
2-chloroethanol-water co-solvent to dissociate the protein into its monomeric form (24).
Like other chemokines, the overall fold of NAP-2 consists of an N-terminal region without
regular secondary structure that is attached to the remainder of the protein through two
disulfide bonds. This is followed by a three-stranded antiparallel B-sheet, a well-defined
&-helix and the protein ends with an unfolded, solvent-exposed C-terminal tail (24).

In activated platelets, NAP-2 and CTAP-IlIl can become truncated at the C-terminus by
two amino acids to generate TC-| and TC-2, respectively (13). This relatively minor change
in the sequence has significant functional consequences because the thrombocidins have
direct bactericidal activities against Bacillus subtilis, Escherichia coli, Staphylococcus aureus, and
Lactococcus lactis and fungicidal activity against Cryptococcus neoformans, whereas intact NAP-
2 and CTAP-IIl do not. In fact, TC-1 and TC-2 were the first chemokines shown to have
intrinsic microbicidal activity, which was followed by demonstration of similar activities
for many other chemokines (3-5;25). Interestingly, thrombocidins have been shown to be
important for the body’s defence against infective endocarditis due to viridans streptococci
(26).Proteolysis of the N- and C-terminal ends has been described for numerous chemokines
and it is well known that these events modulate their activity (27;28). In fact, even shorter
C-terminally truncated versions of NAP-2 and CTAP-Ill have been described, and many of
these have increased activity for neutrophil activation (29). The sequences of NAP-2 and
TC-1 along with their related chemokines are shown in Figure I.

The solution structures of the NAP-2 and TC-| ®&-helical peptides as determined in an
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organic co-solvent differed in their C-terminal tails, which reflects the difference in their
amino acid sequence (10). However, these isolated peptides were both shown to have low
antimicrobial activities. As such, the differences in the antimicrobial activities of the full
length NAP-2 and TC-1 proteins could not be adequately explained.These results prompted
us to initiate studies of both intact proteins. In this study, relaxation experiments were
acquired for samples of '°N isotopically labelled intact NAP-2 and TC-| samples.These data
were analyzed using the model-free formalism method (30;31) to obtain generalized order
parameters (S?) and information on chemical exchange rates (R_) for specific residues.The
relaxation information was also used to describe the backbone dynamics of the NAP-2 and
TC-I proteins. These data allowed us to provide a structural rationale for the functional

antimicrobial differences between these two proteins.

PBP SSTKGQTKRN;,LAKGKEESLD»SDLYAELRCM3CIKTTSGIHP,0KNIQSLEVIGs,
CTAP-IlI N4oLAKGKEESLD»SDLYAELRCMg,CIKTTSGIHP ,KNIQSLEVIGs,
TC-2 N,oLAKGKEESLD,SDLYAELRCM3CIKTTSGIHP,,KNIQSLEVIGs,
CTAP-III(1-81) N;,LAKGKEESLD,SDLYAELRCM3CIKTTSGIHP,0KNIQSLEVIGs,
B-TG GKEESLD2SDLYAELRCM3CIKTTSGIHPKNIQSLEVIGs,
NAP-2 AELRCM3,CIKTTSGIHPKNIQSLEVIGs,
TC-1 AELRCM3,CIKTTSGIHP4KNIQSLEVIGs,
NAP-2(1-66) AELRCM,CIKTTSGIHP.,KNIQSLEVIGs,
NAP-2(1-63) AELRCM;3,CIKTTSGIHP,KNIQSLEVIGs,
PBP KGTHCNQVE V| ATLKDGRKI;,CLDPDAPRIKzKIVQKKLAGDgESAD
CTAP-IlI KGTHCNQVEV|ATLKDGRKI;,CLDPDAPRIKgKIVQKKLAGDgESAD
TC-2 KGTHCNQVEV|ATLKDGRKI;,CLDPDAPRIKgKIVOKKLAGDES
CTAP-III(1-81) KGTHCNQVEV|ATLKDGRKI;oCLDPDAPRIKaKIVQKKLAGD

B-TG KGTHCNQVE Vgl ATLKDGRKI;,CLDPDAPRIKgKIVQKKLAGDgESAD
NAP-2 KGTHCNQVE V| ATLKDGRKI7,CLDPDAPRIKzKIVQKKLAGDgESAD
TC-1 KGTHCNQVEV|ATLKDGRKI;,CLDPDAPRIKgKIVOKKLAGD,ES
NAP-2(1-66) KGTHCNQVE V| ATLKDGRKI;oCLDPDAPRIKaKIVQKKLAGD
NAP-2(1-83) KGTHCNQVE V| ATLKDGRKI;oCLDPDAPRIKgKIVQKKL

Figure |. Sequence alignment of platelet basic protein and its naturally occurring proteolytically
derived variants. Please note that full-length PBP itself is obtained after proteolysis of a 34-residue leader
sequence that is required for its secretion. Adapted from Krijgsveld et al., 2000, and Ehlert et al., [998.



MATERIALS AND METHODS

PURIFICATION OF RECOMBINANT '*"N-LABELED NAP-2 ANDTC-I

Protein expression and purification were performed as described in chapter 3 with minor
modifications. In brief, '’N-labeled recombinant human NAP-2 and TC-| were expressed as
a non-fusion protein in Escherichia coli BL2 1DE3(lysS) cells grown in '*N rich growth media
(E. coli-OD2 N from Silantes, Munich, Germany). After induction of recombinant protein
expression, E. coli cells were pelleted, lysed, ultracentrifuged, and the supernatant was loaded
on a SP-Sepharose cation-exchange column (GE healthcare). SP eluates containing cationic
components including NAP-2 or TC-| were dialysed and separated by preparative cationic
acid-urea polyacrylamide gel electrophoresis. Fractions were analyzed for the presence of
NAP-2 or TC-1 on the basis of their respective size by tris-tricine SDS-PAGE. The pooled
fractions were also tested in radial diffusion and standard broth bactericidal assays with B.
subtilis and E. coli to ensure that they have comparable antimicrobial activity as unlabeled
purified NAP-2 or TC-I. Protein concentration was measured by the bicinchoninic acid
(BCA) protein assay (Pierce). A typical yield was 5 mg of protein per litre of culture. The
purified chemokines were dialyzed against 0.01% acetic acid in Mini Slide-A-Lyzer tubes and

lyophilized.

NMR SAMPLE PREPARATION

All NMR experiments were acquired at 310 K. Initial 2D 'H-"°N heteronuclear single
quantum coherence (HSQC) experiments were run on NAP-2 and TC-| dissolved in
90%/10% H,O/D,O. Perdeuterated 2-chloroethanol was then added to a concentration of 4
% (v/v) to dissociate the protein into monomers (24;32). Judging from the resulting HSQC
NMR spectra, a higher concentration of 8 % (v/v) 2-chloroethanol was required to promote
the monomeric states of both chemokines. The pH values for the final NAP-2 and TC-I
NMR samples were 4.0 and 3.7, respectively. From the weights of the proteins provided,
the concentrations of the samples were estimated to be 0.4 and 0.6 mM for NAP-2 and
TC-I, respectively. Due to the absence of Trp and Tyr residues in both proteins, accurate
determinations of the chemokine concentration could not be achieved by UV absorbance

measurements.

NMR EXPERIMENTS

To obtain the backbone assignments, 3D 'H-'*N HSQC-NOESY experiments were acquired
on a Bruker Avance 700 MHz NMR spectrometer equipped with a triple resonance inverse
Cryoprobe with a single axis z-gradient. The mixing time used for both samples was 120 ms.
The acquired data matrices for each HSQC-NOESY experiment were 128 (t) x 40 (t,) X
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2048 (t,) complex data points, with spectral widths of 9101.251, 1667.361 and 9124.088 Hz
in the F, ('"H), F, (*N), and F, ('H) dimensions respectively.

All backbone dynamics experiments were acquired on a Bruker Avance 500 MHz NMR
spectrometer equipped with a triple resonance inverse Cryoprobe. 2048 x 256 points were
acquired in each experiment, with spectral widths of 7002.801 x 1520.508 Hz in the 'H
and "N dimensions respectively. For the longitudinal R, spin-relaxation experiments, the
measured relaxation delays were 42 (x2), 98, 154, 196 (x2), 294, 406, 602 and 798 ms.The
duplicate points were acquired for error estimations during analysis. For the transverse R,
spin-relaxation experiments, the measured relaxation delays were 6.55 (x2), 26.17, 45.79
(x2), 65.41, 91.57, 117.73, 137.35 and 163.5] ms. For 'H-"*N heteronuclear NOE data
acquisition, a 5-s train of 120° proton pulses was used. Data with and without NOE was

acquired in an interleaved manner and duplicated for error analysis.

DATA ANALYSIS

NMR spectra were processed using NMRPipe (33) and analysis was performed with
NMRView 5.0.4 (34) for spectral visualization. Published assignments for NAP-2 (24) were
useful to help make the backbone amide assignments for the HSQC spectra of NAP-2
and TC-1.The 3D 'H-"N HSQC-NOESY spectra were used to solve cases of ambiguity
and to complete the assignments. R, and R, relaxation rates were obtained by fitting the
peak intensities to a single exponential decay using the non-linear least-squares routine of
Curvefit in NMRView.The heteronuclear NOE data was also quantified in NMRView, which
calculated the intensity ratio between the spectra acquired with and without NOE effect.
The R,R,,and het-NOE data were fit to five models as defined in the model-free formalism
(30;31), which assigns each backbone amide spin to one of the five models that describe
different spin-relaxation behaviour. Depending on the dynamic properties of the particular
vector, a specific model is assigned that allows the extraction of the relevant motional
parameters. Model selection was performed using the program FAST-Modelfree (35)
which uses ModelFree 4.20 (36) and performs model selection based on the protocol of
Mandel et al.(37). The rotational diffusion tensors were estimated based on R,/ R, ratios
and pdb structure files for NAP-2 and TC-| using the programs R2R|_diffusion, pdbinertia,
and quadric_diffusion from Dr. A. G. Palmer’s group (http://www.palmer.hs.columbia.edu/
software/diffusion.html).The structure files were constructed by combining the X-ray crystal
structure of NAP-2 (23) (PDB ID INAP) which is missing the last four residues of NAP-2
due to missing electron density with the &-helical NAP-2 and TC-1| peptides determined
in organic solution by Nguyen et al.. For the model-free calculations, an axially symmetric
rotational diffusion tensor was used, the N-H bond length was defined as 1.02 A and the

chemical shift anisotropy for nitrogen was -172 ppm.
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RESULTS AND DISCUSSION

SAMPLE CONDITIONS AND HSQC ASSIGNMENTS

After acquiring an initial 2D 'H-"N HSQC spectrum of ""N-labelled NAP-2 in H,O/
D,O (90%/10%) at 310 K, it was noted that the resonances were rather broad due to
oligomerization of the protein.Therefore, 4 % perdeuterated 2-chloroethanol was added to
reproduce the conditions used previously for NAP-2 in the monomeric form (24;32). The
resulting HSQC spectrum did not completely resemble the previously published data (24),
with a few extra low-intensity peaks indicating the presence of a minor conformation from a
small proportion of NAP-2 aggregates. The final solutions of both NAP-2 and TC-1| used for
the remaining NMR experiments contained 8 % 2-chloroethanol to promote full dissociation
of the chemokines.

The backbone assignments of the amide peaks in the HSQC spectra to be used for the
relaxation experiments were mostly in agreement with the published assignment of NAP-2
(Figure 2) (24).The 3D 'H-""N HSQC-NOESY spectra were essential to determine and/or
confirm assignments for peaks that were ambiguous due to peak crowding, slight differences
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Figure 2. 'H-"*"N HSQC spectra of NAP-2 (left panel) and TC-1 (right panel) in 8 % 2-chloroethanol.
Cross-peaks are labelled with resonance assignments.The pH of the samples were 4.0 and 3.7 for NAP-2 and TC-1,

respectively, and the spectra were acquired at 310 K.
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with the previously published HSQC spectra, or the different C-terminal tail of TC-1.These
spectra mainly give signals corresponding to side chain protons, which helped to identify the
amino acid corresponding to a particular HSQC peak. Moreover, observed backbone signals

helped to follow the sequential order of the residues in the chemokines.

NMR RELAXATION PARAMETERS

The resonance assignments were used in the analysis and extraction of heteronuclear
NOE values as well as R and R, the peak intensity decay rates from T, and T, relaxation
experiments, respectively (Figure 3). 66 peaks were assigned and used for the analysis out
of a total 70 residues in NAP-2.The missing residues are: the N-terminus at Alal, where the
amino protons undergo fast exchange with the solvent; and Prol 6, Pro50, and Pro54, which
lack backbone amide protons. For TC-1, the same four residues are missing from the analysis
as well as Ala52 due to line broadening.

The R ,R,,and NOE have a constant value throughout most of the backbones of the NAP-
2 and TC-1 proteins. There are two regions in both NAP-2 and TC-| where these values
are significantly lower than the average, indicating fast motion on a ps-ns timescale: the long
loop between B-strands | and Il, specifically for the residues GIn33,Val34 and Glu35; and
the C-terminal tail following the &-helix, beginning around Alaé4.There are a few residues
in NAP-2 and TC-1 with higher than average R, values, indicating that these residues in
particular may undergo conformational exchange on a slower ps-ms timescale.

A few significant differences in the relaxation parameters for NAP-2 and TC-1 were found.
For example, the average R, value for TC-1 (9.09 s™') is greater than for NAP-2 (7.16 s').This
reflects slower tumbling for TC-1, which may be due to a higher population of TC-1 dimers
than NAP-2. Furthermore, the first few residues of TC-I have higher R ,R,,and NOE values,
indicating a higher order of structural stability, whereas the data for NAP-2 begins with Glu2
being more flexible than the remaining residues. The final major difference between the
two chemokines is in their C-terminal tails following the -helices. This can be attributed
to the difference in the sequences of the proteins in that region. The relaxation parameters
for NAP-2 and TC-| decrease starting at Ala64.The last residues of TC-1 continue with this
trend to show increased dynamic behaviour. In contrast, the additional residues of NAP-2,
specifically Ala69 and Asp70, show a significant increase in motional order more comparable
to the folded part of the protein, although those residues still belong to the C-terminal tail
that is more flexible.The latter result differs from previously reported "N dynamics data of
NAP-2 (24).In the published data, the C-terminal region becomes increasingly more dynamic
and flexible at the end.This result can be attributed to the extra C-terminal Tyr7| residue

that was present in the recombinant NAP-2 protein that was used in the earlier studies
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(24;32). This residue is not present in the parent PBP protein, and perhaps it was added so
that the protein concentration could be determined by UV absorbance spectroscopy. This
extra residue likely interrupts any interactions of the last residues of NAP-2 with the correct

sequence may have with another area of the protein, as our data suggests.

MODEL-FREE ANALYSIS

Fast model-free analysis (35) was used to fit the relaxation parameters according to the
Lipari-Szabo model-free dynamics formalism (30;31). From this procedure, the best value
for the molecular rotational correlation time, T , for NAP-2 and TC-1 were 5.5 and 6.0
ns, respectively. These values are greater than those determined for other chemokines of
the same size in monomeric form at the same field strength (500 MHz) at temperatures
lower than the one used here (310 K), specifically eotaxin (5.09 ns), eotaxin-3 (5.07 ns) and
stromal cell-derived factor-1 ¢ (5.04 ns) (38-40).Therefore, a significant amount of monomer-
dimer equilibrium is still ongoing in our NAP-2 and TC-| samples. The higher T for TC-|
compared to NAP-2 is reflected in the higher R, relaxation rate values and this indicates
the presence of more extensive dimerization for TC-1.This is mostly due to the nature of
the TC-1 chemokine itself, however it cannot be ruled out that the slightly higher protein
concentration in the NMR samples (0.4 and 0.6 mM for NAP-2 and TC-I, respectively)
contributes somewhat to the TC-| dimer formation.The model free analysis assigns each
residue spin into one of five models to describe the motion of the residue within the
context of the entire protein. Model assignment was possible for all residues of NAP-2 for
which relaxation data was available except for Ala52.The simplified Lipari-Szabo formalism,
model |, described by the S? order parameter alone, was sufficient to describe the relaxation
data for lle47. 18 residues belong to model 2 which incorporates an intermediate value of
T, (20 < T_ < 500 ps). 3 residues were assigned to model 3 which required inclusion of the
exchange broadening term R _, 22 residues required both T_and R_ terms to describe their
behaviour in model 4, and 18 residues were fit to model 5, which includes two timescales
of internal motion. For TC-1, model assignment was accomplished for all available residues
except for Glu2. A total of 4 residues from TC-| were assigned to model [, 38 residues to
model 2, and 20 residues to model 4.

The S? order parameters and R_ for relevant residues are plotted in Figure 4. The 10 %
trimmed means of S?for NAP-2 and TC-1 are 0.75 + 0.020 and 0.85 + 0.015, respectively,
pointing to the more dynamic character of NAP-2.The N-terminal segment of NAP-2 up to
Lys17 contains segments of higher flexibility than the protein’s regular secondary structure
elements. However, this is a much more restrained region than in SDF-l1x (38). This is

followed by higher S? values for the first B-strand. B-strands Il and Ill and the C-terminal
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®-helix all contain more continuous segments of high motional order, with the flexible loops
between the B-strands decreasing in the order parameters. Beyond the NAP-2 x-helix, the
order parameters of the C-terminal residues decrease greatly, however they increase again
for the last two residues,Ala69 and Asp70.The first 18 residues of TC-I together also have
somewhat lower values for their order parameters compared to the B-strands and &-helix.

However, these values as well as those for the first B-strand are higher and more consistent
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on the solution structure of monomeric NAP-2 (Young et al., 1999).
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BACKBONE DYNAMICS OF NAP-2AND TC-I

than those of NAP-2. Loop | between the first two B-strands shows high dynamic behaviour,
specifically for residues GIn33,Val34 and Glu35. Unlike NAP-2 however, Loop Il of TC-I
between B-strands Il and Ill retains a high motional order. Starting after the X-helix at Leu
63, there is a steady decline in the S?values to the last residue of TC-I.

Respectively, 22 and 20 residues from NAP-2 and TC-I required a chemical exchange

parameter (R ) that describes a conformational exchange phenomenon occurring in the
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Figure 4. Model-free data for (A) NAP-2 and (B) TC-1. The plots consist of order parameters reflecting
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Ms to ms timescale. These were previously mentioned in regard to residues with high R,
relaxation rates. In NAP-2, the spins with particularly high R values are Lys9 and Cys3l,
the latter of which is involved in a disulfide bond. There are also four residues belonging
to the X-helix of NAP-2 with significant conformational exchange, perhaps due to a slight
movement of the X-helix with respect to the remainder of the protein. Such movements
have also been observed for other chemokines such as MIP-3& and SDF-l1&, and they
often accompany the monomer-dimer dissociation process (6;38). In TC-1, the spins with
particularly high R values are Cys31, again involved in a disulfide bond with Cys5, and
Lys42. Like NAP-2, four residues from the TC-| &-helix undergo conformational exchange,
probably again reflecting the monomer-dimer equilibrium. TC-1 also has a few residues
following the &-helix with increasing R values and therefore it shows movement of the

C-terminal tail between different conformations, something that is not observed for NAP-2.

Activated platelet cells play a major role in blood clot formation, wound healing and cytokine
signaling. Additionally, it is well known that antibacterial proteins are released from platelets
after thrombin activation of the platelets via protease-activated receptors (41;42). TC-1 has
been characterized as a C-terminal deletion product of NAP-2 (13). The loss of the two
carboxy-terminal amino acid residues, presumably through the activity of a carboxypeptidase,
represents a functional switch that turns TC-| into an active microbicidal and fungicidal
protein (13). To examine the structural basis for this phenomenon, backbone dynamics
experiments by NMR spectroscopy were carried out and analyzed using the Lipari-Szabo
model-free formalism.In Figure 5, the main chains of the NAP-2 and TC-1 structural models
are coloured according to S%.These derived order parameters are sensitive to local motions
on the ps-ns timescale. Overall, both proteins exhibit dynamic behaviour typical of other
chemokines (24;38-40), with an aperiodic flexible N-terminal segment encompassing the
first 15 or so residues that are most important for chemokine receptor binding as has been
found for other CXC chemokines (43;44). This is followed by ordered regular secondary
structure elements with the loop between the first two B-strands showing some flexibility,
and a flexible C-terminal segment past the X-helix.

The larger T for TC-1 compared to NAP-2 in the same solvent and temperature with
similar pH’s points to TC-I forming dimers more readily than NAP-2.The NAP-2 dimer, as
part of the tetrameric (dimer of dimers) complex solved by X-ray crystallography (23), is
shown in Figure 6. The dimer interface of NAP-2 involves hydrogen bonding between the
two B-I strands which run antiparallel to each other and the x-helices.The side chains of the
x-helix residues of both chemokines with conformational exchange R terms as determined

by model-free seem to be involved in establishing intra- and intermolecular contacts. The
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®-helix therefore seems to move as a unit and play a role in dimerization, with TC-I having
more residues with R terms in that segment. In vivo, NAP-2 and presumably TC-I are in
a monomer-dimer equilibrium and may even form oligomers, however NAP-2 binds as a
monomer to its chemokine receptors (22;45).

In the case of the chemokines SDF-1x (CXCL-12) and MIP-3x (CCL20), a pH-dependent
monomer-dimer equilibrium was observed in solution (6;46;47). The equilibrium was
governed by the protonation state of a His residue that resides in the interface of the dimer
structure. Neither of the two His residues of NAP-2 and TC-1| are located at the dimer
interface and hence, a similar pH dependence of the dimerization process is not expected.
The role of dimerization to promote antimicrobial activity may be due to the formation of
a large cationic solvent-exposed surface area across the antiparallel X-helices that is slightly
interrupted by GIné0 in both monomer subunits (Figure 7).This is a feature of antimicrobial
chemokines, which also contain hydrophobic surfaces (5). For the NAP-2 or TC-1 dimer,
there are hydrophobic patches on either side of the large cationic surface, however the
surface directly behind it contains some negatively charged and polar side chains.

Another major difference between the "N relaxation data of the chemokines occurs
exactly at the region of the amino acid sequence difference, the C-terminal tail. The last
two residues of NAP-2 are not as flexible as the residues that precede them whereas the
last residues of TC-I are clearly the most flexible. This supports the structures determined
for the X-helix peptides that show the last Asp residue of NAP-2. _ can fold back and
interact with the positively charged region of the &-helix (10). This does not occur with
TC-1

those last residues of NAP-2 are restrained by interactions with another area of NAP-

so.¢s YVithin the context of the entire chemokines, however, it remains possible that
2. Nevertheless, it is reasonable to assume that the negatively charged tail of NAP-2 is
involved in electrostatic interactions with the positively charged surface of the X-helix on
the molecule.This would effectively shield some of the chemokine’s exposed cationicity and
therefore reduce the possibility of NAP-2 interactions with the negatively charged bacterial
membranes and exerting any kind of antibacterial effect.This restrained C-terminal flexibility
was not observed in an earlier backbone dynamics experiments of NAP-2.This is thought to
be due to the extra C-terminal Tyr residue that was introduced in that study, which would
cause steric hindrance and prevent the preceding residues to have any interactions with the
rest of the protein. In contrast to NAP-2, the shortened C-terminal end of TC-I, while still
negatively charged with its sequence ending in Asp66, Glu67 and Seré68, is fully flexible and
solvent exposed.This would allow for exposure of a large, positively charged surface on TC-
I, particularly in a dimer form of the protein.

The "N backbone dynamics work here has revealed a basis for the emergence of the TC-1|
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antimicrobial activities after it has been converted from NAP-2.The less mobile two amino
acid extension of NAP-2 seems to mask a cationic surface on the protein, interfering with
the bactericidal action.The shortened tail of TC-1 is highly mobile and not restrained by any
other areas of the chemokine.TC-1I is also more likely to be able to form dimers than NAP-
2. Through this dimerization, a large, mostly continuous cationic surface is assembled, and
this promotes interactions with the negatively charged bacterial membranes. These results
may not be as evident if full structural determinations of the chemokines were pursued
because the focus is on a mobile region of a small protein, which may not provide many

observable signals for distance-dependent restraints.

A C-ler

a-helix

a-helix

N-ter
Figure 5.The backbone chains of (A) NAP-2 and (B) TC-1 with residues coloured

along a gradient according to their S? order parameters. Red and blue residues represent
high and low extremes in flexibility, respectively, with purple representing intermediate flexibility.
Residues for which no S2 values were assigned are coloured in grey.The structure models are based
on a combination of the NAP-2 crystal structure (PDB ID INAP) and the solution structures of the
corresponding XX-helix peptides solved by Nguyen et al., 2009.
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BACKBONE DYNAMICS OF NAP-2AND TC-I

Figure 6. NAP-2 dimer structure solved by X-ray crystallography. The two different views show the dimer
interface consisting of B-strand | and the &-helix as resolved by Malkowski et al., 1995 (PDB ID INAP).The side
chains of residues in the &-helix of TC-I with Rex terms are shown in grey.

Figure 7. (A) Electrostatic potential surface plot and (B) ribbon diagram of the NAP-2 dimer

(PDB ID INAP). In the electrostatic plot, the yellow line marks the division between the monomer subunits and
the large, positively charged patch is encircled. The ribbon diagram shows the dimer in the same orientation as in
(A) with positively charged side chains in blue, negatively charged side chains in red, and the bridging surface GIn60
residues in black, which slightly interrupt the large cationic surface.
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