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Chapterr  5 

EnzymeEnzyme Studies 

5.11 Introductio n 

Adenosinee deaminase (ADA) is a monomeric zinc metallo-enzyme which catalyzes the 

irreversiblee deamination of adenosine and 2'-deoxyadenosine to their respective hypoxanthine 

derivatives.. It has attracted considerable attention since its discovery, and some aspects of its 

specificityy were first reported in 1932.' 

ADAA inhibition studies are interesting for several reasons: 

-Understandingg the catalytic mechanism of ADA is of special interest because ADA 

degradess analogs of adenosine with chemotherapeutic potential.2 If detailed information 

wouldd be available how ADA interacts with these compounds these drugs could be 

modifiedd to have longer pharmacological half-life. Inhibition of ADA activity has 

significantt physiological consequences due to accumulation of these substrates. 

Studiess have shown that in some human carcinomas the activity of this enzyme is 

stronglyy enhanced. So with an inhibitor of this enzyme, selective inhibition on growth of 

cancerr cells might be expected. ADA inhibitors have found application in disease control, 

becausee of their ability to prevent cell division in lymphocytes. In particular several types 

off  leukemia, for example Hairy Cell Leukemia and Acute Lymphocytic Leukemia, were 

successfullyy treated by deoxycoformycin, a naturally occurring ADA inhibitor. 

ADAA inhibition leads to higher adenosine half live values and influences receptor 

mediatedd effects on neurological, vascular, and blood platelet functions. It potentiates the 

cardio-- and neuroprotective effects of adenosine against ischemia/reperfusion injury. 

2'-Deoxycoformycinn (dCF, pentostatine) is a potent inhibitor of ADA. The long and nearly 

irreversiblee inhibition (Ks = 10"'2) of intracellular ADA offers a likely explanation for toxicities 

observedd with dCF therapy. A shorter-acting ADA inhibitor than dCF could permit a controlled 

durationn of chemotherapeutic efficiency while avoiding toxicities associated with long term 

inhibitionn of ADA. 

Inn the present chapter we evaluate the potential inhibition of adenosine analogues, with three 

differentt classes of adenosine analogs that have been synthesized as reported in previous 

chapters.. The synthetic pathway to these nucleosides relies on the availability of adenosine 

analogss as starting material. We described a procedure for the nitration of these nucleosides and 

conversionn of the nitro group to several other functional groups in chapter 2 and 3. 
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Inn this chapter the effect of these substituents on the affinity of the resulting nucleosides for 

ADAA is studied. 

5.22 Mechanism of action of ADA 

Thee ADA-catalyzed process is known to be an addition-elimination reaction proceeding via 

Zinc-assistedd formation of 1,6-hydrated adenosine, (6R)-6-amino-l,6-dihydro-6-hydroxy-9-(P-

£>-ribofuranosyl)-purinee 2, as an intermediate. This mechanism has been supported by 

crystallographiess computational,4 and mutagenic5 analyses. The hydrolytic deamination consists 

off  two steps: nucleophilic addition of a water molecule to form a tetrahedral intermediate 

followedd by elimination of ammonia to yield inosine. \6 

HOO HO 

++ H,0 

+ADA A 

H2N.. .OH 

HN N ii: > > 
"N N 

HO- i i 
\ \ 

HOO HO 

-NH3 3 

-ADA A 

HO O 

OH H 

HOO HO 

3 3 

DeaminationDeamination of adenosine to inosine by adenosine deaminase (ADA). 

Schemee 5.1 

5.33 Role of zinc in the catalytic action of ADA 

Thee zinc (II) ion is important among biological transition metal ions and serves as a Lewis 

acidd without participating in electron transfer reactions. In catalytic sites zinc generally forms 

complexess with any three nitrogen, oxygen and sulfur donors of His, Glu, Asp and Cys in the 

bindingg frequency H i s» Glu> Asp> Cys. Water is always a ligand to the catalytic zinc ion. 

Ionizationn of the activated water or its polarization, initiated by an active site basic amino acid, 

providess hydroxide ions under mild conditions.7 

AA proposed enzyme-bound tetrahedral intermediate with the zinc cofactor and the active-site 

residuess involved in catalysis is shown in Figure 5.1. This intermediate is based on the crystal 

structuree of purine riboside (nebularine) with ADA (see § 5.7.3). 
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SchematicSchematic diagram of the tetrahedral intermediate in the active site of enzyme. 

Figuree 5.1 

Thee nucleophilic species attacking the C6 of the substrate is a hydroxide ion, which is formed 

byy His 238 assisted deprotonation of the Zn2+-bound water molecule. Hydrogen bonding with 

Aspp 295 confers the correct orientation to the hydroxide oxygen. Donation of a proton from Glu 

2177 to Nl of the substrate reduces the Nl to C6 double bond character and thereby facilitates the 

formationn of the tetrahedral intermediate. The mechanism of ammonia elimination still needs to 

bee elucidated. It is likely that the process involves transfer of a proton from the 6-OH to the 6-

NH22 of the tetrahedral intermediate. Both Glu 217 and Asp 295 are suggested as potential 

candidatess for catalyzing this process.'' In contrast to the 6-OH adduct of the intermediate, which 

interactss with the Zn2+ ion and polar residues, the 6-NH2 leaving group is situated in a 

hydrophobicc pocket. This energetically unfavorable position of the 6-NH2 compared to the 6-OH 

promotess ammonia elimination and renders the process essentially irreversible. 

5.44 Rational and design of new inhibitors 

Inhibitionn of enzymes is usually accomplished by unreactive isosteric structural analogs of a 

substratee or the transition state of the reaction. This suggests that substrates and substrate analogs 

competee for a place on the enzyme, in accord with the fact that enzyme-substrate complexes and 

enzyme-substratee analogs both are formed during the catalytic transformations.8 

Inn case of ADA the competitive inhibitor nebularine 4, lacking a substituent at C6, is not 

boundd in the form that is abundant in free solution, but rather as a 1,6-addition compound (5).9 

Thiss enzymatic hydration product resembles the transition state of the enzymatic hydrolysis of 

adenosine,, and it would be of interest to study the effect of C2 substitution in the purine ring on 

thee affinity of these modified nucleosides (7) towards ADA. 
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NebularineNebularine (4), hydrated-nebularine 5, 1-deazaadenosine 6. 

Figuree 5.2 

Thee next group of designed inhibitors is derived from 1-deazaadenosine analogs. 

1-Deazaadenosinee (6) itself is a ground state inhibitor for ADA with a K, value of 0.33 |J.M. We 

triedd to affect this inhibition by introduction of different functional groups on C2 or C3 (8). 

Thee third group of inhibitors is based on 3-deaza-l-azapurine riboside (9), although 

derivatizationn of this ring system was problematic. 

NH22 NH2 

o55 ït> t i > 
RR N 

3 3 

N99 ^^ (M-^^N ^ - - " ^ N 
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8 8 

StructuresStructures of ring modifications. 

Figuree 5.3 

5.55 General aspect s of enzyme inhibitio n 

Enzymee inhibition kinetics are divided into two main categories, reversible and irreversible 
inhibition.10 0 

5.5.11 Irreversible enzyme inhibitors 

Irreversiblee inhibitors can be distinguished in two main categories: 

-Reactivee molecules that form covalent bonds within or outside the active site, leading to 

non-competitivee inhibition, sometimes called affinity labels. 
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-So-calledd suicide inhibitors or mechanism-based inhibitors. This group consists of 

unreactivee molecules that are typically metabolized to a reactive species in the active site 

off  the enzyme. The reactive intermediate covalently binds to the enzyme resulting in loss 

off  its catalytic activity. 

AA characteristic feature of irreversible enzyme inhibition is its time-dependent kinetics resulting 

fromm a steadily increasing amount of covalently modified enzyme. This results in decreasing 

enzymee activity, so a lower Vmax. 

5.5.22 Reversible enzyme inhibitors 

Reversiblee inhibition is characterized by non-covalent binding of the inhibitor at the active 

site,, thereby competing with binding of the substrate. Reversible inhibitors can be divided into 

twoo classes, competitive and noncompetitive inhibitors. 

Competitivee inhibitors bind at the same site as the substrate so they compete with the 

substratee for the same binding site. As a consequence, competitive inhibition can be overcome by 

increasingg the substrate concentration so Vmax is not altered in the presence of a competitive 

inhibitor,, while Km is increased to Km(app). The kinetic scheme and a Lineweaver-Burk plot at 

differentt concentrations of inhibitor illustrating this feature are given in Figure 5.4. 

EE + S « ' ES » E + P 

K,, [1] 
" " 
EI I 

K,mapp)=Km(l+[I]/K, ) ) 

K,, dissociation constatnt of enzyme/inhibitor complo 

[I]]  inhibitor concentration 

KineticKinetic consequences of competitive enzyme inhibition. 

Figuree 5.4 

1. [S! ! 
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Kii  dissociation constant of enzyme 
inhibitorr complex 

[I ]]  inhibitor concentration 

KineticKinetic consequences of reversible noncompetitive enzyme inhibition 

Figur ee 5.5 

Non-competitivee inhibitors do not interfere with substrate binding. They bind to a different 

placee in the enzyme active site and block the enzymatic conversion of the substrate to the 

product.. This results in a decreased Vmax, represented by VmaxUpp), while the Km remains 

unchanged. . 

AA unique class of reversible inhibitors is the transition state analogs. They are based on 

Pauling'ss postulate:" 

"I"I  think that enzymes are molecules that are complementary in structure to the activated 

complexescomplexes of the reactions that they catalyze, that is, to the molecular configuration that is 

intermediateintermediate between the reacting substances and the products of reaction for these catalyzed 

processes.processes. The attraction of the enzyme molecule for the activated complex would thus lead to a 

decreasedecrease in its energy, and hence to a decrease in the energy of activation of the reaction. " 

Inn other words, the enzyme has evolved to bind more efficiently a transition state (TS) 

intermediatee between substrate (S) and product (P) than the product or substrate themselves in 

theirr ground state. Transition state analogs behave as very potent inhibitors, not transformed into 

productss and having an association constant for the enzyme larger than the substrate itself. This 

typee of inhibitors is interesting for exploring the struclure of the active site or the mechanism of 

enzymee catalysis.12 

Inn case of ADA, due to the immunosuppressive effects of irreversible ADA inhibition, most 

applicationss of adenosinergic therapy would call for a reversible inhibitor. 

Alternativelyy substrate analogs that undergo reversible covalent hydration may represent an 

evenn better strategy since the hydrated product has higher structural similarity to the TS structure 

andd therefore would be expected to exhibit greater potency and specificity.'4 

1/[S| | 
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5.66 Assays for adenosine deaminase activity 

Generall  information: Adenosine, 2-amino-6-chloropurine riboside and adenosine deaminase 

fromm calf intestinal mucosa (Type VIII ) were purchased from Sigma Chemical Co. 

Kineticc investigations on adenosine deaminase (adenosine aminohydrolase; EC3.5.4.4) are 

greatlyy facilitated by the adoption of the continuous optical assay first described by Kalckar.15 

Thiss method is a continuous spectrophotometric assay for ADA, using both adenosine and 

2-amino-6-chloropurinee riboside as substrates.'6 

Thee absorption of guanosine 11 (the product of the hydrolysis of 10, ^.max = 254nm shown 

inn Scheme 5.2, does not interfere with the absorption of 10 nor with most of the inhibitors and 

thiss makes the measurements easier. On the other hand inosine and adenosine both have 

absorptionn at 265 nm and some correction have to be made. This wil l be discussed in §.5.7. For 

eachh inhibitor at least two or three different inhibitor concentrations were used. 

CII OH 

y \\ ADA N ^ - N 

H2NN N 7 H2N N 
I., , 

ribosee ribose 

100 11 

HydrolysisHydrolysis of 2-amino-6-chloro-adenosine by ADA. 

Schemee 5.2 

Thee deamination of substrates was monitored with a HP spectrophotometer. For adenosine 

thee variation in absorbance at 265 nm was recorded and this was converted to rate using Beer's 

law.. The mAe value (millimolar different extinction coefficients between adenosine and inosine) 

iss 8.1 mM cm'1 at these wavelengths and at pH 7.0. The concentration of adenosine for inhibition 

studiess was typically 25, 50, 75, 100, 125 uM.17 '8 

Whenn 2-amino-6-chloropurine riboside was used as substrate the decrease in absorption of 

substratee was monitored at 307 nm. The concentration of 2-amino-6-chloropurine riboside was 

typicallyy 50, 75, 100, 150, 200, and 250 |iM. 

Al ll  kinetic measurements were performed at 25 °C in KG/ potassium phosphate buffer, pH 

7.00 at 0.1 M ionic strength in 1.0 cm light path cuvettes. 
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5.6.11 ADA solutions 

Onee enzymatic unit is the amount of enzyme, which converts 1 (J.Mol of adenosine to inosine 

perr minute at pH 7.5 at 25 C. The activity of ADA (from calf intestinal mucosa suspension in 

3.22 M (NH4)-,S04 in pH = 6), was approximately 200 units per mg protein. 

Thee ADA solutions were prepared in two concentrations: 

-ADAA solution 1 (A1): 5 (J.L of the commercial enzyme preparation was diluted to 50 mL with 

0.055 M phosphate buffer (pH 7.4). 

-ADAA solution 2 (A2): 50 \xL of the commercial enzyme preparation was diluted to 10 mL 

withh the same buffer. 

Thesee solutions were stable for at least 10 days. 

5.6.22 Km for adenosine and for 2-amino-6-chloropurine riboside 

2-Amino-6-chloro-purinee riboside was dissolved in 0.05 phosphate buffer (pH 7.4) to a 

standardd solution of about 400 p:M. Different volumes of the standard solution were diluted to 3 

mLL using the phosphate buffer and were equilibrated at 25 °C for 15 min. The reaction was 

initiatedd by addition of 100 p:L of the A' enzyme solution and the rate of hydrolysis was 

measuredd by the decrease in UV absorbance at 307 nm. The Km value was obtained 60  5 |iM. 

50 0 

-00 05 0 00 0 05 0 10 0.15 

1/SS (|iM) 

Lineweaver-BurkLineweaver-Burk plot for hydrolysis of2-amino-6-chloro-purine riboside by ADA. 

Figuree 5.6 

Thee same method was used for adenosine. In this case the measured wavelength was 265 nm, 

thee measured value for Km was 31  4 ]iM. 
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5.6.33 Test for substrate activity of modified nucleosides 

Compoundss were dissolved in phosphate buffer, as above, to standard solutions of about 400 

|iM.. The solutions (3.0 ml) were equilibrated at 25°C for 15 minutes, then the A1 enzyme 

solutionn was added. The UV spectrum of the mixture was scanned over the range 220-400 nm at 

one-minutee intervals for up to 15 minutes. If there was no, or minimal, change in the spectrum 

thee experiment was repeated using the A2 enzyme solution. 

Thosee compounds, which showed no substrate activity using the A1 enzyme solution, were 

investigatedd for inhibitory activity in later assays. 

5.6.44 Calculation of the Kt 

Al ll  the inhibitors were assayed to determine the time course of the enzyme reaction with and 

withoutt preincubation in the presence of inhibitor at 25 °C in order to establish the class of 

inhibitor:: readily reversible, semi-tight binding, or tight binding.19 

Thee enzyme was preincubated with a fixed concentration of inhibitor, the reaction was started by 

additionn of substrate and the rate of the enzymatic reaction was compared with the rates obtained 

withh later addition of inhibitor to the enzyme. In the results of our inhibition studies no 

differencee was observed, so it can be concluded that the inhibition was fully reversible. 

Inn general from the Lineweaver-Burk and Dixon plots the kinetic constants Km (the Michaelis 

constant)) and Vmax (the Maximum velocity) can be obtained.20 Using the Enzpac (Biosoft® 

program,, © 1996) non-linear regression program for the Michaelis-Menten kinetic. These two 

constantss may also be obtained directly from the substrate and inhibitor concentrations/ rate data. 

Inn all cases if inhibition was observed it was the competitive type, which implies that the Vmax in 

thee presence or absence of inhibitor was the same. The formula for calculation of K, is as 

follows: : 

Km(app)== Km(l+[I]/Ki ) 

Lineweaver-Burkk plots of the three series of data points obtained with three inhibitor 

concentrationss yielded three straight lines with a common intercept on the y-axis. The Km and 

Vmass values corresponding to each series of data points can be determined graphically or by 

computation. . 

AA Lineweaver-Burk plot and a Dixon plot of inhibition of hydrolysis of 2-amino-6-chloropurine 

ribosidee in presence of 2-nitroadenosine with ADA are presented as an example in Figure 5.7. 
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TheThe Lineweaver-Burk plot (top) and Dixon (bottem) for inhibition of'ADA-catalyzed hydrolysis of 2-amino-6-

chloropurinechloropurine riboside by 2-nitroadenosine. 

Figuree 5.7 

5.77 Results and discussion 

Inn the following paragraphs, the interaction of the new nucleosides with ADA wil l be 

discussed.. These analogs are divided in three groups, based on variation in the heterocylic base 

partt of the nucleosides. First, in the purine series, the effect of C2 substitution of adenosine on 

affinityy towards ADA as a substrate or inhibitor was studied. In the C6 deaminated purine 

analogs,, the effect of electron withdrawing groups and electron donating groups on the inhibition 

off  ADA wil l be discussed. In a number of 1-deazaadenosine analogs the influence of an amino 
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substituentt at C6 on interaction with ADA wil l be discussed. Also in this ring system the effect 

off  electron withdrawing and/or electron donating group at C2 and/or C3 on the inhibition of 

ADAA wil l be shown. 

Att the end of this section the interaction of 3-deaza-6-azapurine ribonucleoside with ADA is 

shown. . 

5.7.11 Adenosine analogs 

l_ll  Q|_| The proposed mechanism for ADA-catalyzed deamination invokes 

H N ^ \ ^ NN the addition of water across the purine 1,6-bond to yield the tetrahedral 

L.. J L . ./ intermediate 5. The extent of hydratation not only can effect the 
NN N 

fibosee chemical and spectral properties of molecules but can also play an 

importantt role in defining the biological activity of the compound. This 

couldd result in increased affinity towards ADA compared to the parent 

compound.. The results of hydration free energy21 show that hydration of 

heteroaromaticc compounds is highly dependent on the presence and position of heteroatoms in 

thee ring, their protonation state, and the position and nature of the substituents attached to the 

ring.. Electron withdrawing groups enhance hydration, whereas electron donating and sterically 

bulkyy groups diminish hydration. Thus, analogs of adenosine with substitution at C2 could be 

expectedd to show an increase in the catalytic reaction rate, or could change a substrate into an 

inhibitor. . 

Tablee 5.1 shows the results of ADA studies on adenosine as well as on 2-substituted adenosines. 

Firstt of all, the substrate activity of the new nucleosides was examined, and none of them was 

hydrolyzedd by ADA. 

Next,, inhibition of ADA with these nucleosides was studied. As shown in the table all the new 

nucleosidess (14-17) showed activity in the |aM range. It is already known that 

2-aminoadenosinee 12 is a good substrate for ADA (Table 5.1).22 On the other hand a chloride 

substituentt at C2 of adenosine (compound 13) yields a stable analog of adenosine towards 

ADA.21-- 24To explain the change in behavior from a substrate in adenosine to an inhibitor in the 

modifiedd nucleosides we focused on the electronic changes at C6 by L1C NMR. The differences 

inn chemical shifts however were not significant, probably because the substituents at C2 are in 

thee metu position compared to C6 and only an inductive electron withdrawing effect plays a role. 

Thee other important interaction is from Nl with Glu-217. In compound 12 the 2-NH2 is 

conjugatedd to Nl and increases electron density of this nitrogen, which might be essential 

substratee activity. In general the 2-amino group also increases the electron density of N3 

whichh might result in a stronger hydrogen bridge with the NH of Gly-184. 

Thesee studies show that except for 2-NH2, substitution at C2 inhibits the normal substrate 

bindingg of adenosine nucleosides with ADA. 
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Tablee 5.1 

InhibitionInhibition studies on ADA by 2-substituted adenosines. 

Compoundd number Compound C6"(ppm) Xmj,(nm) K (jiM) 

WJLV> > 
156.4 4 265 5 

substrate e 

Km=33 3 

12 2 IT ) ) 157.6 6 244 4 

substrate e 

K,„„  = 34 

13 3 

IX) ) 
25(1 1 K,, =2.1 

14 4 

H3COO N 
I II  "> 

156.8 8 268 8 K,, = 8.5 

15 5 NHS S 

H O H N ^ N ^ N N 
rjbose e 

156.2 2 25') ) 

273 3 

K:: = 7.9 

16 6 311 1 

400 0 

K == 6.6-2.3 

17 7 

NH2 2 

ribose e 

156.4 4 260 0 

303 3 

K.. = 8.1 

'C'C NMR is measured in d6-DMSO to compare the electrophilicity of this carbon by substitution at C2. 
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5.7.22 2-Nitrosoadenosine 
NH2 2 

^ NN 2-Nitrosoadenosine (16) in solution is mainly present as dimer and the 
JLL JJ / dimerization of this compound has been extensively studied in chapter 3. 

0=NN N N 

ribosee ^ e ^m a' c o n c' u s ' o n from t n e concentration studies of this equilibrium 

166 showed that even at low concentrations, namely 25 p.M in water solution, 

thee main species in solution is the dimer. Extensive kinetic studies using 

bothh 'H NMR and enzyme inhibition have been carried out with this system. First of all, it was 

confirmedd that this compound was not hydrolyzed by ADA. Next, the inhibition studies were 

carriedd out. Generally the reaction rate in the enzyme inhibition studies is measured in at least 

twoo different concentrations of inhibitor. But in this case changing the concentration of the 

inhibitorr resulted in a change of the Vmax as well as Km(appl The results are shown in the Table 5.2. 

Tablee 5.2 

Concentrationn (uM) K„,1Jp[11 (uM) V„ u> (nMmin ') 

6.66 16 4.2 

10.11 31 3.1 

23.66 48 2.9 

Fromm these results it is clear that 2-nitrosoadenosine inhibits the action of ADA, but the exact 

Kjj  value varies in different concentrations probably due to the influence of dimerization. 

5.7.3 3 

Thee X-ray structure of ADA complexed with 

nebularinee was the first one for a 

purine/pyrimidinee deaminase enzyme.26 Although 

Asp-295—( ê'~-- Asp-296 ADA was crystallized in the presence of the 

purinee riboside, the ligand bound in the active 

sitesite is the hydrated form of nebularine. 

Thiss is the result of an enzyme-catalyzed 

stereospecificc addition of a zinc-activated water 

moleculee to the C6 position of nebularine. The 

purinee riboside hydrate is anchored in the active 

Schematicc diagram of the x - ray site by nine hydrogen bonds and by coordination 
ADA-66 (R)hydroxypurine r i bonuc leosi  o f t he 6_h v d r o x y]  g r o up t 0 a zinc ion. 

Figuree 5.8 

N33 is hydrogen-bonded to a NH of a glycine residue of the polypeptide backbone. Nl is 

hydrogen-bondedd to a glutamic acid residue. The N3 interaction is essential for binding and also 

Purine Purine 

o. . 

Q - -- -. 

analogs analogs 

; : . . 
~,Zn2 + ' ' 

,o' ' 
l u -217— — ?-e e 

o o 

N N 
I I 

HO'^-H H 

--mmCx Cx 
N N 

H H 

His s 

-~NH H 

8 8 

Asp-296 6 

, H O ^

N N 

N N 
Ribose e 
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forr catalysis while the Nl interaction is essential for catalysis but not for binding. The remaining 

hydrogenn bonds with the sugar part are not shown here. 

Too study the effect of C2 substituents in purine ribosides towards hydration by ADA, the 

compoundss 19-21 (Table 5.3) were synthesized and inhibition of ADA with these nucleosides 

wass compared with nebularine 18. These substituents change the electrophilicity of C6 and this 

changee might facilitate or retard the first attack of water at C6. 

Thee results of interaction of these modified purine ribonucleosides with ADA are 

summarizedd in Table 5-3. In contrast to the 6-substituted nucleosides these analogs can not be 

hydrolyzedd by ADA-catalyzed reaction. The inhibition studies of these compounds show that 

nebularinee Nl-oxide 21 is not an inhibitor. On the other hand the 2-nitro compound 20 shows 

inhibitorr activity towards ADA, although it is considerably less potent than the 2-amino analog 

19 9 

Tablee 5.3 

InhibitionInhibition .studies on ADA by modified purine ribonucleosides. 

Entryy Compound C6(ppm) \  ̂ K, fliM) 

2377 3.8 

262 2 

2444 1.0 

308 8 

2211 169 

273 3 

2233 no inhibition 

323 3 

Thee change in electrophilicity of C6 was studied by following the chemical shifts of C6 by 
nCC NMR. Since the differences in chemical shifts are small, also in this case no correlation 

betweenn these values and the K, values could be established. 

Thee decrease in activity of 20 compared to 19 could be due to the loss of extra interaction 

betweenn 2-amino and Glu-217, and/or to a change in electron density at N3. 

Fromm these data it is clear that by substitution of Nl with a negative oxygen atom (compound 

21)) an inhibitor is converted into an inert compound. This is an indication for the importance of 

18""  N V 149.0 

N N N N 

199 H2 fA^ y 150.7 
ribose e 

200 O 2 N ^ N ^ N 151.6 
ribose e 

211 S A / 147,8 

ribose e 
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thee interaction of Nl with Glu-217. The same effect was observed by blocking the Nl in 

adenosinee by oxidation. 

Fromm these values there is no indication for conversion of purine ribosides 20 and 21 into 

Transitionn State inhibitors as in the case of nebularine. 

5.7.44 Inosine analogs 

Inosinee is the product of the action of ADA on adenosine, and acts as a weak inhibitor for 

ADAA itselves." As shown in table 5-4, the substitution of the hydrogen atom at C2 by a nitro 

groupp did not influence the inhibition significantly. 

Tablee 5.4 

TheThe inhibition studies of ADA with 2-nitroinosine 

Entryy Compound Xm„(nm) K, (uM) 

OH H 

ribose e 

OH H 

2488 160 

253 3 

222 N^V-N 234 230 

o , N ^ N ^ " NN 343 

5.7.55 1-Deazaadenosine 

1-Deazaadenosinee 23 is a good competitive inhibitor for ADA with a K, value of 0.33 (xM. The 

X-rayy structure of ADA with 1-deazaadenosine revealed a hydrogen bond between Gly-184 and 

purinee N3. This is postulated to help in the orientation of C6 and stabilize the transition state for 

hydrolyticc deamination. In contrast to the activity of 23, deletion of N3 in adenosine produces a 

veryy weak inhibitor with a K, value of 257 (iM.2s 
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Asp-2955 (I'Q X^ 

0 --
- - - - . . " - .. e . ' N H ; HO' 

; H 0 0 

OHH % ^ ~ N 

"~~\"~~\ 1 Ribose 

Asp-296 6 

/ ^ O O 

SchematicSchematic diagram of the X-ray structure of ADA and 1 -deaza-adenosine 23. 

Figuree 5.9 

Thee effect of C2 substitution in the I-deazaadenosine system and interaction on ADA was 

studiedd next. First two 1-deazaadenosines were synthesized, where C2 was substituted either 

withh an electron-withdrawing group (25) or an electron-donating group (26). As shown in Table 

5.55 none of the modified 1-deaza nucleosides were substrates for ADA, as was found from 

incubationn studies with ADA. The data in Table 5.5 show that by C2 substitution with a chloro 

atomm 29 or nitro group a decrease in inhibition activity is observed. In contrast to this, with 

2-amino-11 -deazaadenosine 26 the inhibition is comparable to that of the unsubstituted 

1-dcazaadenosine. . 

Tablee 5.5 

TheThe effect of C2 substitution in inhibition of ADA with 1-deazaadenosines. 

numberr Compound .̂max (nm) K, (uM) 

NH2 2 

233 r Y ) 222/265 0.3 

ribose e 

NH2 2 

24-''' [X ""-)  not available 30 

ribose e 

MH2 2 

255 \ W 250/295/ 8.1 
NN ^N V 361 (shoulder) 

ribose e 

NH 2 2 

266 f ^ f N - ) 223 1.0 
' i i 

262,, 286 
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Thee decrease of activity of compound 24 and 25 compared to other compounds is probably due 

too the electron withdrawing character of these groups. The electron density of the ring especially 

att N3 probably is an important factor for binding of these inhibitors to ADA. 

Thee enhancement in affinity of 26 can be compared with 2-aminoadenosine 12 (§ 5.7.1). The 

aminoo substituent mesomerically donates electrons to N3 and improves the strength of the 

hydrogenn bonding with Gly-184. 

5.7.66 1-Deazapurine riboside analogs 

Thee first step of the action of ADA is the hydration at C6. Substitution in the ring as well as 

deletionn of Nl changes the electrophilicity of C6. We chose l-deazapurine riboside and 

substitutedd 1-deazapurines to study this effect. 

Thee effect of the position of the amine substituent in the purine ring of l-deazapurine 

ribonucleosidess on ADA inhibition is summarized in Table 5.6. The data in Table 5-6 show that 

byy shifting the amine from C6 to CI and/or C2 the inhibition activity of the resulting nucleoside 

stronglyy decreases. 

Tabicc 5.6 

StudyStudy of the effect of the position of amine in inhibition. 

numberr Compound Xm„  (ppm) K, (uM) 

222// 265 0.3 

3099 70 

3188 96 

Sincee from the X-ray structure of ADA with 1-dcazaadenosine 2311 no direct interaction has 

beenn observed, the enhancement of inhibitory activity should be a result of electrostatic changes 

inn the pyridine ring as was explained in § 5.7.5. The amino group in compound 23 is suitable for 

donationn of electrons to N3. Furthermore, both 27 and 28 have a substituent at positions that 
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mightt give steric hindrance in the active site although the 2-amine shows stronger affinity than 3-

aminoo towards ADA. 

Inn the next table 1-deazapurines with nitro substituents are presented. Since in this series of 

modifiedd 1-deaza nucleosides C6 amino is not present the same decrease in inhibition activity is 

observedd and the original inhibition of 23 is not restored by adding nitro groups to the 

1-deazapurinee ring and only complete loss of inhibition is observed. 

Tablee 5.7 

TheThe inhibition study of substituted 1-deazapurine ribonucleosides. 

number r 

23 3 

25 5 

29M M 

30 0 

31 1 

32 2 

33 3 

Compound d 

Nl-I, , 

a3 3 
ribose e 

NH2 2 

f\ f\ 02NN N 

ex. ex. 
N N 

a a 
02NN N 

XX XX 
N N 

OCh h 

h h 
02NN N 

OH H 

02NN N 

-N N 

-N N 
ribose e 

N N 

N N 
ribose e 

-N N 
> > 
ribose e 

-N N 

-N N 
ribose e 

3 3 

-N N 

- N N 

ribose e 

1, , 

Xm„„ (ppm) 

222 2 

265 5 

29? ? 

361 1 

242 2 

238 8 

306 6 

370 0 

306 6 

370 0 

316 6 

351 1 

364 4 

- J U U 

K,, (\iM) 

0.33 3 

8.1 1 

44 2 

noo inh ib i t ion 

noo inh ib i t ion 

noo inh ib i t ion 

noo inh ib i t ion 
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5.7.77 3-Deaza-6-azapurine riboside 

,,Nkk _N N'' "V- N The only compound available in this series is 9. It has no affinity towards 

Uv,, i*~~.-/ ADA (neither as a substrate nor inhibitor) This su"™orts the idea that the N3 

ribosee of adenosine is essential in hydrogen bonding at Gly-184 at the active site. 

5.88 Conclusion s 

AA new series of inhibitors for ADA was introduced and the resulting inhibition data provide 

additionall  evidence for the mechanism of action of ADA. 

Thee results in the 2-substituted adenosine series show that groups like methoxy, nitro and 

hydroxylaminoo (compounds 14-16) change a substrate into an effective inhibitor. This could be a 

resultt of the diminished interaction of Nl with ADA, which is essential for substrate activity. 

Inn the purine ribonucleoside series blocking of Nl (21) converts an inhibitor into an inert 

compound.. Substitution at C2 with an amino group (19) improves the inhibition activity whereas 

nitroo substitution reduces the inhibition activity. The basicity of N3 of the purine ring is an 

importantt factor in binding of these purine analogs to the active site of ADA, which may be the 

reasonn of a decrease in inhibition activity by a nitro substituent. 

1-Deazaadenosinee analogs (23-26) produce a stronger binding to ADA compared to purine 

ribonucleosidee (29) because Nl (in purine ribonucleoside) removes electrons from the ring and 

thuss deletion of Nl increases the electron density of N3 and thus leads to stronger inhibitor. 

Inn 1-deaza adenosines deletion of the amine from C6 (1-deazapurine ribonucleosides) results 

inn a significant decrease in inhibitory activity. This might also be an indication that the electron 

densityy at N3 has a strong influence on the activity of these inhibitors towards ADA. For the 

samee reason in 1-deazapurines a nitro substituent with an electron withdrawing character in the 

pyridinee ring results in a decrease or complete loss of inhibitory activity. 

Althoughh the evidence for the influence of substitucnts in different purine and 1-deazapurine 

systemss on the activity as a substrate or an inhibitor of ADA is not always unequivocal the 

followingg rules seem to apply: 

-Too produce a good substrate one should increase the electron density of N1 in adenosine. 

-Too produce a good inhibitor the electron density at N3 should be increased. 
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