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Abstract: P-TGDDF, the displacement product of 24noacetamide ribonucleottde and N-lO-(bromoacetyl)-S,&&deazafolate, 
is a potent, slow, ttght-binding, multisubstrate adduct inhibitor (MAI) of glycinamide ribonucleotkle uansformylase (GAR 
TFase; E.C. 2.1.2.2.). The mechamsm of inhibition by this MAI and 1t.s denvaoves are reported, In addition, a related senes 
of MAIS formed horn the mteracuou of glycinamide nbonucleotide (GAR) or its carbncychc analog (carbo-&GfIR) and N-10- 
&omoacetyl)-5.8~dideazafohe with GAR TFase have been drscovered and characterized. These latter enzyme assembled 
rubibitors represent a novel route to the mhrbmon of GAR Tease. 

Introduction 

Glycinamide nbonucleotide transformylase (GAR TFase l; E. C. 2.1.2.2.) represents one of 18 known 

folate utilizmg enzymes and is the first reduced-folate-reqmnng enzyme of de nova purine biosynthesis2. 

Although the maJor target of antifolates m the past has been dihydrofolate reductase (DHFR) (over 1.700 inhrbitors 

as of 19843) and to a lesser extent thymidylate synthase (TS)4, interest m the development of antifolates armed 

against the purine pathway transformylases has recently developed 5*6. This pathway 1s an important target for ann- 

neoplastic agents7 because of us role in providing purines for DNA synthesis, an important metabolic requirement m 

rapidly prohfemting cells*. 

The concept of the multisubstrate adduct mhibitor, ~AI9.16, m the design of inhibitors of bimolecular or 

higher order enzyme catalyzed reactions has been successfully applied to the GAR TFase reaction1 l. GAR TFase 

catalyzes the one carbon transfer (at the oxidation state of formate) from the donor (6R,aS)-NlO-formyl- 

tetrahydrofolate (NlO-fonnyl-H4F) to the ammo group of P-glycinamide ribonucleotide @-GAR). This transfer IS 

believed to proceed via the tetrahedral intermediate shown m Figure 1, below which is shown the potent and spectfic 

MAI, P-TGDDF This adduct has a thermodynamic drssoctation constant (KD) on the order of 250 pM as 

determined by fluorescence titration bmding and shows no significant affinity toward other reduced folate requiring 

enzymes, thus providing P-TGDDF with both htgh affinity and spectficny .l 1 

In thrs report we further describe the propertles of p-TGDDF and related derivatives. For example, removal 

of the 5’-phosphoryl group from the adduct reduces the afftnity of the inhtbttor for GAR TFase by 7000-fold 

pomtmg to an important salt bridge Interaction within the enzyme-mhrbrtor complex. A simple one-step binding 

mechanism for the mteractton of P-TGDDF wtth enzyme 1s proposed based on the modeling of progress curves 

The off-rate of P-TGDDF from GAR TFase was determined to be on the order of 10-3 s-l from trapping 

experiments utihzing a catalytically disabled mutant GAR Tease. 

In addition, we have identified a novel MAI formed by the action of GAR TFase on ns nbotide substrate, 

P-GAR, and the cofactor-based affinity label, N-lo-(btomoacetyl)-DDF. Thus non-covalently bound MA1 has been 

characterized and compared to P-TGDDF and exemplifies a rare type of inhtbitton whereby an enzyme catalyses us 

own mlnbinon by generating at-ate a tight-binding inbtbitor and thereby provtdmg a novel prototype for the destgn 

of drugs activated by metabolic assembly. 
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Figure 1: Reaction catalyzed by GAR TFase and the MAI, 
p-TGDDF. (A) Reaction of GAR TFase showmg the proposed 

transmon-state mtermedlate for the reaction. The tetrahedral 
henuorthoamlde transition state 1s believed to form by &rect 
attack of the a-amino group of P-GAR onto the formyl carbon 

of the (6R, aS)-Hqfolate cofactor. (B) The MAI, P-TGDDF, 

1s a stable blsubstrate adduct of the reaction components. Note 

that P-TGDDF, lacks elements of the putative henuorthoanude 

tetrahedral carbon and, therefore by defmmon9, IS not a 

transmon state analog. 

Materials 

All reagents were of the lnghest grade commercxally available. Reagents for the synthesis of the mlutntor were 

purchased from Aldrich Chenucal Co. Prostatx acid phosphatase, NADPH, dUMP, Tris, Hepes and A25-Sephadex were 

purchased from Sigma Chenncal Co. 5,10-Metbylene-tetrahydrofolate was prepared accordmg to the method of Farma et al.l* 

Tetrahydrofolate and E. cob DHFR were the kmd gift of Joseph Adams, Penn State Univ L casei TS was the kmd gift of 

Prof. D. V. San& UCSF. Mouse DHFR was the gift of Dr. Joel1 Thdlet, Institute Jacques Monod, France. Ll210 and 

HeLa GAR TFase were purified accordmg to the prccednre of Daubner & Benkovlc.13 AICAR Tease was prepared usmg the 

method of Mueller & Benkovx. 14 Plasmrd-encoded wdd type GAR TFase (D144 GAR TFase) from E co11 was prepared 

according to Inglese et al.15 and mutant GAR TFase ml44 GAR TFase) was prepared as described by Inglese et al.16 

Solutions of N-lo-(bromoacetyl)-DDF used for enzyme catalyzed adduct formatIon were made m 50 mM Hepes, pH 7.5 l5 

Glycmamlde nbonucleoude (GAR) was prepared by the method of Chettor and Benkovx17; concentratlOns were determmed 

enzymatxalIy and represent the concentrahon of the p anomer (acuve anomer) The carbocyclic analogue of P-GAR was the 

gift of Dr. R. Vince, Department of Mabcmal Chemistry, University of Mmnesota 

Experimental Procedures 

General Methods 

Continuous UV assays were recorded on a Beckman (Gilford) Model DUR recording quartz spectrophotometer or a 

Cary 219 spectrophotometer. UV spectra were recorded on a Perkm-Elmer Lambda Array 3840 UV/VIS spectrophotometer 

mterfaced to a P&E 7300 PC. 1H NMR were collected on a Bruker WB-360 spccrrophotometer wltb chenncal slnfts bemg 

referenced versus the transnntter offset for HDO or CHC13 31~ NMR were recorded on the same Instrument usmg the 

heteronuclear probe wltb the transnntter offset referenced to trimethylphosplnte. All proton spectra taken m D20 were HDO 
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suppressed. Fluorescence spectra were recorded on an SLM Ammo 8OOOC spectmphotometer 
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HPLC M&oak Stationary and Mobile Phases, and Gradients 

HPLC was carried out on a Waters 6OOE with detection by a Waters 990 Photodiode Array Detector controlled by a 

NEC PowerMate 2 PC. HPLC columns used were as follows: Column A. Waters Delta Pak C-18 100 A analytical column 

(3.9 mm x 30 cm); Column B, Perkm-Elmer C-18 0258-0148 analyttcal column (4.6 mm ID x 24.5 cm); Column C, 

Whatman Partisil 10 SAX column (4.6 mm ID x 25 cm, standard analytical): Column D, Whatmsn Partisd M9 10 / 50 

ODS-3 semi-preparative column (50 cm x 9 mm ID). HPLC buffers and solvents were as follows: Buffer A, 0.01 M 

NH4H2PG4, pH 3.5,7% EtGH; Buffer B, 1 M NH4H2PO4, pH 3.5,7% EtOH; Solvent A, H20, 0.1% TFk Solvent B, 

CH3CN, 0.07% TFA. 

Condttron A. Reverse phase chromatography (column B; flow rate 1 ml/mm; detection 230 nm) employing a 

gradient from 7% to 50% Solvent B over 50 min. 

Condztlon B. Reverse phase chromatography (column B; flow rate 0.7 ml/mm; detection 230 nm) using an isocrahc 

system of 12% Solvent B 

Condztwn C Amon exchange chromatography (column C, flow rate 1 ml/nun; detectmn 238 nm) employmg a 1% 

per mm. lmear @ent from 0% to 50% Buffer B. 

Condition D. Reverse phase chromatography (column A; flow rate lml/mm; detection 220-340 nm) employmg a 

hnear gradient from 0% Solvent B to 15% Solvent B over 60 mm. followed by a 30 min. ramp to 70% solvent B. 

Condrtron E. Reverse phase chromatography (column A; flowrate 1 ml/mm.; detecuon 220-340 nm) employmg a 

hnear grtient from 0% Solvent B to 25% solvent B over 60 min. 

Synthetrc, Kmetrc andAnalyttca1 Procedures 

a&TGDDF The synthesis of a$-TGDDF was accomplished as previously descnbed.1l The adduct was desalted 

on HPLC usmg condition A. Repuntkatton usmg condmon B ltr(rj = 3f mm., tr(aj = 35 mm.1 gave pure singfe anomers 

of the adduct The solution of pure anomer must be neutralized (aqueous NH3) before concentranon (Speed-Vat), smce m the 

presence of TFA, anomerizauon occurs. An approximately equunolar mixture of a- and 8-anomers resulted as Judged by 

HPLC and lH NMR. The adduct has been obtamed m yields rangmg from 50% to 100% when a five-fold excess of thmGAR 

was employed. Often dunng the couplmg reachon a side product, N-lO-(hydmxyacetyl)-DDF forms which is poorly resolved 

from a-TGDDF as shown m Figure 2. The alcohol can be removed from the a.8 mixture by amon exchange 

chromatography (condition C; tr(alcohol) = 12 mm., tr(a, 8) = 24 mm.) and then the anomers can be separated from one 

another as outlmed above 

lH NMR spectrum of the anomenc mixture (D20): 6 7.7-7.5 (m, 3 , p-phenylene and H-5), 8 7.42 (t, 1, H-7). 8 

7.2-7.14 (m, 3. p-phenylene and H-8). 8 5.44 (d, 1, JHl’_H2 = 4.4 I-Ix, a-anomenc Cl’-H), 8 5.24 (d, 1, JHl’_H2 = 5.3 Hz, 

p-anomeric Cl’-H), 8 4.87 (s, 2, C9-CH2). 8 4 36 (m. 1, glutamrc acid Co-H), 8 4.2-3.7 (4, C5’-CH2, C3’-CH, C2’-CH), 8 

3 21 (m, 4. CH2SCH2). 8 2.16 (t, 2, J~~~7.4 Hz, glutamic acid C+I), 8 1.95 (two mulnplets, 2, glutanuc acid Q-H). 

UV (50 mM Hepes. pH=7.5): hmax 230 (E = 54.5 cm-lmM-l), ksh 255 (E = 26.1cm-1mM-1), hmax 310 (& = 4 19 cm- 

1 rnM_l) 
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Figure 2: Resolution and stereochemical 
assignment of a- and b-TGDDF anomers. (A) The 
a- and /3-TGDDF anomers can be resolved using Cl8 
reverse phase HPLC. Unremoved HOAcDDF (-OH). 

a by-product of the coupling muon, elutes close to 
the a anomer and can be removed prior to the reverse 

phase step by amon exchange chromatography (JJ). 
(C, left) lH NMR of the anomeric proton region of 
the second HPLC peak from the lower nght reverse 
phase HPLC chromatogram. (C, right) 1~ NMR of 
an equal rnlxture of both HPLC peaks. The 
downfield shift and smaller JHl’-HZ’ value of the 
proton from the Isolated anomer relahve to the other 
Cl’ proton signal (from the mixture) is characteristic 
of a nhose substituted at Cl’ m the a positlon24. 
The ukntdicatmn of the first and second elutmg peaks 

are therefore j3- and a-TGDDF, respectively. 

Enzymatic Synthesis of a$-TGDDF Rlbosrde To 40 ~1 of a 50 PM soluhon of a$-TGDDF buffered to pH 4.0 

wltb 20 mM sodmm acetate was added 4 @ of prostahc acid phosphatase (lmg lyophtllzed enzyme / lml H20). The machon 

was allowed to stir 2 hrs. at 22°C after which time the solution was injected onto either an amon exchange or a reverse phase 

HPLC system, using condihons C or A, respectively. 

Steady-State Kmehcs. All GAR TFase assays were conducted at 26°C m 50 mM Hepes, 0.5 mM EDTA, pH 8.4. 

The folate analog N-lo-fonnyl-DDF was used as the formyl donor and the reachon was momtored at 295 nm (AE = 18.9 mM- 

1 cm-l). Dependmg on the parhcular assay the reaction was started wltb mther enzyme (full ume course) or GAR (mitial rate 

analyst). When reactions were begun with GAR, the enzyme was allowed to mcubate with subslrates and mlukutor for 10-15 

mmutes poor to addmon of GAR. Reactions volumes were either 1 or 0.5 ml and concentrations of substrates were 30 @i 

P-GAR and 40 pM N-lO-formyl-DDF unless stated otherwise. 

Specrficrfy srudzes Experiments were camed out by incubatmg 1 nM of the respecuve enzyme with 20 nM p- 

TGDDF for 5 mm. The reacuon was inmated by adding saturatmg quatIhtb% of substrates. Transformylase reacuons were 

monitored at 295 nm using N-lo-formyl-DDF as the cofactor for the GAR TFase reacuon and N-lo-formyl-8-deazafolate as 

the cofactor for the AICAR TFase reacuon. The DHFR reactions were momtored at 340 nm which corresponds to NADPH 

turnover. The thynudylate syntbase reaction was momtored at 338 nm correspondmg to hhydrofolate formanon. All 

reactions were conducted at 26°C in a volume of 1 ml of the appropriate buffer. Assay detads for appropriate enzymes can be 

found m: (a) avmn GAR TFase18, (b) HeLa 0 & L1210 GAR TFase13, (c) avian AICAR TFase14, (d) E coli DHFR19, (e) 

mouse DHFRzo and (f) L case, TS4. 

Fluorescence Thrations Fluorescence tmations of the MAIs; a- , p-TGDDF, GADDF, and CGADDF with GAR 

TFase were camed out usmg the general procedure described m Inglese et al.l* 

Ofirate Derermtnahon. Wild type GAR TFase (0 5 nM) was mcubated for 10 mm. urlth 3 eqmvalents of p-TGDDF 

(enough P-TGDDF to cause complete mlubiuon) m 50 mM Hepes, 0 5 mM EDTA, pH 8.5. To this soltmon was added a 

soluuon of substrates (final concentrations were 24 PM j3-GAFt and 40 m N-lo-formyl-DDF or 100 @‘I P-GAR and 100 
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pM N-lo-formyl-DDF) and NM4 GAR TFase (final concenuauon was 110 nM). The reactton time course was recorded by 

momtormg DDF formatton. The data was fit to equation 1 which describes an exponential nxrease limited by a linear phase. 

f(x) = t[m(lekt)] (eqn. 1) 

where t ts time in seconds, m is the slope of the linear phase, and k is the rate constant for the exponential process. 

Computer Simularions. Kmettc models were simulated and compared to steady-state data using the program 

Simulzl as modified to accept data as x.y pairs**. Fast equilibrium was assumed for all substrate and product binding events. 

The kmettc parameters for E. co11 GAR TFase were used: kcat = 40 set-l, N-lo-formyl-DDF Km = 36 itI% GAR Km = 24 

u~.l5 Momson’s type A and B slow tight-binding mhtbttion mechanisms were used as models. Experimental progress 

curves were fit to both mechanisms by varying the on and off rates for mechamsm A, or the preeqtultbnum constant and the 

rates for forward and reverse tsomerizatron for mechanism B.” 

Drssoctation constants and off-rate data were fit to hyperbohc and exponenttal-linear functtons, respechvely, usmg 

the program RS 1 (BBN software Products Corp.) 

Idenrificanon of Ensyme Generated MAIs (GADDF and CGADDF) HPLC (condition D) was used to ulenufy new 

folate contammg components. Hydrolyses products of N-lo-(bmmoacetyl)-DDF were mjected and their pomts of elution and 

UV spectra recorded. A soluoon of 26 pM D144 GAR TFase, 370 pM B-GAR or B-carbo-GAR and 34 pM N-lO- 

(bromoacetyl)-DDF was mcubated at 22OC for 12 hrs. then analyzed by HPLC. A control m whtch 50 mM Hepes (PH 7 5, 

0.5 mM EDTA) replaced enzyme was also analyzed. In all expenments described m thts study N-lo-(bmmoacetyl)-DDF was 

added last and after ail other components were Incubated at the prescribed temperature for 10 mm. 

Tune Course of Enzyme Catalyzed GADDF Formatwn vza D144 and N144 GAR TFase ?he time course for the 

formation of the MAI was obtamed by mcubatmg 50 mM Hepes buffer (pH 7.5,0.5 mM EDTA), 16 pM D144 GAR TFase 

or 16 pM N144 GAR TFase, 500 pM B-GAR (a$ mtxture), 44 pM N-IO-(bromoacetyl)-DDF at 22°C. Ahquots of 41 pl 

were removed, quenched with 1t.d of concentrated TFA and frozen (liqtud mtrogen) at appmpriate rimes.. Components were 

analyzed by HPLC (Condtuon E) ustng the 254 nm absorbance for quanuficatron. Peak areas were converted to 

concentrattons by havmg the sum of the peak areas of the N-IO-(bromoacetyl)-DDF and MA1 peak equal 44 pM. The 

stoichtometry of GADDF formatron was also extracted from thus expenment. 

Storchrometry of Enzyme Catalyzed GADDF Formatron Product (GADDF) stotchtometry was determmed by two 

separate expenments. The first ts descrtbed above and the second IS descrtbed here. Sohmons of 50 mM Hepes @H 7 5.0.5 

mM EDTA), 10.3 pM Dl44 GAR TFase, 390 pM B-GAR (a,p mtxture) and 2620.6 pM N-IO-@romoacetyl)-DDF at 22OC 

were Incubated for 12 hrs. A control m which no enzyme was added was also done. Components were. quantuated by HPLC 

(condttlon E) usmg the 254 MI absorbance and peak areas were converted mto concentratrons as described above. 

Acrd Phosphatase Assay of Enzyme Generated MAIs (GADDF and CGADDF) To a 10 pl sohmon of 130 pM 

MAI m 10 mM HCl @H 3.5) was added 1 pl of a 1 mg/ml solution of pmstatrc acid phosphatase (prepared usmg du.ttl1c.d 

water). Followmg a 2 hr mcubauon penod at 22°C the solutron was m~ected onto the HPLC (conditton C) and products were 

observed wuh decreased retentton tunes stmtlar to those found upon dephosphorylanon of Q j3-TGDDF. 

Ammo Actd hdySiS. Degradatton of MAI’s for ammo actd analysrs was camed out under vapor phase acrd 

hydrolysis condmons (constant bodmg HCI at 165°C for 45 mm. in a sealed Teflon bomb). Ammo acid denvmzatlons were 

performed on an Applied Blosystems Model 420A Denvatlzer and the PTC denvauves analyzed on a Model 120A Analyzer. 
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Results and Discussion 

p-TGDDF and Derivatives 

The synthesis of p-TGDDF has been described elsewhere 1 l, but bnefly the adduct was constructed in a 

regiospccific fashion by employing the nucleophilic GAR analog, 2-thioacetamide ribonucleottde or ThioGAR 

(based on the methodology of Schendel & Stubbe24) and the electrophilic affinity reagent, NlO-(btomoacetyl)- 

DDF25. The mixture of a and p anomers (resulting from epimerization at Cl’ of the ribose moiety) could be 

separated and their configurations estabhshed by proton NMR (Figure 2). 

&TGDDF appears to be enzyme specific for GAR TFase but apparently not spectes specific, inhibiting the 

transformylase from E c01~llJ5J6, avianl*, HeLa G13, and murine Ll2lOl3 sources and displaying a slow, tight- 

binding inhibition pattern. other folate requiring enzymes tested were dihydrofolate teductase (DHF’R) from E coli 

19and mouse20, and thymidylate synthase (TS) from L cusez8. Neither of these enzymes were inhibited by l% 

TGDDF. Interestingly, aminoimtdazolecarboxamide nbonucleotide transformylase (AICAR TFase) from chicken 

liver is also not inhibited by B-TGDDF at concentrations causing total inhibition of GAR TFase. This, however, 

may not be surprising in light of tbe fact that, in addttion to umque ribottde specificities, the deazafolate specttiaty 

for GAR TFase and AICAR TFase are different .% 

a-TGDDF Analysts of the B anomer showed it to posses a dtssociatton constant of 250 f 50 pM1 1 when 

measured using a modification of the fluorescence titration method of Taira and BenkovtcU. By contrast, the a 

anomer was less potent, but surprisingly by only a factor of 20-fold (Table 1). Modeling studies m which both a 

and B anomers are conformauonally constrained at the deazafolate and phosphate groups, then mimmized reveal an 

energy difference of = 2 kcals QO-fold) between them. 28 this computational analysts agrees with the expertmental 

difference in dissociation constants and suggests that the tluomethylene tether between the binding determinants 

(folate and phosphate) can allow the opposite anomer of GAR enough degrees of freedom to bmd with only a 

marginal loss in aftlnity. 

Effects of Remowng the S-Phosphoryl Group The importance of the phosphate group to binding is 

dramatically shown upon its hydrolyses by aad phosphatase. As shown in Table 1, high affinity binding is lost 

when the non-phosphorylated derivative of TGDDF is tested as an inhibitor of E coli GAR TFase. When compared 

to B-TGDDF a =7000-fold decrease m bmdmg can be directly attributed to removal of the phosphate. This 

denvattve has a Kl similar to dtdeazafolate (DDF) itself indicating that the remainder of the tibosyl moiety 

contnbutes little toward binding afBmty and IS probably more cnncal m conferring specificity. 

Mechanism of Inhibition by PTGDDF As shown m Table 2, both anomers of TGDDF act as slow, ttght- 

binding inlubitors of E coli GAR TFase as evident from the relatively slow onset of inhibition and the low 

concentration of inhibitor ([It]=[Etj) required to cause this mhibition. A representative set of progress curves for the 

inhrbition of E coli GAR TFase in the presence of varymg quantities of fi-TGDDF is shown m Figure 3a. This 
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pattern of curves in which the initial rate of the reactions appears to he independent of inhibitor concentration 

suggests that inhibitton follows the simpler of two general mechanisms proposed by Morrison23 to describe this type 

of inhibition, mechanism A (Figure 3b). The other mechanism (mechanism B, Figure 3b) contains an isomerization 

step @I = EI*) subsequent to formation of the EI complex. Such a mechanism is often characterized by a pattern 

of progress curves where the initial rates ate dependent on hrhtbitor concentration. 

Table 1. Bmdmg constants for folate analogs with E cofi GAR TFase. 

Compound Qo+ K,O~ &nog 

IO-formyl-DDF 36 
8-GAR 23 
DDF 28.1 
p-TGDDF 25x104 
a-TGDDF 5.8x10-3 
a, 8-TGDDF ribostde 1.7 
GADDF 2.5~10‘~ 
CGADDF 1.1x10-4 

+Determined using fluorescence titrations as described under Experimental Procedures. 
Concentrations of mhibitors and enzymes used in uuations were: [P-TGDDFI = 11 nM, enzyme 
stwk = 0.95 @I; [a-TGDDF]= 126 nM, enzyme stock = 60 @I. [GADDF & CGADDFJ = 9 nM, 
enzyme stock = 1 pM Ermr * 20%. $Detennmed as described in ref. 15. Error f 20%. 

Table 2. Classiticauon of inhibitor type* 

Inhibitor [ItI (nM) t1n+ Inhibiti n 
type! 

a, P-TGDDF r&o&e 
5,8dideaxafolate 
jSTGDDF# 
a-TGDDF 

4000 5,970 rapidt 
51,000 76,120 rapid* 

2.3 3.5 -2.6 mm 
25.2 31.6 =28mm 

Classical 

ClasScal 

slow, tight 
slow, ught 

*The [GAR TFase] = 0.67 nM, [CHO-DDFj = 25.5 @I and [GAR(p)I = 146 pM for the assays. 
~Defmed accordmg to ref. 23. tThe onset of steady-state rate. *Not observable on the mm.-sec. 
time scale. #GADDF and CGADDF gave slmdar results. 

Although there appears to be no dependence of inittal rate on [I], a computer simulation provides a fit of 

these data to either mechanism A or B (Figure 3). For mechanism A, a dissociauon constant of 250 pM was 

obtained which could be factored into an on-rate, ken = 4 l lo6 MS1secl, and off-rate, l@ff= 1 l lo3 sec-l.29,30 

When a model was constructed according to mechanism B inhtbttion (pre-equihbration of a loose complex between 

substrate and inhibitor followed by isomerizauon to a tighter complex), the data would be fitted by the model if a 

dissociation constant of 15 uM for the pre-equdibnum was used. The overall dissoctatton constant, however, 
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remains the same as that for the simpler mechanism. But to show the effect of inhibitor on the imtial rates, an 

extremely high concentration of inhibitor would be required. making measurement of the rates imposstble so that 

mechamsm B cannot be unequivocahy ruled out. It would appear, however, that under the conditions used for our 

experiments mechanism A can appropriately describe the binding of p-TGDDF to E cofi GAR TFase without the 

need to invoke the mom complex process described by mechanism B. 

Off-Rate ofpTGDDF From the E$3-TGDDF Complex The koff of #LTGDDF from the enzymeinhtbitor 

complex @I*) was directly measured through a trapping experiment described by equation 2. 

koff 
El’ e 

WI k, 
E+I - E’.I+ E Wn 2) 

k, 

where E is wild type GAR TFase, E’ is N144 GAR TFase, I is P-TGDDF, koff is the dissociation rate of I from E, 

ken is the second-order formatton rate constant for wtld type GAR TFase and I, and ken’ is the second-order 

formation rate constant for N144 GAR TFase and I. The appearance of active E was monitored by following the 

A 
B k I 

(4 E A EI’ 
-k Off 

k I k, 
W E A EI -E.I’ 

-k - Off k -180 

0 5 10 15 20 1- l-l 
Time (min) 

Figure 3: Progress curves and modeling of the mhtbiuon of GAR TFase by g-TGDDF. (A) FVogress curves and KINSIM 

analysis for slow, tight-bindmg rnhibmon of E cofl GAB TFase by j3-TGDDF. [Enzyme] = 1 nM and mhlbltor 

concentrations are given (m nM) m the figure. Symbols are expenmental data and solid lines are computer fits as defined by 
either mechamsm A (A, top) or mechanism B (A, bottom) as described in text. (B) Descnption of mechamsms A and B, 
Mechanism A represents a sample one-step bmding process and mechamsm B represents a two-step process m whtch the 
second step describes an tsomerizatton defined by the rate constants k Ls,, and k_,,,. Thts second step can represent a slow 

enzyme ~somenzahon, the sibw dispIacement ot%und~soiVent moi-&ties or perhaps an mlilljltor Isomenzahon. $7 ffff-rate 

trappmg expenment. The progress curve shows the Increase m enzyme activity as !3-TGDDF dissoctates from the E p- 

TGDDF complex and becomes trapped by excess mactlve N144 GAB TFase. The rate of mcrease m enzyme activity, as 
measured by DDF produced, 1s equal to the off-rate &,ff) of the Inhibitor and is expected to follow an exponential function. 
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formation of DDF from the IO-formyl DDF and a,P GAR present in the solution. In this experiment it is assumed 

the inhibitor off-rate reflects the increase in the rate of DDF formation with time (d[DDF] / dt). The dam was 

approximated by an exponential increase followed by a linear phase whose slope is proportional to the rate of 

turnover of free E providing an estimate of koff~ 0.0014 f O.ooO8 s-l (representative data is given in Figure 3d). 

This value is close to the estimate from steady-state expenments30 and the computer simulatums (Figure 3a). 

Enzyme Catalyzed Bisubstrate Adduct Formation 

Kinetics. In the absence of GAR (glycmamide ribonucleonde) the transformylase is irreversibly machvated 

by N10-(bromoacctyl)-DDF15~ 25 as demonstrated by the tune and concentration dependent loss in activity shown 

in Figure 4 (solid lines). The site of covalent modification between affinity label and enzyme was determined m the 

E colr transformylase to be aspartic acid 144 16. The presence of DDF affords protection against the effects of the 

alkylating reagent so the Asp 144 is probably at the active site If GAR TFase is pmincubated with GAR before the 

addition of the affinity label apparent partial inhibition (Fig 4, dotted line) is observed. It was subsequently shown 

(Figure 5a) that them was no covalent attachment to the enzyme by NlO-@mmoacetyl)-DDF in this case. Instead it 

is possible to isolate by HPLC a stoichiometric amount of a new material having chemical and biological properties 

very similar to P-TGDDF. Figure 5b shows that the production of this adduct by GAR TFase is maximized at a 

ratio of 1 :l of NlO-(bromoacetyl)-DDF to GAR TFase (in the presence of excess GAR) 

Figure 4: Plot of log (46 GAR TFase actwty 
remaining) vs. time for various concentrations of 
DDF and GAR m the presence of 330 uM NlO- 
(bromoacetyl)-DDF Ca, no mlnbnor, no DDF, (0) 
1.6 mM DDF, (0) 0.223 mM DDF, (0) 0 mM 
DDF. (0) 0 mM DDF. 1.3 mM b-GAR. 
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Structural Characferrzunon of&w Inhtirrors We have demonstrated by several lines of analysts that this 

material is a bisubstrate adduct formed from the Incubation of NlO-(bmmoacetyl)-DDF and GAR m the presence of 

GAR TFase. Interestingly the carbocyclic analogue of GAR, carbo-GAR, also forms a binary ES complex capable 

of undergoing MAI formation. The carbo- GAR analogue has previously been shown to be a substrate for the 

transformylase reaction from mammahan and bacterial sources employmg either the natural cofactor, NlO-fonnyl- 

HqF, or the quinazoline cofactor, NIO-formyl-DDF31* 15. 
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Figure 5: Identification and Stotchiometry of formation of new mhibnor. (A) UV spectra of GAR TFase specms. ( - - - ) 
GAR TFase covalently labeled with 1 equivalent of NlO-(bromoacetyl)-DDF, (- ) GAR TFase used to catalyze bisubstmte 
formanon and separated from adduct by HPLC and ( ------ ) untreated GAR TFase The untreated GAR TFase spectrum has 
been displaced for clarity and all spectra represent equal concentrations of enzyme. (Inset) Reverse phase HPLC analysts of 
reactton mixture used to generate bisubstrate adducts. (top) GAR and NlO-(bromoacetyl)-DDF (11) mcubated at 37’C wnhout 
enzyme and (bottom) mcubatton in the presence of GAR T’Fase (III). The MAI (GADDF) IS peak 1. (8) Titration of GAR 
TFasep-GAR wtth NlO-(bromoacetyl)-DDF. ( l ) [NIO-(bromoacetyl)-DDF remammg after 12 hrs. and ( 0) [GADDF] 
formed after 12 hrs. Analysts was accomphshed by HPLC as described m text. 

The structures of the new tnhibitors, termed here glycmamide tibonucleotide acetyl5,8-dtdeazafolate (GADDF) and 

carbocyclic glycmamtde nbonucleottde 5,8-dideazafolate (CGADDF), were inferred tiom the components of the 

uv spectroscopy ~_A__, 

aad phosphatase, 

Figure 6: Structures and analysts methods of the 
phosphonbosyldtdeazafolate MAIs formed by GAR 
TFase Glycmamtde nbonucleoude acetyl dtdeazafolate 
(GADDF; Y = 0, X = NH) and carbocychc glycmanude 
nbonucleonde acetyl didearafolate (CGADDF; Y = CH2, 
X = NH). The presence of the molecular substructures 
(boxed and bracketed regtons) were confirmed by the 
analysts method mdmated. P-TGDDF (Y = 0, X = S). ammo aad analym 

( X = NH, mmcdmcenc aad ) 
uv specnoscopy 

reaction and cortlltmed by spectroscopic and ettzymattc analysis (Figure 6). The MAIs were identified as new early 

eluting peaks on HPLC (Figure 5a. mset) containmg the NlO-substttuted chromophore. Phosphatase treatment of 

GADDF and CGADDF followed by analysts on anion exchange HPLC indicated, by their elutton at shorter 

retentton times, a phosphate ester was associated wtth these molecules attesting to the presence of the GAR motety 
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When acid hydrosylates of GADDF and CGADDF were examined by amino acid analysts the presence of 

lminodiacetic acid was observed indicating the nature of the linkage between the folate and ribose molecules to be me 

secondary amine indmated in Figure 6. 

In addition both GADDF and CGADDF gave similar inhibition patterns and dissociation constants as those 

observed for p-TGDDF (Table 1 & 2) when tested as inhibitors of E coli GAR TFase. Of further Interest IS the 

obsetvation of the formation of the adduct by the site-specific mutant GAR TFase, D144N. In this mutant the 

residue Asp 144, believed to be the critical base in catalysis has been replaced by asparagine resulting in a protein 

capable of binding substrates and inhibitors but unable to carry out the formyl transfer reaction.16 The formation of 

GADDF occurs at the same rate under the conditions described when either wild type (D144) GAR TFase or the 

catalytically comptomtsed N144 GAR TFase mutant (binding intact) 1s employed thus indicating the enzyme is 

simply actmg as a binding pocket for reaction components. A fit of tbts data @gum 7) to a single exponential gave 

a rate of formation Of kMAf = 0.089 f 0.011 mitt-* (tin = 7.7 min) 32. This MAI assembly capability reflects the 

catalyncally compromised transformylase’s abtlny to still properly bmd and correctly posihon the nucleophtlic 

pnmary amine group of GAR within bonding distance of the electmphilic bmmoacetyl group of NlO-(bmmoacetyl)- 

DDF which presumably must be juxtaposed in a manner similar to the substmtes in the normal reaction 16 

50 

Figure 7: Time course for the formanon of GADDF as 
catalyzed by GAR TFase. ( 0) [NlO-(bromoacetyl)-DDFI, 
( n ) [GADDF] as catalyzed by D144 GAR TFasc and (0) 
[N-lo-(hromoacetyl)-DDFI. (0) [GADDFI as catalyzed by 
N144 GAR TFase. The dotted line represents the enzyme 
concentratton. (0) [NlO-(bromoacetyl)-DDF] and (+) 
[GADDFI in the absence of GAR TFase (see Ref. 32). 
Analysts was accomphshed by HPLC (condmon E) as 
described m text_ 
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Conclusion 

P-TGDDF and GADDF (& CGADDF) represent a new class of GAR TFase mhibttors. These 

phosphoribosylfolates combine a phosphonbosyl moiety and folate analog by a 6-atom linker arm that Jams the 

folate at NlO to the ribose at Cl’. Linker arms bridged by either sulfur or nitrogen display similar properties. 

Adducts devoid of the S-phosphate are Incapable of high affinity bmding implying that the ribose appendage alone 

offers httle toward the estabhshment of the right enzymelnhlbitor complex. 
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Some potenhal uses of this new class of GAR TFasc inhibitor mclude: competition traps to aid in obtaining 

mdividual rate constants for the elementary steps in the tnmsformylase mechanism much as MTX was applied in the 

elucidation of the kineuc mechanism of DBFR33; as ligands for the x-my crystallographic study of E COIL GAR 

TFase34 which should enable the identification of relevant residues involved in substrate and cofactor recognition; 

and as a protodmg for the design of selective inhtbitors of GAR TFase. 

The observation that the substrate GAR appears to “protect” GAR TFase from inactivation by NlO- 

(btomoacetyl)-DDF provides an interesting example of an enzyme catalyzed synthesis of an MAI. This finding 

suggests that the reactive bromoacetyl group of the affmity label may overlap with the amino group of GAR at the 

active site; certainly a reasonable assmnption if formyl transfer proceeds by the intermediacy of a tetrahedral adduct 

shown in Figure 1. This type of adduct formation is not unique, a similar snuation was observed by Chase and 

Tubbs35 in the case of the inactivation of carnitine acetyh.ransferase by the camitine ester of bromoacetate snd 

coenzyme A. The enzyme was observed to be rapidly inactivated by the formation of a noncovalently bound 

mulnsubstrate adduct at the active site when incubated with the bmmoacetate ester and coenzyme. 

The nonlinear plot obtained for the log QR activity vs. time shown in Figure 4 can be rationalized in terms 

of an enzyme catalyzed inhibiuon process generating a slowly dissociating noncovalent EI complex An inhibition 

profile of this type was reported by Manderschied and wild36 for the inhibition of Triticum aestivum L. glutamine 

synthetase by phosphinothricin. Inhihtom of enzymes acting by this assembly process may provide a means of 

fabricating complex structures (e.g., MAIs) within cells themselves from simpler components. Such a form of drug 

delivery would be useful because in some cases potentially useful enzyme inhibitors cannot penetrate the cell 

membrane in their active form often due to their charged nature. The transport problem has altemauvely been 

addressed in several different and clever ways, for example, by using transportable esters37 to be later processed by 

esterases, or neutral species that become charged after undergoing an enzyme catalyzed redox process3g; or 

alternatively improving inhtbttor transport vta liposomes39. Rtdeout 4o has suggested the idea of generating 

cytotoxins in cells by the self-assembly of individual components. This process, however, does not require the 

intermediacy of a target enzyme but rather the non-enzymatic couphng of non-toxic molecules to generate a cytotoxic 

substance and takes advantage of the steeper dose-response relationship and sensmvny to concentratton of a 

simultaneous two molecule therapy relative to responses utilizing individual molecules. 

In addition to the observation of a novel form of mhtbttion, the MA1 formation process has aided m 

addressing some questions about the probable mechanism of GAR TFase. The N144 mutant, although unable to 

catalyze formyl transfer, can catalyze MA1 synthesis. This establishes that NW GAR TFase retains the capacity to 

bind both riboude and folate substrates The D144N mutation appears to uncouple acid/base and entropic catalysis 

and serves to illustrate the importance of catalytic residues in the GAR TFase reaction; an entropy trap alone IS 

msufficient to catalyze fonnyl transfer but completely sufficient to catalyze MAI formation. 

The work presented hem demonstrates that potent and specific mhibitom for this enzyme can be made using 

a rational approach based on mechamsttc and structural information Two specific types of mhthtors have been 
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described which have similar properties, the pre-made MAI, BTGDDF and the in situ derived MAIs, GADDF and 

CGADDF. Studies aimed at characterizing and evaluating these new compounds have incnxsed our understandmg 

of the transformylase reactions as well as defined structural components and geometries required for the 

development of specific and potent inhibitors of this enzyme. 
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