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Abstract: B-TGDDF, the displacement product of 2-thioacetamide ribonucleotide and N-10-(bromoacetyl)-5,8-dideazafolate,
1s a potent, slow, tight-binding, multisubstrate adduct inhibitor (MAI) of glycinamide ribonucleotide transformylase (GAR
TFase; E.C. 2.1.2.2,). The mechantsm of inhibition by this MAI and 1ts derivatives are reported. In addition, a related series
of MAISs formed from the interaction of glycinamide rbonucleotide (GAR) or its carbocyclic analog (carbo-8-GAR) and N-10-
(bromoacetyl)-5,8-dideazafolate with GAR TFase have been discovered and characterized. These latter enzyme assembled
inhibitors represent a novel route to the mhibition of GAR TFase.

Introduction

Glycinamide nbonucleotide transformylase (GAR TFasel; E. C. 2.1.2.2.) represents one of 18 known
folate utilizing enzymes and is the first reduced—folate-requiring enzyme of de novo purine biosynthesis2.
Although the major target of antifolates 1n the past has been dihydrofolate reductase (DHFR) (over 1,700 inhibitors
as of 19843) and to a lesser extent thymidylate synthase (TS)4, interest in the development of antifolates aimed
against the purine pathway transformylases has recently developed36. This pathway 1s an important target for ant-
neoplastic agents” because of 1ts role in providing purines for DNA synthesis, an important metabolic requirement 1n
rapidly proliferating cells8.

The concept of the multisubstrate adduct mhibitor, MAI®-10, in the design of inhibitors of bimolecular or
tugher order enzyme catalyzed reactions has been successfully applied to the GAR TFase reaction!l. GAR TFase
catalyzes the one carbon transfer (at the oxidation state of formate) from the donor (6R,0.S)-N10-formyl-
tetrahydrofolate (N10-formyl-H4F) to the amino group of B-glycinamide ribonucleotide (B-GAR). Ths transfer 1s
believed to proceed via the tetrahedral intermediate shown in Figure 1, below which is shown the potent and specific
MAI B-TGDDF This adduct has a thermodynamic dissoctation constant (Kp) on the order of 250 pM as
determined by fluorescence titration binding and shows no sigmficant affinity toward other reduced folate requiring
enzymes, thus providing B-TGDDF with both high affinity and specificity .11

In thus report we further describe the properties of -TGDDF and related derivatives. For example, removal
of the 5'-phosphoryl group from the adduct reduces the affinity of the intubitor for GAR TFase by 7000-fold
pomting to an important salt bridge interaction within the enzyme-intubitor complex. A simple one-step binding
mechamsm for (he interaction of B-TGDDF with enzyme 1s proposed based on the modeling of progress curves
The off-rate of B-TGDDF from GAR TFase was determined to be on the order of 10-3 s-! from trapping
experiments utihizing a catalytically disabled mutant GAR TFase.

In addition, we have identified a novel MAI formed by the action of GAR TFase on 1ts nbotide substrate,
B-GAR, and the cofactor-based affinity label, N-10-(bromoacetyl)-DDF. This non-covalently bound MAI has been
characterized and compared 10 B-TGDDF and exemphfies a rare type of inhibition whereby an enzyme catalyzes 1its
own mhibition by generating at-site a tight-binding inhibitor and thereby providing a novel prototype for the design
of drugs activated by metabolic assembly.
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Figure 1: Reaction catalyzed by GAR TFase and the MAI,
B N\rNHg B-TGDDF. (A) Reaction of GAR TFase showing the proposed
transition-state intermediate for the reaction. The tetrahedral

NH
hemiorthoamide transition state 1s beheved to form by direct

H
?0,p0 JK/S\)\N © attack of the o-amino group of B-GAR onto the formyl carbon
_p/ of the (6R, oS)-Hafolate cofactor. (B) The MAIL, B-TGDDF,
HO OH co, 1s a stable bisubstrate adduct of the reaction components. Note
)N/\ that 8-TGDDF, lacks elements of the putative hemiorthoamide
o g h CO,

tetrahedral carbon and, therefore by defimuon?, 1s not a

B-TGDDF
transition state analog.

Materials

All reagents were of the mghest grade commercially available. Reagents for the synthesis of the mhibitor were
purchased from Aldrich Chemical Co. Prostatic acid phosphatase, NADPH, dUMP, Tris, Hepes and A25-Sephadex were
purchased from Sigma Chemical Co. 5,10-Methylene-tetrahydrofolate was prepared according to the method of Farina et al.12
Tetrahydrofolate and E. coli DHFR were the kind gift of Joseph Adams, Penn State Univ L caser TS was the kind gift of
Prof. D. V. Santi, UCSF. Mouse DHFR was the gift of Dr. Joell Thillet, Institute Jacques Monod, France. L1210 and
HeLa GAR TFase were purified according to the procedure of Daubner & Benkovic.13 AICAR TFase was prepared using the
method of Mueller & Benkovic.14 Plasmid-encoded wild type GAR TFase (D144 GAR TFase) from E coli was prepared
according to Inglese et al.13 and mutant GAR TFase (N144 GAR TFase) was prepared as described by Inglese et al.16
Solutions of N-10-(bromoacetyl)-DDF used for enzyme catalyzed adduct formation were made i 50 mM Hepes, pH 7.5 15
Glycmamde ribonucleotide (GAR) was prepared by the method of Chettur and Benkovicl7; concentrations were determined
enzymatically and represent the concentration of the B anomer (active anomer) The carbocyclic analogue of B-GAR was the

gift of Dr. R. Vince, Department of Medicinal Chemistry, University of Minnesota

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 Perkin-Elmer Lambda Array 3840 UV/VIS spectrophotometer
mterfaced to a P&E 7300 PC. 1H NMR were collected on a Bruker WB-360 spectrophotometer with chemical shifts being
referenced versus the transmitter offset for HDO or CHCI3 31p NMR were recorded on the same mstrument using the

heteronuclear probe with the transmitter offset referenced to trimethylphosphite. All proton spectra taken 1n DO were HDO
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suppressed. Fluorescence spectra were recorded on an SLM Amico 8000C spectrophotometer

HPLC Methods. Stationary and Mobile Phases, and Gradients

HPLC was carried out on a Waters 600E 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, Perkin-Elmer C-18 0258-0148 analytical column (4.6 mm ID x 24.5 cm); Column C,
‘Whatman Partisil 10 SAX column (4.6 mm ID x 25 c¢m, standard analytical); Column D, Whatman Partisit 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
NH4H3PO4, pH 3.5, 7% EtOH; Buffer B, 1 M NH4H2PO4, pH 3.5, 7% EtOH; Solvent A, H20, 0.1% TFA; Solvent B,
CH3CN, 0.07% TFA.

Condition A. Reverse phase chromatography (column B; flow rate 1 ml/min; detection 230 nm) employing a
gradient from 7% to 50% Solvent B over 50 min.

Condinon B. Reverse phase chromatography (column B; flow rate 0.7 ml/mun; detection 230 nm) using an isocratic
system of 12% Solvent B

Condition C  Anion exchange chromatography (column C; flow rate 1 ml/min; detection 238 nm) employing a 1%
per mun. linear gradient from 0% to 50% Buffer B.

Condition D. Reverse phase chromatography (column A; flow rate 1ml/mn; detection 220-340 nm) employing a
Linear gradient from 0% Solvent B to 15% Solvent B over 60 min. followed by a 30 min. ramp to 70% solvent B.

Condition E. Reverse phase chromatography (column A; flowrate 1 ml/min.; detection 220-340 nm) employing a
Iinear gradient from 0% Solvent B to 25% solvent B over 60 min.

Synthetic, Kinetic and Analytical Procedures

a,5-TGDDF The synthesis of o,3-TGDDF was accomplished as previously described.!! The adduct was desalted
on APLC using conditon A. Repurification using conditon B [t(f) = 31 mmn., t,(¢j = 35 min.] gave pure single anomers
of the adduct. The solution of pure anomer must be neutralized (aqueous NH3) before concentration (Speed-Vac), since n the
presence of TFA, anomerization occurs. An approximately equimolar mixture of o- and B-anomers resulted as judged by
HPLC and lH NMR. The adduct has been obtamed 1n yields ranging from 50% to 100% when a five-fold excess of thioGAR
was employed. Often during the coupling reaction a stde product, N-10-(hydroxyacetyl)-DDF forms which 1s poorly resolved
from o-TGDDF as shown i Figure 2. The alcohol can be removed from the o, mixture by anion exchange
chromatography (condition C; ti(alcohol) = 12 min., t(0, B) = 24 min.) and then the anomers can be separated from one
another as outlined above

1H NMR spectrum of the anomernic mixture (D20): & 7.7-7.5 (m, 3, p-phenylene and H-5), 6 7.42(t, 1, H-7), &
7.2-7.14 (m, 3, p-phenylene and H-8),  5.44 (d, 1, JH1'-H2' = 4.4 Hz, a-anomenc C1-H), § 5.24 (d, 1, Jy1'-H2' = 5.3 Hz,
B-anomeric C1'-H), 8 4.87 (s, 2, C9-CH2), 6 4 36 (m, 1, glutamic acid Cy-H), 8 4.2-3.7 (4, C5'-CH3, C3'-CH, C2'-CH), 8
321 (m, 4, CHpSCH»), 8 2.16 (1, 2, JB—'Y:7'4 Hz, glutamic acid Cy-H), 8 1.95 (two multiplets, 2, glutamic acid CB-H).
UV (50 mM Hepes, pH=7.5): Amax 230 (€ = 54.5 cm~lmM-1), Agh 255 (e = 26.1cm™1mM-1), Amax 310 (e = 4 19 cm™
ImM-1y
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Figure 2: Resolution and stereochemical
assignment of - and B-TGDDF anomers. (A) The
o~ and B-TGDDF anomers can be resolved using C18
reverse phase HPLC. Unremoved HOAcDDF (-OH),
a by-product of the coupling reaction, elutes close to
the o anomer and can be removed prior to the reverse
phase step by anion exchange chromatography (B).
(C, left) IH NMR of the anomeric proton region of
the second HPLC peak from the lower night reverse
phase HPLC chromatogram. (C, right) 1H NMR of
an equal mixture of both HPLC peaks. The
B « downfield shift and smaller JH1'-H2' value of the
¢ o B proton from the 1solated anomer relatve to the other

C1' proton signal (from the mixture) is characteristic
‘h_' of a nibose substituted at C1' in the o posiuon24.
The identification of the first and second eluting peaks
are therefore - and o-TGDDF, respectively.

o, B
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Enzymatic Synthesis of a,f-TGDDF Riboside To 40 pl of a 50 uM solution of o,-TGDDF buffered to pH 4.0
with 20 mM sodium acetate was added 4 pl of prostatic acid phosphatase (1mg lyophilized enzyme / 1ml H2O). The reaction
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 conditions C or A, respectively.

Steady-State Kinetics. All GAR TFase assays were conducted at 26°C in 50 mM Hepes, 0.5 mM EDTA, pH 8.4.
The folate analog N-10-formyl-DDF was used as the formyl donor and the reaction was monitored at 295 nm (Ae = 18.9 mM-~
1 cm'l). Depending on the particular assay the reaction was started with either enzyme (full ume course) or GAR (initial rate
analysis). When reactions were begun with GAR, the enzyme was allowed to incubate with substrates and inhibitor for 10-15
minutes prior to addition of GAR. Reactions volumes were either 1 or 0.5 ml and concentrations of substrates were 30 uM
B-GAR and 40 uM N-10-formyl-DDF unless stated otherwise.

Specificity studies Experiments were carried out by incubating 1 nM of the respective enzyme with 20 nM B-
TGDDF for 5 min. The reaction was imtiated by adding saturating quantities of substrates. Transformylase reactions were
monitored at 295 nm using N-10-formyl-DDF as the cofactor for the GAR TFase reaction and N-10-formy!-§-deazafolate as
the cofactor for the AICAR TFase reaction. The DHFR reactions were monitored at 340 nm which corresponds to NADPH
turnover. The thymidylate synthase reaction was monitored at 338 nm corresponding to dihydrofolate formaton. All
reactions were conducted at 26°C in a volume of 1 ml of the appropriate buffer. Assay details for appropriate enzymes can be
found m: (a) avian GAR TFase!8, (b) HeLa O & L1210 GAR TFase!3, (c) avian AICAR TFasel4, (d) E coli DHFR!9, (¢)
mouse DHFR20 and L caser TS,

Fluorescence Tutrations Fluorescence titrations of the MAIs; o~ , B-TGDDF, GADDF, and CGADDF with GAR
TFase were carried out using the general procedure described n Inglese et al11

Off-rate Determination. Wild type GAR TFase (0 5 nM) was mcubated for 10 mim. with 3 equivalents of B-TGDDF
(enough B-TGDDF to cause complete mhibition) 1 50 mM Hepes, 0 5 mM EDTA, pH 8.5. To this solution was added a
solution of substrates (final concentrations were 24 UM B-GAR and 40 uM N-10-formyl-DDF or 100 uM B-GAR and 100
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HM N-10-formyl-DDF) and N144 GAR TFase (final concentration was 110 nM). The reaction time course was recorded by
monitoring DDF formation. The data was fit to equation 1 which describes an exponential increase limited by a linear phase.
f(x) = tim(1<KY]  (eqn. 1)

where t 1s time in seconds, m is the slope of the linear phase, and k is the rate constant for the exponential process.

Computer Simulations. Kinetic models were simulated and compared to steady-state data using the program
Simul2! as modified to accept data as x,y pairs22. Fast equilibrium was assumed for all substrate and product binding events.
The kinetic parameters for E. coli GAR TFase were used: kcat = 40 sec-1, N-10-formyl-DDF Ky = 36 uM, GAR K =24
uM.15 Momson's type A and B slow tight-binding nhibition mechanisms were used as models. Experimental progress
curves were fit to both mechanisms by varying the on and off rates for mechanism A, or the pre-equilibrium constant and the
rates for forward and reverse 1somerization for mechanism B.23

Dassociation constants and off-rate data were fit to hyperbolic and exponential-linear functions, respectively, using
the program RS1 (BBN software Products Corp.)

Identification of Enzyme Generated MAls (GADDF and CGADDF) HPLC (condition D) was used to identify new
folate contamning components. Hydrolysis products of N-10-(bromoacetyl)-DDF were 1njected and their pornts of elution and
UV spectra recorded. A solution of 26 pM D144 GAR TFase, 370 uM B-GAR or B-carbo-GAR and 34 pM N-10-
(bromoacetyl)-DDF was incubated at 22°C for 12 hrs. then analyzed by HPLC. A control in which 50 mM Hepes (pH 7 5,
0.5 mM EDTA) replaced enzyme was also analyzed. In all experiments described 1n this study N-10-(bromoacetyl)-DDF was
added last and after all other components were mcubated at the prescribed temperature for 10 mn.

Time Course of Enzyme Catalyzed GADDF Formation via D144 and N144 GAR TFase The time course for the
formation of the MAI was obtained by incubating 50 mM Hepes buffer (pH 7.5, 0.5 mM EDTA), 16 uM D144 GAR TFase
or 16 uM N144 GAR TFase, 500 uM B-GAR (o,B muxture), 44 M N-10-(bromoacetyl)-DDF at 22°C. Ahquots of 41 ul
were removed, quenched with 1l of concentrated TFA and frozen (liquid mirogen) at appropriate tmes. Components were
analyzed by HPLC (Condition E) using the 254 nm absorbance for quanufication. Peak areas were converted to
concentrations by having the sum of the peak areas of the N-10-(bromoacetyl)-DDF and MAI peak equal 44 pM. The
stoichiometry of GADDF formation was also extracted from this experiment.

Storchiometry of Enzyme Catalyzed GADDF Formation Product (GADDF) stoichiometry was determined by two
separate experiments. The first 1s described above and the second 1s described here. Solutions of 50 mM Hepes (pH 7 5, 0.5
mM EDTA), 10.3 pM D144 GAR TFase, 390 uM B-GAR (o, mixtre) and 2.6-20.6 uM N-10-(bromoacetyl)-DDF at 22°C
were incubated for 12 hrs. A control in which no enzyme was added was also done. Components were quantitated by HPLC
(condition E) using the 254 nm absorbance and peak areas were converted 1nto concentrations as described above.

Acid Phosphatase Assay of Enzyme Generated MAIs (GADDF and CGADDF) To a 10 ul solution of 130 tM
MAI mn 10 mM HCI (pH 3.5) was added 1 w of a 1 mg/ml solution of prostauc acid phosphatase (prepared using distilled
water). Following a 2 hr incubation period at 22°C the solution was mjected onto the HPLC (condition C) and products were
observed with decreased retention times stmular to those found upon dephosphorylation of o, B-TGDDF.

Amueno Acid Analysis. Degradation of MAT's for ammno acid analysis was carried out under vapor phase acid
hydrolysis condiuons (constant boilmg HCI at 165°C for 45 min. in a sealed Teflon bomb). Amuino acid derivatizations were
performed on an Applied Biosystems Model 420A Derivatizer and the PTC denivatives analyzed on a Model 120A Analyzer.
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Results and Discussion
B-TGDDF and Derivatives

The synthesis of B-TGDDF has been described elsewherell, but briefly the adduct was constructed in a
regiospecific fashion by employing the nucleophilic GAR analog, 2-thioacetamide ribonucleotide or ThioGAR
(based on the methodology of Schendel & Stubbe24) and the electrophilic affinity reagent, N10-(bromoacetyl)-
DDF25, The mixture of o. and B anomers (resulting from epimerization at C1' of the ribose moiety) could be
separated and their configurations established by proton NMR (Figure 2).

B-TGDDF appears to be enzyme specific for GAR TFase but apparently not species specific, inhibiting the
transformylase from E coli11:15.16, avian18, HeLa 013, and murine L1210!3 sources and displaying a slow, tight-
binding inhibition pattem. Other folate requiring enzymes tested were dihydrofolate reductase (DHFR) from E coli
19and mouse20, and thymidylate synthase (TS) from L casei*. Neither of these enzymes were inhibited by p-
TGDDF. Interestingly, aminoimidazolecarboxamide nbonucleotide transformylase (AICAR TFase) from chicken
liver is also not inhibited by -TGDDF at concentrations causing total inhibition of GAR TFase. This, however,
may not be surprising in light of the fact that, in addition to umque ribotide specificities, the deazafolate specificity
for GAR TFase and AICAR TFase are different .26

o-TGDDF  Analysis of the B anomer showed it to posses a dissociation constant of 250 + 50 pM!! when

measured using a modification of the fluorescence titration method of Taira and Benkovic2?. By contrast, the o
anomer was less potent, but surprisingly by only a factor of 20-fold (Table 1). Modeling studies 1n which both o
and P anomers are conformationally constrained at the deazafolate and phosphate groups, then mimmized reveal an
energy difference of = 2 kcals (20-fold) between them.28 This computational analysis agrees with the experimental
difference in dissociation constants and suggests that the thiomethylene tether between the binding determinants
(folate and phosphate) can allow the opposite anomer of GAR enough degrees of freedom to bind with only a
margnal loss in affinity.

Effects of Removing the 5'-Phosphoryl Group The importance of the phosphate group to binding is
dramatically shown upon its hydrolysis by acid phosphatase. As shown in Table 1, high affinity binding 1s lost
when the non-phosphorylated derivative of TGDDF is tested as an inhibitor of £ coli GAR TFase. When compared
to B-TGDDF a =7000-fold decrease m binding can be directly attributed to removal of the phosphate. This
denvative has a K; similar to dideazafolate (DDF) itself indicating that the remainder of the ribosyl moiety
contributes little toward binding affinity and 1s probably more cnitical in conferring specificity.

Mechanism of Inhibition by B-TGDDF  As shown 1n Table 2, both anomers of TGDDF act as slow, tight-
binding inhibitors of E coli GAR TFase as evident from the relatively siow onset of inhibition and the low
concentration of inhibitor ([It]=[Et]) required to cause this tnhibition. A representative set of progress curves for the
inhibition of E coli GAR TFase in the presence of varying quantities of 8-TGDDF is shown n Figure 3a. This
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pattern of curves in which the initial rate of the reactions appears to be independent of inhibitor concentration
suggests that inhibition folows the simpler of two general mechanisms proposed by Morrison23 to describe this type
of nhibition, mechanism A (Figure 3b). The other mechanism (mechanism B, Figure 3b) contains an isomerization
step (E-1 = E-I*) subsequent to formation of the E-I complex. Such a mechanism is often characterized by a pattern

of progress curves where the initial rates are dependent on inubitor concentration.

Table 1. Binding constants for folate analogs with E coli GAR TFase.

Compound Kpmm)t K uM)$ Kmum)}
10-formyl-DDF - - 36
B-GAR - - 23
DDF - 28.1 -
B-TGDDF 2.5x104 . -
a-TGDDF 5.8x10-3 - 8

o, B-TGDDF riboside - 1.7 -
GADDF 2.5x104 - -
CGADDF 1.1x10%4 - -

TDetermined using fluorescence titrations as described under Experimental Procedures.
Concentrations of mhibitors and enzymes used 1n utrations were: [B-TGDDF) = 11 nM, enzyme
stock = 0.95 uM; [o-TGDDFIl= 126 nM, enzyme stock = 60 uM. [GADDF & CGADDF] =9 nM,
enzyme stock = 1 uM Error + 20%. §Determined as described in ref. 15, Error £ 20%.

Table 2. Classification of mhibitor type*

Inhibitor (Ig ("M) (I/TEy] upt Inhibition
type

a, B-TGDDF niboside 4000 5,970 rapid$ classical

5,8-dideazafolate 51,000 76,120 rapid} classical

B-TGDDF* 2.3 3.5  ~2.6mm slow, tight

a-TGDDF 25.2 376 =2 8 min slow, tight

*The [GAR TFase] = 0.67 nM, [CHO-DDF] = 25.5 uM and [GAR(f)] = 146 uM for the assays.
$Defined according to ref. 23, TThe onset of steady-state rate. Not observable on the min.-sec.
ume scale. *GADDF and CGADDF gave similar results.

Although there appears to be no dependence of initial rate on (I}, a computer simulation provides a fit of
these data to either mechanism A or B (Figure 3). For mechanism A, a dissociation constant of 250 pM was
obtained which could be factored into an on-rate, ko = 4 » 106 M-1sec-1, and off-rate, koff = 1 » 10-3 sec"1.29.30
When a model was constructed according to mechanism B inhubition (pre-equilibration of a loose complex between
substrate and inhibitor followed by isomerization to a tighter complex), the data would be fitted by the model if a

dissociation constant of 15 pM for the pre-equilibrium was used. The overall dissociation constant, however,
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remains the same as that for the simpler mechanism. But to show the effect of inhibitor on the inutial rates, an
extremely high concentration of inhibitor would be required, making measurement of the rates impossible so that
mechanism B cannot be unequivocally ruled out. It would appear, however, that under the conditions used for our
experiments mechanism A can appropriately describe the binding of B-TGDDF to E coli GAR TFase without the
need 10 invoke the more complex process descnibed by mechanism B.

Off-Rate of B-TGDDF From the E-B-TGDDF Complex The koff of B-TGDDF from the enzyme-intubitor
complex (E-I*) was directly measured through a trapping experiment described by equation 2.

, Kt [E]Kon
El E+1 w3 B[+ E (eqn2)
kon

where E is wild type GAR TFase, E' is N144 GAR TFase, 1 is B-TGDDF, kot is the dissociation rate of I from E,
kon is the second-order formation rate constant for wild type GAR TFase and I, and ko' is the second-order

formation rate constant for N144 GAR TFase and I. The appearance of active E was monitored by following the
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Figure 3: Progress curves and modeling of the mhibition of GAR TFase by B-TGDDF. (A) Progress curves and KINSIM
analysis for slow, tight-binding mhibiuon of £ coli GAR TFase by B-TGDDF. [Enzyme] = 1 nM and mhibitor
concentrations are given (in nM) m the figure. Symbols are expenimental 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) Description of mechanisms A and B,
Mechanism A represents a simple one-step binding process and mechanism B represents a two-step process m which the
second step describes an 1somerization defined by the rate constants ks, and k_;5o. This second step can represent a slow
enzyme 1somerization, the siow displacement of Bound solvent molecules or perfiaps an infibitor isomenzation. (C) Off-rate
trapping expeniment. The progress curve shows the increase 1 enzyme activity as B-TGDDF dissociates from the E f-
TGDDF complex and becomes trapped by excess mactive N144 GAR TFase. The rate of increase in enzyme activity, as
measured by DDF produced, 1s equal to the off-rate (koff) of the mnhibitor and is expected to follow an exponential function.
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formation of DDF from the 10-formyl DDF and ¢, 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 data was
approximated by an exponential increase followed by a linear phase whose slope 1s proportional to the rate of
tumover of free E providing an estimate of koff = 0.0014 £ 0.0008 s-1 (representative data is given in Figure 3d).

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

Enzyme Catalyzed Bisubstrate Adduct Formation

Kinetics. In the absence of GAR (glycmamide ribonucleotide) the transformylase is irreversibly mactivated
by N10-(bromoacetyl)-DDF15, 25 as demonstrated by the ume and concentration dependent loss in activity shown
in Figure 4 (solid lines). The site of covalent modification between affinity label and enzyme was determined in the
E col: transformylase to be aspartic acid 14416, 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 preincubated 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 there was no covalent attachment to the enzyme by N10-(bromoacetyl)-DDF in this case. Instead 1t
is possible to isolate by HPLC a stoichiometric amount of a new material having chemical and biological properties
very similar to B-TGDDF. Figure 5b shows that the production of this adduct by GAR TFase 1s maximized at a
ratio of 1:1 of N10-(bromoacetyl)-DDF to GAR TFase (in the presence of excess GAR)

Figure 4: Plot of log (% GAR TFase activity
remaining) vs. iume for various concentrations of
DDF and GAR 1n the presence of 330 uM N10-
(bromoacetyl)-DDF  (A) no wnhibutor, no DDF, (Q)
1.6 mM DDF, ([J) 0.223 mM DDF, () 0 mM
DDF, (@) 0 mM DDF, 1.3 mM B-GAR.

log % Remaining Activity

Time (min)

Structural Characterizanon of New Inhibitors We have demonstrated by several lines of analysis that this
material 15 a bisubstrate adduct formed from the incubation of N10-(bromoacetyl)-DDF and GAR 1n the presence of
GAR TFase. Interesungly the carbocyclic analogue of GAR, carbo-GAR, also forms a binary E-S complex capable
of undergomng MAI formation. The carbo- GAR analogue has previously been shown to be a substrate for the
transformylase reaction from mammalian and bacterial sources employing either the natural cofactor, N10-formyl-
H4F, or the quinazoline cofactor, N10-formyl-DDF31. 15,
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Figure 5: Identificaton and Stoichiometry of formation of new mhibitor. (A) UV spectra of GAR TFase species. (- - - )
GAR TFase covalently labeled with 1 equivalent of N10-(bromoacetyl)-DDF, (— ) GAR TFase used to catalyze bisubstrate
formation and separated from adduct by HPLC and ( ------ ) untreated GAR TFase The untreated GAR TFase spectrum has
been displaced for clanty and all spectra represent equal concentrations of enzyme. (mset) Reverse phase HPLC analysis of
reaction mixture used to generate bisubstrate adducts. (top) GAR and N10-(bromoacetyl)-DDF (11) incubated at 37°C without
enzyme and (bottom) incubation in the presence of GAR TFase (m1). The MAI (GADDF) 1s peak 1. (B) Titration of GAR
TFase-B-GAR with N10-(bromoacetyl)-DDF. ( @ ) [N10-(bromoacetyl)-DDF remaming after 12 hrs. and ( O ) [GADDF]
formed after 12 hrs. Analysis was accomplished by HPLC as described 1n text.

The structures of the new nhibitors, termed here glycinamide ribonucleotide acetyl 5,8-dideazafolate (GADDF) and
carbocyclic glycmamide nbonucleotide 5,8-dideazafolate (CGADDF), were inferred from the components of the
UV spectroscopy f—%

acid phosphatase,

amon exchange HPLC N\r NH,
| N
Figure 6: Structures and analysis methods of the E / X H
N

phosphoribosyldideazafolate MAIs formed by GAR 204P0-|5 Y.
TFase Glycinamide nibonucleotide acetyl dideazafolate

(GADDF; Y = O, X = NH) and carbocyclic glycinamde HO
nbonucleotide acetyl dideazafolate (CGADDF; Y = CHa, €0,-
X =NH). The presence of the molecular substructures N’\\/\COz'
(boxed and bracketed regions) were confirmed by the L
acid hydrolysis, H
analysis method indicated. B-TGDDF (Y = O, X = 8). ammo acid analysis \ J
( X = NH, imnodzacetic acid )
UV spectroscopy

reaction and confirmed by spectroscopic and enzymatic analysis (Figure 6). The MAIs were identified as new early
eluting peaks on HPLC (Figure 5a, inset) contaimng the N10-substituted chromophore. Phosphatase treatment of
GADDF and CGADDF followed by analysis on anion exchange HPLC indicated, by their elution at shorter

retention times, a phosphate ester was associated with these molecules attesting to the presence of the GAR moiety
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When acid hydrosylates of GADDF and CGADDF were examined by amino acid analysis the presence of
mminodiacetic acid was observed indicating the nature of the linkage between the folate and ribose molecules to be the
secondary amine indicated in Figure 6.

In addition both GADDF and CGADDF gave similar inhibition pattems and dissociation constants as those
observed for B-TGDDF (Table 1 & 2) when tested as inhibitors of E coli GAR TFase. Of further interest 1s the
observation 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 formy! 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 compromised N144 GAR TFase mutant (binding intact) 1s employed thus indicating the enzyme 1s
simply acting as a binding pocket for reaction components. A fit of this data (Figure 7) to a single exponential gave
a rate of formation of kM1 = 0.089 £0.011 min-! t12=177 min)32. This MAI assembly capability reflects the
catalytically compromised transformylase's ability to still properly bind and correctly position the nucleophilic
primary amine group of GAR within bonding distance of the electrophilic bromoacetyl group of N10-(bromoacetyl)-

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

50 T d g T { |
< i —O—
Figure 7: Time course for the formation of GADDF as 40 1
catalyzed by GAR TFase. ([J) [N10-(bromoacetyl)-DDF], g
(IR) [GADDF] as catalyzed by D144 GAR TFase and (Q) = 30 Q | —
[N-10-(bromoacetyl)-DDF], ( @) [GADDF] as catalyzed by £ o =
N144 GAR TFase. The dotted line represents the enzyme E
concentration. (>) [N10-(bromoacetyl)-DDF] and (4p) g2 /[E]
[GADDF] in the absence of GAR TFase (sece Ref. 32). S = 1 l—-_-—_-_l__
Analysis was accomplished by HPLC (condition E) as 10 4
described in text.
0 = l. !_._
0 20 40 60 80 840
Time (min)

Conclusion

B-TGDDF and GADDF (& CGADDF) represent a new class of GAR TFase inhibitors. These
phosphoribosylfolates combine a phosphoribosyl moiety and folate analog by a 6-atom linker arm that joins the
folate at N10 to the ribose at C1'. Linker arms bridged by either sulfur or nitrogen display similar properties.
Adducts devoid of the 5'-phosphate are incapable of high affinity binding implying that the ribose appendage alone
offers hittle toward the establishment of the ught enzyme-mhibitor complex.
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Some potential uses of this new class of GAR TFase inhibitor include: competition traps to aid in obtaining
mdividual rate constants for the elementary steps in the transformylase mechanism much as MTX was applied in the
elucidation of the kinetic mechanism of DHFR33; as ligands for the x-ray crystallographic study of E coli GAR
TFase34 which should enable the identification of relevant residues involved in substrate and cofactor recognition;
and as a proto-drug for the design of selective inhubitors of GAR TFase.

The observation that the substrate GAR appears to "protect” GAR TFase from inactivation by N10-
(bromoacetyl)-DDF provides an interesting example of an enzyme catalyzed synthesis of an MAI. This finding
suggests that the reactive bromoacetyl group of the affinity label may overlap with the amino group of GAR at the
active site; certainly a reasonable assumption 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 situation was observed by Chase and
Tubbs35 in the case of the inactivation of carnitine acetyltransferase by the camitine ester of bromoacetate and
coenzyme A. The enzyme was observed to be rapidly inactivated by the formation of a noncovalently bound
multisubstrate adduct at the active site when incubated with the bromoacetate ester and coenzyme.

The nonlinear plot obtained for the log %R activity vs. time shown in Figure 4 can be rationalized in terms
of an enzyme catalyzed inhibition process generating a slowly dissociating noncovalent E-I complex An inhibition
profile of this type was reported by Manderschied and Wild36 for the inhibition of Triticum aestivum L. glutamine
synthetase by phosphinothricin. Inhibitors 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 alternatively been
addressed in several different and clever ways, for example, by using transportable esters3”7 to be later processed by
esterases, or neutral species that become charged after undergoing an enzyme catalyzed redox process38; or
alternatively improving inhibitor transport via liposomes39. Rideout 40 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 coupling of non-toxic molecules to generate a cytotoxic
substance and takes advantage of the steeper dose-response relationship and sensitivity to concentration of a
simultaneous two molecule therapy relative to responses utilizing individual molecules.

In addition to the observation of a novel form of inhibition, the MAI formation process has aided in
addressing some questions about the probable mechanism of GAR TFase. The N144 mutant, although unable to
catalyze formyl transfer, can catalyze MAI synthesis. This establishes that N144 GAR TFase retains the capacity to
bind both ribotide and folate substrates The D144N mutation appears to uncouple acid / base and entropic catalysis
and serves to illustrate the importance of catalytic residues 1n the GAR TFase reaction; an entropy trap alone 18
msufficient to catalyze formyl transfer but completely sufficient to catalyze MAI formation.

The work presented here demonstrates that potent and specific inhibitors for this enzyme can be made using
a rational approach based on mechamistic and structural information Two specific types of inhibitors have been



Multisubstrate adduct inhibitors 2363

described which have similar properties, the pre-made MAI, 8-TGDDF and the in situ derived MAIs, GADDF and
CGADDF. Studies aimed at characterizing and evaluating these new compounds have increased our understanding
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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