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oncogene products exhibit protein tyrosine kinase activi
ty.63 

Drugs that modulate gene transcription are already 
known, of course, since steroid hormone analogues and 
some antitumor drugs function in this manner. Other 
drugs of this type could be sought, with knowledge of how 
hormones or other physiological signals control eukaryotic 
gene expression. These new drugs could then be used to 
regulate the synthesis of important receptors or enzymes. 
For agents that directly affect gene transcription, se
quence-specific DNA binding will be the most difficult 
aspect of development since, without this property, such 
drugs would be too toxic for use against non-life-threat
ening diseases. Synthetic agents with selective DNA 
binding ability are now being developed, as demonstrated 
by the work of Dervan66 and Hurley67 and their co-workers, 
so it is likely that this will soon lead to new drugs that 
control gene transcription. 

Summary and Prognosis 
The exciting developments reviewed show the positive 

value of the interplay between medicinal chemistry, bio
chemistry, and molecular biology to antibiotic discovery 
and production. Considerable progress is being made by 
the empirical approaches currently necessitated due to the 
complexity of the biological systems involved. Much more 
can be done by rational approaches whose importance will 
be more forcefully felt as our knowledge about how mi
croorganisms make antibiotics matures. Genetically en-

fee) (a) Dervan, P. B. Science (Washington, D.C.) 1986, 232, 464. 
(b) Dervan, P. B. In Nucleic Acids and Molecular Biology; 
Eckstein, F., Lilley, D. M. J., Eds.; Springer-Verlag: Heidel
berg, 1988; pp 49-64. 

(67) (a) Hurley, L. H.; Boyd, F. L. Annu. Rep. Med. Chem. 1987, 
22, 259. (b) Hurley, L. H.; Needham-VanDevanter, D. R.; Lee, 
C.-s. Proc. Natl. Acad. Sci. U.S.A. 1987, 84, 6412. 

A Multisubstrate Adduct Inhibitor of a Purine 
Biosynthetic Enzyme with a Picomolar 
Dissociation Constant 

Sir: 
Glycinamide ribonucleotide transformylase (GAR 

TFase; EC 2.1.2.2) is a crucial, reduced folate requiring 
enzyme involved early in de novo purine biosynthesis, 
catalyzing the formyl transfer from (6i?,aS)-10-formyl 
tetrahydrofolate, 3, to glycinamide ribonucleotide (GAR, 
2a) shown in Figure l.1 It has thus attracted some interest 
as a target enzyme for rational drug design of antineo
plastic agents.2 Published data showed these agents to 
be modest inhibitors of GAR TFase, but they were not 
specific.3,4 An in vivo test of 5,10-dideazatetrahydro-

(1) Warren, L.; Buchanan, J. M. J. Biol. Chem. 1957, 229, 613-626. 
Recent review: Blakely, R. L., Benkovic, S. J., Eds. Folates 
and Pterins; John Wiley and Sons: New York, 1984; Chapter 
8. 

(2) Chabner, B. A.; Allegra, C. J.; Baram, J. In Chemistry and 
Biology of Pteridines, Proceedings of the 8th International 
Symposium; Cooper, B. A.; Whitehead, V. M. Eds.; deGruyter: 
Berlin, 1986; pp 945-51. 

gineered microorganisms certainly will play an active role 
in the production of known metabolites, and when enough 
knowledge about the workings of antibiotic production 
genes is acquired, recombinant organisms will be designed 
to produce new biologically active secondary metabolites 
with potential drug use. It also is increasingly clear that 
the areas of drug discovery and development involving the 
study of enzyme inhibitors and drug-receptor interaction 
will greatly benefit from the ability to alter protein 
structures by genetic engineering.68 Thus, even if a 
medicinal chemist has only enough knowledge about mo
lecular biology to communicate intelligently with biologists 
and biochemists, this will open avenues for fruitful research 
otherwise hidden in the complexity of biological systems 
modification. 
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22, 281. 

aminopterin,5"7 which demonstrated potency against solid 
tumors in mice, also provided indirect evidence that the 
site of action was GAR TFase. Interestingly, these types 
of tumors are resistant to methotrexate therapy. 

A number of potent specific inhibitors of enzymes have 
been designed8 with use of the concept of multisubstrate 
adduct inhibition (MAI).9,10 Tying together both sub-

(3) Piper, J. R.; McCaleb, G. S.; Montgomery, J. A.; Kisliuk, R. L.; 
Gaumont, Y.; Sirotnak, F. M. J. Med. Chem. 1986, 29, 
1080-1087. 

(4) Caperelli, C. A. J. Med. Chem. 1987, 30, 2117-9. 
(5) Taylor, E. C ; Harrington, P. J.; Fletcher, S. C ; Beardsley, G. 

P.; Moran, R. G. J. Med. Chem. 1985, 28, 914-921. 
(6) Moran, R. G.; Taylor, E. C; Beardsley, G. P. Proc. Am. Assoc. 

Cancer Res. 1985, 26, 231. 
(7) Beardsley, G. P.; Taylor, E. C; Grindey, G. B.; Moran, R. G. 

In Chemistry and Biology of Pteridines, Proceedings of the 
8th International Symposium; Cooper, B. A., Whitehead, V. 
M., Eds.; deGruyter: Berlin, 1986; pp 953-7. 

(8) For a recent list, see: Wolfenden, R.; Frick, L. In Enzyme 
Mechanisms; Page, M. I., Williams, A., Eds.; Royal Society of 
Chemistry: London, 1987; pp 97-122. 

(9) Gandour, R. D.; Schowen, R. L., Eds.; Transition States of 
Biochemical Processes; Plenum Press: New York, 1978. 
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Figure 1. Multisubstrate adduct inhibitor TGDDF (ThioGAR 
dideazafolate, 1) and substrates (2a and 3) for the reaction cat
alyzed by GAR TFase. Compound 4a is an alternate substrate 
for the transformylase (Smith, G. K.; Mueller, W. T.; Benkovic, 
P. A.; Benkovic, S. J. Biochemistry 1981, 20,1241-5); compound 
4b acts as an irreversible inactivator of the enzyme. 

strates of a bimolecular, enzyme-catalyzed reaction gives 
a resultant molecule possessing the binding stabilization 
of both individual substrates, in addition to the entropic 
advantage of reduced molecularity.11 One should note that 
a multisubstrate adduct inhibitor is not intended to mimic 
the transition state of a catalyzed reaction. 

We describe here the first successful multisubstrate 
adduct inhibitor (1, in Figure 1, TGDDF = ThioGarDi-
DeazaFolate) for GAR TFase which includes nearly all of 
the structural features of the two substrates and provides 
the molecule with a very high specific affinity for the en
zyme. The adduct has been synthesized by a convergent 
synthesis employing a directed coupling as the last step.12 

The full functionality of the 5'-phosphoribose portion 
undoubtedly accounts for the high specificity for GAR 

(10) Broom, A. D. Fed. Proc. , Fed. Am. Soc. Exp. Biol. 1986, 45, 
2779-2783. Broom, A. D. J. Med Chem. 1989, 32, 2-7. 

(11) Jencks, W. P. Adv. Enzymol. 1975, 43, 219-410. 
(12) This side steps the deprotection problems encountered in the 

only previous attempt to make a specific MAI for GAR TFase 
of which we are aware: Licato, N., Jr., Dissertation, University 
of Utah; Diss. Abstr. Int., B 1987, 47, 2918. 
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TFase, particularly in light of the relatively modest activity 
and low specificity of structurally simpler adducts con
taining folate, but not 5'-phosphoribose moieties.13 

Chemis t ry 1 4 

The synthesis of the MAI 1 (Figure 2) was based on the 
previously described compound iV10-(bromoacetyl)-5,8-
dideazafolate,15 4b, an electrophilic irreversible inactivator 
of the enzyme. This incorporates the structural features 
of the alternate substrate 4a. Design and synthesis of a 
complimentary nucleophilic GAR analogue (ThioGAR, 2b) 
allowed a convergent and regiospecific synthesis under 
mild conditions providing a product with inherent hy-
drolytic and oxidative stability. The mercapto analogue 
of GAR allowed the coupling reaction to be carried out at 
neutral pH in an aqueous buffered medium. Compound 
4b was conveniently available for use after HPLC puri
fication; the description of the synthesis of ThioGAR, 2b, 
follows. 

ThioGAR, 2b, was prepared by the route outlined in 
Figure 2, the centerpiece of which was the DCC coupling 
of tribenzoylribosylamine 5 with the S-protected mercap-
toacetic acid.16 (Tritylthio)acetic acid was formed (93%) 
by the condensation of equimolar amounts of triphenyl-
methanol with mercaptoacetic acid in excess trifluoroacetic 
acid. Coupling of the acid with tribenzoylribosamine 5 was 
promoted by DCC. The yield after flash chromatography 
was 60% of a mixture of anomers. The tribenzoyl ribo-
nucleoside, 6, was deprotected with NaOMe in MeOH, 
giving an 86% yield of the water-insoluble tritylthio ri-
bonucleoside 7. The crude riboside was phosphorylated 
with a 10-fold molar excess of phosphoryl chloride at 0 °C 
in trimethyl phosphate.17 After hydrolytic workup, the 
product could be purified either by Sephadex A-25 ion-
exchange chromatography or by preparative RP-HPLC to 
give a 35% yield. The latter allowed separation of anom
ers.18 

Deprotection of 8 to ThioGAR, 2b, and coupling with 
compound 4b were accomplished in one step, with oxy
gen-free reagents. TritylthioGAR, 8, was treated with 80% 
aqueous TFA and then neutralized to produce a buffered 
pH 7.5 solution. Addition of bromoacetyl folate derivative 
4b and reaction at 60 °C for 1 h gave an adduct which 
could be purified on RP-HPLC using gradient elution 
(CH3CN in H 2 0 ; both solvents contained 0 .1% TFA). 
Repurification using an isocratic mixture of the same 
solvents (12% at 0.7 mL/min) gave pure single anomers 
of the adduct, with the /3 anomer eluting before the a.19 

(13) Temple, C, Jr.; Elliott, R. D.; Montgomery, J. A. J. Med. 
Chem. 1988, 31, 697-700. 

(14) All new compounds gave satisfactory NMR, UV, and mass 
spectra. A detailed account of the synthesis of these com
pounds will be reported elsewhere. 

(15) Daubner, S. C; Young, M.; Sammons, R. D.; Courtney, L. F.; 
Benkovic, S. J. Biochemistry 1986, 25, 2951-2957. 

(16) Schendel, F. J.; Stubbe, J. Biochemistry 1986, 25, 2255-2264. 
(17) Yoshikawa, M.; Kato, T.; Takenihi, T. Tetrahedron Lett. 1967, 

50, 5065. 
(18) NMR spectral data for the pure 0-anomer: d 7.31 (d, 7.2 Hz, 

6 H), 7.21 (m, 9 H), 4.92 (d, </Hi'-H2< = 4.4 Hz, 1 H), 3.97 (t, 5.0 
Hz, 1 H), 3.85 (q, 3.7 Hz, 1 H), 3.75 (m, 3 H), 3.08, 2.99 (two 
second-order doublets, «/apparent = 15.73 Hz, 2 H). The anom-
eric proton of the a-anomer has a chemical shift of 6 5.1 and 
a «/HI'-H2' = 4.3 Hz. 

(19) An approximately equimolar mixture of a- and /?-anomers re
sults as judged by HPLC and NMR. The adduct has been 
obtained in yields ranging from 50% to 100% when a 5-fold 
excess of 8 was employed. The solution of pure anomer must 
be neutralized (aqueous NH3) before concentration (Speed-
Vac); in the presence of TFA, anomerization occurs. Assign
ments of anomers were made by NMR. 
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Figure 2. Synthetic scheme for TGDDF (1) via ThioGAR (2b) and ^"-(bromoacetyU-S.S-dideazafolate (4b). Reagents and conditions 
are as follows: (a) DCC, Ph3CSCH2C02H, acetone, room temperature, 14 h; (b) NaOMe, room temperature, 45 min; (c) 10 equiv of 
POCl3, (MeO)3PO, 0 °C, 2 h; (d) 80% trifluoroacetic acid/H20, room temperature, 45 min; (e) aq NH3 to pH 7.0, 100 mM HEPES, 
pH 7.0; (f) 50 mM HEPES, pH 7.0, 60 °C, 1 h. 

The molecular weight of 780 (M + 1 = 781 in FAB-MS) 
and the N M R spectrum20 (containing an aromatic region 
and a glutamyl pattern at ca. 2.5 ppm characteristic of the 
folate analogue, 4b, and three multiplets at ca. 4 ppm 
matching a phosphoribose moiety) show that the molecule 
is a 1:1 conjugate of folate and GAR analogue. Further 
analysis of the NMR spectrum showed anomeric protons 
(the a anomer gave a doublet at 5 5.44, and the /? anomer 
gave a doublet at 5 5.24, in agreement with literature 
values16) and overlapping resonances at 8 3.3 tha t corre
spond to two bridging methylenethio groups. The elec
tronic spectrum of TGDDF 2 1 is identical with that of 
N10-acetylated DDF.1 5 

Biochemistry 

The interaction of 0-TGDDF with GAR TFase was 
characterized by the effect of the inhibitor on the activity 
of the enzyme as well as independent measures of its af
finity for GAR TFase. The thermodynamic dissociation 
constant, KD, for the E-/3-TGDDF complex was measured 
by following the enhancement of the inhibitor's 395-nm 
fluorescence (excitation at 275 nm) upon binding to GAR 
TFase (Figure 3). A concentrated E. coli GAR TFase 
solution was added to an 11 nM solution of purified /3-
TGDDF; for each addition, the fluorescence at three dif
ferent wavelengths (395, 400, and 405 nm) was measured. 
Fluorescence ti tration data was analyzed by the method 
of Taira and Benkovic.22 The data were fit to an equation 
describing the fluorescence in terms of measurable quan
tities: 

•^Tot = ^l~ 

(F I-i= ,
E I)j(£T + / T + X D ) - [ (£ : T + / T + K D ) 2 -4£ T . 7 T ]p / 2 

2 / T 

(1) 

using the N L I N procedure from the SAS statistical 

Enzyme Added (nM) 

Figure 3. Fluorescence titration (excitation at 275 nm, emission 
at 395 nm) of 11 nM /3-TGDDF with 0.95 nM aliquots of GAR 
TFase. The error bars show the upper and lower limits of the 
10 measurements made at each concentration. Superimposed on 
the data is a line calculated for KD = 250 pM. 

package.23 The data are initially fit to three parameters 
(7T, the total inhibitor added; FEi, the fluorescence of the 
enzyme-inhibitor complex; and K^), using the measured 
Fi (fluorescence of the inhibitor), F T o t (measured fluores
cence), and Ef (cumulative enzyme added at each point). 
When coincidence of I? and F-^ with measured values show 
the data to be acceptable, the fit is done to KD alone. 
Figure 3 shows the data for the 395-nm emission, with a 
line calculated from eq 1 superimposed. The average value 
for Kp calculated from the three wavelengths is 250 pM, 
with a standard error of 50 pM. The a-anomer has not 
been thoroughly characterized, but its binding affinity for 
GAR TFase is significantly lower then the /3-anomer. 

/3-TGDDF acts as a slow, tight-binding24 inhibitor 
against four species of GAR TFase2 5 (E. coli,2& Avian,27 

(20) NMR spectrum of the anomeric mixture (D20): d 7.7-7.5 (m, 
3, p-phenylene and H-5), 7.42 (t, 1, H-7), 7.2-7.14 (m, 3, p-
phenylene and H-8), 5.44 (d, 1, JHV-H? = 4.4 Hz, a-anomeric 
Cl'-H), 5.24 (d, 1, JHI'-H* = 5'3 Hz- 0-anomeric Cl'-H), 4.87 (s, 
2, C9-CH2), 4.36 (m, 1, glutamic acid C„-H), 4.2-3.7 (4, C5'-
CH2, C3'-CH, C2'-CH), 3.21 (m, 4, CH2SCH2), 2.16 (t, 2, J^ 
= 7.4 Hz, glutamic acid C7-H), 1.95 (two multiplets, 2, glutamic 
acid C rH). 

(21) UV (50 mM HEPES, pH = 7.5): Xmax 230 (* = 54.5 cm"1 

mM"1), XBh 255 U = 26.1 cm'1 mM"1), Xm„ 310 U = 4.19 cm"1 

mM"1). 
(22) Taira, K.; Benkovic, S. J. J. Med. Chem. 1988, 31, 129-137. 

(23) SAS User's Guide: Statistics, Version 5 Edition, The NLIN 
Procedure; Sas Institute: Cary, NC, 1985; Chapter 25. 

(24) Morrison, J. F. Trends Biochem. Sci. 1982, 7, 102. Morrison, 
J. F.; Walsh, C. T. Adv. Enzymol. Relat. Areas Mol. Biol. 1987, 
57, 201-301. 

(25) All assays were carried out by following the increase of 5,8-
dideazafolate absorbance at 295 nm in buffered medium at 26 
CC. To initiate the reaction, enzyme (1 nM final concentra
tion) was added to a mixture of saturating substrates and 
variable amounts of inhibitor. A characteristic family of curves 
was obtained, showing slow, tight binding inhibition. The 
onset of steady-state inhibition was ca. 3 min for 3.48 nM 
inhibitor and ca. 14 min for 1.16 nM inhibitor. 
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HeLa O,28 and L121028). Furthermore, the binding and 
inhibition stoichiometries are 1:1.29 As expected, neither 
1 nM AICAR TFase30 nor DHFR31 is affected by 10 nM 
/3-TGDDF (X; > 100 nM), a concentration which com
pletely abolishes GAR TFase activity. The slow, tight-
binding characteristics of /3-TGDDF preclude a straight
forward assessment of the competition of either substrate 
with TGDDF inhibition. That the addition of high levels 
of GAR to an E-TGDDF complex32 causes release of 
TGDDF suggests (in the absence of evidence for any al-
losteric effect of GAR) that the two molecules are com
peting for the same site. The release of /3-TGDDF from 
GAR TFase in the absence of substrates was shown by 
dialysis of a 10 nM solution of the complex against 50 mM 
Tris buffer (pH 7.5,100 mM KC1) at 4 °C, which showed 
>90% recovery of activity (compared to control enzyme) 
after 24 h. 

Conclusion 
The first successful multisubstrate adduct inhibitor of 

GAR TFase, /3-TGDDF is also the most potent inhibitor 
reported for that enzyme {KD = 250 ± 50 pM). This 
compound shares with other MAFs high potency (typically 
103-106 times the binding affinity of either substrate), high 
specificity, and reversibility. The binding affinity of /3-
TGDDF is approximately 3-fold higher then the product 
of the Km values of the two substrates,33 which is compa
rable to other potent MAFs. 

(26) Inglese, J.; Bloom, L.; Smith, J. M; Benkovic, S. J. Fed. Proc, 
Fed. Am. Soc. Exp. Biol. 1987, 46, 2218. Inglese, J.; Shiau, A.; 
Smith, J. M.; Benkovic, S. J. In preparation. 

(27) Young, M. C; Sammons, R. D.; Mueller, W. T.; Benkovic, S. 
J. Biochemistry 1984, 23, 3979-3986. 

(28) Daubner, C; Benkovic, S. J. Cancer Res. 1985, 45, 4990-7. 
(29) Binding stoichiometry was determined by fluorescence titra

tion and inhibition stoichiometry was shown by activity titra
tion. Both determinations used 100 nM E. coli GAR TFase. 

(30) Mueller, W. T.; Benkovic, S. J. Biochemistry 1981,20, 337-344. 
(31) Baccanari, D.; Phillips, A.; Smith, S.; Sinski, D.; Burchall, J. 

Biochemistry 1975, 14, 5267-5273. 
(32) After a solution 1 nM in both enzyme and inhibitor was incu

bated for 10 min, sufficient GAR was added to produce a 100 
MM solution, and the fluorescence intensity at 395 nm (exci
tation at 275) was monitored over time. Simple exponential 
curve fitting on the data suggests a kot( of <0.007 s~\ with 
approximately 25% of the complex dissociating. 

(33) Km values for GAR (2a: ca. 23 **M), and iV10-formyl-5,8-dide-
azafolate (4a: ca. 36 MM) were measured at pH 8.5 for E. coli 
GAR TFase. 

The synthesis of the compound is simplified by con
vergent design and by a relatively small number of ster-
eocenters, concentrated in portions of the molecule that 
have natural origins. The only stereocontrol problem lies 
at the ribose C-l position, giving two interconvertible 
diastereomers at the end. The choice of the planar, oxi
dized 5,8-dideazafolate moiety solves problems that might 
stem from stereochemical control or oxidation at the 
heterocycle. The selection of thioGAR and a bromoacetyl 
folate derivative allow the coupling of fully deprotected 
compounds and the production of a hydrolytically stable 
thioether linkage. 

The preference of GAR TFase for binding /3-TGDDF vs 
a-TGDDF follows from the presumption that only the /3 
anomer of GAR is recognized as a substrate by the en
zyme.34 This is further evidence that /3-TGDDF binds in 
the active site and likely binds in a conformation very 
similar to that adopted by the substrates. The adduct's 
strong resemblance to substrates gives it unique selectivity 
and high potency for a clinically important target enzyme. 
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