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A novel N-{ 2-amino-4-methyl[(pyrrolo[2,3-d]pyrimidin-5-yl)ethyl]benzoyl}-L-glutamic acid (3a)
was designed and synthesized as a potent dual inhibitor of thymidylate synthase (TS) and
dihydrofolate reductase (DHFR) and as an antitumor agent. Compound 3b, the N7-benzylated
analogue of 3a, was also synthesized as an antitumor agent. The synthesis of 3a was
accomplished via a 12-step sequence which involved the synthesis of 2-amino-4-methylpyrrolo-
[2,3-d]pyrimidine (10) in 5 steps from 2-acetylbutyrolactone. Protection of the 2-amino group
of 10 and regioselective iodination at the 5-position followed by palladium-catalyzed coupling
afforded intermediate 14 which was converted to 3a by reduction and saponification. Similar
synthetic methodology was used for 3b. X-ray crystal structure of the ternary complex of 3a,
DHFR, and NADPH showed that the pyrrolo[2,3-d]pyrimidine ring binds in a “2,4-diamino
mode” in which the pyrrole nitrogen mimics the 4-amino moiety of 2,4-diaminopyrimidines.
This is the first example of a classical pyrrolo[2,3-d]pyrimidine antifolate shown to have this
alternate mode of binding to DHFR. Compounds 3a and 3b were more inhibitory than LY231514
against TS from Lactobacillus casei and Escherichia coli. Analogue 3a was also more inhibitory
against DHFR from human, Toxoplasma gondii, and Pneumocystis carinii. Evaluation of 3a
against methotrexate (MTX)-resistant cell lines with defined mechanisms indicated that cross-
resistance of 3a was much lower than that of MTX. Metabolite protection studies and folylpoly-
y-glutamate synthetase studies suggest that the antitumor activity of 3a against the growth
of tumor cells in culture is a result of dual inhibition of TS and DHFR. Compound 3a inhibited
the growth of CCRF-CEM and FaDu cells in culture at EDsy values of 12.5 and 7.0 nM,
respectively, and was more active against FaDu cells than MTX. In contrast, compound 3b
was inactive against both cell lines. Compound 3a was evaluated in the National Cancer
Institute in vitro preclinical antitumor screening program and afforded 1G5, values in the
nanomolar range against a number of tumor cell lines.

Introduction

Inhibitors of folate metabolism have provided impor-
tant agents useful in cancer chemotherapy as a result
of their inhibition of the biosynthesis of nucleic acid
precursors.23 The cofactor tetrahydrofolate (THF) is
formed by the NADPH-dependent reduction of 7,8-
dihydrofolate (7,8-DHF) by the enzyme dihydrofolate
reductase (DHFR)* and serves as the principal compo-
nent in folate metabolism as a carrier of one-carbon
units in its various cofactor forms.> The synthesis of
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deoxythymidylate (dTMP) from deoxyuridylate (dUMP)
is catalyzed by thymidylate synthase (TS) and utilizes
5,10-methylenetetrahydrofolate as the source of the
methyl group of dTMP as well as the reductant.® This
reaction affords 7,8-DHF which needs to be reduced by
DHFR to THF. Thus TS coupled with DHFR forms a
crucial link responsible for the synthesis of dTMP and
hence DNA. Inhibitors of TS derived from substrate
analogues such as 5-fluorouracil” and from folate ana-
logues such as ZD1694 (Tomudex)8 (Chart 1) have found
utility as clinically important antitumor agents. Simi-
larly the DHFR inhibitor methotrexate (MTX) is a main-
stay in single and combination cancer chemotherapy.®
Several TS and DHFR inhibitors which are analogues
of folate have also shown antitumor activities in vitro
and in vivo with some currently in clinical trials.10.11
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Folate analogues which inhibit TS generally contain
a 2-amino-4-oxo or 2-methyl-4-oxo substitution in the
pyrimidine ring of the antifolate.'>3 Important exam-
ples of the former and latter analogues are N1%-propar-
gyl-5,8-dideazafolate (CB3717, PDDF)!* and ZD1694,8
respectively. In contrast, inhibitiors of DHFR generally
contain a 2,4-diamino substitution in the pyrimidine
ring,213 as exemplified by MTX.

It has been demonstrated, both in clinically available
agents as well as in experimental agents, that TS
inhibitors and DHFR inhibitors when used separately
or in combination with other agents can provide suc-
cessful antitumor therapy. In addition, synergism of two
separate antifolates which inhibit TS and DHFR has
been demonstrated in growth inhibitory studies against
Lactobacillus casei,’>1® rat hepatoma cells,'”18 and
human lymphoma cells.151920 Thus one of the goals of
our efforts has been to design dual TS and DHFR
inhibitory activity in a single agent. Such dual inhibitors
could act at two different sites (TS and DHFR) and
might be capable of providing “combination therapy” in
a single agent without the pharmacokinetic disadvan-
tages of two separate agents. 2,4-Diaminoquinazoline
analogues as dual inhibitors were reported by Hynes
et al.2! with the suggestion that chemotherapeutic util-
ity of such analogues would require that the inhibitory
activity against DHFR be similar to that against TS.

Our initial effort toward the synthesis of dual DHFR—
TS inhibitors involved the synthesis of 6-5 fused clas-
sical 2,4-diaminofuro[2,3-d]pyrimidines.?223 These novel
6-5 furo[2,3-d]pyrimidine compounds, N-[4-[N-[(2,4-di-
aminofuro[2,3-d]pyrimidin-5-yl)methyl]lamino]benzoyl]-
L-glutamic acid (1a)?2 and N-[4-[N-[(2,4-diaminofuro-
[2,3-d]pyrimidin-5-yl)methyllmethylamino]benzoyl]-L-
glutamic acid (1b),?? were designed to bind in the “2,4-
diamino mode” (Figure 1) to DHFR and the “2-amino-
4-ox0” mode to TS and hence function as dual inhibitors
of DHFR and TS. Though compounds 1a and 1b were
moderate inhibitors of DHFR from various sources (e.g.,
ICso human DHFR 0.45 and 0.22 uM for 1la and 1b,
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Figure 1. 2,4-Diaminofuro[2,3-d]pyrimidine.

respectively), in general the compounds were poor inhib-
itors of TS (ICsp human TS >200 uM for both 1a and
1b). In addition 1a and 1b were inactive against both
glycinamide ribonucleotide formyltransferase (GARFT)
and 5-aminoimidazole-4-carboxamide ribonucleotide
formyltransferase (AICARFT). However both analogues
were potent inhibitors of the growth of human T-
lymphoblastic leukemia cell line CCRF-CEM in culture
(ECsp 142 and 47 nM for 1a and 1b, respectively) and
the growth of human squamous cell carcinoma FaDu
in culture (EDsp®® 126 and 55 nM for la and 1b,
respectively), in continuous exposure. These analogues
were efficiently polyglutamylated by human folylpoly-
y-glutamate synthetase (FPGS). These results sug-
gested that polyglutamylation plays a role in their
cellular mechanism of action. Thus it appeared that
though 1a and 1b did not inhibit isolated TS to any
significant extent, their polyglutamylated forms could
be potent inhibitors of TS in tumor cells in culture, and
hence compounds 1a and 1b were likely dual inhibitors
of DHFR and TS. Metabolite protection studies however
indicated that the mechanism of action of inhibition of
tumor cells in culture for 1a and 1b was not the result
of dual inhibition of DHFR and TS.?2 Analogues of 1a
and 1b where the C8—N9 bridge was isosterically
replaced by a C8—C9 bridge as in compound 2a%3 and a
C8—N9—C10 bridge as in compound 2b gave much
lower inhibition of tumor cells than 1a and 1b. Metabo-
lite protection studies suggested that DHFR was the
primary target of 2a and 2b. The compounds were poor
inhibitors of TS as well as DHFR and moderately
inhibited the growth of CCRF-CEM cells in culture (I1Csg
0.25 uM for 2a and 30.5 uM for 2b).
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Figure 2. 2-Amino-4-oxopyrrolo[2,3-d]pyrimidine.

LY231514, a 2-amino-4-oxo classical pyrrolo[2,3-d]-
pyrimidine antifolate and a potent inhibitor of tumor
cell growth is currently in phase I1/111 trials as an anti-
tumor agent.2* This compound has been designated as
a multitargeted antifolate (MTA) and is reported to be
a reasonable inhibitor of both isolated TS and DHFR:
in its polyglutamate forms, the inhibition against TS
increases by several orders of magnitude. Molecular
modeling of LY231514 using SYBYL 6.3%5 and super-
imposing it on the crystal structures of human DHFR
with MTX showed that if LY231514 binds in the 2,4-
diamino mode (Figure 2) to DHFR such that the pyrrole
N mimics the 4-amino group of MTX, by rotation of 180°
about the NH,—C2 bond, then the 4-oxo moiety of
LY231514 interacts with Phe31 and Leu22 of DHFR.
Despite this interaction, LY231514 is reported to be a
good inhibitor of human DHFR. We reasoned that if the
4-oxo moiety of LY231514 were removed or, better,
replaced by a methyl group, the interaction of the 4-oxo
with the hydrophobic Phe31 and Leu22 of the enzyme
would be replaced by a productive hydrophobic interac-
tion of the 4-methyl, thus increasing the DHFR inhibi-
tory potency. Replacement of the 4-oxo in LY231514
with a 4-methyl affords N-{2-amino-4-methyl[(pyrrolo-
[2,3-d]pyrimidin-5-yl)ethyl]benzoyl}-L-glutamic acid (3a).
It was anticipated that 3a would bind to DHFR in the
2,4-diamino mode where the pyrrole nitrogen mimics
the 4-amino of DHFR inhibitors such as MTX. In this
mode of binding the 4-methyl group of 3a was predicted
to interact with the Phe31 and Leu22 of human DHFR
to afford potent inhibition. In the 2,4-diamino mode, the
pyrrolo nitrogen atom may hydrogen bond with the
carbonyl of Val115 and lle7 and the hydroxyl of Tyr121
in human DHFR. This alternate mode of binding of
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pyrrolo[2,3-d]pyrimidines was first suggested by Miwa
et al.,?® and recently Kuyper et al.?” showed that the
nonclassical antifolate 2-amino-4-methyl-5-(3',4',5'-tri-
methoxyphenyl)-7H-pyrrolo[2,3-d]pyrimidine (4) does
bind to Escherichia coli DHFR in the 2,4-diamino mode
where the pyrrole nitrogen mimics the 4-amino moiety
of MTX and piritrexim (PTX). These reports lend further
credence to the design of 3a as a potent inhibitor of
DHFR.

In addition to the inhibition of DHFR we were also
interested in the inhibition of TS in an attempt to
provide dual DHFR—TS inhibitors. Molecular modeling
using SYBYL 6.3 (Figure 3) of 3a in the crystal structure
of CB3717 with E. coli TS?® or Tomudex (ZD1694) and
E. coli TS?° with 3a superimposed on each inhibitor
(CB3717 or ZD1694), such that the pyrrole nitrogen is
positioned on the 4-oxo moiety of CB3717 or ZD1694,
showed that in this alignment the 4-methyl group
mimics the quinazoline C8 of CB3717 and ZD1694 and
can interact with Leu143 (3.42 A) just as the C7 and
C8 positions of the quinazolines do in CB3717 and
ZD1694. The pyrrole nitrogen with its hydrogen mimics
the 4-oxo moiety and interacts in a hydrogen bond with
Aspl169 and also makes contact with the 4C=0 of dUMP
and with Glyl73. In addition the stacking interaction
of the pyrrolo[2,3-d]pyrimidine in the 2,4-diamino mode
of 3a is more appropriately aligned with dUMP than
either CB3717 or ZD1694. This stacking interaction was
expected to provide additional binding for 3a compared
with CB3717 or ZD1694. We have used E. coli TS as a
surrogate for human TS in our molecular modeling
studies because a high-resolution human TS crystal
structure is not currently available. The minor differ-
ences in the sequence of E. coli TS and human TS are
His51, Trp83, and Val262 (E. coli TS) and Phe80,
Asnl112, and Met311 (human TS). In addition, Webber
et al.,3° Appelt et al.,3! Varney et al.,?2 and Reich et al.33
have utilized the crystal structure of E. coli TS as a
surrogate for human TS in molecular modeling studies
which afforded potent human TS inhibitors and a
clinically active antitumor agent in the case of AG337%
which is in phase 11/111 trials.

Figure 3. Compound 3a superimposed on the crystal structure of ZD1694 (not shown) bound to E. coli TS and NADPH, showing

contacts of the 4-Me and N7 of 3a with residues of E. coli TS.
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Thus, structural features which allow compound 3a
to function as a potent dual DHFR—TS inhibitor,
without the necessity of undergoing polyglutamylation,
were incorporated in the structure-based design of 3a.

The antitumor activities of several classical anti-
folates, particularly TS inhibitors, are in part deter-
mined by their ability to function as substrates for the
enzyme FPGS.34739 Ppolyglutamylation catalyzed by
FPGS produces long-acting, noneffluxing poly-y-glu-
tamates of classical antifolates that lead to high intra-
cellular concentrations of these antitumor agents. Fur-
ther, polyglutamylation provides for a significant increase
in inhibitory activity against TS compared to the
monoglutamates.343537-40 |t has been shown for both
ZD169434 and LY2315143% that the conversion of the
monoglutamate form of these compounds to their penta-
glutamates produces a 60-fold (for ZD1694) to 130-fold
(for LY231514) increase in TS inhibition. Though poly-
glutamylation for many antifolates is necessary for
cytotoxicity to tumor cells, it has also been implicated
in adverse effects on normal tissues due to retention of
poly-y-glutamate metabolites.®”#! The problem of resis-
tance in tumors, which is a result of low or defective
FPGS, is also a potential limitation of the use of such
classical antifolates, which depend on polyglutamylation
for their antitumor effects.42745

Takeda Chemical Industries*® claimed that a broad
variety of 7-substituted derivatives (including a benzyl
group) of LY231514 were active antitumor agents. In
contrast, Taylor et al.#” found that N-substitution at the
7-position of LY231514 eliminated cell growth inhibitory
activity. It was therefore of interest to synthesize the
N7-benzyl analogue of 3a, to explore the effect of N7-
substitution on biological activity. Thus, compound 3b
was also synthesized and evaluated.

Chemistry

The synthesis of the target compound 3a was ac-
complished starting with the synthesis of the key
intermediate 2-amino-4-methylpyrrolo[2,3-d]pyrimidine
(10) (Scheme 1). A search of the literature revealed that
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there was no report for this compound. Our synthetic
method was sparked by the recent report of Badaway*8
of several furo-, thieno-, and pyrrolo[2,3-d]pyrimidines
from 2-acetylbutyrolactone (5). This method was modi-
fied to afford a synthesis for the desired intermediate
10. Compound 5 and guanidine carbonate were refluxed
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with absolute ethanol in the presence of triethylamine
(method A) or sodium methoxide (method B) to afford 6
in 69% and 57% vyield, respectively. Compound 6 was
converted to 7 in 68% yield by refluxing with phospho-
rus oxychloride. Condensation of benzylamine with 7
in the presence of triethylamine under reflux in n-BuOH
afforded the bicyclic compound 8 in 50% yield. Attempts
to oxidize 8 to the aromatic compound 9 using reported
methods (DDQ;*® 10% Pd/C%%) were unsuccessful. MnO,,5!
however, afforded 9 in acceptable yield (45%).

The initial optimism resulting from the facile syn-
thesis of 9 was diminished following numerous unfruit-
ful attempts to remove the N7-benzyl protecting group
to afford the pyrrolo[2,3-d]pyrimidine 10. The N7-benzyl
group could not be removed under a variety of conditions
(e.g., Pd/C/H3, 50 psi; PA(OH),—C/HCOONH4,;%2 Pd—C/
H,/HCOOH; sodium naphthalene®3). Changing the pro-
tecting group to a 2,4-dimethoxybenzyl moiety also
resisted debenzylation conditions® (CF;COOH;%> CAN®6).
Finally, it was found that sodium in liquid ammonium
at —78 °C57 afforded the debenzylation of 9 to 10 in good
yield (70%).

With intermediate 10 in hand, the 2-amino group was
protected with pivaloyl chloride which both increased
the solubility of 10 and, more importantly, directed the
iodination regioselectively to the 5-position in the
subsequent step (Scheme 2). Compound 12 was the sole
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a Reagents: (f) PivCl, pyridine, reflux; (g) NIS, dark, rt; (h)
trimethylsilylacetylene, Cul, tetrakis(triphenylphosphine)pal-
ladium(0), triethylamine, THF, rt; (i) n-BusNF, THF, rt; (j) Cul,
tetrakis(triphenylphosphine)palladium(0), diethyl 4-iodobenzoyl-
L-glutamate, triethylamine, THF, rt; (k) 5% Pd/C, Hy, 50 psi; (1) 1
N NaOH, MeOH, 50 °C.

product obtained using NIS as the iodinating agent. The
structure of 12 as a monoiodo derivative was established
from its elemental analysis and 'H NMR. Similar
2-pivaloylated 2-aminopyrrolo[2,3-d]pyrimidine ana-
logues with 4-Cl, 4-OMe, and 4-oxo substituents have
been reported in the literature.85° In the unhalogenated
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analogues the H6 is always found 0.50—1.00 ppm (6.95—
7.51 ppm) deshielded compared to H5 (6.38—6.51 ppm).
On iodination at C5, H6 occurs in the range of 7.12—
7.74 ppm.5859 The IH NMR of 11 shows H5 and H6 at
6.65 and 7.35 ppm, respectively. Further, *H NMR of
12 indicated H6 at 7.71 ppm as a doublet (J = 2.2 Hz)
due to coupling with the adjacent N7-H. The 1H NMR
along with the elemental analysis confirmed the struc-
ture of 12 and unequivocally established the 5-position
as the site of iodination with NIS.

To directly afford diethyl N-{ 2-pivaloylamino-4-meth-
yl[(pyrrolo[2,3-d]pyrimidin-5-yl)ethynyl]benzoyl}-L-glu-
tamate (15), the Sonogashira method® was attempted
to couple 12 with diethyl 4-ethynylbenzoyl-L-glutamate,
in the presence of tetrakis(triphenylphosphine)palladium-
(0) (Pd(PPhy)s), copper(l) iodide (Cul), and triethylamine
in THF. This versatile methodology has been adopted
with success by several groups;®861 however, it was
unsuccessful in our hands under the reported conditions
as well as with the use of different solvents (DMF, 1,2-
dichloroethane, methylene chloride) or temperatures.

Attention was then turned to an alternate method to
couple 12 with trimethylsilylacetylene under the same
conditions (Pd(PPhy)s, Cul, triethylamine) in THF. This
afforded 13 in 70% yield. The silyl protecting group of
13 was removed by fluoride ion to afford 14 in 90% yield.
Compound 14 was then successfully coupled with di-
ethyl 4-iodobenzoyl-L-glutamate, under palladium-
catalyzed reaction conditions as adopted for 12 to 13,
to give 15 in 43% yield. Subsequent catalytic hydroge-
nation was accomplished with hydrogen and 5% pal-
ladium-on-charcoal in a mixture of methanol and meth-
ylene chloride (1:1) without reduction of the pyrrole ring.
Treatment of the resulting ethano-bridged intermediate
16 with 1 N NaOH at 50 °C for 3 days resulted in
simultaneous saponification of the ester functionalities
and removal of the pivaloyl protecting group at 2-NH,
to afford target compound 3a.

For the synthesis of the N7-benzyl analogue 3b, it was
assumed that pivaloylation of 9 from Scheme 1 would
afford the N7-benzyl analogue of 11 (Scheme 2) from
which 3b would be obtained as outlined in Scheme 2.
However, iodination with NIS of the N7-benzyl analogue
of 11 afforded several products, a majority of which was
the 5,6-diiodo derivative. Ramzaeva and Seela®? have
suggested that regioselective halogenation of similar
systems is controlled by the electron density of the
pyrrole ring and that decreasing this density affords
regioselective halogenation. Since a pivaloyl group was
already present on the 2-NH,, it was necessary to
further decrease the electron density of the pyrrole ring.
Thus the 2-NH, moiety was dipivaloylated from 9 as
shown in Scheme 3 to afford 17. lodination of 17 with
NIS afforded regioselectively the 5-iodo derivative 18
as the sole product. Compound 3b was obtained from
18 following the procedure outlined for 3a.

X-ray Crystal Structure

The X-ray crystal structure of the ternary complex of
3a, NADPH, and Pneumocystis carinii DHFR was
determined. Careful analysis of the difference electron
density maps (Figure 4) was carried out to validate the
binding orientation of 3a. When the inhibitor was placed
in the orientation observed for the crystal structure of
the classical 2,4-diaminofuro[2,3-d]pyrimidine ana-
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a2 Reagents: (m) PivCl, DMAP, triethylamine, dichloroethane,
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ladium(0), diethyl 4-iodobenzoyl-L-glutamate, triethylamine, THF,
rt; (r) 5% Pd/C, Ha, 50 psi; (s) 1 N NaOH, MeOH, 50 °C.

logues 1b,%3 there was a break in the electron density
between ring fragments and there was negative density
in the putative N8 position. When the pyrrolo[2,3-d]-
pyrimidine ring was flipped into the 2,4-diamino mode,
there was continuous density for the molecule and no
negative density, indicating that this model properly fit
the observed data.

While the overall characteristics of the P. carinii
DHFR ternary complex with NADPH and 3a are similar
to those reported for other P. carinii DHFR com-
plexes,53:84 the unusual feature of this ternary complex
is that the pyrrole ring nitrogen N7 of 3a interacts with
the nicotinamide ring of NADPH and forms a single
hydrogen bond with the carbonyl oxygen of the con-
served Ilel0. These data provide the first structural
observation of a flipped orientation of the 2-amino-4-
methylpyrrolo[2,3-d]pyrimidine ring system of a clas-
sical antifolate structure. As illustrated (Figure 5), the
4-methyl group occupies the pocket near Glu32, a
position normally occupied by N8 of MTX or O4 of folate
(FA). This binding is similar to that for the E. coli DHFR
complex reported for the nonclassical pyrrolo[2,3-d]-
pyrimidine complex.2” The methyl group occupies a
hydrophobic enviroment surrounded by the side chains
of Leu25 and 11e33 (Leu22 and Phe3l in the human
enzyme) and results in a small displacement of the
conserved water molecule that forms the hydrogen-
bonding network observed for nearly all DHFR crystal
structures. The effect of the ethyl bridge (C9—C10)
compared to the normal C9—N10 antifolate bridge is to
change the electrostatics of this region of the active site.

Despite the binding with a flipped orientation, key
enzyme interactions of 3a are conserved. The carboxyl-
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Figure 4. Stereoview of the electron density (2F, — F, 10) (blue) for pcDHFR showing the fit of the inhibitor 3a in the 2-amino-
4-o0xo mode (red), similar to that observed for the furo[2,3-d]pyrimidine classical antifolate 1b, and in the 2,4-diamino mode
(yellow), similar to that observed for the cyclized TMP derivative.?’” Note the break in the electron density between the pyrrolo
ring system and the ethylene bridge system for the 2-amino-4-oxo mode. Also shown is the electron density (F, — F¢, —30) (violet)
showing that the mode does not fit the data in this orientation. There is no break in the electron density, nor is there negative
density for the correct model, the 2,4-diamino mode. Model made from the program CHAIN.

Figure 5. View highlighting the interaction of the pyrrole N7
of 3a with the conserved residues Ile10, 11e123, and Tyr129
and the nicotinamide group of NADPH in the structure of the
pcDHFR—NADPH—3a ternary complex. The helices are col-
ored red, the sheets green, and the loops yellow. Hydrogen-
bonded contacts are shown with white dashes. Model made
with the SETOR program.

ate oxygens of Glu32 interact with the pyrrolo[2,3-d]-
pyrimidine ring forming contacts with the N1 nitrogen
by OE2 and OE2 to the 2-NH; nitrogen. In addition,
the carboxylate oxygen OEL of Glu32 forms a hydrogen
bond to the hydroxyl of Thr144 which, in turn, interacts
with a conserved water molecule and also with the

Table 1. HB Contacts in DHFR—NADPH Inhibitor
Complexes?

h—3a

contacts pc—3a pc—MTX pc—1b h—-1b model
N8 or N7---110 O 3.1 25 3.1 3.1 3.2
4-NHj---1123 O 3.3 3.0 2.9 3.4 34
4-NHj---Y129 OH 3.6 3.3 3.4 3.7 35
4-NHj-++nic O 3.1 3.6 2.7 3.6 2.9
4-CHgs---Wat 3.4
N8---Wat 2.8
O7---Wat 4.0

apc = P. carinii; h = human. Values given in A.

2-NH; group of 3a. There is a further hydrogen-bonding
network formed by another conserved water molecule
which forms contacts with OE2 of Glu32 and NE2 of
Trp27. Similar patterns have been observed in most
DHFR crystal structures.53:64

The contacts of the pyrrole N7 in the P. carinii DHFR
enzyme site are compared with those of the 4-amino
substituent of other antifolates. As illustrated in Table
1, the 4-amino group of antifolates such as MTX and
1b make a large number of close contacts to the
surrounding hydrophilic conserved residues (i.e., 1le10,
11e123, Tyr129, and the nicotinamide keto function for
P. carinii DHFR). These contacts are weaker in the
human DHFR structures than for the P. carinii DHFR
enzyme. The binding of 3a in the active site of human
DHFR was also modeled (Figure 6), and these results
show no unexpected interactions (Table 1).

Analysis of these structures shows that the region
near the nicotinamide ring requires a strong hydrogen-
bonding partner to interact with the conserved Ile10 and
11e123 backbone carbonyl oxygens (P. carinii DHFR
numbering). However, the region near the conserved
acidic function, Glu32, is more flexible as it can readily
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Figure 6. View comparing the interactions of the pyrrole N7
of 3a, modeled in the active site of hDHFR, and that of the
furo[2,3-d]pyrimidine antifolate 1b with the conserved resi-
dues lle7, Vall115, and Tyr121 and the nicotinamide group of
NADPH. Note that the Tyr121 no longer makes close contacts
to the pyrrole N7. Model made with the SETOR program.

Table 2. Inhibitory Concentrations against Isolated TS

1Cs0 (M)
compd L. casei E. coli rat human?
3a 9.0 x10°®% 2.0 x 1076 2.0 x 1076 1.0 x 10°¢
3b 31x107 16x10° >16x10"5 >16x 107°
LY231514°> 2.0 x 107> 1.1 x 1074 2.0 x 107° 1.1 x107°°
ZD1694¢ 8.0x107% 1.0x 107° 9.0 x 1077 1.0 x 10°¢
PDDFd 55x 1078 1.0 x 1077 3.6 x 1077 1.5 x 1077

a Kindly provided by Dr. F. Maley, New York State Department
of Health, Albany, NY. ? Kindly provided by Dr. Chuan Shih, Eli
Lilly & Co., Indianapolis, IN. ¢ Kindly provided by Dr. Ann
Jackman, Institute of Cancer Research, Sutton, Surrey, U.K.
d Kindly provided by Dr. M. G. Nair, University of South Alabama,
Mobile, AL.

accommodate such substitutents as N-H from MTX, O
from folate or 1b, and CHg, as shown in this pyrrolo-
[2,3-d]pyrimidine structure. Similar results were ob-
served in the crystal structure complexes of human
DHFR with the lipophilic antifolates 6-methyl-5-ada-
mantylpyrimidine (DMAP) and its 6-ethyl analogue,
DAEP.65

Biological Activity and Discussion

Compounds 3a and 3b were evaluated as inhibitors
of L. casei, E. coli, rat, and human TS (Table 2) along
with LY231514, ZD1694, and PDDF. For L. casei TS,

Table 3. Inhibitory Concentrations against Isolated DHFR
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compound 3a was similar in potency to ZD1694 and 4.5-
fold greater than LY231514, which, as mentioned above,
is currently in phase 111 clinical trials as an antitumor
agent. A comparison of the inhibitory potency of 3a
against E.coli TS indicates a significant difference
between 3a and LY231514. Compound 3a was 100-fold
greater than LY231514 in potency, although it was 10-
fold less active than PDDF. Against rat, L. casei, and
human TS, compound 3a had ICsg’s of 2, 9, and 1 uM,
respectively. Interestingly, compound 3b was more
active than 3a and LY231514 against L. casei TS (ICs
= 0.31 uM).

Compounds 3a and 3b were also evaluated as inhibi-
tors of L. casei, E. coli, T. gondii, P. carinii, and human
DHFR (Table 3) compared to LY231514, MTX, and
trimethoprim (TMP). Compound 3a showed significant
inhibitory activity (ICsp = 2.4 x 10-8 M) and was 10000-
fold more potent than LY231514 against L. casei DHFR.
Further, compound 3a retained activities against E. coli,
T. gondii, P. carinii, and human DHFR. Although
compound 3a was less potent than MTX in most cases,
it was more than 100-fold more potent against E. coli
and 10-fold more potent against human DHFR than
LY231514. In contrast, compound 3b was inactive
against L. casei, E. coli, T. gondii, P. carinii, and human
DHFR, indicating that the N7-benzyl moiety is not
tolerated by DHFR.

The activities of 3a and 3b were compared to MTX
as inhibitors of the growth of CCRF-CEM human
leukemia and FaDu squamous cell carcinoma of the
head and neck cell lines during continuous exposure in
vitro (Table 4). Both parental cell lines were similarly
sensitive to MTX under these conditions. Compound 3a
was as active (CCRF-CEM) and twice as active (FaDu)
compared to MTX. Compound 3b was inactive against
both cell lines at the highest concentration tested;
higher concentrations could not be tested because of
vehicle (DMSO) toxicity.

To define the mechanism of action, compound 3a was
evaluated as a growth inhibitor of three CCRF-CEM
sublines with defined MTX-resistance mechanisms (Table
5). A subline with increased DHFR expression, R1, is
48-fold resistant to MTX but only 13-fold cross-resistant
to 3a. A subline with decreased MTX uptake, R2, is 147-
fold resistant to MTX but only 46-fold cross-resistant
to 3a. The subline with diminished ability to poly-
glutamylate MTX, R30dm, is not MTX-resistant in
continuous exposure (resistance is only seen in inter-
mittent exposure) because nonpolyglutamylated MTX
is a tight-binding DHFR inhibitor and transport is
sufficient to maintain drug in excess of DHFR. R30dm
displays only 1.5-fold cross-resistance to 3a in continu-
ous exposure; the slope of its growth inhibition versus

1Cs0 (M)
compd L. casei E. coli2 T. gondiiP P. carinii¢ humand
3a 2.4 x 1078 1.8 x 1076 1.2 x 10°¢ 1.2 x 10°¢ 8.0 x 1077
3b >1.9 x 107 >1.9 x 107° >1.9 x 107° >1.9 x 107 >1.9 x 107°
LY231514¢ 2.3 x 104 2.3 x 104 1.4 x 10°¢ 2.3 x10°6 6.6 x 1076
MTX 4.4 x 1078 6.0 x 107° 2.2 x 1078 1.1 x 10° 2.2 x 1078
TMP 3.5 x 1077 2.0 x 10°8 3.4 x 1076 1.5 x 1073 3.4 x 1074

aKindly provided by Dr. R. L. Blakley, St. Jude Children’s Research Hospital, Memphis, TN.  Kindly provided by Dr. D. V. Santi,
University of California, San Francisco, CA. ¢ Kindly provided by Dr. D. Borhanl, Southern Research Institute, Birmingham, AL. 9 Kindly
provided by Dr. J. H. Freisheim, Medical College of Ohio, Toledo, OH. ¢ Kindly provided by Dr. Chuan Shih, Eli Lilly & Co., Indianapolis, IN.



3844 Journal of Medicinal Chemistry, 2000, Vol. 43, No. 21

Table 4. Inhibition of Growth of CCRF-CEM Human
Leukemia and FaDu Head and Neck Squamous Cell Carcinoma
Cell Lines by MTX and 3a in Continuous Exposure?

ECso (NM)
drug CCRF-CEM FaDu
MTX 13.8+ 1.6 145+0.5
3a 125+ 21(n=4) 7.0£0(n=2)
3b >10000° (n = 2) >20000 (n = 2)

a Growth inhibition was assayed as described in the Experi-
mental Section. Values presented are average + SD if n > 3 and
average + range for n = 2. » No growth inhibition at 10 M in
two separate experiments; in one of these, 20 uM had a minor
effect.

concentration curve against R30dm was also slightly
shallower than that of MTX, and a 2.1-fold of 3a was
required to achieve 90% growth inhibition (data not
shown).

Metabolite protection of growth inhibition was carried
out to further define the mechanism of 3a. FaDu cells
were fully protected (data not shown) against growth
inhibition by MTX (ECgs) and 3a (ECgs) by the simul-
taneous presence of leucovorin (LV) at =0.1 uM. Protec-
tion by the purine hypoxanthine (Hx) and by thymidine
(TdR) was also assessed (Table 6). At an ECygs MTX
concentration, Hx alone or TdR alone protected to a low
degree, but full protection required both Hx and TdR.
At an ECgs level of 3a, Hx alone offered no protection,
while TdR alone was nearly fully protective; the com-
bination of Hx and TdR consistently offered a slightly
higher level of protection than TdR alone.

Protection of CCRF-CEM and R30dm cells by Hx and
TdR was also assessed (Table 6); in this case a specific
inhibitor of TS (ZD1694)% was also included in the
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evaluation. Parental CCRF-CEM required both Hx and
TdR to be fully protected from MTX, similar to FaDu,
whereas TdR alone was capable of protecting against
ZD1694. CCRF-CEM cells were not protected against
3a by Hx alone, whereas TdR gave substantial protec-
tion; a higher degree of protection was achieved with
both Hx and TdR. A similar pattern of protection
against all three drugs was observed with the poly-
glutamylation-deficient R30dm subline except that with
3a, the requirement for both Hx and TdR was more
striking.

Compound 3a is a 4-CH3 analogue of the multitar-
geted antifolate (MTA; LY231514) and its N-benzyl
congener 3b. Compound 3a is as potent or more potent
than MTX as a growth inhibitor of cell lines of two
tumor types (Table 4). Growth inhibition data for CCRF-
CEM cells with LY231514%7 show that it is 6-fold less
potent than MTX in continuous exposure. Thus, al-
though LY231514 was not directly compared with 3a
in our studies, it appears that the 4-CH3 substitution
is beneficial in terms of potency. Substitution at the N7
by a benzyl group is detrimental to the growth inhibi-
tory potency of this class of analogues.

The cross-resistance pattern of the CCRF-CEM sub-
lines to 3a offers clues regarding the mechanism of
action of this agent. Sublines with increased DHFR
levels or decreased activity of the reduced folate/MTX
carrier (RFC) are cross-resistant to this agent. This
suggests that DHFR is a target despite the lack of a
classical 2,4-diamino structure consistent with the
design premise that the pyrrole nitrogen mimics the
4-amino moiety of the 2,4-diaminopyrimidine. Further,
the analogue 3a can be transported by the RFC. In both

Table 5. Growth Inhibition of Parental CCRF-CEM and Sublines with Single, Defined Mechanisms of MTX Resistance during

Continuous (0—120 h) Exposure to MTX, 3a, and 3b2

ECso (NM)
drug CCRF-CEM R1? ({DHFR) R2¢ (luptake) R30dm¢ (VGlun)
MTX 138+ 1.6 (N =4) 660 + 40 (n = 2) 2030 + 430 (n = 2) 155+ 0.5 (n=2)
3a 125+ 2.1 (n=4) 158 £ 8 (n = 2) 575 + 25 (n = 2) 185+ 0.5 (n = 2)
3b >10000 (n = 2) nd nd >20000¢

a Average values are presented + range for n = 2 and + SD for n > 3; nd = not determined. ® CCRF-CEM subline resistant to MTX
solely as a result of a 20-fold increase in wild-type DHFR protein and activity. ¢ CCRF-CEM subline resistant as a result of decreased
uptake of MTX. 9 CCRF-CEM subline resistant to MTX solely as a result of decreased polyglutamylation; this cell line has 1% of the
FPGS specific activity (measured with MTX as the foltate substrate) of parental CCRF-CEM. ¢ Value was determined only once.

Table 6. Protection of Human Cells by Purine and/or Pyrimidine Metabolites from Growth Inhibition Induced by MTX, ZD1694

(Tomudex), or 3a2

relative growth

drug no addition +Hx +TdR +(Hx + TdR)

A. FaDu Cells

MTX 45+05 31+1 11+0 101+0

3a 50+0 50+0 90.0+ 0.5 96 + 2

B. CCRF-CEM Cells

MTX 115+ 0.5 185+ 0.5 15+0 915+15

ZD1694 205+ 15 24 +5 106.5 + 1.5 1075+ 15

3a 13.5+0.5 13+0 88+ 2 107.5+ 0.5
C. R30dm Cells

MTX 155+ 35 145+0.5 12+0 80+1

ZD1694 15+0 145+0.5 95+ 0 1035+ 25

3a 16 +0 16 +0 415+ 35 86+ 1

a Cells were exposed to drug concentrations previously shown to inhibit growth by 85—96%; metabolites were present simultaneously
with drug. For FaDu cells: no addition, 50 uM Hx, 40 uM TdR, or a combination of Hx and TdR. For CCRF-CEM and R30dm cells: no
addition, 10 uM Hx, 5 uM TdR, or a combination of Hx and TdR. Values are the average growth relative to a control culture treated only
with metabolite (see Experimental Section); the error is the range of the two values used to determine the average. Each experiment was

repeated with comparable results.
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Table 7. Activity of Folate Analogues as Substrates for
Recombinant Human FPGS?
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Table 8. Cytotoxicity Evaluation against Selected Tumor Cell
Lines®?

substrate Km (uM) Vmax, rel V/K n cell line 3a, Glsg (M)
aminopterin 48+07 1 0.21 £0.04 4 leukemia
3a <1 0.17 £ 0.02 >0.17 2 MOLT-4 <1.00 x 1078
3b 37+2 0.65+0 0.02+0 2 non-small-cell lung cancer
— —8
a8 FPGS substrate activity was determined as described in the Hg:_:igg :1383 i 18*8
Experimental Section. Values presented are average + SD if n > colon cancer '
3 and average + range for n = 2. Vjhax values are calculated relative HCC-2998 <1.00 x 108
to aminopterin within the same experiment. HCT-116 7'11 % 10-5
P CNS cancer
cases, however, the cells are less resistant to 3a than s
. L - SF-539 <1.00 x 10
to MTX. This could indicate that the drug is more renal cancer
efficiently transported and/or polyglutamylated than is ACHN <1.00 x 10-8
MTX and the higher intracellular levels attained are breast cancer
MCF7 1.69 x 1077

able to inhibit DHFR. The low level of cross-resistance
of the polyglutamylation-deficient cell line R30dm could
suggest that polyglutamylation of this analogue is not
required for potent target inhibition by 3a or that the
analogue is an extremely efficient FPGS substrate; from
Table 6 the latter is clearly the case.

The metabolite protection experiments suggest that
3a, similar to LY231514,5” may inhibit more than one
pathway in folate metabolism. In FaDu cells, the
primary target appears to be thymidylate biosynthesis
since TdR alone can almost fully protect against 3a. In
CCRF-CEM cells, although thymidylate synthesis ap-
pears most sensitive, there is a component of inhibition
of purine synthesis as well. Since DHFR appears to be
a target in CCRF-CEM cells (above), purine synthesis
inhibition is probably indirect.

Since polyglutamylation can markedly enhance the
binding properties of substrate and inhibitors to folate-
dependent enzymes, the polyglutamates of 3a may be
responsible for the inhibition of DHFR and TS.%8 Both
3a and 3b were tested as substrates for human FPGS
to determine if polyglutamylation may be part of their
mechanism of action (Table 7). Compound 3a was an
excellent FPGS substrate; although its Vmax was rela-
tively low, its very low K, value (below the limit of
detection of the assay) compensated for this deficiency.
Despite the bulky benzyl substituent at N7, compound
3b was also an FPGS substrate although its high Ky,
made it a relatively poor one, similar to MTX.68

Compound 3a was selected by the National Cancer
Institute®® for evaluation as an antitumor agent in the
preclinical in vitro screening program. The ability of 3a
to inhibit the growth of different tumor cell lines was
measured as Glsp values, the concentration required to
inhibit the growth of tumor cells in culture by 50% as
compared to a control. Compound 3a displayed potent
antitumor activity with ICso values in the 1.00 x 1077
to 1.00 x 107° M range in eight cell lines. Data for
compound 3a are shown in Table 8.

Our synthetic strategy for this novel class of 2-amino-
4-methyl-5-substituted pyrrolo[2,3-d]pyrimidine anti-
folates affords the key intermediate 10 in good yield,
and this intermediate can be readily utilized for struc-
ture variation to afford a variety of 2-amino-4-methyl
nonclassical and other classical antifolates, experiments
of which are currently in progress.

Experimental Section

All evaporations were carried out in vacuo with a rotary
evaporator. Analytical samples were dried in vacuo (0.2
mmHg) in an Abderhalden drying apparatus over P,Os and

refluxing ethanol. Thin-layer chromatography (TLC) was
performed on silica gel plates with fluorescent indicator. Spots
were visualized by UV light (254 and 365 nm). All analytical
samples were homogeneous on TLC in at least two different
solvent systems. Purification by column and flash chromatog-
raphy was carried out using Merck silica gel 60 (200—400
mesh). The amount (weight) of silica gel for column chroma-
tography was in the range of 50—100 times the amount
(weight) of the crude compounds being separated. Columns
were dry-packed unless specified otherwise. Solvent systems
are reported as volume percent mixture. Melting points were
determined on a Mel-Temp Il melting point apparatus with a
digital thermometer and are uncorrected. '"H NMR spectra
were recorded on a Bruker WH-300 (300 MHz) NMR spec-
trometer. The chemical shift (d) values are reported as parts
per million (ppm) relative to tetramethylsilane as internal
standard; s = singlet, d = doublet, t = triplet, g = quartet, m
= multiplet, br = broad peak, exch = protons exchangeable
by addition of D,O. Elemental analyses were performed by
Atlantic Microlab, Inc., Norcross, GA. Elemental compositions
were within £0.4% of the calculated values. Fractional moles
of water or organic solvents frequently found in some analyti-
cal samples of antifolates could not be removed despite 24 h
of drying in vacuo and were confirmed, where possible, by their
presence in the *H NMR spectrum. All solvents and chemicals
were purchased from Aldrich Chemical Co. and Fisher Scien-
tific and were used as received except anhydrous solvents
which were freshly dried in the laboratory.

5-(2-Hydroxyethyl)-6-methyl-2-aminouracil (6). Method
A. A mixture of 2-acetylbutyrolactone (5) (2.2 mL, 20 mmol)
and guanidine carbonate (1.5 g, 20 mmol) was refluxed with
absolute ethanol (20 mL) in the presence of triethylamine (5.5
mL, 40 mmol) for 1 h; the mixture became clear, then
precipitated a pale yellow solid. The reaction was continued
for 4 h. The precipitate was filtered, washed with ethanol and
dried under vacuum to afford 1.16 g of 6 (69%) as a white solid.

Method B. Guanidine carbonate (0.75 g, 10 mmol) was
added to a solution of NaOMe (0.45 g, 10 mmol) in absolute
ethanol (50 mL). The mixture was stirred at 20—30 °C for 15
min, then 2-acetylbutyrolactone (5) (0.55 mL, 5 mmol) was
added. The resulting mixture was refluxed for 16 h. The
solvent was evaporated and 5 mL of water was added. The
solution was acidified to pH 6—7 (using 1 N HCI) and filtered,
the residue was washed with ethanol and dried under vacuum
to afford 0.48 g of 6 (57%) as a white solid: TLC R¢ 0.22
(MeOH/CHClg, 1:4); mp 263—264 °C dec; *H NMR (DMSO-de)
02.02(s,3H,4-CHg), 243 (t,2 H,J = 7.2 Hz, 7-CH,), 3.30 (t,
2 H,J=7.2Hz, 8-CHy), 451 (s, 1 H, OH, exch), 6.63 (s, 2 H,
2-NH_, exch), 10.85 (s, 1 H, 3-NH, exch). Anal. (C7H1:N3z0;) C,
H, N.

4-Chloro-5-(2-chloroethyl)-6-methylpyrimidine (7). A
solution of 6 (1.69 g, 10 mmol) and phosphorus oxychloride
(15 mL) was refluxed at 110 °C for 2 h. The excess POCI; was
evaporated and the residue neutralized by 2% sodium carbon-
ate solution to give 1.40 g (68%) of 7 as a white solid: TLC R¢
0.83 (MeOH/CHCl3, 1:9); mp 195.5—-197.5 °C; *H NMR (DMSO-
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de) 6 2.34 (s, 3 H, 4-CH3), 3.01 (t, 2 H, J = 3.6 Hz, 7-CH,),
3.72 (t, 2 H, J = 3.6 Hz, 8-CH,), 6.91 (s, 2 H, 2-NH,, exch).
Anal. (C7H9N3C|2) C, H, N, Cl.
2-Amino-4-methyl-7-(N-benzyl)piperidinyl[2,3-d]pyri-
midine (8). Compound 7 (10 g, 50 mmol) was dissolved in 120
mL of n-BuOH. To this solution were added benzylamine (6.5
mL, 60 mmol) and 15 mL of triethylamine. The mixture was
refluxed at 110 °C for 3 days. The solvent was removed by
evaporation. To this solution were added methanol (50 mL)
and silica gel (10 g) and the solvent evaporated. The silica gel
plug obtained was loaded onto a silica gel column and eluted
with 9:1 ethyl acetate—triethylamine. The fractions containing
the product (TLC) were pooled and the solvent evaporated to
afford 5.98 g of 8 (50%) as a white solid: TLC R¢ 0.22 (ethyl
acetate/triethylamine/petroleum ether, 5:1:3); mp 172.5—174.5
°C; 'H NMR (DMSO-dg) 6 1.97 (s, 3 H, 4-CH3), 2.77 (t, 2 H, J
= 8.7 Hz, 5-CH,), 3.35 (t, 2 H, J = 8.7 Hz, 6-CHy,), 4.47 (s, 2
H, CH,CsHs), 5.86 (s, 2 H, 2-NHy), 7.23—7.33 (m, 5 H, CsHs).
Anal. (C14H15N4'0.2CH30H) C, H, N.
2-Amino-4-methyl-7-(N-benzyl)pyrrolo[2,3-d]pyrimi-
dine (9). Compound 8 (3.30 g, 14 mmol) was dissolved in 100
mL of 1,4-dioxane and 6.0 g of MnO, was added to the solution.
The reaction mixture was refluxed in an oil bath at 110—120
°C for 24 h, filtered and to the filtrate was added 10 g of silica
gel and the solvent evaporated. The silica gel plug obtained
was loaded onto silica gel column and eluted with 5:1:3 ethyl
acetate—triethylamine—petroleum ether. The fractions con-
taining the product (TLC) were pooled and the solvent
evaporated to afford 1.49 g of 9 (45%) as a pale yellow solid:
TLC R 0.44 (ethyl acetate/triethylamine/petroleum ether, 5:1:
3); mp 124—126.5 °C; 'H NMR (DMSO-dg) 6 2.39 (s, 3 H,
4-CHg), 5.20 (s, 2 H, CH,CgHs), 6.10 (s, 2 H, 2-NH,, exch), 6.36
(d, 1H, J=3.6 Hz, 5-H), 7.01 (d, 1 H, J = 3.6 Hz, 6-H), 7.10—
7.27 (m, 5 H, C5H5). Anal. (C14H14N4) C, H, N.
2-Amino-4-methylpyrrolo[2,3-d]pyrimidine (10). To a
round-bottomed flask was added 9 (1.26 g, 5 mmol) in 50 mL
of liquid NHs, followed by the addition of 500 mg of sodium
metal. The reaction was maintained at —78 °C, as a deep blue
solution for 1.5 h and then quenched with NH,CI (0.80 g). The
temperature was raised to room temperature and the liquid
NH; allowed to evaporate. The residue was purified by column
chromatography on silica gel eluting with 20:2:2:1 ethyl
acetate—ethanol—acetone—water. The fractions containing the
desired product (TLC) were pooled, and the solvent evaporated
to afford 0.43 g of 10 (65%) as a yellow solid: TLC R¢ 0.46
(ethyl acetate/ethanol/acetone/water, 20:2:2:1); mp 207—209
°C; *H NMR (DMSO-dg) 6 2.40 (s, 3 H, CH3), 593 (s, 2 H,
2-NHj,, exch), 6.30 (d, 1 H, J = 3.6 Hz, 5-H), 6.92 (d, 1 H, J =
3.6 Hz, 6-H), 11.01 (s, 1 H, 7-NH, exch). Anal. (C;HgN,4) C, H,
N.
2-Pivaloylamino-4-methylpyrrolo[2,3-d]pyrimidine (11).
To a 50-mL round-bottomed flask was added 10 (0.82 g, 5
mmol) in 12 mL of anhydrous pyridine. To this solution was
added pivaloyl chloride (2.2 mL, 17.5 mmol). The reaction was
heated to reflux for 2 h under nitrogen. The volatiles were
removed in vacuo, and the residue dissolved in 9 mL of
methanol and cooled in an ice bath. To the stirred solution
was added 15 mL of 10% ammonium hydroxide and the
resulting precipitate was filtered, washed with water, ether
and dried under vacuum to afford 0.84 g of 11 (65%) as a tan
solid: TLC R¢ 0.69 (ethyl acetate/ethanol/acetone/water, 20:
2:2:1); mp 204—207 °C; *H NMR (DMSO-ds) 6 1.22 (s, 9 H,
CHs), 2.60 (s, 3 H, 4-CH3), 6.57 (d, 1 H, J = 3.6 Hz, 5-H), 7.35
(d, 1 H, 3 = 3.6 Hz, 6-H), 9.67 (s, 1 H, 2-NHPiv, exch), 11.83
(s, 1 H, NH, exch). Anal. (C12H16N40-0.5MeOH) C, H, N.
2-Pivaloylamino-4-methyl-5-iodopyrrolo[2,3-d]pyrimi-
dine (12). To a 50-mL round-bottomed flask protected from
light with aluminum foil were added 11 (0.75 g, 3.23 mmol)
and N-iodosuccinimide (0.80 g, 3.55 mmol) dissolved in 15 mL
of anhydrous THF. The reaction mixture was stirred under
nitrogen for 8 h. The solvent was removed in vacuo, and the
residue was dissolved in 150 mL of dichloromethane. The
reaction mixture was washed with water, dried (Na,SO.) and
concentrated in vacuo. The crude residue was then flash
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chromatographed on silica gel and eluted with 1:19 methanol—
chloroform (v:v). The fractions containing the desired product
(TLC) were pooled and evaporated to afford 0.60 g of 12 (52%)
as a pale yellow solid: TLC R¢ 0.32 (MeOH/CHCl3, 1:19); mp
200—202 °C; *H NMR (DMSO-dg) 6 1.22 (s 9 H, CH3), 2.82 (s,
3 H, 4-CH3), 7.61 (d, 1 H, J = 2.2 Hz, 6-H), 9.78 (s, 1 H,
2-NHPiv, exch), 12.26 (s, 1 H, 7-NH, exch). Anal. (C12H150Nyl-
0.5MeOH) C, H, N, I.

2-Pivaloylamino-4-methyl-5-trimethylsilylethynylpyr-
rolo[2,3-d]pyrimidine (13). To a 25-mL round-bottomed
flask protected from light with aluminum foil were added 12
(72 mg, 0.2 mmol), copper(l) iodide (19 mg, 0.1 mmol),
trimethylsilylacetylene (118 mg, 1.2 mmol), and tetrakis-
(triphenylphosphine)palladium(0) (23 mg, 0.02 mmol) dissolved
in 5 mL of anhydrous THF and 0.1 mL of triethylamine. The
solution was stirred at room temperature overnight under
nitrogen. The volatiles were removed in vacuo, and the residue
dissolved in 20 mL of methylene chloride. The reaction mixture
was washed with water, dried (Na;SO,) and concentrated in
vacuo. The crude residue was then flash chromatographed on
silica gel eluted with 1% MeOH/CHCI; by volume. The
fractions containing the desired product (TLC) were pooled and
evaporated to afford 30 mg (45.5%) of 13 as a tan solid: TLC
Rf 0.43 (MeOH/CHClIs, 1:19); *H NMR (DMSO-ds) 6 0.23 (s, 9
H, CH3), 1.22 (s, 9 H, CHg), 2.77 (s, 3 H, 4-CH3), 7.76 (s, 1 H,
6-H), 9.78 (s, 1 H, 2-NHPiv, exch), 12.26 (s, 1 H, 7-NH, exch).

2-Pivaloylamino-4-methyl-5-ethynylpyrrolo[2,3-d]py-
rimidine (14). To a round-bottomed flask were added 13 (163
mg, 0.5 mmol) and 1 mL of tetrabutylammonium fluoride
dissolved in 5 mL of THF. The reaction mixture was heated
at 50 °C under nitrogen and stirred overnight. The reaction
was then quenched by pouring it into 50 mL of chloroform and
washed with water. The organic layer was separated, dried
(NazS04) and concentrated in vacuo. The residue was then
flash chromatographed and eluted with 1:19 MeOH—-CHClI;
(v:v). The fractions containing the desired product (TLC) were
pooled and evaporated to afford 105 mg of 14 (98%) as a tan
solid: TLC R¢ 0.38 (MeOH/CHClj3, 1:19); mp 200 °C dec; H
NMR (DMSO-ds) 6 1.22 (s, 9 H, CH3), 2.76 (s, 3 H, CH3), 4.19
(s, 1 H, CH), 7.76 (d, 1 H, J = 2.2 Hz, 6-H), 9.79 (s, 1 H,
2-NHPiv, exch), 12.24 (s, 1 H, 7-NH, exch). Anal. (C14H16N4O)
C,H, N.

Diethyl N-{2-Pivaloylamino-4-methyl[(pyrrolo[2,3-d]-
pyrimidin-5-yl)ethynyl]benzoyl}-L-glutamate (15). To a
25-mL round-bottomed flask protected from light with alumi-
num foil were added 14 (150 mg, 0.59 mmol), diethyl 4-iodo-
benzoyl-L-glutamate (281 mg, 0.65 mmol), tetrakis(triphe-
nylphosphine)palladium(0) (71 mg, 0.059 mmol) and copper
iodide (6 mg, 0.01 mmol) dissolved in 5 mL of anhydrous THF,
followed by the addition of 0.1 mL of triethylamine. The
resulting dark solution was stirred at room temperature under
nitrogen for 28 h. Then 20 mL of methylene chloride was added
to the solution and the reaction mixture was washed with
water, dried (Na,SO,4) and concentrated in vacuo. The crude
residue was flash chromatographed on silica gel and eluted
with 1:19 MeOH—-CHCI; (v:v). The fractions containing the
desired product (TLC) were pooled and evaporated to afford
140 mg (42.7%) of 15 as a tan solid: TLC R; 0.44 (MeOH/
CHCl3, 1:19); mp 210—212 °C; *H NMR (DMSO-dg) 6 1.19 (m,
6 H, COOCH,CHg), 2.10 (m, 2 H, CH,CH,COOC;Hs), 2.45 (t,
2H,J=7.3Hz, CH,CH,COOC;Hs), 2.88 (s, 3 H, 4-CH3), 4.09
(m, 4 H, COOCH,CHs), 4.45 (m, 1 H, CONHCH), 7.64 (d, 2 H,
J =8.2 Hz, CsHy), 7.88 (s, 1 H, 6-H), 7.93 (d, 2 H, J = 8.2 Hz,
CsHa), 8.82 (d, 1 H, J = 7.4 Hz, CONH, exch), 9.81 (s, 1 H,
2-NHPiv, exch), 12.40 (s, 1 H, 7-NH, exch). Anal. (C3H3sNsO0¢*
0.5MeOH) C, H, N.

Diethyl N-{2-Pivaloylamino-4-methyl[(pyrrolo[2,3-d]-
pyrimidin-5-yl)ethyl]benzoyl}-L-glutamate (16). To a Parr
hydrogenation bottle was added 15 (90 mg, 0.16 mmol)
dissolved in 15 mL of MeOH and 15 mL of methylene chloride,
followed by the addition of 100 mg of 5% Pd/C. This mixture
was hydrogenated at 50 psi for 18 h. After filtering and
washing the catalyst thoroughly with methanol, the filtrate
was concentrated in vacuo. The crude residue was then flash
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chromatographed on silica gel and eluted with 1:19 MeOH—
CHCls. The fractions containing the desired product (TLC)
were pooled and evaporated to afford 70 mg (76%) of 16 as a
pale yellow solid: TLC R;0.39 (MeOH/CHCl3, 1:19); mp 146.5—
148 °C; 'H NMR (DMSO-dg) 6 1.18 (m, 6 H, COOCH,CHys),
2.03 (m, 1 H, CHHCH,COOC;Hs), 2.09 (m, 1 H, CHHCH.-
COOC;Hs), 2.10 (t, 2 H, 3 = 7.3 Hz, CH,CH,COOC;Hs), 2.69
(s, 3 H, 4-CHs), 3.05 (m, 4 H, CH,CH), 4.08 (m, 4 H, COOCH,-
CHg3), 4.43 (m, 1 H, CONHCH), 7.08 (s, 1 H, 6-H), 7.35 (d, 2
H, J = 8.1 Hz, C¢H.), 7.80 (d, 2 H, J = 8.1 Hz, CsHa), 8.65 (d,
1 H,J=7.4Hz, CONH, exch), 9.63 (s, 1 H, 2-NHPiv, exch),
11.55 (s, 1 H, 7-NH, exch). Anal. (C3H39Ns0s) C, H, N.
N-{2-Amino-4-methyl[(pyrrolo[2,3-d]pyrimidin-5-yl)-
ethyl]benzoyl}-L-glutamic Acid (3a). To a round-bottomed
flask was added 16 (60 mg, 0.11 mmol) suspended in 1 mL of
1.0 N NaOH. The reaction mixture was stirred at 50 °C for 3
days. The resulting solution was acidified with 1.0 N HCI to
pH 3—4, and the precipitated mixture was cooled in an ice
bath, filtered, washed with water, and dried in vacuo to give
32 mg (71%) of 3a as a white solid: mp 270 °C dec; *H NMR
(DMSO-de) 0 1.95 (m, 1 H, CHHCH,COOC;H5), 2.10 (m, 1 H,
CHHCH,COOC;Hs), 2.35 (t, 2 H, 3 = 7.2 Hz, CH,CH,COOH),
2.68 (s, 3 H, 4-CH3), 2.98 (m, 4 H, CH,CH), 4.39 (m, 1 H,
CONHCH), 6.94 (br, 3 H, 2-NH; & 6-H), 7.35(d, 2 H, 3 =8.0
Hz, C¢H4), 7.82 (d, 2 H, 3 = 8.0 Hz, C¢H4), 855 (d, 1 H, J =
7.6 Hz, CONH, exch), 11.54 (s, 1 H, 7-NH, exch), 12.50 (br s,
2 H, COOH, exch). Anal. (C21H24N50s) C, H, N.
2,2-Dipivaloylamino-4-methyl-7-(N-benzyl)pyrrolo[2,3-
d]pyrimidine (17). Compound 9 (0.28 g, 1.18 mmol) was
dissolved in 5 mL of dichloroethane; then trimethylacetyl
chloride (0.20 mL, 2.36 mmol), DMAP (20 mg, 0.16 mmol) and
triethylamine (0.40 mL) were added. The mixture was stirred
overnight at 50 °C. The mixture was cooled, diluted with
dichloromethane (20 mL), washed with brine (20 mL x 2),
dried over Na,SO, and concentrated in vacuo. To this solution
were added methylene chloride (10 mL) and silica gel (5 mg)
and the solvent evaporated. The silica gel plug obtained was
loaded onto a silica gel column and eluted with 9:1 ethyl
acetate—triethylamine. The fractions containing the product
(TLC) were pooled and the solvent was evaporated to afford
0.38 g (79%) of 17 as a white solid: TLC Rf0.47 (ethyl acetate/
triethylamine/petroleum ether, 10:7:50); mp 116—117 °C; 'H
NMR (DMSO-dg) 6 1.12 (s, 18 H, CHg), 2.61 (s, 3 H, 4-CHy3),
5.43 (s, 2 H, CH,C¢Hs), 6.74 (d, 1 H, J = 3.6 Hz, 5-H), 7.10—
7.29 (m, 5 H, C¢Hs), 7.65 (d, 1 H, 3 = 3.6 Hz, 6-H). Anal.
(C24H30N402'0.3H20) C, H, N.
2,2-Dipivaloylamino-4-methyl-5-iodo-7-(N-benzyl)pyr-
rolo[2,3-d]pyrimidine (18). To a 15-mL round-bottomed
flask protected from light with alumimum foil was added 17
(0.36 g, 0.89 mmol) dissolved in 5 mL of anhydrous DMF,
followed by the addition of N-iodosuccinimide (0.23 g, 0.90
mmol). The dark brown solution was stirred at room temper-
ature under a nitrogen atmosphere overnight. The solvent was
removed in vacuo and the residue was dissolved in dichlo-
romethane (20 mL) which was washed with brine (20 mL x
2), dried over Na,SO, and concentrated in vacuo. To this
solution were added methylene chloride (10 mL) and silica gel
(5 mg) and the solvent evaporated. The silica gel plug obtained
was loaded onto a silica gel column and eluted with 9:1 ethyl
acetate—triethylamine. The fractions containing the product
(TLC) were pooled and the solvent evaporated to afford 0.31 g
(72%) of 18 as a pale yellow solid: TLC R¢0.58 (ethyl acetate/
triethylamine/hexane, 1:1:6); mp 121.5—-123 °C; 'H NMR ¢
(DMSO-de) 1.16 (s, 18 H, CHs), 2.85 (s, 3 H, 4-CHs), 5.37 (s, 2
H, CH.CsHs), 7.17—7.30 (m, 5 H, CgHs), 7.98 (d, 1 H, 6-H).
Anal. (C24H29N402|‘0.1C6H14) C, H, N, l.
2,2-Dipivaloylamino-4-methyl-5-trimethylethynyl-7-
(N-benzyl)pyrrolo[2,3-d]pyrimidine (19). To a 25-mL round-
bottomed flask protected from light with aluminum foil were
added 18 (106 mg, 0.2 mmol), copper(l) iodide (8 mg, 0.4 mmol),
trimethylsilylacetylene (58.8 mg, 0.6 mmol), and tetrakis-
(triphenylphosphine)palladium(0) (23 mg, 0.02 mmol) dissolved
in 4 mL of anhydrous THF and 0.1 mL of triethylamine. The
solution was stirred at room temperature overnight under
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nitrogen. The volatiles were removed in vacuo, and the residue
dissolved in 20 mL of methylene chloride. The reaction mixture
was washed with water, dried (Na;SO,) and concentrated in
vacuo. The crude residue was then flash chromatographed on
silica gel eluted with 1:1:15 ethyl acetate—triethylamine—
hexane. The fractions containing the desired product (TLC)
were pooled and evaporated to afford 90 mg (91%) of 19 as a
tan solid: TLC R¢ 0.65 (ethyl acetate/triethylamine/hexane,
1:1:7); mp 174-176 °C; 'H NMR (DMSO-ds) 6 0.24 (s, 9 H,
CHs), 1.22 (s, 18 H, CH3), 2.80 (s, 3 H, CH3), 5.35 (s, 2 H,
CH,C¢Hs), 7.16—7.30 (m, 5 H, CgHs), 8.11 (s, 1 H, 6-H).

2-Pivaloylamino-4-methyl-5-ethynyl-7-(N-benzyl)pyr-
rolo[2,3-d]pyrimidine (20). To a round-bottomed flask were
added 19 (584 mg, 1.18 mmol) and 1 mL of tetrabutylammo-
nium fluoride dissolved in 5 mL of THF. The reaction mixture
was heated at 50 °C under nitrogen and stirred overnight. The
reaction was then quenched by pouring it into 50 mL of
chloroform and washed with water. The organic layer was
separated, dried (Na;SO,) and concentrated in vacuo. The
residue was then flash chromatographed and eluted with 1:1:
10 ethyl acetate—triethylamine—hexane The fractions con-
taining the desired product (TLC) were pooled and evaporated
to afford 339 mg of 20 (92%) as a pale yellow solid: TLC R¢
0.41 (ethyl acetate/triethylamine/hexane, 1:1:3); mp 193—195
°C; *H NMR (DMSO-ds) ¢ 1.23 (s, 9 H, CH3), 2.76 (s, 3 H, CH3),
4.25 (s, 1 H, CH), 5.36 (s, 2 H, CH,Ph), 7.27—7.33 (m, 5 H,
CeHs), 7.88 (d, 1 H, 6-H), 9.90 (s, 1 H, 2-NHPiv, exch). Anal.
(C21H22N40O) C, H, N.

Diethyl N-{2-Pivaloylamino-4-methyl[(pyrrolo[2,3-d]-
pyrimidin-5-yl)ethynyl-7-(N-benzyl)]benzoyl}-L-glutam-
ate (21). To a 25-mL round-bottomed flask protected from light
with aluminum foil were added 20 (173 mg, 0.50 mmol),
diethyl 4-iodobenzoyl-L-glutamate (260 mg, 0.60 mmol), tet-
rakis(triphenylphosphine)palladium(0) (60 mg, 0.05 mmol) and
copper iodide (6 mg, 0.01 mmol) dissolved in 5 mL of anhydrous
THF, followed by the addition of 0.1 mL of triethylamine. The
resulting dark solution was stirred at room temperature under
a nitrogen atmosphere for 24 h. Then 20 mL of methylene
chloride was added to the solution and the reaction mixture
was washed with water, dried (Na,SO,) and concentrated in
vacuo. The crude residue was flash chromatographed on silica
gel and eluted with 1:1:3 ethyl acetate—triethylamine—hexane.
The fractions containing the desired product (TLC) were pooled
and evaporated to afford 277 mg (85%) of 21 as a yellow solid:
TLC R¢ 0.44 (ethyl acetate/triethylamine/hexane, 1:1:1); mp
76—79 °C; 'H NMR (DMSO-ds) 6 0.87—1.25 (m, 15 H, CHa),
1.76—2.50 (m, 4 H, CH,CH), 2.88 (s, 3 H, 4-CH3), 4.04 (t, 2 H,
J = 7.2 Hz, OCH,CHs), 4.15 (t, 2 H, J = 7.2 Hz, OCH,CHy3),
4.45 (m, 1 H, CONHCH), 5.41 (s, 2 H, CH»C¢Hs), 7.27—7.36
(m, 5 H, CeHs), 7.63 (d, 2 H, J = 10.8 Hz, CeH.), 7.91 (d, 2 H,
J = 10.8 Hz, C¢Hy4), 8.11 (s, 1 H, 6-H), 884 (d, 1 H, J =7.2
Hz, CONH, exch), 9.95 (s, 1 H, 2-NHPiv, exch). Anal.
(Cs7H41NsOg) C, H, N.

Diethyl N-{2-Pivaloylamino-4-methyl[(pyrrolo[2,3-d]-
pyrimidin-5-yl)ethyl-7-(N-benzyl)]benzoyl} -L-glutam-
ate (22). To a Parr hydrogenation bottle was added 21 (240
mg, 0.37 mmol) dissolved in 15 mL of MeOH and 15 mL of
methylene chloride, followed by the addition of 100 mg of 5%
Pd/C. This mixture was hydrogenated at 50 psi for 18 h. After
filtering and washing the catalyst thoroughly with methanol,
the filtrate was concentrated in vacuo. The crude residue was
then flash chromatographed on silica gel and eluted with 1:1:1
ethyl acetate—triethylamine—hexane. The fractions containing
the desired product (TLC) were pooled and evaporated to afford
152 mg (63%) of 22 as a pale yellow sticky oil: TLC Rf 0.46
(ethyl acetate/triethylamine/hexane, 5:1:3); *H NMR (DMSO-
de) 0 1.14—1.23 (m, 15 H, CHs), 2.00—2.50 (m, 4 H, CH,CH>),
2.71 (s, 3 H, 4-CH3), 2.99—3.10 (m, 4 H, CH,CH>), 4.01—4.14
(m, 4 H, OCH,CHj3), 4.43 (m, 1 H, CONHCH), 5.31 (s, 2 H,
CH,C¢Hs), 7.13—7.32 (m, 8 H, CsHs, CeHs & 6-H), 7.78 (d, 2
H, J =10.8 Hz, CsH4), 8.64 (d, 1 H, 3 = 7.2 Hz, CONH, exch),
9.72 (s, 1 H, 2-NHPiv, exch). Anal. (C37HsNsOs) C, H, N.

N-{2-Amino-4-methyl[(pyrrolo[2,3-d]pyrimidin-5-yl)-
ethyl-7-(N-benzyl)]benzoyl}-L-glutamic Acid (3b). To a
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round-bottomed flask was added 22 (110 mg, 0.18 mmol)
suspended in 5 mL of MeOH and 1 mL of 1.0 N NaOH. The
reaction mixture was stirred at 50 °C for 3 days. The resulting
solution was acidified with 1.0 N HCI to pH 3—4, and the
precipitated mixture was cooled in an ice bath, filtered, washed
with water, and dried in vacuo to give 58 mg (67%) of 3b as a
white solid: mp 165—168 °C; *H NMR (DMSO-dg) 6 1.95—-2.37
(m, 4 H, CH,CH,), 2.55 (s, 3 H, 4-CHa), 2.98 (m, 4 H, CH,-
CHy), 4.39 (m, 1 H, CONHCH), 5.17 (s, 2 H, CH,CsHs), 6.89
(s, 1 H, 6-H), 7.07—7.81 (m, C¢Hs & C¢Ha), 8.54 (d, 1 H, NH,
exch), 12.50 (br s, 2 H, COOH, exch). Anal. (C2sH30Ns05-H20)
C, H, N.

Drugs. Solutions used in cell culture studies were stan-
dardized using extinction coefficients. Extinction coefficients
were determined for 3a (pH 1, Amax 242 nm (43 500); pH 7,
Amax 238 nm (43 500); pH 13, Amax 237 nm (44 400)). Extinction
coefficients for MTX, a generous gift of Immunex (Seattle, WA),
were from the literature.”®

Cell Lines and Methods for Measuring Growth Inhib-
itory Potency. All cell lines were verified to be negative for
Mycoplasma contamination using the GenProbe test kit. The
human T-lymphoblastic leukemia cell line CCRF-CEM™* and
its MTX-resistant sublines R1,> R2,®* and R30dm™ were
cultured as described.” R1 expresses 20-fold elevated levels
of DHFR, the target enzyme of MTX. R2 has dramatically
reduced MTX uptake. R30dm expresses 1% of the FPGS
activity of CCRF-CEM and is resistant to short-term, but not
continuous, MTX exposure; however, R30dm is generally cross-
resistant in continuous exposure to antifolates requiring
polyglutamylation to form potent inhibitors. The FaDu human
head and neck squamous cell carcinoma cell line was propa-
gated in RPMI 1640/10% fetal calf serum (FCS); however,
growth inhibition was measured in medium containing 5%
FCS’ to minimize the levels of purine and pyrimidines
introduced from FCS. Growth inhibition of all cell lines by
continuous drug exposure was assayed as described.”*” Growth
inhibitory potency of 3a was tested after solubilization in
DMSO. ECso values were determined visually from plots of
percent control growth versus the logarithm of drug concentra-
tion.

Protection against growth inhibition was assayed by includ-
ing metabolites simultaneously with a concentration of drug
previously determined to inhibit growth by 80—95%; the
remainder of the assay was as described, except that the
exposure time for CCRF-CEM and its sublines was reduced
to 72 h to preclude metabolite depletion. The metabolites
included were: LV (0.1-10 uM) or TdR (5 uM for CCRF-CEM
and R30dm, 40 uM for FaDu) or Hx (10 uM for CCRF-CEM
and R30dm, 50 uM for FaDu) or a combination of TdR and Hx
at the same individual concentrations. In all studies with
CCRF-CEM and R30dm, 20 M deoxycytidine was included in
the growth media to prevent cell growth inhibition by TdR and
the combination of Hx and TdR;”® 20 uM deoxycytidine itself
had no effect on cell growth. Growth inhibition was measured
relative to the appropriate metabolite-treated control; metabo-
lites caused <9% growth inhibition in the absence of drug,
however.

Folylpolyglutamate Synthetase Assay. Recombinant
human FPGS was purified from E. coli strain LM109 (1DE3)
transformed with the expression plasmid pET3A-25;77 the host
and plasmid were generously supplied by Dr. Barry Shane,
Department of Nutrition, University of California at Berkely.
To increase sensitivity because of the low kinetic constants of
3a, the standard assay’® was modified to a 0.5-mL volume for
all compounds tested. The monoglutamate forms of 3a and 3b
were fully recovered under standard assay conditions; thus
polyglutamate forms would also be quantitatively recovered.

Preparation of Recombinant P. carinii DHFR for
X-ray Crystal Structure. Recombinant P. carinii DHFR was
also produced for enzyme assays. The gene sequence was
identical to that previously reported.” The expression system
used pET8C, which employs the T7 RNA polymerase.®® Host
E. coli containing the appropriate plasmid construction was
grown in Luria broth culture with 75 ug/mL kanamycin at 37
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°C on a rotary shaker. The culture was transferred to fresh
medium and ODsg, was monitored. When the ODsgo reached
0.4, the culture was shifted to 42 °C for 30 min to induce the
gene for 7T RNA polymerase. Rifampin 200 ug/mL was added
to suppress E. coli RNA polymerase. After 30 min, the culture
was shifted back to 37 °C for 90 min. Cells were harvested by
centrifugation, washed, and suspended in appropriate buffer
containing protease inhibitors and 2-mercaptoethanol as de-
scribed above. Bacterial cells were ruptured by sonication. The
1000009 supernate containing recombinant P. carinii DHFR
has been the standard enzyme used in the screen under
contract NO1-Al-35171. Studies with [*®*S]methionine incor-
poration have shown this preparation to contain predomi-
nantly one heavy band on autoradiography at a molecular
weight corresponding to DHFR.

Recombinant P. carinii DHFR can also be purified from
these 100000g supernates. We currently produce about 4 mg
of material suitable for X-ray crystallography from each
purification. The first step was an ammonium sulfate precipi-
tation to yield a concentrated 45—90% cut which consistently
contained about 72% of the original activity. This material was
loaded onto a P-100 column equilibrated with 100 mM sodium
phosphate buffer pH 7.4 containing 20 mM 2-mercaptoethanol
and eluted with the same buffer. Most of the protein eluted in
the void volume of the column, but DHFR activity eluted in a
broad peak at about 1.3 times the void volume. Fractions
containing significant DHFR activity were combined and
loaded directly onto an affinity column.

The affinity column was prepared from folate-Sepharose
(Sigma). The resin was poured into an appropriate sized
column and washed sequentially with 100 mg/mL ascorbate,
5 mg/mL sodium metabisulfite, and 10 mM phosphate buffer
pH 7 with 20 mM 2-mercaptoethanol (PME). This treatment
reduces the folate on the column to dihydrofolate, the substrate
for DHFR. After washing to remove all traces of sodium
metabisulfite, the sample containing DHFR was slowly loaded
onto the column. When the entire sample was loaded, the
column was washed with PME until protein in the eluate
became undetectable. Elution continued with stepwise wash-
ing of ca. 2 column volumes of PME containing 0.1 M NaCl,
PME with 0.5 M NaCl, and PME with 1 M NaCl; these steps
remove proteins nonspecifically adsorbed to the column. DHFR
was eluted with PME containing 1 M NaCl and 3 mM folate.
Activity of DHFR from affinity columns can be maintained
with folate and with glycerol. These materials are used during
the concentration steps that follow the affinity column. Glyc-
erol was added to all samples, and they were frozen at —70
°C until aliquots were analyzed for protein content, DHFR
activity, and purity by SDS—polyacrylamide gel electrophoresis
(SDS—PAGE).

Crystallization and X-ray Data Collection. Recombi-
nant P. carinii DHFR was cloned, isolated, and purified as
described above. The protein was washed in a centricon-10
three times with 50 mM MES buffer at pH 6.0 in 100 mM
KCI buffer and concentrated to 14.3 mg/mL. A novel thermal
gradient technique®* was used to carry out the crystallization
screens with P. carinii DHFR. Crystallization of the P. carinii
DHFR—3a complex was carried out by adding 10 uL of protein,
3 uL of MES/KCI buffer and 7 uL of 50% (w/v) PEG 2000 in
50 mM MES pH 6.0, 100 mM KCI and placing the mixture in
microcentrifuge tubes for equilibration on a thermal gradient
apparatus. Samples of P. carinii DHFR were also incubated
overnight at 4 °C with NADPH and 3a. The protein was
washed to remove excess inhibitor and cofactor and concen-
trated to 9.8 mg/mL. This sample was set up with 50% (w/v)
PEG 2000 with 50 mM MES buffer pH 6.0 and placed in the
thermal gradient device. Crystals grew over several weeks
time and are monoclinic, space group P2;, and diffract to 2.0
A resolution. The lattice constants for the ternary complex of
P. carinii DHFR—NADPH—3a are a = 37.332, b = 43.231, ¢
= 61.241 A; B = 94.59°. Data were collected at room temper-
ature on the best crystal available on a Rigaku RaxislV
imaging plate system and the data processed with DENZO.#2
The Rmerge for 20 data was 4.9% and the completeness of the
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Table 9. Crystal Properties and Refinement Statistics for the
pcDHFR—NADPH—-3a Complex

lattice constants, A

37.332, 43.231, 61.241;

B = 94.59°
space group P2;
resolution range, A 50.0—2.0
Rmerge, % 4.9
completeness (2.1-2.0 A) 99.4
reflections used 11919
R factor, % 22.3
Riree, % 29.7
protein atoms 1678
water molecules 95
Ramachanran, procheck % 87.0
B factor (protein average), A2 46.54
B factor (NADPH average), A? 44.75
B factor (3a average), A? 30.55

bonded main chain (rmsd) 0.966 target (1.5)

bonded side chain 0.694 (2.0)
angle main chain 1.81 (2.0)
angle side chain 1.236 (2.5)

data was 99% in the shell between 2 and 2.1 A. The data for
the ternary complex refined to 22.3% for data to 2.0 A
resolution are included in Table 9.

The structure was solved by molecular replacement methods
with the program using the coordinates of P. carinii DHFR—
NADPH—1b.5 Inspection of the resulting difference electron
density map using the program CHAINS®? running on a Silicon
Graphics Impact R10000 workstation revealed density for a
ternary complex. The final cycles of refinement were carried
out using the program X-PLOR.8 The Ramachandran confor-
mational parameters from the last cycle of refinement gener-
ated by PROCHECK®> showed that more than 87% of the
residues have the most favored conformation and none are in
disallowed regions. Coordinates for this structure have been
deposited with the Protein Data Bank (PDB code 1e26).
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