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Dihydrofolate reductase: structural aspects of mechanisms of
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The mechanism of catalytic reduction of folic and dihydrofolic acids to tetrahydrofolate,
which proceeds under the action of dihydrofolate reductase and the coenzyme NADPH, is
considered. The roles of the enzyme active site, the coenzyme, individual amino acid residues
of the enzyme, and water molecules in the catalytic reaction are discussed. Interactions of the
enzyme with competitive inhibitors many of which are widely used in medicine as antitumor
and antibacterial drugs are examined. The factors controlling the selectivity of inhibitor
binding to bacterial forms of the enzyme are analyzed. The results of X-ray diffraction and
NMR spectroscopic studies of the structures of the enzyme and its complexes with the
substrate and inhibitors are surveyed. The role of specific interactions and molecular motions
of the protein and ligands in the mechanism of catalysis and in the binding of the ligands to
the enzyme is discussed.
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1. Introduction

In recent years, processes of molecular recognition
have attracted considerable attention of researchers en-
gaged in medical chemistry. This interest was stimulated
primarily due to qualitative changes in this field of
chemistry. Thus in the search for new drugs, researchers
turned from the strategy of the total screening to ratio-
nal methods based on a knowledge of the structure of a
potential biological target. These approaches are based
both on a knowledge of the three-dimensional structure
of the target of action of the drug and an understanding
of the nature of the highly specific ligand binding to the
biomolecule. Considerable progress in this field has
been achieved due to investigations of the enzyme
dihydrofolate reductase and its interactions with antifolate
drugs. These studies provided abundant valuable data,
which can be used in the examination of the ligand
binding to many other proteins, which are potential
targets of action of various pharmaceuticals.

Dihydrofolate reductase (DHFR) catalyzes reduc-
tion of folic (Fol, 1) and dihydrofolic (H,Fol, 2) acids
to tetrahydrofolic acid (H4Fol, 3).1 Since tetrahydrofolate
and its metabolites are involved in the biosynthesis of
thymidine monophosphate (dTMP), purine bases, and
methionine (Fig. 1), it is necessary to maintain a rather
high concentration of pool 3 for normal vital activity of
the cell.

Blocking of the enzyme functioning causes termina-
tion of cell division and subsequent cell death. This
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phenomenon serves as the basis for functioning of in-
hibitors of dihydrofolate reductase, viz., the so-called
antifolate drugs many of which are widely used
in medicine for the treatment of tumor diseases
(Methothrexate (MTX, 4) and Trimethrexate (TMQ, 5)),
bacterial infections (Trimethoprim (TMP, 6)), and pro-
tozoan infections (Pyrimethamine, (PMX, 7)). These
drugs compete with dihydrofolate 2 for the substrate
binding site in DHFR and their therapeutic properties
depend significantly on the strength and selectivity of
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Fig. 1. Dihydrofolate reductase in metabolism of derivatives of
folic acid and their role in the biosynthesis of nucleic acids and
proteins.

binding of inhibitors to the enzyme of pathogenic cells.
For example, the binding of drug 6 to bacterial forms of
DHFR is several thousand times stronger than the
binding to the human enzyme (see Section 4.3) due to
which the drug exhibits high antibacterial activity.
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In 1988, Hitchings, Elion, and Black were honored
with the Nobel prize in Physiology and Medicine for the
discovery of the selective binding of 6 and some other
pharmaceuticals to targets.2 However, the molecular na-
ture of this selectivity is still not completely understood.3

The present review does not gives an exhaustive
survey of all problems concerning the mechanisms of
functioning and inhibition of DHFR. From one to two

hundred research articles devoted to these problems
were published in the literature every year. Some of
these studies were concerned with the fundamental as-
pects of the mechanism of DHFR catalysis and interac-
tions of the enzyme with various ligands, but most of
these studies, in one way or another, were associated
with the search for new biologically active compounds
in the series of DHFR inhibitors. In spite of the fact
that DHFR is among the most thoroughly and compre-
hensively studied enzymes, many fundamental problems
of the mechanism of functioning of DHFR and the
nature of specific interactions with inhibitors remain to
be solved. At the same time, investigations of this
enzyme as well as ideas and methods aimed at solving
the related problems have many applications in molecu-
lar biology and pharmacology. The present review sur-
veys primarily the structural aspects of the mechanism
of DHFR catalysis and interactions of the enzyme with
its inhibitors.

2. Structures of complexes of dihydrofolate reductase

The structures of bacterial forms of the enzyme and
DHEFR species from high organisms were established by
X-ray diffraction analysis and NMR spectroscopy. Early
in 2000, the Brookhaven Protein Databank contained
83 structures of DHFR from Escherichia coli,4—12
Lactobacillus casei,%13=16  Ppeumocystis carinii,17—20
Mycobacterium tuberculosis, 21 Thermotoga maritima,*2
Candida albicans,?3 and Haloferax volcanii,2* human
DHFR,18:25-29 and the chicken pancreatic enzyme.30—32
First high-resolution structures of the DHFR complexes
in solution were established for the enzyme from Lacto-
bacillus casei.15-16 The more detailed data on the known
structures of DHFR are given in Table 1.

Dihydrofolate reductase is a relatively small wa-
ter-soluble protein (with the molecular weight of
18000—25000 Da for most of the enzyme species iso-
lated from various sources). The enzyme consists of
eight B-sheets, which compose a rather rigid skeleton of
the protein molecule (Fig. 2). All forms of the enzyme
contain at least four a-helices one of which makes up
the substrate binding site and two other helices compose
the coenzyme binding site (Fig. 3). The enzyme con-
tains no disulfide bonds, and coordination of the metal
ions is not necessary for the manifestation of its bio-
chemical activity.

The protein contains several structural elements com-
mon to all enzyme forms. Among these elements are the
loop I located between the B-sheet a and the o-helix B
and the cis-peptide bond between two glycine residues
located at the junction of the B-sheet e and the a-helix
F (G98 and G99 in the L. casei enzyme). The amino
acid sequence alignment for DHFR from different or-
ganisms (Fig. 4) revealed a series of strictly conserved
residues most of which play an important role in the
mechanism of catalysis. Virtually all these residues are
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Table 1. Structures of the DHFR complexes with substrates, coenzymes, and inhibitors
Source of the enzyme Ligand PDB Reso- Refe- Source of the enzyme Ligand PDB Reso- Refe-
code lution rence code lution rence
/A /A
Escherichia coli Fol 1rd7 2.60 Lactobacillus casei  MTX, NADPH 3dfr 1.70 4
ix7 230 M MTX lao8 NMR 15
Fol 1dyi 1.90 9 TMQ 1bzf NMR 16
DZF¢ 1dyh 1.90 9 Brodimoprim- 1dis
H,Fol 17 180 11 4 6-dicarboxylate  1diu VMR 14
DDF? 1dyj 1.85 9 Prneumocystis carinii  Fol 4cd2 2.00 19
DDF 1rx5 2.30 11 Fol, NADP* 2cd2 1.90 19
Leucovorin 1jol 1.96 10 Fol, NADP* lcd2 2.20 19
ljom 1.90 TAB,* NADPH 1d8r 2.10 20
NADPH Iral 1.90 COE,Y NADPH 1daj 2.30 18
Ix1 240 1 TMP, NADPH ldyr  1.86 17
NADP* 1ra9 1.55 MTX, NADP* 3cd2 2.50 19
ix9  1.90 'V Mycobacterium MTX, NADP* 7 170 21
NADP* 1drh 2.30 9 tuberculosis TMP, NADP* 1dg5 2.00 21
Fol, NADP* 1ra2 1.60 WRB, NADP* 1dg7 1.80 21
1rb2 1.60 11 NADP* 1dg8 2.00 21
1rx2 1.80 Thermotoga NADPH, MTX 1dlg 2,10 22
Fol, ATR 1ra8 1.80 11 taritima — 1cz3 2.10 22
DDF, NADP* 1rc4 1.90 11 Candida albicans CW345,¢ laoe 23
DDF, AP 1rx4 2.20 11 NADPH
DDF, NADPH 1rx6 2.00 11 NADPH 1ai9 1.85 23
Fol, AP 1rx8 2.80 11 Haloferax volcanii — lvdr 2.55 24
MTX 1ddr Human Fol 1drf 2.00 25
ldds 220 12 Fol 1dhf 230 26
MTX 3drc 1.90 7 DZF 2dhf 2.30 26
MTX 4dfr 1.70 4 PRD/ NADPH 1boz 2.10 29
MTX 1rg7 2.00 11 PT523, NADPH 1ohj 2.50 )%
MTX, NADPH 1rh3 2.40 lohk 2.50
x3 220 M MOTSNADPH  1hfr  2.10 18
MTX, NADP*  1dre 2.60 Human F31G MOT, NADPH 1hfp 2.10 18
1ra3 1.80 11 Human F31S MOT, NADPH 1hfg 2.10 18
1rb3 2.30 Human L22Y MTX, NADPH 1dls 2,30 27
Escherichia coli D27S MTX 1dhi 1.90 8 Human L22F MTX, NADPH 1dlr 230 27
Escherichia coli W22F MTX 2drc 1.90 7 Chicken Liver NADPH 8dfr 1.70 30
Escherichia coli D27S, MTX 1dhj 1.90 8 Biopterin, 1drl 2.20 31
F137S NADP*
Escherichia coli D2TE  MTX ldra 1.90 6 Thio NADP* 1dr2 2.30 32
Escherichia coli D27C MTX 1drb 1.90 6 Biopterin, 1dr3 2.30 32
Escherichia coli — Sdfr 2.30 6 Thio NADP*
(TMP-stable) NADP* 6dfr 2.30 5
Fol, NADP* 7dfr 2.50 5

4 DZF is 5-deazafolate.
b DDF is 5,10-dideazatetrahydrofolate.

¢TAB is acetyl- N-[2-chloro-5-(2,4-diamino-6-ethylpyrimid-5-yl)phenyl][benzyltriazen-3-yl] ethyl ether.

4 COE is furo[2,3-d]pyrimidine.

¢ CW345 is 1,3-diamino-7-(pent-3-yl)-7 H-pyrrolo[3,2-f]quinazoline.
JPRD is 2,4-diamino-6-[ N-(2,5-dimethoxybenzyl)- N-methylamino]pyrido[2,3-d]pyrimidine.
EMOT is N-[4-{[(2,4-diaminofuro|2,3-d]pyrimidin-5-yl)methylJmethylamino}benzoyl] L-glutamate.

involved in the substrate or coenzyme binding sites and
their role will be discussed in more detail. Noteworthy
also are the rather low homology between different
DHFR species (less than 30%)33 simultaneously with
the high structural similarity.

The enzyme active site is located in the hydrophobic
pocket surrounded by the a-helix B, the central B-sheets
(a, e, and b), and the loop I (see Fig. 3). The pteridine

fragment of the substrate resides virtually in the center
of the protein and its p-aminobenzoylglutamine residue
is involved in a Coulomb contact with the conserved
arginine residue (Arg57 in the enzyme from L. casei)
located almost at the surface. The major portion of the
coenzyme molecule (NADP)* is bound to the protein

* NADP is nicotinamide adenine dinucleotide phosphate.
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Fig. 2. Schematic representation of the binary complexes of three different forms of DHFR with folate (Fol); the a-helices of the
protein are displayed as tubes and the B-sheets are shown as arrows corresponding to the direction of the protein chain: (¢) DHFR
from Escherichia coli (Brookhaven PDB code 1rx7);!1 (b) DHFR from Preumocystis carinii (4cb2);19 (c) the human enzyme (1drf).25

amino acid residues, which are also located at the
protein surface; however, the nicotinamide fragment
resides in a deep pocket in the vicinity of the substrate.
The close arrangement of the C(4) atom of the nicotin-
amide fragment and the C(6) and C(7) atoms of the
substrates facilitates the hydride-ion transfer in the course
of the catalytic event.

Methothrexate 4, which is a classical DHFR inhibi-
tor, was synthesized as a compound structurally similar
to the enzyme substrate. Compound 4 has long been
thought to be bound to the protein in perfect analogy to

Fig. 3. Topology of the protein and the arrangement of the
substrate (Fol) and the coenzyme (NADP%) in the complex of
Escherichia coli DHFR. The B-sheets are labeled by lower-case
Latin letters (a—g) and the o-helices are denoted by capital
Latin letters (B, C, E, and F). The atomic coordinates were
taken from the X-ray structure of the corresponding ternary
complex (Brookhaven PDB code 1rx2).11

Fol (1) or H,Fol (2). More recently, it was demon-
strated34 that the inhibitor is bound to the enzyme so
that it is rotated by ~180° compared to substrates 1 and
2 (Fig. 5). In particular, this fact accounts for the
complete absence of reduction of the pteridine ring of
the inhibitor and the substantially stronger binding of 4
to the enzyme compared to substrates 1—3. The inter-
action between MTX and DHFR is still an example of
exceptionally strong interactions between the low-mo-
lecular-weight ligand and the protein, the constants of
dissociation of the inhibitor from complexes with some
enzyme species are about 10711 mol L7135 The interac-
tions of MTX and other inhibitors with DHFR will be
discussed in more detail in Section 4.

3. Mechanism of DHFR catalysis

Dihydrofolate reductase catalyzes the reduction re-
actions 1—-2 and 2—3 using the coenzyme NADPH*

NH,

N—~# N

oSN

NADPH, 8

NADP+, 9

* NADPH is the reduced form of dinicotinamide adenine
nucleotide phosphate.
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Fig. 4. Aligned amino acid sequences of DHFR from prokaryotes (bacteria) and eukaryotes (high organisms). The strictly conserved
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—————— TAFLWAQDRDGLIGKDGHLPWH--LPDDLHYFRAQTIVG----------KIMVVGRRTYESEP--
————— MISLIAALAVDRVIGMENAMPWN--LPADLAWEKRNTLN----------KPVIMGRHTWESIG--
----MTLSILVAHDLQRVIGFENQLPWH--LPNDLKHVKKLSTG---------— HTLVMGRKTFESIG--
————— MIGLIVARSKNNVIGKNGNIPWK--IKGEQKQFRELTTG----------NVVIMGRKSYEEIG--
--MTKKIVAIWAQDEEGLIGKENRLPWH--LPAELQHFKETTLN-—-------— HAILMGRVTEFDGMG--—
-MTRAEVGLVWAQSTSGVIGRGGDIPWS--VPEDLTREKEVTMG-—-----—--— HTVIMGRRTWESLPAK
————— MVGLIWAQATSGVIGRGGDIPWR--LPEDQAHFREITMG----------HTIVMGRRTWDSLPAK

MNQQKSLTLIVALTTSYGIGRSNSLPWK--LKKEISYEKRVISEFVPTEFDSFESMNVVIMGRKTWESIPLQ

---MLRFNLIVAVCENFGIGIRGDLPWR--IKSELKYESRTTKRT---SDPTKQNAVVMGRKTYFGVPES
--MVGSLNCIVAVSQNMGIGKNGDLPWPP-LRNEFRYEQRMTITTS---SVEGKQNLVIMGKKTWFSIPEK
--MVRPLNCIVAVSQNMGIGKNGDLPWPP-LRNEFKYEQRMTITTS---SVEGKQNLVIMGRKTWFSIPEK
---VRSLNSIVAVCQONMGIGKDGNLPWPP-LRNEYKYEQRMTSTS---HVEGKQNAVIMGKKTWFSIPEK
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KRPLPERTNVVLTHQEDYQ--AQG-AVVVHDVAAVFAYAKQHP-—---—- DQELVIAGGAQIFTAFKDDV
-RPLPGRKNIILSSQPGTD--DR--VIWVKSVDEAIAACGD---—-—-——-— VPEIMVIGGGRVYEQFLPKA
-KPLPNRRNVVLTSDTSFN--VEG-VDVIHSIEDIYQLPG----—-————-—-—-— HVFIFGGQTLFEEMIDKV
-HPLPNRMNIVVSTTTEYQ--GDN-LVSVKSLEDALLLAKG----—-————-— RDVYISGGYGLFKEALQIV
RRLLPKRETLILTRNPEEK--IDG-VATFQDVQSVLDWYQD----—-——-— QEKNLYIIGGKQIFQAFEPYL
VRPLPGRRNVVVSRRPDFV--AEG-ARVAGSLEAALAYAGS-—————----— DPAPWVIGGAQIYLLALPHA
VRPLPGRRNVVLSRQADFM--ASG-AEVVGSLEEALT--—-—-—-——————--— SPETWVIGGGOQVYALALPYA

FRPLKGRINVVITRNESLD-LGNG-IHSAKSLDHALELLYRTYGSESSVQINRIFVIGGAQLYKAAMDHP

KRPLPDRLNIVLSTTLQESDLPKG-VLLCPNLETAMKILEE---QN---EVENIWIVGGSGVYEEAMASP
NRPLKGRINLVLSRELKEP--PQGAHFLSRSLDDALKLTEQPELAN---KVDMVWIVGGSSVYKEAMNHP
NRPLKDRINIVLSRELKEP--PRGAHFLAKSLDDALRLIEQPELAS---KVDMVWIVGGSSVYQEAMNQP
NRPLKDRINIVLSRELKEA--PKGAHYLSKSLDDALALLDSPELKS---KVDMVWIVGGTAVYKAAMEKP

115 120 125 130 135 140 145 150
\ \ | \ \ \ \ \
————— DTLLVTRLAGSFE-GDTKMIPLN--—--—----—-—-——-WDDETK-—--—----VSSRTVEDTNPAL
————— QKLYLTHIDAEVE-GDTHFPDYE-—----—-—-—--—-—PDDWESV------FSEFHDADAQNSH
————— DDMYITVIEGKFR-GDTFEPPYT----—-—--—-—-—--FEDWEVA------SSVEGKLDEKNTI
————— DKMYITEVDLNIEDGDTFEPEFD--—----=-—-—----INDFEV--------LIGETLGEEVKY
————— DEVIVTHIHARVE-GDTYEPEELD-—-—----—-—----LSLEETV------SSKFYAKDEKNPY
TR--CEVTEIEIDLRRDD-DDALAPALD-—-—-——-—-————-—— DSWVG-—--—-—-~- ETGEWLASRSGL
TR--CEVTEVDIGLPREA-GDALAPVLD-—-—-——-—-————-—— ETWRG-------- ETGEWRFSRSGL
-K--LDRIMATIIYKDIH-CDVFEPLKFRDKEWSSVWKKEKHSDLESWVGT--—-—-— KVPHGKINEDGF
-R--CHRLYTITQIMQKFD-CDTFFPAIP-DS----- FR------ EVAPDS-------- DMPLGVQEENGT
-G--HLKLFVTRIMQDFE-SDTFFPEIDLEK----- YK------ LLPEYP--—--—-- GVLSDVQEEKGI
-G--HLRLFVIRIMQEFE-SDTFEPEIDLGK----- YK--——-- LLPEYP--—-—--- GVLSEVQEEKGI
-I--NHRLFVIRILHEFE-SDTFEPEIDYKD-—--—- FK------ LLTEYP--—--—-- GVPADIQEEDGI
155 160
| I

THTYEVWQKKA-————-———--——
SYCFEILERR-—-—-—--—-—-—-
PHTFLHLIRKK--—-—--—-—-—-
TRTEYVRKNELSRFWI-—--—--—
DFTIQYRKRKEV-—=-—=--—-—-—-
RYRFHSYRRDPRSSVRGCSPSRPS
RYRLYSYHRS—-——-—-—-—--—-
DYEFEMWTRDL--—-——--—-—-—-
KFEYKILEKHS-—-—-—-——-—-—
KYKFEVYEKND-—=-——-—-—=-=~
KYKFEVYEKKD-————-—-—=-=~
QYKEEVYQKSVLAQ---——--—=---

amino acid residues are given in bold type. The conserved regions are shaded.
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NADPH 950!, NADP*
H,Fol 065! H,Fol

Asp (Glu)

Fig. 5. The arrangement of the pteridine ring of MTX (black)
and Fol (gray) with respect to the nicotinamide ring of the
coenzyme and the carboxy group of the aspartic (glutamic) acid
residue. Selected atoms are numbered. The atomic coordinates
were taken from the structures of the complexes E. coli
DHFR—MTX—NADPH (Brookhaven PDB code 1rx3) and
E. coli DHFR—Fol—NADP™* (1rx2)!! and were superimposed
by the protein backbones.

and the proton of the water molecule, respectively, as a
donor of the hydride ion. The mechanism of DHFR
catalysis remains to be the subject of extensive studies.
The kinetic and structure aspects of the reaction, the
role of individual amino acids in the catalytic reaction,
the molecular motions of the enzyme, and the role of
molecular motions in the mechanism of catalysis were
examined. The key stage, viz., the transfer of the hydride
ion from the coenzyme molecule to the substrate, was
studied also by quantum-chemical methods with the
aim of determining the structure of the transition state
and the energy profile of the reaction.

3.1. Kinetic aspects of reduction of substrates 1
and 2. The rate of reduction of 2 is approximately two
orders of magnitude higher than that of 1.36 Since
reduction of 2 is the main reaction catalyzed by DHFR
in cells, the reaction with this substrate has been studied
more extensively. The enzymatic kinetics is an impor-
tant tool in investigating the mechanism of enzyme
catalysis.37 Extensive kinetic studies were carried out for
various DHFR species from Escherichia coli,38—40 Lac-
tobacillus casei,! and Pneumocystis carinii4? and for
mouse3 and human44 DHFR. The results of these
investigations made it possible to establish the complete
scheme of the catalytic reaction 2 — 3. The rates of
association and dissociation of the ligands were mea-
sured by the stopped flow method. Among these ligands
were the substrate (H,Fol), the reaction product (H4Fol),
and the reduced and oxidized forms of the coenzyme in
the catalytic cycle. The selected results of the investiga-
tion carried out for the enzyme from Escherichia coli 38
are presented in Fig. 6. In particular, it was established
that dissociation of HyFol is the rate-determining stage

L 200 57!
40 umol ' s 40 57! 5 umol ! 7!
H,Fol NADP*
E NADPH E
H,Fol
12557 f\

H,Fol NADPH NADPH
H,Fol

Fig. 6. The simplified pH-independent kinetic scheme of the
catalytic cycle of DHFR (denoted by E). The rates of associa-
tion and dissociation of the ligands and the rate of the hydride-
ion transfer at 25 °C are given for Escherichia coli DHFR.38

of the catalytic cycle for all forms of DHFR, the
reaction proceeding only once NADP™' is replaced by
NADPH. The reason is that H4Fol and NADPH exhibit
an essential negative cooperative effect upon the forma-
tion of the ternary complex with the enzyme due to
which the reaction product leaves the active site more
readily. Thus, the constants of binding of HyFol to
L. casei DHFR in the presence of NADP* and NADPH
are decreased by a factor of 3 and 600, respectively.45
The similar values were observed for the enzyme from
E. coli (Table 2).

For all studied enzyme species, the rate of transfer of
the hydride ion from the coenzyme to the substrate,
which is the key stage of the catalytic process, is one of
the most rapid stages in the catalytic cycle. Hence,
association and dissociation of the ligands are of pri-
mary importance in the mechanism of DHFR catalysis
and these processes determine the overall rate of the
catalytic process. The rates of association and dissocia-
tion of the ligands, in turn, are dictated to a great extent
by the positive and negative cooperative effects whose
molecular nature calls for further investigation.

3.2. Stereochemistry of the hydride-ion transfer.
Important information on the mechanism of DHFR
catalysis was obtained in the study of the stereochemis-
try of the hydride-ion transfer. It was found that reduc-
tion of 7,8-dihydrofolate (2) was accompanied by the
transfer of the hydrogen atom located in the 4-pro-R

Table 2. Cooperativity in the binding (K;qop)* of the pteridine
ligands and the coenzyme to E. coli DHFR

Coenzyme H,Fol H4Fol MTX
NADPH 0.5 0.01 680
NADP* 2.4 0.6 12.5

* Keoop Were calculated as the ratios of the binding constants of
the ligand in the ternary complex to the corresponding binding
constants in the binary complex.8:45
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position of NADPH (8) to the C(6) atom of dihydrofolate
(2).46 The use of the nicotinamide coenzyme, which
was selectively labeled with deuterium at the 4-pro-R
position of the dihydropteridine ring, made it possible
to found4 that reduction of 1 afforded dihydrofolate-d,
containing the deuterium atom in the 7.5 position (2-d;).
The latter compound was subsequently converted into
tetrahydrofolate-d,, which possessed the deuterium at-
oms located on the same side of the dihydropteridine
ring (3-d,). These data have provided unambiguous
evidence for the mutual arrangement of the nicotin-
amide ring of NADPH and the pteridine ring of the
substrate within the enzyme active site. More recently,
these results were confirmed by X-ray diffraction studies.

() 0] ||-| R
N R N
HNT TS Y )
)\ 7 p) )\ 7 D
HANT N7 NN, HaNT N7 NN
H H

2-d, 3-d,

3.3. The mechanism of substrate protonation. Two
factors facilitate the hydride-ion transfer, which is ac-
companied by a change in the hybridization of the
atoms of the nicotinamide ring: the favorable arrange-
ment of the interacting fragments of the substrate and
the coenzyme within the active site and the catalytic
participation of the amino acid residues surrounding the
ligands. The key stage of the catalytic process involves
two main steps, viz., protonation of substrate 2 at the
N(5) atom and the transfer of the hydride ion to the
positively charged intermediate to form neutral reaction
product 3 (Scheme 1).

Scheme 1
0 0 Il-l
H\N34 '5\,1} R H+ H\N g\ R
e o, == AT
HN" N7 N HN" N7 N
| H | H
H H
2 !
0 H 0 H
H ll\l ER H ll\l R
\)'\l\ | | — \)'\l\ | (E(
N q N 1
H,NT N7 N\ H,NT N7 N\
| H | H
H H
3

The effect of the replacements of the conserved
amino acid residues of DHFR involved in the substrate
binding site on the catalytic properties of the enzyme
was examined. It was found that the replacement of the

carboxy-containing residue, which is responsible for
substrate protonation and generation of the Coulomb
interaction with the substrate (Asp26 in the enzyme
from L. casei, Asp27 in the E. coli enzyme, Glu30 in
human DHFR, efc.), leads to a substantial decrease in
the catalytic activity.48 It was assumed that this amino
acid residue is involved in the proton transfer to the
substrate.4® For the enzymatic reaction to proceed,
dihydrofolate must be protonated at the N(5) atom of
the pteridine residue of 2 or at the N(8) atom in the
reduction of folate 1.1 In this case, the transfer of the
hydride ion from the coenzyme proceeds readily. At the
same time, pK, of free dihydrofolate (2) upon its proto-
nation at the N(5) atom is 2.6,30 i.e., the substrate at
physiological pH is protonated to only a small extent.
However, the pH dependence of the rate of the hydride-
ion transfer indicates that pK, of the substrate (for
N(5)) in its complex with the enzyme is 6.5.3% There-
fore, the mechanism of catalysis depends substantially
on the ability of the enzyme to raise pK, of the substrate
by almost four units. The main amino acid residue
involved in this process is the residue of aspartic (Asp26
in the enzyme from L. casei; Asp27 in the enzyme from
E. coli) or glutamic acid (Glu30 in human DHFR). This
assumption is strongly supported by the fact that the
above-mentioned residue is the only ionizable amino
acid residue located in the active site of the enzymes
from all sources.13:19:25 In addition, the replacement
Asp27 (FE. coli) — Ser leads to a decrease in the rate of
reduction of the substrate and to a sharp shift of the
maximum of the catalytic activity of the enzyme to low
pH,4 which is indicative of the involvement of this
residue in substrate protonation.

It is known that free substrate 2 can exist both in the
keto and tautomeric enol forms3! (Scheme 2).
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Analysis of the NMR52.53 and Raman>4 spectra dem-
onstrated that the keto form is the major tautomeric
form of the substrate in its complex with DHFR. Bind-
ing of the enol form of the substrate to the enzyme gives
rise to a complex adopting an inactive conformation
(similar to that in the case of the complex with MTX;
see Fig. 5) in which reduction does not occur.33.56
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Nevertheless, the equilibrium between two tautomeric
forms is also possible for the substrate bound to the
enzyme. In the latter case, it was assumed that the
interaction of the enol form with the carboxy group of
the aspartic (glutamic) acid residue can play the key
role in the mechanism of protonation of substrate 2 at
the N(5) atom via the proton transfer through a water
molecule357 (Scheme 3).
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This process has been examined thoroughly by sev-
eral research groups using various experimental tech-
niques. However, a number of problems remain to be
solved. Thus, Raman spectroscopic studies demonstrated
that the binary complex DHFR—H,Fol contains the
substrate in the nonprotonated form, and protonated
dihydrofolate was detected only on going to the ternary
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complex DHFR—H,Fol—NADPH.54 The NMR stud-
ies of the binary complexes of !3C- and !N-labeled
folic acid 1 with human DHFR showed that the N(3)
atom in 1 exists in the amino form even at pH 9.5.52
Hence, the substrate involved in the complex at physi-
ological pH exists virtually exclusively in the keto(amino)
form. It was concluded that the schemes of protonation
at the N(5) atom involving the enol form are incorrect.
The fact that pK, of the carboxy group of the residue
Asp27 (in the E. coli enzyme) is lower than 5.0 38 and,
consequently, it cannot govern the enzymatic reaction
is rather unexpected (recall that pK, for substrate 2 in
the complex with the enzyme is ~6.5). Analogous con-
clusions were made based on the examination of the
NMR spectra of the complexes of 3C—H,Fol and
I5N—H,Fol with human DHFR.52 The ionization state
of the residue Glu30 in human DHFR was measured in
the pH range from 5 to 7. Based on the results obtained,
it was concluded that ionization of this amino acid
residue cannot be responsible for the observed pH de-
pendence of the rate of proton transfer. Analogous
results were obtained for the residue Asp26 in L. casei
DHFR.3® The authors of the cited investigations sug-
gested that the pH dependence of the rate of the
catalytic reaction is primarily determined by the contri-
butions of amino acid residues remote from the enzyme
active site as well as by the contributions of the coen-
zyme and water molecules.

Actually, X-ray diffraction studies revealed several
long-lived water molecules coordinated in the vicinity
of the substrate or the inhibitor (Fig. 7) in complexes
with all studied forms of the enzyme. For example, two
water molecules, viz., Wat 253 and Wat 201, were found
in the complex of L. casei DHFR with MTX and
NADPH.4 Analogous molecules (O 237 and O 247)
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Fig. 7. Arrangement of the water molecules Wat A (253) and Wat B (201) in the X-ray structure of the complex L. casei
DHFR—MTX—NADPH: (a) the complex of DHFR with the substrate H,Fol; (b) the complex of DHFR with the inhibitor MTX.
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were revealed in the binary complexes of 1 with human
DHFR,25 with E. coli DHFR,11 and with the enzyme
species isolated from other sources. Long-lived water
molecules were also detected by NMR spectroscopy in
solutions of complexes of L. casei DHFR%® and human
DHFR.%1 The fact that the above-mentioned water
molecules were also found in solutions indicates that
they are strongly coordinated and confirms the assump-
tion that they can be involved in the proton transfer to
the N(5) atom.

It should be noted that the position of the water
molecule found experimentally does not correspond to
the position of the molecule shown in Scheme 3 as a
mediator of the proton transfer to the N(5) atom through
the formation of the enol form of the substrate. Based
on the above conclusions, the possibility of the involve-
ment of the keto-enol tautomerism in the mechanism of
protonation at the N(5) atom of the dihydropteridine
ring in 2 cannot be ruled out. The reason is that it is
impossible to study the structure and the physicochemical
properties of the key complex DHFR—H,Fol-NADPH
as such because of the high rate of the enzymatic
reaction, whereas models of the substrate and/or the
coenzyme cannot assure the identity with the above-
mentioned complex. The electronic state of the carboxy
group of the residue Asp26 in the complex of L. casei
DHFR with H,Fol was studied by NMR spectros-
copy.52 The results obtained allowed the conclusion that
the pteridine fragment of the substrate, which interacts
with the above-mentioned carboxy group in the binary
complex, is strongly polarized. The authors believed that
this polarization is the driving force for enolization of
the C(4)=0 carbonyl group of the substrate proceeding
even in the presence of the coenzyme. A network of
hydrogen bonds involving the O(4) and N(5) atoms and
the water molecule, which is analogous to that shown in
Scheme 3, causes the proton transfer to the N(5) atom.
An analogous conclusion was also made based on analy-
sis of the Raman spectra and ab initio quantum-chemi-
cal calculations.93 However, the structural factors, which
are responsible for the rise of pK, for protonation of 2 at
the N(5) atom by four units, remain unknown. No
potential acceptors of the hydrogen bond in the vicinity
of the N(5) atom were revealed. The water molecule
whose arrangement is favorable for coordination to the
O(4) and N(5) atoms was found only in the X-ray
structure of the binary complex of E. coli DHFR with
5-deazafolate (DZF, see Table 1).9 However, the detec-
tion of this molecule posed new questions rather than
provided the answer to the questions raised. For ex-
ample, why this molecule was observed only in the
complex in which the N(5) atom is replaced by the
carbon atom (and, consequently, an efficient hydrogen
bond cannot occur) is not understood. Hence, in spite
of the abundant data, the aspects of the mechanism of
substrate protonation, which is the stage determining
the rate of the subsequent hydride-ion transfer, are not
entirely known.

3.4. The mechanism of the hydride-ion transfer from
the coenzyme to the substrate. The hydride-ion transfer
from the coenzyme to the substrate was thoroughly
investigated by quantum-chemical methods. The struc-
ture of the transition state and the energy profile of this
reaction were studied by the semiempirical AM1 and
PM3 methods,% the Hartree—Fock method,%5 and the
combined quantum mechanics/molecular mechanics
(QM/MM) methods.95—67 The barrier of the transition
state was estimated®3:67 at 110—130 kJ mol~!. In all
theoretical studies in which calculations were carried
out taking into account the structure of the enzyme
active site,8—70 substantial polarization of the substrate
in the course of the reaction and the role of the carboxy
group of the aspartic (glutamic) acid residue in stabili-
zation of the charged initial and transition states were
emphasized. It was assumed®? that, although several
amino acid residues can make contributions to the free
energy through Coulomb interactions, only the interac-
tion between the conserved carboxy group and the
protonated substrate can contribute significantly to this
energy (up to 40 kJ mol™!).

3.5. Interactions between the coenzyme and the
protein. The structural and kinetic changes, which are
caused by the replacements of the conserved amino acid
residues (Tyr100, Ser49, and Ilel4 in E. coli DHFR)
surrounding NADPH,?! in the active site revealed the
Coulomb and hydrophobic interactions between the
coenzyme and the protein. It was assumed that the
residue Tyr100 (tyrosine or phenylalanine in all forms of
the enzyme) interacts with the nicotinamide ring of the
coenzyme and with the dihydropteridine ring of the
substrate through the m-aromatic systems. The replace-
ment of the aromatic amino acid by glycine or isoleu-
cine leads to disruption of the above-mentioned inter-
actions and to a decrease in the catalytic activity. It was
also found that the tyrosine residue contributes signifi-
cantly to the specificity of binding of the reduced and
oxidized forms of the coenzyme. The replacements of
this residue by nonaromatic residues result in the loss of
the difference in the specificity of binding of NADPH
and NADP™ to the enzyme, which is of importance for
the mechanism of catalysis. The residue Ser49 forms
hydrogen bonds with the nicotinamide fragment involv-
ing a water molecule,’? which can enhance stabilization
of the transition state. However, the replacement of this
residue by alanine did not lead to an increase in the
activation barrier of the transition state in the hydride-
ion transfer but promoted exit of the molecule of oxi-
dized coenzyme NADP™ resulting finally in the en-
hancement of the catalytic activity of the enzyme. It
was assumed that Ile14, which is the strictly conserved
amino acid residue in all DHFR forms, is also involved
in stabilization of the transition state through hydrogen
bonding with the nicotinamide fragment. It was estab-
lished that the replacement of isoleucine by alanine
influences the binding of NADPH to the enzyme and,
in addition, decreases the rate of the hydride-ion transfer.
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However, the reliable data on the reasons for the
difference in the strength of binding of the reduced
(NADPH) and oxidized (NADP*) forms of the coen-
zyme to the protein are lacking. It is known that binding
of 8 to all DHFR forms is several thousand times
stronger compared to binding of its oxidized form 9.
Thus, the constants of binding of 8 and 9 to the enzyme
from L. casei differ by a factor of ~5000.41 At the same
time, the complexes of DHFR with the oxidized and
reduced forms of the coenzyme have virtually identical
structures, which does not allow one to reveal the
structural factors responsible for such a large difference
in the strength of binding. This problem remains to be
solved.

3.6. Molecular motions and DHFR catalysis. In the
catalytic cycle, the conformation of the enzyme changes
to a greater or lesser extent on going from one state to
another and, hence, molecular motions necessarily play
an important role in the mechanism of catalysis. This
conclusion was experimentally confirmed based on a
number of enzyme systems. The molecular motions in
DHFR complexes and their role in the mechanism of
catalysis have also been studied extensively.

Thus investigations of the conformational lability of
the apo form of E. coli DHFR by NMR spectroscopy
demonstrated that the loop I (which is located between
the B-sheet a and the a-helix B; see Fig. 3) oscillates
with a frequency comparable with k,.73 This loop plays
a crucial role in the mechanism of catalysis because it
forms a fragment of the enzyme active site. This loop
contains the amino acid residues interacting both with
the substrate and the coenzyme. Thus the strictly con-
served Ile and Gly residues (13 and 14 in the enzyme
from L. casei) are located at the beginning of the loop I;
these residues are bound to the nicotinamide fragment
of NADPH. This loop terminates in three conserved
residues (Leul9, Pro20, and Trp21), which form the
substrate binding site. It should be emphasized that the
tryptophan residue is of primary importance in the
mechanism of substrate protonation by coordinating a
water molecule (see Fig. 7). It was suggested’3 that the
molecular motions of the loop I can be the limiting
factor in the catalytic reaction, which determines the
rate of dissociation of the reaction product and, conse-
quently, the overall reaction rate. The opening of the
loop I can be initiated due to binding of NADPH to the
DHFR—H,Fol complex.

The structure of E. coli DHFR was studied® by X-ray
diffraction analysis with the aim of revealing the changes,
which occur on going from the apo-enzyme to its binary
complexes with NADP' and MTX and to the ternary
complex DHFR—Fol—NADP™. It was established that
the structural changes of the protein upon binding of
the ligands to the apo-enzyme are, on the whole, insig-
nificant (on the average, are at most 1 A). However, if
the protein molecule is arbitrarily divided into the ad-
enosine-binding and substrate-binding domains, the
transformation from the apo-enzyme to its complexes

Adenosine-binding domain

Substrate

Substrate-binding domain

Fig. 8. The structure of the protein chain (the ribbon represen-
tation) of E. coli DHFR in the ternary complex with NADP*
and folate. The adenosine-binding domain is shaded; the sub-
strate-binding and catalytic domains are light colored. The axis
of rotation of two domains with respect to one another on
going from the apo-enzyme to the ternary complex is shown.6

can be characterized by the change in the mutual orien-
tation of these domains with the rotation axis shown in
Fig. 8. The most substantial rotation (up to 7°) was
observed in the complexes with MTX. In the complexes
with NADP* and H,Fol—-NADP?*, the angle of the
mutual rotation of the domains is 4.5°.6 Binding both of
the coenzyme and the inhibitor leads to a decrease in
the volume of the active site. In this case, the loop
located between the a-helix C and the B-sheet ¢ ap-
proaches the a-helix B. In the case of binding of MTX
to the enzyme, this fact can be readily explained by
strong Coulomb and hydrophobic interaction both with
this loop and the o-helix B (see Section 4.1). In the
case of binding of the coenzyme, the observed structural
changes occur, apparently, due to long-range effects.
In the cited study,® an attempt was made to follow
the structural changes of the protein in the course of the
catalytic cycle. For this purpose, crystals of complexes
with E. coli DHFR were prepared. These complexes
modeled five major kinetic intermediates. Among them
are the holoenzyme DHFR—NADPH, the Michaelis
complex DHFR—H,Fol-NADPH, the ternary com-
plex of the reaction products DHFR—H,Fol—NADP*,
the binary complex DHFR—H,Fol, and the ternary
complex DHFR—H4Fol—-NADPH. The kinetic inter-
mediates under study included also the transition state of
the hydride-ion transfer. The structures of 24 complexes
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of E. coli DHFR were established by X-ray diffraction
analysis. The authors believed that these complexes can
serve as models of the above-mentioned states in six
different crystalline forms.!! The selected results of this
investigation are schematically represented in Fig. 9. It
was established that the largest structural changes of the
protein in the course of the catalytic cycle are observed
for the loop I and the mutual orientation of the do-
mains, which agrees with the above-considered results.
The geometry of the loop I changes and the loop is
transformed from the closed to the occluded state, which
corresponds to the conversion of the B-sheet conforma-
tion of the central portion of the loop to the 3;y-helix. It
was assumed that the structural changes of the loop
involve also the formation of the most widespread open
conformation (Fig. 10) of an irregular character. On
going from one conformation to another, the loop can
bind a water molecule, which participates in subsequent
protonation of 2. The motions of the catalytic loop are
accompanied by the reorientation of the domains of the
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enzyme. Thus, the volume of the active site decreases
upon binding of the substrate or the reaction product,
whereas the a-helixes B and C slightly move apart (by
~0.5 A) in the absence of the substrate and the reaction
product, thus increasing the volume of the catalytic
cavity. The authors!! created the animation, which clearly
demonstrates the conformational changes of the protein,
which occur in the course of the catalytic reaction (see
http://chem-faculty.ucsd.edu/kraut/dhfr.html). If it were
not for a number of assumptions made, the cited study
would provide exhaustive answers to most of the ques-
tions associated with the protein dynamics and its role in
the mechanism of catalysis. This primarily refers to the
choice of the complexes, which model the key kinetic
intermediates and the reaction transition state. By the
physicochemical properties, most of these complexes can-
not serve as adequate models of the corresponding inter-
mediates. For example, the transition state was modeled
by the ternary complex DHFR—MTX—NADPH in
which the pteridine residue is rotated by almost 180°
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Fig. 9. Structural changes of the active site in E. co/i DHFR in the course of the catalytic cycle. The arrangement of the fragment
of the protein backbone and the ligands in the X-ray structures of the models of kinetic intermediates: (a) the complex with
NADPH; (b) the complex with folate and NADP*; (c) the complex with 5,10-dideazatetrahydrofolate (DDF) and ATP ribose;
(d) the complex with DDF; (e) the complex with DDF and NADPH. The structures are superimposed by the protein backbones of
the central B-sheets. /, the a-helix C; 2, the a-helix B; 3, the loop I (occluded); 4, the loop I (closed).
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Substrate
(inhibitor)

closed open

Fig. 10. Three main types of the protein chain (the ribbon
representations) of the catalytic loop: open, closed, and oc-
cluded. The drawings were based on the atomic coordinates of
the X-ray structures of the complexes of E. coli DHFR with
NADPH (open), with NADPH and MTX (closed), and with
DDF (occluded)!! (Brookhaven PDB codes Irh3, Iral, and
1rx5, respectively).

compared to the complex of the enzyme with the sub-
strate. In addition, the hybridization of the N(5) and
C(6) atoms and, consequently, the orientation of the
bonds involving these atoms are radically different in
MTX and the reaction transition state. The incorrectness
of this model is also evidenced by the fact that the
complex with the coenzyme and MTX is one of the most
energetically favorable states of the enzyme, whereas the
transition state corresponds to the maximum on the
energy profile of the reaction. Analogous comments are
true for most of other models used. An additional prob-
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lem is the effect of the crystal packing on the geometry
of the protein chains. Thus the authors obtained radi-
cally different conformations of the loop I for the same
complexes in different crystalline forms. It is apparent
that the data on the structures and the dynamics of the
DHFR complexes in solutions are required. Hence,
despite the obvious significance of the information ob-
tained, the role of molecular motions in the mechanism
of DHFR catalysis calls for further investigation.

4. Interactions of DHFR with inhibitors

The first DHFR inhibitor, viz., aminopterin, was
synthesized in the late 1940s based on the structural
analogy with substrate 1.74 This compound and MTX
(4, the N-methyl analog of aminopterin), which has
been synthesized a short time later,”> showed high effi-
ciency in the treatment of leukemia and some other
tumor diseases. Since then, MTX is still among the most
important antitumor drugs used in medicine.33 In 1950s,
other antifolate pharmaceuticals were also designed, in-
cluding the important antibacterial drug TMP. Studies
of the mechanism of functioning of these drugs demon-
strated that they serve as competitive DHFR inhibitors.
The discovery of antagonists of folic acid gave impetus
to further investigations of the mechanism of catalysis.

4.1. Characteristics of interactions of MTX with
DHFR. As mentioned above, binding of MTX to the
enzyme is exclusively strong. For its binary complex
(4—DHFR from L. casei), Ky = 510710 mol L~1,76
whereas the constants Ky for ternary complexes
with NADPH and the eukaryotic enzymes fall to
107! mol L7135 and, hence, cannot be accurately
measured. Such a strong binding results from a number
of specific interactions between the inhibitor and the
amino acid residues of the protein (Fig. 11). In
the complex with the enzyme, methothrexate (4) is

N His 28
H

Fig. 11. Interactions of MTX with amino acid residues of L. casei DHFR. Only direct contacts between the inhibitor and the protein
(water molecules are omitted) are shown, including the amino acid residues involved in hydrophobic interactions with the pteridine
and phenyl residues of MTX. The synchronized rotations of the bonds are indicated by arrows.
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porotonated at the N(1) atom, which is responsible for
the efficient Coulomb interaction with the carboxy group
of the aspartic (glutamic) acid residue. On going from
the free to the bound state, pK, of MTX is increased by
more than 5 units (from 5.3 to 10.5 in the complex with
the L. casei enzyme).”” In the NMR spectra of the
complex of L. casei DHFR with MTX, the signal for the
H atom at N(1) has the chemical shift of approximately
17 ppm, which indicates that this atom is involved in
strong hydrogen bonding.1> The geometry and the en-
ergy of this interaction were studied’® by the PM3
semiempirical quantum-mechanical method.

The Coulomb interactions of the a- and y-carboxy
groups of the p-methylaminobenzoylglutamine residue
of the inhibitor with the positively charged residues
His28 and Arg57 (see Fig. 11) also play an important
role in the binding of MTX to the enzyme. The replace-
ment of the y- and a-carboxy groups by amide groups
leads to a decrease in the constant of binding of the
resulting analogs of MTX by one and two orders of
magnitude, respectively.’? This corresponds to the in-
teraction energies of ~5.7 and ~11.4 kJ mol™! for the
v- and o- carboxy groups, respectively. Both interac-
tions were thoroughly studied by NMR spectroscopy.80
Thus pK, of the imidazole ring of the residue His28 in
complexes with MTX is ~1 unit higher than those in the
apo-enzyme or in the complexes with ligands deprived
of the y-carboxy group.81 It should be noted that His28
is not a strictly conserved residue and the above-men-
tioned interaction may be absent in some bacterial
forms of the enzyme. At the same time, the interaction
between the a-carboxy group and the positively charged
guanidine fragment of the arginine residue is observed
for the enzymes from all sources. The geometry and the
dynamic characteristics of this interaction were studied
in detail by NMR spectroscopy.82—84 In particular, it
was established that the interacting groups synchronize
the bond rotations (indicated by arrows in Fig. 11). On
going from free arginine (@) to the complex (b) in which
this residue interacts with the carboxy groups, the rate
of rotation (s~!) about the NE—CC bond changes only
slightly, whereas the rotation about the C,—N, bond
slows down by a factor of ~300.
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This fact can be explained exclusively by synchro-
nous rotation of the guanidine group of the arginine
residue and the carboxy group of MTX proceeding
without disruption of the interaction between these
fragments. This correlated rotation of the interacting
fragments provides the high energy of binding due to an

increase in the entropy of the system, its enthalpy
remaining unchanged.

Hydrophobic interactions of the pteridine and ben-
zoyl rings of the inhibitor with the lipophilic amino acid
residues involved in the enzyme active site contribute
significantly to the total energy of binding of MTX to
DHFR. The key residues ensuring efficient hydrophobic
interactions with the inhibitor are Leu27, Phe30, Phe49,
and Leu54 (the numbering scheme was used for L. casei
DHFR) with the total energy of no lower than
10.5 kJ mol~1.33 Most of the above-mentioned residues
are conserved and even their replacements by residues,
which are similar in structure or properties, lead to
noticeable changes in the specificity of binding. Thus
the kinetic studies of the E. coli enzyme in which the
residue Phe31 (an analog of Phe30 in the L. casei
enzyme) is replaced by Tyr or Val showed that these
replacements lead to weakening of the hydrophobic
interactions both with the inhibitor and the substrate.85

4.2. Interactions of nonclassical antifolate pharma-
ceuticals with DHFR. Being a close structural analog of
endogeneous metabolites of 1, methothrexate penetrates
into a cell via the active transport used for delivering
folates and leucovorin (5-formyl-5,6,7,8-tetrahydrofolic
acid). This transport system is based on the formation of
polyglutamine derivatives catalyzed by the enzyme folyl-
polyglutamate synthetase.86 A decrease in activity of
this enzyme is the main reason for the appearance of
cell stability with respect to MTX.87 New lipophilic
antifolate pharmaceuticals are free from these draw-
backs. These drugs are devoid of the glutamine residue
due to which they do not employ the folate active
transport for penetrating through the cell membrane.
Recently, several new drugs of this class have been
designed among which TMQ (5) is noteworthy. This
compound was successfully put through clinical trials
and was permitted to use in medical practice. Tri-
methrexate was first synthesized as a potential antima-
larial drug.38 More recently, this drug proved to be
efficient in the treatment of malignant tumors of mamma,
brain, and neck8? and to exhibit antibacterial activity in
the treatment of pneumonia in HIV-infected patients.9?

The mechanism of functioning of 5 is also based on
DHEFR inhibition. The examination of the inhibiting
properties of this drug demonstrated that, though pos-
sessing the inhibiting activity, which is approximately an
order of magnitude lower than that of MTX, it is still
very strongly bound to the enzyme.%! The constant of
dissociation of the inhibitor from the binary complex
with L. casei DHFR was measured by the competitive
binding method (K4 ~ 5+ 1072 mol L™!).16

The high-resolution structure of the complex
TMQ—DHFR from L. casei in solution was established
by NMR spectroscopy.16:92 The orientation of the
quinazoline fragment of the inhibitor within the binding
site of the protein is similar to that of the pteridine
residue of MTX (Fig. 12). The internuclear contacts
between the protons of inhibitor 5 and the protein,
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Leu 27
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Fig. 12. The compounds TMQ and MTX located in the binding
site of L. casei DHFR. The side chains of the residues involved
in hydrophobic contacts with TMQ and MTX are shown. The
methyl groups are presented by spheres. The complex
DHFR—MTX is dark colored. The structures of the complexes
DHFR—TMQ and DHFR—MTX are superimposed by the
protein backbones.*

which were established based on analysis of the nuclear
Overhauser effects, are shown in Fig. 13. It can be seen
that the TMQ molecule is surrounded primarily by
lipophilic residues, which is indicative of a substantial
contribution of hydrophobic interactions to the total
energy of substrate binding. The loss of two sites of
Coulomb interactions involving the carboxy groups on
going from 4 to 5 is equivalent to the lowering of the
binding energy by ~17 kJ mol~! (see Section 4.2). At the
same time, the binding constant of 4 is only an order of
magnitude smaller than that of 5, which corresponds to
the change of the binding energy by ~5.7 kJ mol~ L.
Therefore, the hydrophobic interaction of 5§ with the
protein is more efficient than that of 4 (the difference
between the energies is larger than 11 kJ mol™!). Similar
quantitative estimates of the difference between the
energies of the hydrophobic interactions of 4 and 5 with
L. casei DHFR were obtained based on analysis of the
molecular motions of the inhibitors within the active
site of the protein. Thus the rate of the turn-over of the
aromatic rings of the inhibitors depends on the strength
of their specific interactions (primarily, of hydrophobic
interactions) with the protein. These interactions must
be broken upon the turn-over of the ring, and analysis
of the temperature dependences of the rates of molecu-

* Courtesy of Polshakov et al.16

lar motions made it possible to estimate the en-
ergy of additional hydrophobic interactions of 5 at
10—15 kJ mol~1.16

It should be emphasized that the secondary structure
of the protein changes only slightly on going from the
complex DHFR—MTX to the complex DHFR—TMQ
(see Fig. 12) in spite of a significant change in the
character of specific interactions between the inhibitors
and the protein. Even the orientations of the side chains
of the amino acid residues (the torsion angles %! and x2)
and their spatial arrangement vary only slightly on going
from one complex to another. This indicates that the
enzyme retains its secondary structure, the binding site
being only insignificantly adapting to a particular ligand.
Interestingly, the conformation of the ligand (TMQ) in
the complex with the protein is identical with that
observed in the free state.93 The minimum energy ex-
pended for changing the conformations of the protein
and the ligand upon complex formation is finally mani-
fested in their high binding energy.

4.3. Selective binding of trimethoprim (TMP)
to bacterial DHFR. Trimethoprim (2,4-diamino-
5-(3,4,5-trimethoxybenzyl)pyrimidine (6)), which is an
antibacterial drug with a broad spectrum of action, was
discovered in the late 1950s.24 This compound is used
together with sulfanilamides as a combined drug for the
treatment of respiratory, gastroenteric, and other bacte-
rial infections. The mechanism of action of TMP is
based on inhibition of bacterial DHFR. This compound
possesses rather low toxicity and exhibits substantial
efficiency due to higher selectivity of TMP binding to
bacterial forms of the enzyme compared to human
DHFR.3:94 Table 3 gives the constants /s for inhibition
of the enzymes from various organisms under the action
of TMP. It can be seen that the concentrations of the
compound required for 50% inhibition of DHFR from
high organisms are several orders of magnitude higher
than those sufficient for bacterial forms. The constants
I5, overestimate the differences in the specificity of
TMP binding to the enzymes from eukaryotes and
prokaryotes. However, it was demonstrated? that the
constants of TMP binding to the above-mentioned forms
also differ by a factor of 3000—12000. The high selectiv-

Table 3. Inhibition of various forms of
DHFR with trimethoprim3

Source of DHFR Isy (nmol L™1y*

Escherichia coli 7
Proteus vulgaris 7
Staphylococcus aureus 5
Chicken 470000
Mouse 280000
Human 490000

*The concentration of trimethoprim at
which 50% inhibition of the enzyme was
achieved.
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F30 Hg*
F30 H.*
F30 H,
Va1 H(1)* L19 Hg* L27 Hg(2)*
T45 H,(2)* T45 H,(2)* F30 Hg*
L4 H, F49 Hg* F49 H_* F49 Hg* F30 H *
W5 H,, F49 H_* F49 H * F49 H.*
W5 Hg* F49 H, L54 Hg(1)*
F30 H_* A97 H, L54 Hy(2)*
A97 H,, A97 Hp*
A97 Hy* /
\ .
OMe L27 H(1)
H H OMe L27 Hy(1)*
N )
N @ L27 Hg(2)*
L4 H H
L4 Hy(1)* SN H18 H, (1)
W5 HN | L27 Hg(1)*
W5 H,, H L27 Hg(2)*
A Hy* / L27 Hy(2)*
Y29 Hg* / P50 HY*
Y29 H * L19 HB*
T116 H D26 Hy(1) LigHx  DI9H,
T116 H,(1) D26 Hg(2) A6 Hy* L19 Hg* B L19 Hy
T116 H(2)* 127 Hy, L19 g L19Hg* g’ 5(2)
L27 Hy(2)*  L27 H,, L27 H 8 F49 Hg®
Y29 Hg(1)  L27 Hg2)*  L27 Hy(2)* F49 H,
F30 H,,
F30 Hy(1)
F30 Hy(2)
F30 Hy*
T116 H(1)

Fig. 13. Intermolecular nuclear Overhauser effects between the protons of TMQ and the protein in the complex L. casei

DHFR—TMQ.*

ity of TMP binding to the bacterial enzyme is to a large
extent determined by the positive cooperative effect due
to the interactions of TMP and NADPH with bacterial
DHFR. These effects are either absent or insignificant
upon binding of these ligands to eukaryotic DHFR. Due
to high intracellular concentration of NADPH, the
ternary complex DHFR—TMP—NADPH is formed as
the major product of the interaction of the enzyme with
the inhibitor, and hence, the cooperative effects of
binding of these ligands play a decisive role in the
mechanism of selective DHFR inhibition.

The cooperative effects either result from the direct
ligand-ligand interactions or occur due to changes in
the conformation of the binding site of the second
ligand, which are caused by the binding of the first
ligand. The mechanism of cooperative binding of TMP
and NADPH was studied intensively. In particular, it
was demonstrated that the binding of TMP to the
complex NADPH—DHFR from E. coli afforded a ter-

* Courtesy of Polshakov et al.16

nary complex, which is slowly isomerized to adopt a
new conformation.?6 The NMR study showed that the
complex L. casei DHFR—TMP—NADP™ existed as
two conformers, which underwent slow interconversion.9”
Therefore, the change in the conformation of the pro-
tein upon binding of the inhibitor and the coenzyme
may play a part in the mechanism of cooperative bind-
ing of the ligands. Actually, X-ray diffraction studies
showed that the conformation of the loop I in the
complex of E. coli DHFR with TMP changes in the
presence of the coenzyme NADPH so that the residue
Met20 in the ternary complex forms more tight hydro-
phobic contacts with the methyl groups of the tri-
methoxyphenyl residue of the inhibitor.?8 Comparison
of the X-ray structures of the complexes of TMP with
the bacterial and avian enzymes allowed the authors to
propose an interesting hypothesis for the nature of the
cooperative effect of the TMP and NADPH binding.30
It was demonstrated that the conformation of the in-
hibitor in the complex with the bacterial enzyme differs
from that in the complex with the avian enzyme. In the
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complex with the E. coli enzyme, the trimethoxyphenyl
residue of TMP is involved in the direct contact with
the coenzyme, whereas this residue in the complex with
chicken DHFR is rotated toward an alternative pocket
by almost 90°. It was assumed that this fact can serve as
the structural basis for the selective binding of 6 to
bacterial DHFR. However, the above-mentioned differ-
ences were not observed in the analogous complex with
mouse DHFR.9? In this case, the conformation of TMP
and its specific interactions with the coenzyme and the
protein appeared to be identical with those observed in
the complex with the bacterial enzyme. These data cast
doubt on the hypotheses proposed previously for the
nature of the cooperative effect. Hence, no justified
explanation for the selectivity of TMP binding is pres-
ently available. The NMR study of the character of
molecular motions of TMP within the binding site of
L. casei DHFR in the binary and ternary complexes
with the coenzyme suggested that direct hydrophobic
interactions with NADPH are, probably, of consider-
able importance in the manifestation of high specificity
of TMP binding.100 The data obtained were indicative
also of the existence of correlated motions of the
trimethoxyphenyl residue of TMP and the nicotinamide
residue of NADPH in their ternary complex. Such
correlated motions are absent in the complex with
NADP* in which no cooperative effect of binding is
observed. These data agree also with the results of
microcalorimetric investigations of interactions of TMP
with the bacterial and human enzymes.10L102 [t was
shown that the selectivity of TMP binding to the bacte-
rial enzyme is determined primarily by the entropy
factors. Hence, the cooperative effects have a complex
nature and are determined both by the static and dynamic
factors. A deeper understanding of the nature of these
effects invites further investigation.

4.4. Structural studies and the search for new DHFR
inhibitors. Many research groups focus their efforts on
the search for new more efficient DHFR inhibitors. The
abundant data on the mechanism of functioning and the
structure of the enzyme provided a good basis for these
investigations. The structural studies in this field take
two paths, viz., investigations devoted to the establish-
ment of the structures of complexes of new potential
inhibitors with the enzymes whose three-dimensional
structures are already known and studies aimed at deter-
mining the structures of new DHFR forms.

0] COOH

NH, NH

N7 | Nj/\NH
PN z HN_ _O
-00C

10

The structures of complexes of human DHFR with a
new analog of MTX, viz., PT523 (10), were established
by X-ray diffraction analysis2® and NMR spectroscopy.103
This compound is of interest because its binding to the
human enzyme is stronger than that of MTX. The
available structural information made it possible to re-
veal specific interactions between the hemiphthaloyl
residue of the inhibitor and the protein, which are
responsible for the high ligand affinity. It was also
established that the pteridine fragment is bound to the
enzyme analogously to MTX, whereas the hemiphthaloyl
residue can exist as three conformers.

An interesting study was devoted to the structures of
the complexes of MTX, TMP, and the potential anti-
malarial drug WRB (11) with DHFR from microbacte-
ria Mycobacterium tuberculosis.

NH,

N)\N/OWO\O\
HQNJ\N/Q"Me B

Me '

11

The X-ray structures of the above-mentioned com-
plexes were compared with the analogous structures of
human DHFR. In spite of the fact that the amino acid
sequences of these two enzymes are only 26% homolo-
gous, their structures are similar. However, a number of
essential differences were revealed. Among them are the
more hydrophobic character of the binding site of the
nicotinamide coenzyme and a larger volume of the
inhibitor binding site in the M. tuberculosis enzyme
compared with the human enzyme. Thus, this addi-
tional pocket in the binary complex DHFR—MTX is
occupied by the glycerol molecule, which was used as a
component of the solvent in the crystallization of the
protein. The above-mentioned differences can be used
in the rational search for new DHFR inhibitors possess-
ing antitubercular activity.

In recent years, NMR spectroscopy has played an
important role in structural studies. This method allows
one to carry out complete calculations for the structures
of the DHFR complexes in solution!3:16 and to deter-
mine the position of the inhibitor within the protein
binding site.14.92,103,104 Recently, a new efficient proce-
dure for the design of strongly bound inhibitors with the
use of NMR spectroscopy has been developed.105,106
According to this procedure, a series of ligands is exam-
ined from the viewpoint of their binding to the target of
action using changes in the N and 'H chemical shifts
of the protein to establish the position of the ligand
binding site. Once the best ligand is chosen, the enzyme
is saturated with this compound and an analogous search
for the second ligand, which is noncompetitively bound
to an alternative site of the protein, is performed. Once
the second ligand is chosen and the position of its
binding site is revealed, a linker is selected such that it
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can bind both fragments without disturbing their posi-
tions in the protein molecule. Out of several compounds
involving two initial fragments and the linker, the opti-
mum compound is chosen. The latter, as a rule, is very
strongly bound to the enzyme. This method proved to
be efficient in the search for inhibitors of a number of
enzymes!07—109 and it, undeniably, can be used to good
advantage in the search for new DHFR inhibitors.

5. Unresolved problems and the lines of
further investigations

The data surveyed in the present review demonstrate
that, in spite of the abundant information on the sub-
ject, many important problems still remain to be solved.
For example, the structural factors responsible for a
substantial increase in pK, of the substrate in the com-
plex with the enzyme are unknown, the reasons for the
existence of the cooperative effects of ligand binding
remain to be revealed, reliable data on the molecular
motions of the protein and their role in the catalysis
mechanism are lacking, efc. The above problems will be,
undoubtedly, solved and will allow one to gain a better
understanding of the fundamental biochemical processes.
However, it should be emphasized that the rational
search for inhibitors of enzymes requires a detailed
knowledge of the objects under study. Recently, the
belief has been stated that information on the amino
acid sequence of the potential binding target can be
applied to the development of a protein model using
homology methods and that such a model can be used
as the basis for the determination of the structure of the
compound, which could be efficiently bound to the
target. The above-surveyed data indicate that this point
of view is unjustified and unreasonable. Rational proce-
dures for the search for new drugs should be based on
precise structural data and a fundamental knowledge of
the molecular recognition processes.
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