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Abstract

Dihydrofolate reductase (DHFR) catalyzes the nicotinamide adenine dinucleotide phosphate (NADPH)-
dependent reduction of 7,8-dihydrofolate (H2F) to 5,6,7,8-tetrahydrofolate (H4F). Because of the absence of
any ionizable group in the vicinity of N5 of dihydrofolate it has been proposed that N5 could be protonated
directly by a water molecule at the active site in the ternary complex of the Escherichia coli enzyme with
cofactor and substrate. However, in the X-ray structures representing the Michaelis complex of the E. coli
enzyme, a water molecule has never been observed in a position that could allow protonation of N5. In fact,
the side chain of Met 20 blocks access to N5. Energy minimization reported here revealed that water could
be placed in hydrogen bonding distance of N5 with only minor conformational changes. The r.m.s. deviation
between the conformation of the M20 loop observed in the crystal structures of the ternary complexes and
the conformation adopted after energy minimization was only 0.79 Å. We performed molecular dynamics
simulations to determine the accessibility by water of the active site of the Michaelis complex of DHFR.
Water could access N5 relatively freely after an equilibration time of approximately 300 psec during which
the side chain of Met 20 blocked water access. Protonation of N5 did not increase the accessibility by water.
Surprisingly the number of near-attack conformations, in which the distance between the pro-R hydrogen
of NADPH and C6 of dihydrofolate was less than 3.5 Å and the angle between C4 and the pro-R hydrogen
of NADPH and C6 of dihydrofolate was greater than 120 degrees, did not increase after protonation.
However, when the hydride was transferred from NADPH to C6 of dihydrofolate before protonation, the
side chain of Met 20 moved away from N5 after approximately 100 psec thereby providing water access.
The average time during which water was found in hydrogen bonding distance to N5 was significantly
increased. These results suggest that hydride transfer might occur early to midway through the reaction
followed by protonation. Such a mechanism is supported by the very close contact between C4 of NADP+

and C6 of folate observed in the crystal structures of the ternary enzyme complexes, when the M20 loop is
in its closed conformation.
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Dihydrofolate reductase (DHFR) is a ubiquitous enzyme
that catalyzes the reduction of 7,8-dihydrofolate (H2F) to
5,6,7,8-tetrahydrofolate (H4F) using NADPH as a cofactor
(Scheme 1). The reaction occurs by hydride transfer of the
pro-R hydrogen of NADPH to C6 of H2F and protonation of

N5 (Charlton et al. 1979). H4F is an active form of the
vitamin folic acid and a precursor of cofactors required for
the production of purines, pyrimidines, and several amino
acids (Blakley 1984). Therefore, DHFR is an essential en-
zyme in these biosynthetic pathways and as such a target for
antitumor and antimicrobial drugs such as methotrexate and
trimethoprim, respectively.

All structurally determined, chromosomally encoded
DHFRs are single domain proteins containing an eight-
stranded mixed �-sheet, which is flanked by two �-helices
on either side (Fig. 1) (Sawaya and Kraut 1997; Feeney
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2000). DHFRs are organized into two subdomains, the
adenosine-binding domain, which binds the adenosine por-
tion of NADPH, and the loop domain, which is dominated
by three loops, namely the M20 loop, the �F–�G loop, and
the �G–�H loop. The space between these subdomains
forms the active site. Access to the active site in the bacte-
rial enzymes relies on the conformation of the largely con-
served M20 loop, which is situated between the first �-sheet
and the first �-helix and consists of amino acids 14 to 24.
From crystallographic studies this loop is known to adopt
three distinct conformations, namely open, closed, and oc-
cluded (Bystroff and Kraut 1991; Sawaya and Kraut 1997).
Movement of the M20 loop between these three conforma-
tions is thought to play a critical role during the catalytic
cycle of DHFR (Li et al. 1992; Falzone et al. 1994; Miller
and Benkovic 1998; Radkiewicz and Brooks 2000).

The reaction catalyzed by Escherichia coli DHFR goes
through five intermediates at physiological concentrations
of substrate and cofactor (Fierke et al. 1987). Rapid hydride
transfer occurs in the Michaelis complex (DHFR · H2F ·
NADPH) (Sawaya and Kraut 1997) to yield the product
complex (E · H4F · NADP+). Subsequent loss of the cofac-
tor produces the binary E · H4F complex. NADPH then
binds to this binary complex before the product is released
in the rate-determining step of the catalytic cycle before
binding of the substrate to reestablish the Michaelis com-
plex.

The analysis of the data obtained from a large number of
X-ray structures analogous to the five intermediate states in
the catalytic cycle revealed that the M20 loop is predomi-
nantly in the closed conformation (Fig. 1B) (Sawaya and
Kraut 1997). In the closed conformation, the central part of
the loop forms part of a short antiparallel sheet and type III�
hairpin, which seals the active site and mediates contacts
with the nicotinamide part of the cofactor.

In contrast to the closed conformation, the occluded con-
formation, in which the central region of the M20 loop
forms a 310-helix, inhibits cofactor binding by occluding the
nicotinamide-binding pocket. The change from the closed to
the occluded conformation has been suggested to occur by
way of the intermediate open conformation (Fig. 1A)
(Sawaya and Kraut 1997).

Despite the wealth of structural information and the elu-
cidation of the complete kinetic scheme for the reaction
catalyzed by the E. coli enzyme (Fierke et al. 1987), many
of the key chemical aspects remain unresolved. The transfer
of a hydride ion from NADPH to C6 of H2F in the enzyme’s
active site requires proton transfer to N5. The source of this
proton is unclear as in all forms of DHFR there is only one
ionizable residue in the active site, either an Asp in bacterial
DHFRs or a Glu in vertebrate DHFRs. Examination of crys-
tal structures revealed that this residue is always hydrogen
bonded to the amino group on C2 and N2 of H2F >5 Å away
from N5 (Fig. 2). Recent evidence from NMR studies of
DHFR from Lactobacillus casei indicated that the active
site aspartate acted as a proton acceptor (Casarotto et al.
1999). Crystallography (Lee et al. 1996), Raman spectros-
copy (Chen et al. 1994), and computational analyses (Can-
non et al. 1997; Cummins and Gready 2001) support a
keto-enol tautomerization of the pterin substrate. The enol
form is stabilized as a consequence of the expulsion of most
of the water molecules on substrate binding leading to a
significantly reduced dielectric environment and an in-
creased pKa of N5, thereby making protonation feasible
(Miller and Benkovic 1998).

This mechanism is based on the observation of conserved
water molecules in X-ray structures of various forms of
DHFR in a range of complexes. However, although a water
molecule hydrogen bonded to Asp 27, Trp 22, and the oxy-
gen on C4 (site A) is found in a high percentage of struc-
tures, a water molecule bonded to N5 (site B) has never
been seen in a structure representing the Michaelis complex
of the E. coli enzyme (Fig. 2) (Sawaya and Kraut 1997 and
references therein). A water molecule in hydrogen bonding
distance to N5 of the pterin ring has been observed in the
open conformation of E. coli DHFR and in the complex of
chicken DHFR with biopterin and NADP+, where the M20
loop is permanently in the closed conformation (McTigue et
al. 1992). This water molecule is ideally located to form a
bridge from the enolic proton to the lone pair on N5. Simi-
larly, a long-lived water molecule was detected by nuclear

Scheme 1.
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magnetic resonance (NMR) in site B of the complex of
human DHFR with methotrexate and NADPH (Meiering
and Wagner 1995). Finally, a water molecule can be mod-
eled into the active site of the Michaelis complex of the E.
coli enzyme with only slight repositioning of Met 20 (vide
infra).

Rather than a proton transfer by way of a water molecule,
a direct proton transfer from the enol form of O4 to the lone
pair of N5 could be envisaged (Morrison and Stone 1988;

Uchimaru et al. 1989). However, the geometry between O4
and N5 is not favorable for proton transfer. The O4–H–N5
bond angle is ∼100° and the N5–H distance 2.5 Å rather
than the optimal average hydrogen bond angle of 161° and
acceptor donor distance of 1.9 Å (Olovsson and Joensson
1976; Baker and Hubbard 1984). In a related system, a
QM/MM approach showed that for the triosephosphate
isomerase catalyzed reaction direct intramolecular proton
transfer in the enediolate is energetically unfavorable (Cui
and Karplus 2001).

The importance of residues Asp 27 and Trp 22 in DHFR
have been shown by site-directed mutagenesis. Replacing
Asp 27 with Asn (Villafranca et al. 1983) or Ser (Howell et
al. 1986) led to a decrease of the catalytic efficiency by
approximately four and three orders of magnitude, respec-
tively. In a related study, Phe or His replaced Trp 22, which
led to an 18- and 73-fold reduction in steady-state catalytic
activity (Warren et al. 1991).

Here we present the results from energy minimizations
and molecular dynamics (MD) simulations to investigate
the ability of solvent to access the active site of E. coli
DHFR. The structures used were from crystallographic
studies or closely modeled after crystallographic data for the
Michaelis analog complex. Our results suggest that after the
initial 300 psec of MD time water can gain access to N5 in
the Michaelis complex of DHFR in a manner consistent
with a mechanism involving either an early or late proton-
ation step. N5 of H2F could be protonated while the M20

Fig. 2. Hydrogen-bonding network within the active site of DHFR derived
from the crystal structure of the ternary complex with NADP+ and folate.
Water molecules in sites A and B are indicated (Bystroff and Kraut 1991).

Fig. 1. Representations of structures of the ternary complexes of E. coli DHFR with NADPH and folate with the M20 loop in the open
(A) and closed (B) conformation (Sawaya and Kraut 1997). Met 20 is indicated, which in the open complex points away from the active
site, but blocks access to N5 of the substrate in the closed form. Residues Asp 27 and Trp 22 together with substrate provide a binding
site for water.
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loop is in the open conformation and water access is facili-
tated, followed by a return of the loop to the closed confor-
mation and hydride transfer from NADPH to the protonated
imine of H2F. Alternatively, hydride transfer could occur
early to midway on the reaction coordinate followed by a
late protonation step. MD simulations suggest that after hy-
dride transfer, water access to N5 is increased leading to
easy protonation of N5.

Results and Discussion

Water access to the pterin ring of H2F

One of the central questions concerning the catalytic mecha-
nism of DHFR is how the enzyme accomplishes protonation
of N5 of the pterin ring of H2F. In the absence of any
ionizable groups other than Asp 27 and because the direct
transfer of the enolic proton is less favorable (vide supra),
this proton must be delivered by way of a water molecule
(Fig. 2) (Sawaya and Kraut 1997).

MD simulations can be used to determine the accessibil-
ity of the active site of DHFR by water molecules. Because
no crystal structures for the Michaelis complex of DHFR
exist, initial coordinates for DHFR were taken from ternary
complexes of DHFR with folate and NADP+, which follow-
ing the argument presented by Sawaya and Kraut models
the Michaelis complex. This ternary complex crystallized in
different space groups with the M20 loop in the open and
the closed form, respectively (Sawaya and Kraut 1997).
NADPH and H2F were placed into the active site by super-
position onto folate and NADP+. After the removal of all
crystallographic water molecules, the structure was placed
in a water box.

Initially, MD simulations were performed for 210 psec on
the Michaelis complex with the M20 loop in either the open
or the closed conformation. When the M20 loop is in the
open conformation water molecules can reach the active site
relatively freely (Table 1). Twenty-six water molecules
found their way into the site A of the Michaelis complex of
DHFR and the site was occupied for 93% of the simulation.
Only five water molecules were found in the active site
when the loop was closed but the total percentage occu-
pancy of the site (89%) was similar to that when the loop
was open indicating that the water molecules were more
tightly bound when the loop was closed. In the open loop
conformation, 10 water molecules at some point in the
simulation occupied site B, which allows the formation of a
hydrogen bond to N5 of the pterin ring (Fig. 2). However,
in the closed form, in which hydride transfer is believed to
occur, all five water molecules were found hydrogen
bonded to Asp 27 and Trp 22, whereas site B remained
empty.

Inspection of the crystal structure used as the initial co-
ordinates for the closed structure revealed that a water mol-
ecule is bound at site A, whereas there was no water in site
B (Fig. 1B). A water molecule in site B would be the pre-
requisite for protonation of N5 of H2F. Analysis of the
X-ray structures revealed that the side chain of Met 20
projects into the active site toward N5 and the oxygen on C4
of H2F with the terminal methyl group located in site B
whenever the M20 loop is in its closed conformation (Figs.
1B and 3A). However, when the M20 loop is open, the side
chain of Met 20 no longer projects into the active site and
water molecules are seen in sites A and B (Fig. 1A) (Sawaya
and Kraut 1997).

Alternative conformation of the Michaelis complex

The absence of a water molecule in site B in structures of
Michaelis complex analogs may result from the small struc-
tural differences between these analogs and the true reactive
complex (DHFR · H2F · NADPH). To assess the possibility
that a water molecule might occupy site B in the Michaelis
complex the coordinates of the water molecule in site B in
the crystal structure with the M20 loop open were added to
the initial coordinates of the X-ray structure with the M20
loop closed. Folate and NADP+ were replaced by H2F and
NADPH as before. All crystallographic water molecules
with the exception of those in sites A and B were removed
and the structure was minimized. Both water molecules
moved from their initial positions. A direct hydrogen bond
formed between the ring NH of Trp 22 and the carboxylate
of Asp 27 rather than the water-mediated contact between
these two residues. Water in site B was displaced signifi-
cantly and moved below the plane of the pterin ring of H2F
(Fig. 3A). The M20 loop remained in the closed conforma-
tion seen in all structures of Michaelis complex analogs.

Table 1. Results of two 210-psec MD simulations of the ternary
complex DHFR�H2F�NADPH with the M20 loop in the open
and closed conformation, respectively

Complex
DHFR � H2F �

NADPH
DHFR � H2 F�

NADPH

M20 loop conformation Open Closed
Number of waters in site Aa 26 5
Percentage occupancy site Ab 93 89
Number of waters in site Bc 10 0
Percentage occupancy site Bd 26 0

a Number of water molecules able to make a hydrogen bond to either the
side chain NH of W22 or the carboxylate of D27 in at least one frame of
the simulation.
b Percentage of frames that contained at least one hydrogen bond from a
water molecule to either the NH of W22 or the carboxylate of D27.
c Number of water molecules able to make a hydrogen bond to N5 of H2F
in at least one frame of the simulation.
d Percentage of frames that contained at least one hydrogen bond from a
water molecule to N5 of H2F.
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In a further minimization the coordinates of the water
molecule in site B were fixed. The M20 loop remained in its
closed conformation (Fig. 3B) with only minor changes to
the backbone dihedral angles of the amino acids in the loop
(Fig. 4). The side chain of Met 20 rotated so that the ter-
minal methyl group no longer protruded into the active site
(Fig. 3B). This allowed water to remain in site B in hydro-
gen bonding distance to N5 of H2F. The r.m.s. deviation
between the closed M20 loop conformation observed in the
crystal structure corresponding to the Michaelis analog
complex of DHFR and the conformation adopted by resi-
dues 14–24 after the above minimization was only 0.79 Å
for the backbone atoms. These results indicated that only
minor changes in the conformation of the M20 loop were
required to allow a water molecule to occupy site B in the
active complex of DHFR (Fig. 4). It is noteworthy in this
context that the solution of the crystal structure of chicken
liver DHFR complexed with NADP+ and biopterin revealed
an ordered water molecule hydrogen bonded to the oxygen
on C4 and N5 of the biopterin ring (McTigue et al. 1992).
For all vertebrate DHFR structures solved to date, the M20
loop is in the closed conformation. The r.m.s. deviation
between the backbone atoms of the M20 loop in the chicken
and the E. coli enzyme is only 1.51 Å indicating that water
can be accommodated in site B of the enzyme without major
repositioning of the residues of the enzyme’s active site.

Our results suggested that through minor changes in the
conformation of the M20 loop a water molecule that could
serve as the proton donor in the reduction of H2F could be
accommodated in the Michealis complex of E. coli DHFR.

Fig. 3. The conformation of the M20 loop in the closed conformation including water in site A as observed in the X-ray structure of
the DHFR · folate · NADP+ complex (Sawaya and Kraut 1997). A water molecule was added to site B and overlapping with the
terminal methyl group of Met 20. (A) In the energy minimized structure the water molecules moved significantly from their original
positions in sites A and B; (B) when the coordinates of water in site B were fixed, water in site B remained there with only a slight
rearrangement of the M20 loop. Water molecules are indicated as gray spheres.

Fig. 4. Backbone dihedral angles � (bottom) and � (top) of the residues
of the closed conformation of the M20 loop (black) and of the rearranged
M20 loop after minimization with a water molecule fixed in site B (gray)
as depicted in Fig. 3A,B, respectively.
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However, MD simulations starting from the newly defined
M20 loop conformation showed that within the first 4 psec
of the simulation, this water in site B was lost by the repo-
sitioning of the side chain of Met 20 to a conformation that
corresponded to that observed in the structures of the Mi-
chaelis analog structures (data not shown). The side chain of
Met 20 then prevented access to site B and no further water
was observed in this position. Water in site A remained
there throughout the course of the simulation.

These results indicated that although conformational re-
arrangements of the M20 loop could be made relatively
easily to accommodate a water molecule in hydrogen bond-
ing distance to N5 of H2F, this confrontation was not stable.
Water could not be stabilized in site B in the closed con-
formation of the M20 loop. As a consequence, it is unlikely
that water is trapped in site B of the complex of E. coli
DHFR with cofactor and dihydrofolate.

One-nanosecond simulations with H2F and NADPH

The length of the simulation is an important question that
needs careful consideration in all MD studies. There are
several accounts of MD simulations of DHFR during time
periods similar to the 210 psec reported here (Gorse and
Greedy 1997, Verma et al. 1997; Cody et al. 2000). How-
ever, one of the most thorough studies reported in the lit-
erature uses 10 nsec simulations (Radkiewicz and Brooks
2000). All these studies highlight the question of the im-
portance of the length of MD simulations. The absence of
any proton donors in an appropriate position in the active
site of DHFR (vide supra) suggests that water must act as
the proton donor in the reaction (Cannon et al. 1997;
Sawaya and Kraut 1997). Because during 210 psec simula-
tions no water molecules could reach site B when the M20
loop was in its closed position, and because water molecules
that were modeled into site B were unstable in that position,
the length of the MD simulations was increased to ∼1 nsec.

A series of 1010 psec simulations on the Michaelis com-
plex were performed and analyzed for hydrogen bonds as
before. The r.m.s. deviation of the heavy atoms of the side
chain of Met 20 from the initial minimized structure was
calculated for each frame and the trajectories were analyzed
for near-attack conformations (NACs). A NAC was defined
as a conformation in which the distance between the pro-R
hydrogen of NADPH and the C6 of dihydrofolate was <3.5
Å and the angle between C4, the pro-R hydrogen of
NADPH, and C6 of dihydrofolate was >120° (Radkiewicz
and Brooks 2000).

Analysis of these longer simulations showed that water
was able to access site B (Table 2). On average 10.67 water
molecules were found in site A and the site was occupied
for 67.33% of the simulations, whereas 20.67 water mol-
ecules were found in site B with a total occupancy of
29.67% (Table 2). Analysis of the trajectories obtained from

these simulations showed that hydrogen bonds were gener-
ally only formed in site B after the first 300 psec of the
simulation (Fig. 5), thus emphasizing the need for longer
simulation times and explaining the absence of any water in
site B during the 210 psec simulations. A plot of the r.m.s.
deviation from the initial minimized structure of the heavy
atoms of the side chain of Met 20 versus simulation time
revealed that water molecules could only access site B when
the r.m.s. approached 2Å (Fig. 5), providing an explanation
why in the shorter simulations site B was inaccessible for
water. Interestingly, on average ∼40% of the frames con-
tained NACs (Table 2).

Water access to charged pterins
in the active site of DHFR

Our results showed that water has access to both sites A and
B in the active site of the Michaelis complex of DHFR when
the loop is open. The open conformation of the M20 loop is
thought to be an intermediate between the closed and the
occluded forms. Such a movement of the M20 loop may
explain the obligatory keto–enol isomerization of the sub-
strate in the ternary enzyme complex preceding hydride
transfer. Similarly, rotation of the aromatic residue in posi-
tion 31 of vertebrate DHFRs has been postulated to control
water access to N5 of the pterin ring (McTigue et al. 1992).
A possible mechanism for the reduction of H2F could be

Table 2. Averaged results of three 1010-psec MD simulations
of the ternary complexes of DHFR�NADPH with H2F, and
H3F+, H3F−

Complex
DHFR � H2F �

NADPH
DHFR � H3F+ �

NADPH
DHFR � H3F �

NADPH

M20 loop conformation Closed Closed Closed
Number of waters in

site Aa 10.67 12.00 13.67
Percentage occupancy

site Ab 67.33 81.33 77.67
Number of waters in

site Bc 20.67 21.00 22.33
Percentage occupancy

site Bd 29.67 30.00 41.33
Number of NACse 189.33 130.00 na

(na) Not applicable.
a Number of water molecules able to make a hydrogen bond to either the
ring NH of W22 or the carboxylate of D27 in at least one frame of the
simulation.
b Percentage of frames that contained at least one hydrogen bond from a
water molecule to either the NH of W22 or the carboxylate of D27.
c Number of water molecules able to make a hydrogen bond to N5 of H2F
or H3F− or the proton on N5 on H3F+ in at least one frame of the simula-
tion.
d Percentage of frames that contained at least one hydrogen bond from a
water molecule to N5 of H2F or H3F− or to the proton on N5 of H3F+.
e The number of frames which contained a near attack conformation for
hydride transfer as defined in the text.
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that N5 is protonated by a water molecule, when the M20
loop is in the open conformation (Fig. 6) and the active site
is freely accessible by solvent molecules (vide supra)
(Sawaya and Kraut 1997). Subsequently, water is displaced
from the active site through the return of the M20 loop to
the closed conformation. MD simulations of 1010 psec
showed that water could access both sites A and B in the
Michaelis complex of E. coli DHFR after protonation of N5
(DHFR · H3F+ · NADPH) when the M20 loop was in its
closed form (Table 2). Accessibility was similar to that
observed for the ternary reactant complex with the unpro-
tonated substrate. An average of 12 water molecules were
found in site A (occupancy 81.33%) and 21 in site B (oc-
cupancy 30%) (Table 2). In the case of H3F+ the number of
water molecules that could hydrogen bond to the proton on
N5 were counted. As with H2F, water molecules were only
found in site B after ∼300 psec and when the r.m.s.d. of the

Met 20 side chain was >2Å (Fig. 5). However, if proton-
ation occurs in the open conformation followed by a return
of the loop to the closed form and hydride transfer, water
does not need to access site B in the Michaelis complex.
Interestingly, the number of frames found to correspond to
NACs for the protonatated substrate was ∼30% lower than
for the neutral pterin ring (Table 2). The fact that an in-
creased number of reactive conformations was not found
with the protonated pterin suggested that it may not be
intrinsically more reactive than H2F with respect to hydride
transfer from NADPH. However, it is important to remem-
ber that conformational preferences in classical MD simu-
lations cannot necessarily be used to draw conclusions
about intrinsic reaction rates.

Protonation in the open form, however, is not readily
achieved because water access to the pterin ring is relatively
free and consequently the pKa of N5 will be similar to its
solution value of 2.6 (Maharaj et al. 1990). In addition,
NMR experiments with apo-DHFR had revealed that the
M20 loop samples two distinct environments and that in-
terconversion between these conformations occurs with a
frequency of 35 sec−1 (Falzone et al. 1994). This rate is
similar to the rate of H4F release in the kinetic cycle (Fierke
et al. 1987). Hydride transfer in the active site of the enzyme
on the other hand occurs at the much faster rate of 950
sec−1. If the substrate bound to the active site and was
protonated while the loop was open, the necessary move-
ment of the M20 loop from the open to the closed confor-
mation for hydride transfer would significantly slow down
the chemical step.

Because of the low basicity of N5 of H2F, the difficulty
to protonate N5 in the open conformation of the M20 loop
and the necessity for loop movement after protonation, a
mechanism by which hydride transfer preceded protonation
was tested. In such a mechanism an intermediary opening of
the M20 loop is not required. Hydride transfer occurs in the
Michaelis complex followed by protonation of N5 at a later
stage (Fig. 6). If the hydride ion is transferred from NADPH
to C6 of H2F before protonation of N5 occurs, the buildup
of negative charge on N5, which will increase the basicity of
N5, could lead to an increase of water accessibility. The MD
simulations with the DHFR complex of NADP+ and H3F−

revealed that the accessibility of site B was higher after
hydride transfer than for the neutral pterin ring (Table 2).
During the 1010 psec MD simulations an average of 22.33
water molecules found their way into site B with a total
occupancy of 41.33% of the duration of the simulation with
H3F−, as compared to the 20.67 water molecules that ac-
cessed site B for 29.67% of the time in simulations with H2F
(Table 2). Although the number of water molecules in site
B was increased by <10%, these water molecules were
clearly more tightly bound in the case of H3F−. Again move-
ment of the side chain of Met 20 was needed before water
molecules could access site B. Interestingly this opening of

Fig. 5. Representative results from 1010 psec MD simulations indicating
the r.m.s.d. in Å of the side chain heavy atoms of Met 20 from the initial
minimized structures containing H2F (top), H3F+ (middle), and H3F− (bot-
tom). Also shown are the number of water molecules (black bars) able to
make a hydrogen bond to N5 (or the proton on N5 in the case of H3F+) of
the substrate during the course of the simulation.
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site B occurred already after ∼100 psec rather than 300 psec
observed with H2F and H3F+ (Fig. 5).

Several lines of evidence support a mechanism in which
hydride transfer from NADPH to C6 of H2F occurs before
protonation of N5. First, the distance between C4 of NADP+

and C6 of folate in the ternary complexes of E. coli DHFR
is on ∼3.32 Å when the M20 loop is in its closed confor-
mation (Sawaya and Kraut 1997). This is significantly
shorter than the distance observed in ternary complexes
with the M20 loop in its open conformation (3.49 Å)
(Sawaya and Kraut 1997) and only slightly larger than the
computationally determined optimal C–C distance in the
transitional state of 2.7 Å (Wu and Houk 1987) and the sum
of the van der Waals radii for the two nuclei. When the E.
coli DHFR · NADPH complex was superimposed on the
complex of DHFR with folate, the distance between C6 of
the substrate and C4 of NADPH was even shorter (2.9 Å)
(Reyes et al. 1995). As a consequence, the attractive forces
within the complex of cofactor and substrate are optimized
and the reactants within this ground state complex are
poised to enter the transitional state for hydride transfer.

Second, a detailed analysis by semiempirical methods of
the reaction profile for the reduction of pyruvate by dogfish
lactate dehydrogenase revealed a midway transitional state
for hydride transfer from NADPH to the substrate carbon

and a very late transitional state for the acid catalyzed pro-
tonation (Almarsson et al. 1992; Almarsson and Bruice
1993).

Third, it is evident from the X-ray structures of the com-
plexes of E. coli DHFR with folate and NADP+ that the
nicotinamide ring is bound in part by interactions between
the carbonyl oxygens of Ile 14 and 94 and the � oxygen of
Thr 46 with C2, C4, C5, and C6. Although aromatic C–H
bonds are generally not very strongly polarized, these in-
teractions will nevertheless stabilize NADP+ relative to
NADPH in the active site and thereby help initiated hydride
transfer to H2F. Such a mechanism would be similar, albeit
less pronounced, to the positioning of a positive charge in
the environment of the proton donor observed in dogfish
lactate dehydrogenase, an effect that was shown theoreti-
cally by use of a MAR diagram (Wilkie and Williams
1992).

Fourth, local density functional theory suggested that
upon binding, DHFR induced long-range polarization ef-
fects of unprotonated H2F resulting in a reduction of the �
bond and an increase of the � bond character of the 5,6 bond
of H2F (Bajorath et al. 1991).

Finally, UV difference (Maharaj et al. 1990) and NMR
spectroscopy (Selinsky et al. 1990) have failed to reveal
protonation of N5 of H2F over a wide pH range in binary

Fig. 6. Different mechanisms for the reduction of dihydrofolate. Protonation of N5 of H2F can occur early to produce H3F+ followed
by hydride transfer to C6. Alternatively, hydride transfer to produce H3F− can precede protonation of N5. H3F− and H3F+ can be either
true intermediates of the reaction or intermediate stages along the reaction coordinate in a single transition state reaction.
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complexes. In addition, as pointed out there is no obvious
charge or polar contact near N5 that could sustain a prepro-
tonation mechanism. Because the pKa of the protonated
form of free H2F is 2.6 and the pKa of Asp 27 of DHFR is
6.5 in all ligand-bound complexes, Adams et al. (1991) have
pointed out that the concentration of the protonated species
must be negligible and have previously proposed the pos-
sibility of a concerted or late proton transfer within the
enzyme’s active site.

In conclusion, the results reported provide further in-
sights into the catalytic mechanism of DHFR from E. coli.
A slight rearrangement of the M20 loop from the confor-
mation observed in crystal structures representing the Mi-
chaelis complex was possible, thereby allowing water ac-
cess to N5 of dihydrofolate. However, this conformation
was not stable and reverted to the regular closed conforma-
tion within <5 psec of MD simulation. Water could access
site B in the active site of dihydrofolate after an equilibra-
tion time of ∼300 psec and after movement of the side chain
of Met 20. This rearrangement of the M20 loop was found
to be a prerequisite of protonation. Protonation of N5 of H2F
did not increase either the accessibility of the active site by
water or the number of NACs compared with neutral sub-
strate. However, hydride transfer from NADPH to C6 of
H2F before protonation increased the water accessibility of
the active site, indicating the feasibility of the early hydride
transfer mechanism. Semi-empirical and ab initio calcula-
tions are underway to determine the order of events during
the reduction of dihydrofolate by NADPH in the active site
of DHFR.

DHFR appears to catalyze the reduction of H2F by pro-
viding an architecture that complements the reaction. Bind-
ing free energy between the substrate, the cofactor, and the
enzyme is used to force the reactants into close proximity
where the attractive forces between cofactor and substrate
are optimized. The reactants within this complex are thus
poised to enter the transitional state for hydride transfer. The
results reported here indicate that the creation of a negative
charge in the low dielectric environment of the active site of
DHFR leads to an enhancement of the water accessibility of
the pterin ring and protonation.

Materials and methods

Initial coordinates for DHFR with the open conformation of the
M20 loop were taken from 1RA2.pdb and coordinates for DHFR
with the closed conformation of the M20 loop were taken from
1RX2.pdb (Sawaya and Kraut 1997). Both these structures are
ternary complexes containing folate and NADP+ · H2F and
NADPH structures were built using Insight II (Biosym Technolo-
gies Inc., San Diego, CA) and positioned in the active site by
superposition onto (and subsequent deletion of) the folate and
NADP+ structures. The parameters and charges for NADPH and
NADP+ of Ulf Ryde (pers. comm.) were used, and RESP charges
for H2F were obtained at the HF/3–21G level.

Calculations were performed using the AMBER 4.1 program
with the Cornell all atom forcefield (Cornell et al. 1995). Unless
stated otherwise all crystallographic waters were removed and
each structure resolvated with a water box of ∼4000 TIP3P water
residues (Jorgensen et al. 1983). All structures were minimized
using a protocol of ∼5000 steps of the steepest descent algorithm
followed by a further 95,000 steps of the conjugate gradient
mechanism.

The MD simulations were run at constant volume. Initial veloc-
ities were assigned according to the Maxwell-Boltzmann distribu-
tion at 300 K, the system was coupled to a temperature bath with
a time constant of 0.2 psec. An electrostatic cutoff of 12 Å was
used in all calculations. All bonds to hydrogen atoms were con-
strained using the SHAKE algorithm (Ryckaert et al. 1977) allow-
ing a time step of 0.002 psec and coordinates were saved every 2
psec. Trajectories were analyzed using the Moil-view program
(Simmerling et al. 1995) to search for water molecules capable of
making hydrogen bonds with the ring NH of W22, the carboxylate
of D27, and N5 of H2F. Results are from an average of three
separate calculations for 1010 psec simulations, whereas results
from 210 psec simulations are from single experiments.
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