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Poisson-Boltzmann calculations were used to determine the pK, of protein
functional groups in the unliganded dihydrofolate reductase enzyme, and
the pK, of protein and ligand groups in methotrexate-enzyme complexes.
The results reported here are in conflict with two fundamental tenets of
dihydrofolate reductase inhibition by methotrexate: (1) Asp27 is not
expected to be protonated near pH 6.5 in the apoenzyme as previously pro-
posed based on fitting of empirical equations to binding data, and (2) the
calculated pK, for the pteridine N1 of the inhibitor while bound to the pro-
tein is significantly lower than that estimated for this group from interpret-
ation of NMR data (>10). In fact, the electrostatic calculations and
complementary quantum chemical calculations indicate that Asp27 is likely
protonated when methotrexate is bound, resulting in a neutral dipole-
dipole interaction rather than a salt-bridge between the enzyme and the
inhibitor. Reasons for this discrepancy with the experimental data are
discussed. Furthermore, His45 and Glul7 in the Escherichia coli enzyme
are proposed to be in part responsible for the pH dependence of the con-

formational degeneracy in the inhibitor-enzyme complex.
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Introduction

Methotrexate (MTX) is a small molecule inhibitor
of the ubiquitous enzyme dihydrofolate reductase
(DHEFR), which is a requisite component of the bio-
svnthetic pathway for purine and pyrimidine syn-
thesis. As a consequence, MTX is used as a drug
for the treatment of a wide range of diseases in-
cluding many cancers, infections, rheumatoid ar-
thritis, multiple sclerosis and lupus. Its success as a
therapeutic agent is due in large part to its strong
binding to DHFR. Despite the structural similarity
of MTX to the DHFR substrate dihydrofolate
(H,F), as shown in Figure 1, MTX binds to DHFR
three or more orders of magnitude more strongly
than folate substrates such as H,F (Stone &
Morrison, 1983b, 1986). As such, MTX serves not
only as a potent therapeutic agent that can be ad-
ministered in relatively small amounts, but it also
serves as an important model for molecular recog-
nition in host-guest chemistry.

A major difference between the binding of the
substrate H,F and MTX is the strongly pH-depen-
dent nature of MTX binding. This titration beha-

Abbreviations used: MTX, methotrexate; DHFR,
dihydrofolate reductase; PABA, para-aminobenzoic acid.
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vior has been characterized by pH-dependent
binding studies (Stone & Morrison, 1983b), nuclear
magnetic resonance spectroscopy (Cocco et al,
1981, 1983; London et al., 1986) and examination of
the rates of MTX binding and release by the en-
zyme (Appleman et al., 1988). Although titration
phenomena are known to be important in binding
of MTX to DHFR and in general for molecular rec-
ognition, the complexity of interactions among the
many titratable groups in biological molecules and
their complexes with ligands makes the molecular
interpretation of data difficult.

For example, in order to evaluate the role that
titratable groups on both the inhibitor and the
enzyme play in binding, empirical equations are
often used in fitting the experimental data obtained
from pH-dependent binding studies in order to ob-
tain pK, values (Cleland, 1977; Stone & Morrison,
1983a). As such, the interpretation of the exper-
imental data is constrained by the set of equations
employed in obtaining the fit, which are derived
from simple binding equations and generally allow
for only several titratable groups.

DHFR from Escherichia coli, however, contains
159 amino acid residues, approximately one-third
of which contain side-chains which undergo acid-
base titrations. Although it is apparent from struc-
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tural studies on DHFR that only a few of these
groups directly interact with bound inhibitors or
substrates (Bolin et al., 1982), long-range electro-
static interactions of groups removed from the
binding site must be accounted for along with
those groups which titrate upon the conformation-
al changes induced by binding. Both DHFR inhi-
bition and catalysis are known to be pH-
dependent, however the nature of the pH-depen-
dence has been a subject of debate for some time
(Fierke et al., 1987; Cocco et al., 1981; Cayley et al.,
1981; Stone & Morrison, 1983b; Chen ¢f al., 1994).
As a result of early binding studies, it was con-
cluded that Asp27 was protonated in the free
enzvme, characterized by a pK, of 6.6 (Stone &
Morrison, 1983b), and this proposal has since
served as a basic tenet of the mechanics of DHFR in-
hibition and catalysis (Brown & Kraut, 1992). The
electrostatic nature of the enzyme active site has
further been examined by nuclear magnetic reson-
ance studies (Cocco et al., 1981, 1983; London et al.,
1986), in which the bound MTX inhibitor is appar-
ently protonated at the pteridine N1 even at pH 10,
despite the fact that in solution the pK; of this site
on the inhibitor is only 5.7. The partial structure of
the binding site is shown in Figure 2. In the E. coli
enzyme, MTX binds with its pteridine ring rotated
by 180" with respect to the conformation of the pter-
in ring of bound H.F (Figure 1; Bolin ef al., 1982),
thus allowing the interaction of the pteridine NI
with the only ionizable residue in the active site of

the enzyme, Asp27 (Figures 1B and 2). Despite the
proposed protonation of Asp27 in the unbound en-
zyvme, binding of the inhibitor is thought to result in
the formation of a salt-bridge between an ionized
Asp27 and the protonated form of the inhibitor.
Presumably, the large ditference in proton affinity

Figure 2. View of the binding site of DHFR with MTX
and the hydrophobic active site residues Leu24, Asp27,
Leu28 and Phe31 shown (Asp27 is partially hidden
behind Leu24). Graphics made with the MOLSCRIPT
software (Kraulis, 1991).
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between the bound and unbound states of the in-
hibitor is due to the formation of this salt-bridge.
Such a strong perturbation of the proton affinity/
energetics of a bound ligand would be important,
as polarization of substrates by enzymes is often
proposed as a mechanism of catalysis. Furthermore,
the strong binding of MTX to DHEFR relative to the
substrate H,F is thought to be related to the ability
of MTX to form this salt-bridge with the enzyme,
however this explanation has been questioned due
to results from free energy simulations (Singh &
Benkovic, 1988).

Here, we report the results of Poisson-Boltzmann
calculations on the apoenzyme and two methotrex-
ate-enzyme crystallographic structures. These cal-
culations were used to characterize the titration
behavior of the MTX inhibitor-enzyme complex
relative to the apoenzyme, which has no bound
ligands. Two conformations of the enzyme-inhibi-
tor complex were examined that differ with respect
to the solvent accessibility to the active site and
in the interactions of two titratable residues. For
both the apoenzyme and the enzyme-inhibitor
complex the results are reported as a change in the
pK, of the group on the enzyme relative to the
same group in solution. The results indicate that
Asp27 in the apoenzyme is ionized near physio-
logical pH, and that the binding of MTX to DHFR
involves a neutral dipole-dipole interaction rather
than a salt-bridge as determined by NMR studies.
The latter result is shown to be consistent with
quantum chemical models of the Asp27-MTX inter-
action. Possible explanations for this apparent
discrepancy with NMR chemical shift data are dis-
cussed. Additionally, the electrostatic calculations
also implicate a pair of titratable residues, Glul7
and His45, as being important in the conformation-
al degeneracy of the enzyme-inhibitor complex.
The utility of the Poisson-Boltzmann analysis in
prediction of molecular properties is evident from
the results of a recent Raman difference study on
DHFR which was published while this manuscript
was being revised. In agreement with the work
presented here and our previous study (Cannon
et al., 1997) it was found that Asp27 is not proto-
nated in the apoenzyme (Chen ef al., 1997).

Methods

Proton affinities

Calculation of pK,s was done using the method
of Antosiewicz et al., 1994). The pK,s for amino acid
groups in solution, as determined by experiment,
were used as model pK,s and the starting points of
the calculations. The linearized Poisson-Boltzmann
equation was then used to determine pK, values for
the same groups in the enzyme environment. The
enzyme was modeled as a low-dielectric medium
characterized by a dielectic constant (¢) of 20 and
comprises point charges representing the partial
charges of atoms. The extent of the enzyme enviro-
ment was determined by the Richards solvent ac-

cessible surface (Richards, 1977). The solvent was
modeled as a high-dielectric medium (g =80)
having an ionic strength of 150 mM. Poisson-
Boltzmann electrostatic calculations were carried
out using the UHBD program (Davis et al., 1991),
employing  dielectric ~ smoothing (Davis &
McCammon, 1991; Gilson et al., 1993) at the en-
zyme-water dieletric boundary, and finite differ-
ence focusing techniques (Gilson et al., 1988). The
“intrinsic’”” proton affinities (pKY"), which do not
include contributions from ionized states of resi-
dues, are determined from:

pKint = pKmedel _ ;[ AAG/2.303RT]

where z is 1 for a base and —1 for an acid, R is the
gas constant, T is the temperature, and AAG is the
ionization free energy difference for transfer of the
model residue in solution to the site in the neutral
enzyme. A temperature of 298 K was used in all
calculations. The final pK, value was determined
by allowing interactions between ionizable resi-
dues in their charged states and determining the
lowest energy ionization state of the structure
using the method of clustering ionizable groups
(Gilson, 1993).

Stability curves

The determination of pK,s for the apoenzyme
allows a comparison of the calculated pH de-
pendence of unfolding to that determined exper-
imentally. The free energy of unfolding is related
to the average net protonic charge of the folded
and unfolded states through the relation (Yang &
Honig, 1993; Antosiewicz et al., 1994):

I(AG) )

i = 230RT (et — o)) (1)
The average net protonic charge of the unfolded
state is determined by assuming the groups in the
unfolded protein titrate according to the pK, of in-
dividual amino acids free in solution (pKT°%¢'). As
the apoenzyme is missing Glul?7 in the crystallo-
graphic structure, the pH-dependent stability as
determined by the calculations assumes that this
residue titrates at the same pK, in the crystallo-
graphic structure as in the unfolded state. Further-
more, the calculations only take into account
electrostatic energies and neglect contributions to
the unfolding free energy from sources such as the
hydrophobic effect. As such, regardless of the accu-
racy of the calculations, the calculated results will
differ from the true value by a constant.

Computational details

For amino acids the model dissociation acid con-
stants, pKT*%, are the dissociation constant values
for each amino acid side-chain in solution (Stryer,
1981; Nozaki & Tanford, 1967). Model values for
MTX are the pK,s of the titratable sites on MTX in
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Table 1. Model and calculated pK,s (e = 20) for MTX

N1 N5 C, C;
Model (Poe, 1973, 1977) 5.7 ~15 47 34
MTX-B 6.1 68 47 05
MIX-A 6.1 -72 45 0.1

solution as determined by experiment (Poe, 1973,
1977) and are listed in Table 1.

Structures for the apo-enzyme and the
DHFR-MTX binary complexes were obtained from
the Protein Data Bank, files 5dfr (Bystroft & Kraut,
1991) and 4dfr (Bolin et al, 1982), respectively.
Polar hydrogen atoms were added wusing the
CHARMm molecular modeling package (Molecu-
lar Simulations Inc., San Diego, CA), except for as-
partic acid, glutamic acid and histidine residues,
which were added manually. The crystallographic
structure for the apo protein (5dfr) is missing resi-
dues 16 to 20 because of disorder in the crystal
structure, and therefore these are not accounted for
in the electrostatic calculations. The unit cell for the
DHFR-MTX structure contains two unique struc-
tures, refered to as MTX-A and MTX-B. The latter
structure is more complete and thus recommended
for use in the Protein Data Bank file. However, be-
cause the two structures contain differing configur-
ations of groups undergoing ionization, both
structures were utilized in the study.

The potential parameters used here were the
same as those used in the original method
(Antosiewicz et al., 1994), with the exception of
MTX partial charges. CHARMm partial charges
along with OPLS Lennard-Jones parameters were
used for all amino acid residues. Lennard-Jones
parameters for the para-aminobenzoic acid moiety
of MTX were adopted from the analogous OPLS
parameters for benzene (Jorgensen & Severance,
1990), and the carboxylic acid and amide moieties
(Jorgensen & Tirado-Rives, 1988). The pteridine
ring Lennard-Jones parameters were adopted from
similar OPLS atom types for nucleotide bases
(Pranata & Jorgensen, 1991). Partial charges for the
MTX inhibitor were determined from quantum
chemical Hartree-Fock calculations using the Gaus-
sian 92 program (Frisch et al., 1992) and the 3-21G
basis set. The electrostatic field from the quantum
chemical calculation was fit to a point charge
model by a least-squares optimization using the
CHELPG algorithm (Breneman & Wiberg, 1990),
and are given in the Appendix, Table Al. (Use of
these parameters for molecular mechanics simu-
lations would require further development.
Although the charges obtained in this manner pro-
vide a good representation of the surrounding elec-
trostatic field, the charges, atomic radii and
dispersion energies must be matched appropriately
for use in molecular mechanics simulations.)

Ionization of the MTX acid groups were mod-
eled in a manner analogous to that for amino acid
side-chains: a full charge of —1 was placed on the
corresponding carboxylate carbon. Protonation of

the MTX base sites was modeled as placement of
an additional charge of +1 on the corresponding
heavy atom, the pteridine N1 or Nb5.

Quantum chemical potential energy surfaces

A model potential energy surface for the transfer
of a proton from a neutral Asp27 to MTX, resulting
in a slat-bridge, was determined by employing a 4-
aminopteridine ring as a model for MTX and acetic
acid as a model for the carboxylic acid group of
Asp27. The configuration of the acetic acid-pteri-
dine ring was taken from the crystallographic
structure of the enzyme-inhibitor complex (Bolin
et al., 1982) and geometry optimized in vacuo. The
theoretical model employed the hybrid functional
method of Becke (1993) with a split valence basis
set, b3lyp/6-31G(d)> The optimization resulted in
a distance of 2.77 A between N1 of the pteridine
ring and the closest acetic acid oxygen; the same
distance found in the crystallographic structures is
2.5 to 2.6 A. The actual distance employed in the
potential energy surface scan was 2.75 A.

The potential energy surface for the proton
transfer occurring in vacuo (p=1) and that for a
surrounding dielectric continuum with ¢ =4 and
¢ = 10 were determined. The proton was initially
placed on the acetate oxygen at a distance of
0.95A and then incrementally moved onto the
pteridine N1. The distance between the acetate
oxygen and the pteridine N1 was held fixed
(2.75 A) while all other degrees of freedom were al-
lowed to relax. The dielectric environment was
modeled by the Onsager reaction field method
(Wong et al., 1991) and the Gaussian 92 program
was used for these calculations (Frisch et al., 1992).

Results
Overview

The results are discussed in the context of the
calculated pK,, which takes into account desolva-
tion and interactions with other charges in the pro-
tein, and the intrinsic pK, which is simply the pK,
of the residue when only desolvation and dipole-
dipole interactions are taken into account in an
otherwise neutral protein. That is, the intrinsic pK,
does not include the effect of charge-charge inter-
actions due to titrations of other groups. Desolva-
tion of a molecule or group involves the crossing
of a boundary which distinguishes the high-dielec-
tric solvent from the low-dielectric protein interior,
and has been shown to cost up to 20 to 50 kcal
mol~! in model protein systems (Gilson et al., 1985;
Gilson & Honig, 1988). The intrinsic pK, is a con-
venient way to separate the effects of desolvation
from those due to the influence of other charge
groups, particularly as the effect of desolvation
and charge-charge interactions can counteract each
other leading to negligible changes with respect to
the group in solution, or the effects may be com-
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Figure 3. Shifts in pK, between model solution values
and values calculated for the protein environment for
residues of the apoenzyme and residues of the two
enzyme-inhibitor complexes.

pounded so as to result in large shifts from the sol-
ution pK,,.

Figure 3 compares the titration behavior of the
two DHFR-MTX binary complexes and the apoen-
zyme, in which the pK, shift (ApK,) between the
calculated pK, of the residue in the protein and the
pK, of the same group in solution (pKM°de) is
plotted against the residue number. (The pK,s of
all protein residues are given in the Appendix,
Table A2.) The apoenzyme has several residues
which exhibit titration behavior different from that
seen in the MTX-bound structures, and not surpris-
ingly most of these residues are involved in bind-
ing MTX. These residues are discussed firstf. Next,
we will compare results for the two enzyme-inhibi-
tor complexes obtained from the protein data base,
MTX-A and MTX-B, which exhibit similar titration
behavior with only a few exceptions. Finally, the
results for the apoenzyme can be compared to data

+ There are two trivial differences between the
apoenzyme structure and the MTX-bound structures
which affect the results. First, as the crystal structure for
the apoenzyme is missing loop 1 (residues 16 to 20), the
calculated pK, shift for Glul7 appears as 0.0. For the
enzyme-inhibitor structure MTX-B the pK, of Glul7 is
unaffected by transfer into the protein environment
(ApK, =0.1), but in the MTX-A structure the same
residue is shifted down from its solution value by 0.8.

Second, the difference in pK,s for His114 in the MTX-
bound structures relative to the apoenzyme is a result of
the difference in primary sequences of the DHFR
enzymes. The DHFR enzyme used in the MTX-DHFR
crystallographic study differs from the apoenzyme and
other structures of E. coli DHFR by having a lysine
residue at position 154 rather than a glutamic acid.
His114 is involved in a salt-bridge with residue 154, and
as a result the MTX.DHFR structures have a different
pK, for this residue. The calculated pK, for Glul54 is 4.3
in the apoenzyme. The pK, for Lys154 in the MTX-A
structure is 12.0 while that for the MTX-B structure is
12.3.

from pH-dependent stability studies (Jennings,
1991). The general implications of this work for the
pH-dependent inhibition of DHFR by MTX and
the strong binding of MTX relative to the substrate
H,F will be discussed in the last section.

Comparison of apoenzyme with enzyme-
inhibitor complexes

Binding the pteridine ring: classical results

In the apoenzyme structure, the results from the
Poisson-Boltzmann analysis indicate that the cata-
lytically important residue Asp27 is shifted below
its solution value of 4.0. Loop 1 is missing in the
apoenzyme structure, however, and may partially
desolvate the pocket in which Asp27 is located, in-
creasing the pK, of this residue relative to the
value determined here. Nevertheless, the effect of
the loop is likely to be minimal, as the fact that the
loop is disordered in the crystal structure indicates
that it is highly mobile and is not likely to decrease
the local dielectric response significently. This sup-
position is supported by the results obtained for
the enzyme-cofactor structure (Cannon et al., 1997)
in which loop 1 is ordered and a similar pK, is
found.

The titration behavior of Asp27 is significantly
affected by binding of MTX, as is N1 of the pteri-
dine ring of MTX. Since Asp27 is important for cat-
alysis, and the salt-bridge between Asp27 and N1
of MTX has been implicated in the strong binding
of MTX by DHFR, we examined the titration beha-
vior of these residues by determining their pK,s as
a function of the dielectric constant used for the
protein interior. Although the actual dielectric re-
sponse of the protein interior varies as a function
of position in the protein, from a low of about 4 in
the interior to higher values on the protein surface
where residues have more conformational free-
dom, a value of 20 has been shown to result in a
good statistical fit to experimentally determined
pK,s. In this regard it has been shown that using a
dielectric constant of 4 for the protein interior and
directly examining different protein conformational
states leads to improved results over pK, values
obtained when using a dielectric of 4 and a static
structure (You & Bashford, 1995). Enzyme and sub-
strate groups located in the active site, however,
are not as likely to have significant conformational
freedom due to the need to provide a stable en-
vironment for the catalytic reaction (Cannon et al.,
1996). Furthermore, the pK; of such a buried group
may be underestimated by employing dielectric
constant of 20 for the protein interior (Antosiewicz
et al., 1994). In this case, the use of a lower dielec-
tric constant may be most appropriate (Demchuk
& Wade, 1996).

The results obtained at different values of the
dielectric constant (¢) are shown in Figure 4, in
which both the pK, (thick line) and the intrinsic
pK, (thin line) are shown for each group. In the
apoenzyme the carboxylate form of Asp27 is desta-
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Figure 4. Intrinsic pK, (thin lines) and final calculated
pK, (thick lines) of the active site residue Asp27 (apoen-
zvme and MTX-B structures) and N1 of the inhibitor
MTX (MTX-B structure) as a function of the protein
dielectric constant, €.

bilized as the dielectric constant of the protein de-
creases, as indicated by the increase in pK, as the
dielectric constant decreases from 20 to 4. How-
ever, even with a dielectric constant of 4, the pK,
of Asp27 is only 4.1 in the apoenzyme.

The intrinsic pK, of Asp27 in both of the
MTXDHFR complexes is shifted upwards from the
solution value for all values used for the dielectric
constant of the protein interior, due to the greater
work required to ionize the carboxyl group in the
low-dielectric active site when MTX is bound, and
due to the unfavorable dipolar interaction of this re-
sidue with the unprotonated N1 of the pteridine
ring of MTX as indicated in Figure 1B. Identical ti-
tration behavior is seen in the MTX-A structure of
the inhibitor-enzyme complex (data not shown). Ef-
fects from charge-charge interactions can compen-
sate somewhat for the influence of desolvation,
especially those due to protonation of the pteridine
N1, however the net result is not enough to form a
salt-bridge between the pteridine N1 and Asp27
when a dielectric constant of less than 10 is used.

A dielectric constant greater than 10 acts to
lower the relative energy of the Asp27-MTX salt-
bridge to such an extent that the proton transfers
from the carboxylic acid side-chain of Asp27 to N1
of MTX and this then becomes the low-energy
state. However, even then the estimated pK, is not
shifted significantly higher than that observed for
MTX in solution (6.1 wversus 5.7, respectively).
Because of this issue, we further examined the
titration behavior of the binary DHFR-MTX struc-
ture using a similar method which takes into ac-
count the full charge distribution of the ionized
state of the titratable group (Antosiewicz et al.,
1996a). The results were in agreement with those
presented here, except that the salt-bridge was un-
stable throughout the protein dielectric range of 4

14.0
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6.0
4.0
2.0
0.0
-2.0 = : !
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Figure 5. Potential energy surface for the transfer of a
proton from acetic acid to N1 of the pteridine ring of
MTX in various dielectric environments (g). Small values
of rpy correspond to the acetic acid/pteridine pair and
larger values correspond to the acetate/pteridinium
pair.

to 20 (data not shown). Since NMR chemical shift
data implies that this salt-bridge is maintained
even above pH 10, we further examined the
potential energy surface using quantum chemical
techniques.

Binding the pteridine ring: quantum
chemical results

The potential energy surfaces for the transter of
a proton from acetic acid to a 4-aminopteridine
ring using different dielectric environments is
shown in Figure 5. The orientation for these groups
are essentially the same as that observed crystallo-
graphically for Asp27-MTX. The energy surface in
vacuo (e = 1) strongly favors the protonation of the
acetate to form acetic acid; a local minimum for
protonation of N1 of the pteridine ring exists
8.5 kcal mole™! above the ground state minimum.
When a dielectric constant of 4 is used to character-
ize the environment, this local minimum is re-
duced to within 4.5kcal mole™" of the ground
state; however, the ground state is still the neutral
acetic acid-pteridine pair. Increasing the dielectric
constant to 10 further reduces the energy of the ion
pair relative to the neutral species; however, the re-
duction is still not enough to make the ion pair the
favored conformation. Although more sophisti-
cated techniques could be used to model the reac-
tion field or environment of the acetic acid-
pteridine pair, this model is expected to give re-
sults which are within the accuracy required for
this problem (Foresman et al., 1996).

Groups involved in binding the PABA moiety
of MTX

Lys32, Arg52 and Arg57 are involved in binding
the two carboxylate groups of the PABA tail of



662

pH-dependent Inhibition of DHFR

MTX, and as a consequence the pK,s of these
groups are shifted upward relative to the apoen-
zvme. These three residues form an ionic cluster
on the surface of the protein with the two carboxy-
late groups of the PABA tail of MTX, and they
have previously been implicated by electrostatic
calculations as significant for substrate binding
(Bajorath ¢t al., 191). Titration results for the groups
of the MTX PABA tail are shown in Table 1. The
intrinsic pK, of each carboxylic acid is essentially
unchanged from the solution pK,; however one of
these groups (C;) is sandwiched between Lys32
and Arg57, resulting in a downwards shift in pK,
due to charge-charge interactions.

Tyr100, which interacts with the enzyme cofactor
during catalysis, is also somewhat perturbed in the
MTX structures relative to the apoenzyme.
Although similar shifts are seen in the holoenzyme
and ternary complex (Cannon et al., 1997), this per-
turbation is not due to binding of the enzyme co-
factor, NADPH. Instead, binding of MTX results in
exclusion of water molecules in the active site and
a decrease in the local dielectric constant, but not
to the extent seen in structures containing NADPH
(Cannon et al., 1997. As a result, the intrinsic pK, of
this group is shifted upwards somewhat in the
MTX structure. Furthermore, the decrease in the
local dielectric response allows nearby charged re-
sidues to have a greater influence on ionization of
Tyr100, as seen in the calculations on the holoen-
zyme (Cannon et al., 1997). In this regard, it is
likely that Asp27, which is ionized at physiological
pH, further increases the pK, of Tyr100.

A surface cluster of titratable residues

Lvs38 and Lys109 are central structural com-
ponents of a cluster of ionizable residues that in-
volve diverse secondary structural domains. As an
element of the eight-strand -sheet A, Lys109 is in
contact with Glu90, a loop residue between helices
4 and 5, and Glul57 which is part of strand 2 of
B-sheet A. Additionally, Lys109, Glu90 and Lys38
form a salt-bridge triad on the surface of the
enzyme. Lys38 lies just beyond the C terminus of
helix 2 and may be important for aligning helix 2,
the N terminus of which contains the catalytically
important Asp27. This cluster is located on the
backside of the enzyme with respect to the active
site, and the interdomain nature of these charge-
charge interactions suggest that they may be in-
volved in proper folding of the enzyme or perhaps
creating an architecture conducive to catalysis.

The pK.s of Lys38 and Lys109 are differentially
shifted in the MTX-A, MTX-B and apoenzyme
structures. The causes of these shifts are unknown,
but they are also observed in structures of the ho-
loenzyme and ternary enzyme complex with sub-
strate (Cannon ef al., 1997). The differential shifts
for Lys109 must be due to interactions with other
titratable groups and not due to desolvation, as the
intrinsic pK, for Lys109 in the apoenzyme is 10.5,
that for the MTX-B structure is 10.2, and that for

the MTX-A structure is 10.4, while the final pK,s
after charge-charge interactions are accounted for
are 14.6, 12.9 and 13.8, respectively. Likewise, the
intrinsic pK,s for Lys38 in the same structures are
10.5, 10.7 and 10.4, while the final values are 13.5,
14.7 and 13.7. The increased pK, for Lys109 in the
apoenzyme with respect to either MTX-bound
structure suggests that there is a stronger electrone-
gative field in the vicinity of Lys109 in the apoen-
zyme; however, the identification of the source of
such a field may be difficult due to the complex
nature of the ionic clustering.

Comparison of enzyme-inhibitor complexes

The two DHFR-MTX structures differ in titration
behavior primarily at two residues, Glul7 and
His45. This can be anticipated from the crystallo-
graphically determined structures, as the major
structural difference between MTX-A and MTX-B
is the location of loop 1, which contains Glul?
(Bolin et al., 1982), as shown in Figure 6. In the
MTX-A structure, the side-chains of Glul7 and
His45 are 3.4 A apart and as such it can be ex-
pected that the proton affinity of each residue is af-
fected by the charge due to the other residue. This
is borne out in the calculations. Although the in-
trinsic pK, for Glul7 in the MTX-A structure is 4.6
and that for His45 is 5.7, charge-charge interactions
shift the pK,s downward to 3.6 for Glul7 and up-
wards to 6.8 for His45.

In the MTX-B structure, the residues are no long-
er in close proximity. The intrinsic pK, for Glul7 is
then 4.3 while that for His45 is 5.5. Inclusion of
ionization states in the calculation has little further
effect, as the final pK, for Glul7 is 4.5, while that
for His45 is 5.7.

Discussion: Comparison
with Experiment

Unfolding of the apoenzyme

The Poisson-Boltzmann calculations allow a
comparison of the calculated pH dependence of
unfolding to that determined experimentally. The
results are shown in Figure 7, in which the calcu-
lated stability curve has been visually overlaid on
the experimental data (Jennings, 1991). Qualitat-
ively, the agreement between calculation and ex-
periment is reasonably good. The shape of the
stability curve is reproduced between pH 6.3 and
9.5, for which experimental data are available. The
calculated stability reaches a maximum at pH 5,
below which it decreases rapidly. Previous work
has shown that the stability curves generated by
this method result in a good overall shape of the
curve when compared with experiment, but that
the pH dependence of the curve tends to be too
steep due to the sensitive dependence of the shape
of the curve on equation (1) (Antosiewicz et al.,
194). That is, as most groups tend to titrate at the
same pH in the folded state as in the unfolded
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MTX-A

state, the shape of the titration curve is dependent
on the few groups with significantly shifted pK,s.
Thus, a small error in a calculated pK, can change
the slope of the stability curve noticeably. Another
source of disagreement between calculated and ex-
perimental stability curves, however, is the as-
sumption that the crystallographic structure is an
adequate representative of the ensemble of struc-
tures that constitute the thermodynamic folded
state. In this regard, it is also likely that at the ex-
tremes of pH for which the crystallographic struc-
ture is marginally stable, the protein conformation
adjusts to other substates and with differing pKs
in order to minimize the change in free energy
with respect to pH. This buffering effect would mi-
tigate steep changes in stability with respect to pH.

10.0
9.0
8.0

AG 7.0
6.0

5.0
4.0

3.0 e v N
4.0 5.0 6.0 7.0 8.0 9.0 10.0
pH

Figure 7. Comparison of the pH dependence of protein
stability as determined from experiment and the Pois-
son-Boltzmann calculations.

MTX-B

Figure 6. Comparison of the two
crystallographic structures of MTX-
bound DHFR in which the active
site lid, loop 1 (residues 9 to 24), is
either closed or open. Graphics
made with the MOLSCRIPT soft-
ware (Kraulis, 1991).

Inhibitor binding: salt-bridge or neutral
polar interaction?

The results for Asp27 and N1 of the MTX pteri-
dine ring presented here differ significantly from
values found in the literature. Both nuclear mag-
netic resonance studies (Cocco ef al., 1981, 1983;
London et al., 1986) and pH-dependent competitive
binding studies (Stone & Morrison, 1983b) indicate
that bound MTX remains protonated at least to pH
10, in disagreement with the calculated pK, range
reported here of 6.1 (protein dielectric of 20) to
approximately 1 (protein dielectric of 4). Because a
dielectric in the range of 4 to 10 is probably more
appropriate for the buried groups of Asp27 and
the pteridine ring of MTX in the binary structure,
the calculations indicate that the interaction be-
tween Asp27 and MTX is a neutral dipole-neutral
dipole interaction rather than a salt-bridge. As
such, the results from the Poisson-Boltzmann cal-
culation are in qualitative as well as quantitative
disagreement with the interpretation of NMR
chemical shifts.

This represents a significant puzzle. The calcu-
lated pK,s are quite reasonable within the frame-
work of classical electrostatics. Desolvation of the
pteridine ring during binding acts to decrease
rather than increase the observed pK, due to the
desire to bury the pteridine ring as a neutral
species rather than a charged one in the low dielec-
tric environment of the active site. As shown in
Figure 2, the intrinsic pK, of N1 of bound MTX is
shifted below the solution value of 5.7 for all
values of the protein dielectric constant examined.
Only with a relatively high value for the dielectric
constant of the protein interior (g =20) is the pK,
shifted back upward towards a value (6.1) close to
that found for MTX in solution (5.7). Below a
dielectric constant of 10, however, the salt-bridge
is unstable and it is the neutral species which exist.
These results are also in agreement with free-
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energy simulations in which it was concluded that
the contribution of the salt-bridge to the binding
energy is insignificant, as the enzyme environment
does not stabilize the salt-bridge enough to pay the
energetic cost of desolvating the charge groups
(Singh & Benkovic, 1988).

In contrast, desolvation and burial of Asp27
upon MTX binding to the enzyme should signifi-
cantly increase the pK, of this group due to (1) the
greater work required to ionize this residue in the
lower dielectric environment and (2) the favorable
dipolar interaction formed between the carboxylic
acid residue O-H and the pteridine N1. Unlike the
energetics of the salt-bridge configuration, the com-
bined effects of desolvation and charge-charge in-
teractions with other protein groups are favorable
to a large upwards shift in pK,, as demonstrated in
Figure 4.

Since the electrostatic calculations only ad-
dressed pK, shifts due to classical electrostatic ef-
fects, quantum chemical calculations with a simple
model for the surrounding environment were used
to examine the potential energy surface for transfer
of the proton from the carboxyl oxygen to N1 of
the pteridine ring of methotrexate, as shown in
Figure 5. For all dielectric environments examined,
the proton is preferentially located on the aspartic
acid group, rather than on the pteridine ring which
would result in a salt-bridge.

One might be tempted to believe that the effec-
tive dielectric constant of the active site of the en-
zyme is still quite high since in the DHFR-MTX
structures there are several crystallographically ob-
servable water molecules. However, even when
the cofactor NADPH binds to DHFR and displaces
these water molecules, thereby ensuring a low-di-
electric environment, the NMR study indicates that
the salt-bridge does not collapse (London et al.,
1986). Furthermore, the distance between the car-
boxyl oxygen and the pteridine N1 appears to de-
crease from 2.6 to 3.0 A in the structures of the
binary DHFR-MTX complex (4dfr, Bolin et al.,
1982, 1dds, 1ddr, Yennawar & Farber, 1995) to 2. 3

2.6 A in the ternary DHFR-NADPH-MTX struc-
tures (3dfr, Bolin et al., 1982; 1rx3 Sawaya & Kraut,
1997; the resolutions of these structures range from
1.7 to 2.2 A, however. The NMR data, however, in-
dicate that there is no change in the protonation
state of MTX between the binary and ternary com-
plexes. Even more perplexing is that NMR chemi-
cal shifts of the ternary DHFR-NADPH-MTX
complex are nearly identical with those of the tern-
ary DHFR-NADP*-MTX complex (Cheung et al.,
1992). The oxidized and positively charged nicoti-
namide ring is nearly stacked on top of the pteri-
dine ring of MTX which is also assumed to be
protonated because of the chemical shift data, yet
the nicotinamide ring atoms are most likely greater
than 7.5A from the carboxylic acid group of
Asp27, so that the orientation of charges in the
low-dieletric active site is comparable to + + —
rather than + — + . NADP"* is not capable of losing
its charge by proton titration, and it is surprising

to find that both MTX and NADP* have buried
positive charges in close proximity.

At this point we are unable to explain this de-
screpancy between theory and experiment. There
are, however, several possibilities. First, the charge
model used for MTX is not from a standardized
parameter set, but is derived from quantum chemi-
cal calculations. Different partial charges, however,
do not appear likely to change the qualitative
nature of the MTX titration observed in the calcu-
lations when using a protein dielectric of 20
(Antosiewicz et al., 1996b). The use of a lower pro-
tein dielectric combined with a different charge set
will likely produce quantitatively different results,
but it is unlikely that those results will be qualitat-
ively different from those reported here.

It may be that the solution and crystal structures
of the DHFR-MTX complex are significantly differ-
ent. Formation of the Asp27-MTX salt-bridge
within the framework of classical electrostatics
would require a stabilizing electrostatic field,
which might be provided by the cobinding of an
ion from solution. Binding of a cation in the active
site of acetylcholine esterase appears to be respon-
sible for a pK, shift that is observed experimentally
but not in electrostatic calculations (Wlodek et al.,
1995). DHFR is known to be inhibited by ions (Poe
et al., 1972; Erickson & Mathews, 1973; Baccanari
et al., 1975), and the buffer used in the NMR
studies contained 100 mM potassium phosphate.
However, given that the pK, of MTX appears to be
shifted even when MTX and the cofactor NADP*
are bound, this phenomenon seems less likely in
this case. Instead, the decrease in activity observed
experimentally with high salt concentration may
be due to stabilization of the charge on Asp27 by
an increased ionic strength.

Yet another possibility is that classical electro-
static theory alone is not sufficient to describe the
shift in pK, of MTX between the enzymic and
solution environments, and that a more sophisti-
cated electrostatic field is required to model the
protein environment in the quantum mechanical
calculations. However, previous calculations of
pK,s for protein groups which utilized the Poisson-
Boltzmann equation have resulted in root-mean-
square deviations with experiment of only 0.9 pH
units (Antosiewicz et al., 1994). Anomolous results
due to unaccounted for quantum chemical effects
have not been reported. It has been noted in other
combined quantum chemical/continuum electro-
static solvation studies that the continuum reaction
field does not adequately account for the relative
change in solvation energy across the series NH;,
NH,CH;, NH(CHs5),, N(CHj;); (Marten et al., 1996).
However, in that case the relevant interaction be-
tween solute and solvent was not explicitly ac-
counted for with quantum mechanical models,
while in the present case the relevant interaction
between the pteridine ring of MTX and the car-
boxylic acid moeity of Asp27 is explicitly modeled
quantum mechanically.
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The influence of nearby aromatic groups may
also be important (M. K. Gilson & M. Krauss, per-
sonal communication) however, as they have been
shown to stabilize cation binding (Dougherty,
1996). In the active site of DHFR the side-chain of
Phe30 lies over the MTX pterin ring in crystal
structures, and likewise, the benzoyl ring of MTX
folds back towards the pterin ring in a manner
which may help to stabilize a salt-bridge (Figure 2).
These groups are not accounted for in the quantum
chemical calculations, and a point charge model
for these aromatic rings may not be adequate to
observe such effects in the electrostatic calculations.
If this is the case, influence of these groups may
also be important in catalysis: protonation of the
substrate dihydrofolate must occur at the pterin
N5, either by transfer from the pterin O4 (Cannon
et al., 1997), or direct protonation of N5 (Chen et al.,
1994).

The close distance found between the Asp car-
boxyl oxygen and N1 of the MTX pteridine ring
observed in the structure of the ternary complex of
DHFR-MTX-NADPH (2.3 A), may also provide an
important clue. Such a small distance between
heavy atoms is often associated with a single po-
tential energy minimum for the proton between
the two heavy atoms (Scheiner & Kar, 1995).
Although the proton is not expected to be equally
shared between the oxygen and nitrogen, such a
configuration may provide an explanation for the
conflicting qualitative behavior of the pK, shift and
the observed NMR chemical shift. The classical
electrostatic approach assumes a double minimum
for the proton exists between the two heavy atoms.
Likewise, the quantum chemical calculations only
examined an intermolecular separation (2.75 A) in
which a double minimum exists. Potential energy
surfaces are presently being examined for short in-
termolecular separations that would result in a
single potential energy minimum for the proton, as
are the corresponding chemical shifts of these con-
figurations. If this is indeed the case, the distinction
between a neutral polar interaction and a salt-
bridge may not be clear. Previous determinations
of such potential energy surfaces have indicated
that the relative energies of the salt-bridged and
neutral polar atomic configurations do not change
depending on whether a single or double mini-
mum exists (Scheiner & Kar, 1995); however, it is
not clear what effect there would be on the chemi-
cal shift data.

Conformational dependence on pH

The titration behavior of the two DHFR-MTX
crystal structures differs primarily at Glul7 and
His45, implying that these residues play an import-
ant role in the pH dependence of MTX binding.
Although the two enzyme-inhibitor structures
MTX-A and MTX-B may have configurational arti-
facts due to crystal-packing forces, pH dependence
of the equilibrium between two DHFR-MTX con-
formers has been observed experimentally by

NMR (Huang et al., 1991). Similarly, NMR studies
of the apoenzyme have also demonstrated that the
E,, E, isomers also differ by the conformation of
loop 1 (Falzone et al., 1994), which contains Glul?7.
In analogy with the DHFR-MTX complex then, it
can be anticipated that His45 is also involved in
the conformational equilibria of the apoenzyme.
Studies by Dunn et al. (1990) have demonstrated
that the equilibrium between the E,, E, isomers of
the apoenzyme are pH dependent with a pK, of
5.2 for the E, conformer and 6.0 for the E; confor-
mer. The former value is similar to the pK, of 5.2
found for His45 in the apoenzyme here. Further-
more, NADPH binds to just one of the apoenzyme
conformers and binding is at a maximum at pH
6.0. If the apoenzyme conformers are indeed analo-
gous to the enzyme-inhibitor conformers, then the
apoenzyme in which the active site gate, loop 1, is
in an open position will be the conformer which is
required in order to bind to NADPH.

Conclusion

The ability of the electrostatic calculations to
readily access the trends in the titration behavior
of individual residues suggests that in the apoen-
zyme the pK, of Asp27 is near 3, and that the pK,
of the pteridine ring of MTX is not dramatically
shifted higher in the enzyme environment relative
to the solution value. Both electrostatic and quan-
tum chemical calculations find that protonation of
Asp27 to form a neutral polar interaction with the
inhibitor is more favorable than formation of an
enzyme-inhibitor salt-bridge. The NMR chemical
shift data, however, appear to convincingly estab-
lish the existence of a salt-bridge between the in-
hibitor and the enzyme. The discrepancy between
theory and experiment may be due to a single po-
tential energy minimum for the proton between
the heavy atoms of the enzyme and the inhibitor,
or to the influence of nearby aromatic groups. This
proposal and the data presented here warrant
further investigation of the interaction between the
enzyme and inhibitor.
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Appendix

Table Al. Charges from quantum chemical calculations

and actual charges employed in the electrostatic
calculations

Atom HF/3-21G Chg used
N1 —0.975562 —0.980
Cc2 1.179473 1.180
N2 —1.095492 —1.100
H2a 0.458863 0.460
H2b 0.443826 0.440
N3 —0.886996 —0.890
Cc4 0.740291 0.740
N4 —0.865573 —0.870
H4a 0.416445 0.420
H4b 0.376295 0.380
Cda —0.156023 —0.160
N5 —0.478367 —0.480
Cé6 0.309537 0.300
C7 0.194539 0.190
H7 0.100182 0.100
N8 —0.634634 —0.630
C8a 0.896238 0.900

For a comparison of HF/3-21G and HF/6-31G* charges for
pterin systems, see Cannon et al. (1997).
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Table A2. pK, values for protein residues of the apoenzyme and the two MTX-bound enzymes

Calculated pK, Calculated pK,

Group Model Apo MTX-B MTX-A Group Model Apo MTX-B MTX-A
MetN1 7.5 82 8.1 8.0 Lys106 10.4 10.8 10.9 10.0°
Aspll 1.0 34 34 34 Lys109 10.4 14.5 12.8 13.7
Argl2 12.0 14.6 14.3 14.2 Tyrlil 9.6 10.5 10.3 10.5
Glul” 44 0.0° 45 3.6 HisB114 6.3 6.9 5.4 52
Asp27 4.0 2.6 1.1 09 Aspl16 4.0 3.6 35 32
Lys32 10.4 9.1 10.9 10.8 Glul18 44 4.6 47 4.6
Arg33 12.0, 13.1 12.9 13.4 Glu120 44 4.4° 4.5 44
Asp37 4.0 3.6 3.8 39 Aspl122 4.0 3.1° 3.0 35
Lys38 10.4 13.3 14.5 13.4 HisA124 6.3 7.0 6.6 7.0
Argdd 12.0 12.7 11.9 11.7 Aspl27 4.0 2.8% 31 3.0
HisA45 6.3 52 5.7 6.8 Tyri28 9.6 12.0 11.7 11.5
Glu48 44 3.7 3.8 37 Glul29 44 5.0 5.8% 4.8
Argh2 12.0 12.4 13.6 13.6 Aspl31 4.0 4.0 3.8% 3.72
Arg57 12.0 12.4 15.1 15.1 Aspl32 4.0 4.2 48 4.6
Lys58 10.4 10.8 11.0 11.2 Glul34 4.4 5.1 45 45
Asp69 40 23 2.6 2.0 Glu139 4.4 32 35 3.1
Asp70 4.0 3.8 39 41 HisA141 6.3 7.7 7.3 77
Arg71 12.0 12.7 13.0 12.8 Aspl42 4.0 4.0 39 4.1
Lys76 10.4 10.6 10.6 10.6* Aspl44 4.0 3.1 2.8 33
Asp79 4.0 3.0 34 35 HisA149 6.3 6.7 6.7 6.7
Glu80 44 36 35 3.7 Tyr151 9.6 11.8 12.3 121
Asp87 4.0 39 3.8 1.8 Glul54 44 43 11.2 11.2
Glu90 4.4 1.8 1.3 1.8 Gluis7 4.4 4.6 44 4.7
Arg98 12.0 121 12.3 12.8 Argl5h8 12.0 14.0 14.3 141
Tyr100 9.6 11.5 12.8 12.2 ArgC159 12.0 13.7 13.9 13.6°
Glul01 44 37 33 33 ArgC159 3.8 3.6 37 35

* Residue incomplete in crystal structure and was built using the Quanta/CHARMm molecular editor.
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