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Abstract: Despite much experimental and computational study, key aspects of the mechanism of reduction of
dihydrofolate (DHF) by dihydrofolate reductase (DHFR) remain unresolved, while the secondary DHFR-
catalyzed reduction of folate has been little studied. Major differences between proposed DHF mechanisms
are whether the carboxylate group of the conserved active-site Asp or Glu residue is protonated or ionized
during the reaction, and whether there is direct protonation of N5 or a proton shuttle from an initially protonated
carboxylate group via O4. We have addressed these questiobstfareduction steps with a comprehensive

set of ab initio quantum chemical calculations on active-site fragment complexes, including the carboxyl side
chain and, progressively, all other polar active-site residue groups including conserved water molecules. Addition
of two protons in two steps was considered. The polarization effects of the remainder of the enzyme system
were approximated by a dielectric continuum self-consistent reaction field (SCRF) model using an effective
dielectric constante] of 2. Optimized geometries were calculated using the density functional (B3LYP) method
and Onsager SCRF model with the 6-31G* basis. Single-point energy calculations were then carried out at the
B3LYP/6-31H-G** level with either the Onsager or dielectric polarizable continuum model. Additional checking
calculations at MP2 and HF levels, or with other basis sets or valuesvedre also done. From the results,

the conserved water molecule, corresponding to W206 irEtheoli DHFR complexes, that is H-bonded to

both the OD2 oxygen atom of the carboxyl (Asp) side chain and O4 of the pterin/dihydropterin ring, appears
critically important and may determine the protonation site for the enzyme-bound substrates. In the absence
of W206, the most stable monoprotonated species are the neutral-pair 4-enol forms of substrates with the
carboxyl group OD2 oxygen protonated and H-bonded to N3. If W206 is included, then the most stable forms
are still the neutral-pair complexes but now for the-N3keto forms with the protonated OD2 atom H-bonding

with W206. A second proton addition to these complexes gives protonations at N8 (folate) or N5 (DHF).
Calculated H-bond distances correlate well with those for the conserved W206 observed in many X-ray
structures. For all structures with occluded M20 loop conformations (closed active site); NlD@istances

are less than OD2NA2 distances, which is consistent with those calculategpfotonatedOD2 complexes.

Thus, the results (B3LYP¢ = 2 calculations) support a mechanism for both folate and DHF reduction in
which the OD2 carboxyl oxygen is first protonated, followed by a direct protonation at N8 (folate) and N5
(DHF) to obtain the active cation complexes, i.e., doubly protonated. The results do not support a proposed
protonated carboxyl with DHF in the enol form for the Michaelis complex, nor an ionized carboxyl with
protonated enol-DHF as a catalytic intermediate. However, as additional calculations for the monoprotonated
complete complexes show a reduction in the energy differences between the neutral-pair keto and ion-pair
keto (N8- or N5-protonated) forms, we are extending the treatment using combined quantum mechanics and
molecular mechanics (QM/MM) and molecular dynamics simulation methods to refine the description of the
protein/solvent environment and prediction of the relative stabilization free energies of the various (OD2, O4,
N5, and N8) protonation sites.

Introduction catalytic chemistry, specifically the origin of the proton required

The catalytic mechanism of the enzyme dihydrofolate reduc- for the overalllhydr.ide-ion transfer regction and the role of a
tase (DHFR) has been extensively studied by experimentalistsconserved active-site carboxylate residue, key aspects remain
and theoreticiansInitially the attention arose largely from its ~ unresolved. Several unusual aspects of DHFR chemistry,
importance as a target for anti-folate cytotoxic drugs, which compared with simple dehydrogenase enzymes catalyzing

created a strong structural and biophysical liter&tizmderpin- ~ @nalogous chemistry, may bear on the apparent subtlety on the
ning structure-based design prografiscluding our owr® mechanism. One is that the net reaction takes place within the
However, despite these considerable efforts to define the (3) Freisheim, J. H.; Matthews, D. A. IAntagonists as Therapeutic
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Figure 1. Reduction of folate to 7,8-dihydrofolate (DHF) and 5,6,7,8-
tetrahydrofolate (THF) with substrates H-bonded to the carboxylate
side chain of the conserved Asp/Glu residue in the active site of DHFR.
pABA = p-aminobenzoic acid. Other possible H-bond interaction sites,
including those with water molecules W206 and W301, are indicated
for folate, DHF, and THF based on X-ray structuresofcoli DHFR
complexes available in the Protein Data Bank (see text).

pyrazine ring of the complex substituted heterobicyclic pteridine

J. Am. Chem. Soc., Vol. 123, No. 15,3201

site for folate is N1, not N8 as required for the enzymic
reduction, although both experiment and computation on pterin
analogues indicate N8 protonation is energetically accessible
(pK4 of ~1.5 compared with~2 for N1)%7 The transfer of a
hydride ion from the cofactor nicotinamide adenine dinucleotide
phosphate (NADPH) in the presence of the enzyme requires
that a proton be transferred (see Figure 1) to the substrate (S)
at N8 (folate) and N5 (DHF) according to

S+ H" + NADPH— SH, + NADP" (1)

For elucidating the catalytic mechanism, particularly the pro-
tonation steps, a major limitation of experimental methods is
that they can only be performed on binary or analogue ternary
(NADP* or H,NADPH) complexes, and not on the active
NADPH form of the folate or DHF complexes. Direct deter-
mination of the substrates’ ionization states in the active ternary
complexes is thus not possible. Experimental and computational
attempts to define the likely tautomer and protonation state of
the catalytically active form of DHF have produced ambiguous
or contradictory results requiring further interpretations and
assumptions. Chen et¥®lused Raman spectroscopy to deter-
mine a K, value of 6.5 for N5 in theE. coli DHFR-DHF-
NADP* complex, an increase of 2% from the solution
valuel®1while a value of less than 4.0 was obtained for the
binary complex and DHF®HF-H,NADPH and Asp27Ser-
DHFR-DHF-NADP* ternary complexes. They concluded that
direct protonation of N5 is possible in the NADRomplex,
and by inference in the active ternary complex, but that
stabilization of N5-protonated DHF requires specific interactions
which are not present in the other complexes. Unfortunately,
the N5-protonated form of th&. coli DHFR-DHF-NADP*

ring system, which contains several positions with accessible complex is not stable, so its X-ray structure cannot be

pKa values for protonation or deprotonatfoi(see Figure 1).

determined, while the analogousactobacillus caseDHFR

fully oxidized form of folate cofactor and with the 7,8-
dihydrofolate (DHF) form. Although the first reaction is
physiologically much less important in turnover terms, an
obligate need to scavenge the oxidized form or initially reduce
the oxidized form obtained from nutritional sources in the
majority of organisms, including animals, which do not syn-

Poisson-Boltzmann calculations of Cannon etl4lvere based
on an electrostatic model for th& coli DHFR-DHF-NADPH
complex derived from (unprotonated. coli DHFR-DHF-
NADP™ X-ray coordinate$.They predicted a-34 unit down-
ward shift in g<, for DHF, suggesting that direct N5 protonation
is highly unlikely in the enzyme active site. However, from

thesize DHF de novo, may have imposed special constraintscalculated shifts in the iy, of Asp27 for the (normal) 4-oxo

on the mechanis The fact that the majority of interactions

and 4-hydroxy tautomers of the DHF ternary complexes, they

between the two substrates and the active site, as revealed by:oncluded that the latter was more likely, as this gave an

X-ray crystallography, are with the pyrimidine ring, i.e., away

increaseof ~2 units, compatible with an observed&pfor

from the reaction center, may be related to both these aspectsegatalysis of 6.5 and suggesting the active Michaelis complex
These interactions exhibit an extensive H-bonded network ith protonated Asp27 and enol-DHF. Although Cannon ét al.

involving the conserved acidic residue (Asp or Glu) and active-
site water molecules, as shown in Figure 1 for Bseherichia

coli enzyme? Note that, as usual in the DHFR literature, the
acidic (Asp27) residue in Figure 1 is depicted in the anionic

reported quantum chemical calculations of Raman frequencies
of active-site fragments of this enol-DHF complex form as being
consistent with the data of Chen et ®lthe later work of Deng

and Callendép with quantum chemical calculations of Raman

form, so one of the conserved waters, W206, is assumed tofrequencies and additional Raman experiments questioned this

donate a H-bond to both OD2 and O4 of substrate. However,

this H-bonding orientation with W206 will change if either OD2
or O4 is protonated.

The pterin rings of folate and DHF substrates hakgyalues
of less than 4911 and thus are unprotonated in solution at
physiological pH. Furthermore, the preferred ring protonation

(6) Pfleiderer, W. In Comprehensie Heterocyclic ChemistryThe

Structure, Reactions, Synthesis and Uses of Heterocyclic Compounds

Boulton, A. J., McKillop, A., Eds.; Pergamon Press: New York, 1984; pp
30-80.
(7) Gready, J. EJ. Comput. Chenl985 6, 377.
(8) Gready, J. ENature 1979 282 674.
(9) Bystroff, C.; Oatley, S. J.; Kraut, Biochemistry199Q 29, 3263.
(10) Poe, M.J. Biol. Chem1977, 252, 3724.

interpretation. This worR further supported direct protonation

of N5 of DHF in the DHFRDHF-NADP™ complex, although

no conclusion on the 4-oxo/hydroxy tautomeric state was

possible, but suggested that Asp27 was unprotonated. It also
suggested that the immediate environment of N5 was hydro-

(11) Maharaj, G.; Selinsky, B. S.; Appleman, J. R.; Perlman, M.; London,
R. E.; Blakely, R. L.Biochemistry199Q 29, 4554.

(12) Chen, Y.-Q.; Kraut, J.; Blakley, R. L.; Callender, Biochemistry
1994 33, 7021.

(13) Casarotto, M. G.; Basran, J.; Badii, R.; Sze, K. H.; Roberts, G. C.
K. Biochemistry1999 38, 8038.

(14) Cannon, W. R.; Garrison, B. J.; Benkovic, SJ.JAm. Chem. Soc.
1997 119, 2386.

(15) Deng, H.; Callender, RJ. Am. Chem. S0d.998 120, 7730.
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Due to its conserved H-bond interaction with the substrate,
it has generally been assumed that the conserved carboxyl group oo
plays some crucial role n the DHFR catalytic mephgnls_m. Figure 2. Catalytic mechanism for DHF reduction proposed by
However, as for protonation of the substrates, the ionization gystroff et al? based on crystallographic structural analysis of Ehe
state of the carboxyl group in the active form of the complexes coli DHFR-folate NADP* ternary complex. The conserved water
also remains unclear. The conserved water molecule that formsmolecule W206 together with a mobile solvent water assist transfer of
a H-bond to both OD2 and O4 in crystal structures of DHFR a proton from OD2 to N5 to form the active complexin which it is
complexes almost certainly affects the structure of complexes proposed that the flexible loop M20 displaces the solvent water

and may have a direct influence on the carboxyl group ionization
state? The results of Chen et &.using the Asp27SeE. coli
DHFR mutant showed that the presence of the carboxyl group
had a large effect on the<g of DHF in the DHFRDHF-NADP*
complex. Substitution of Asp27 with Asn . coli DHFR also
leads to a dramatic decrease in catalysifn contrast, the
corresponding mutations ib. caseiDHFR have been shown

to have a relatively small effect on the rate of hydride-ion
transfer, consistent with the effect of mutations of more distant
residues?® Other researchers have focused attention on direct
determination of the protonation state of the conserved carboxyl
(Asp/Glu) side chain, using NMR1920and Ramaft techniques.
Asp26 in theL. caseiDHFR apo and binary complexes with
folate and DHF, and Asp27 iapo E. coliDHFR, have been
shown to be ionized above a pH ofl%%21 The active-site
carboxylate (Glu 30) group also appears to be ionized in
recombinant human DHFFR.

From the various pieces of information obtained from kinetic,

molecule.

proton in the active ternary complex remains unclear. The Asp/
Glu residue is the only ionizable residue in the DHFR active
site, but its carboxyl group is clearly too distant (see Figure 1)
from N5 to allow for direct transfer of a proton. Instead of direct
protonation of N5 in the active complex, other mechanisms have
been proposed that involve a transient protonation of O4 with
solvent-assisted relay of the proton to 5142428 |n the
mechanism proposed by Bystroff et &it,is assumed that the
conserved active-site carboxyl group remains protonated (i.e.,
neutral) and that the proton comes from solution, as illustrated
in Figure 2. In this mechanism, a neutral carboxyl group is
required to promote protonation of the dihydropterin ring. A
tightly bound water molecule bridging OD2 and O4, corre-
sponding to water W206 in thE. coli DHFR-folate NADP*
complex, is suggested to stabilize the carboxylic acid form. As
shown in Figure 2, the OD2-protonated form of the complex
interconverts to an enol fornt, with the aid of W206 and a

X-ray structure, Raman, and NMR spectroscopic measurementssolvent water molecule. A second protonation at OD2 then
and theoretical calculation, several catalytic mechanisms havesggilitates the transfer of a proton from O4 to N5, formidg

been postulated. The conventional mechanism assumes thafg|owed by expulsion of the solvent molecule by the closing

protonation takes place first, followed by the hydride-ion
transfer?2 We suggested previously that the ionized form of
the carboxyl side chain might preferentially stabilize the N8
(folate)- and N5 (DHF)-protonated pterin ring&sThis sugges-

tion has also been adopted by Chen et%@ivho argue on the

basis of K, determinations that N5 should be directly protonated
from solvent in the active site. However, the source of this

(16) Cheung, H. T. A.; Birdsall, B.; Feeney, BEBS Lett.1992 312
147.

(17) Howell, E. E.; Villafranca, J. E.; Warren, M. S.; Oatley, S. J.; Kraut,
J. Sciencel986 231, 1123.

(18) Basran, J.; Casarotto, M. G.; Barsukov, I. L.; Roberts, G. C. K.
Biochemistryl995 34, 2872.

(19) Birdsall, B.; Casarotto, M. G.; Cheung, H. T. A.; Basran, J.; Roberts,
G. C. K.; Feeney, JFEBS Lett.1997 402, 157.

(20) Blakley, R. L.; Appleman, J. R.; Freisheim, J. H.; Jablonsky, M. J.
Arch. Biochem. Biophy4.993 306, 501.

(21) Chen, Y.-Q.; Kraut, J.; Callender, Riophys. J.1997 72, 936.

(22) Huennekens, F. M.; Scrimgeour, K. G. Rteridine Chemistry
Pfleiderer, W., Taylor, E. C., Eds.; Pergamon Press: New York, 1964; pp
355-376.

(23) Gready, J. EBiochemistryl985 24, 4761.

of the mobile loop (M20) to give the active complex

However, alternative mechanisms suggest that in the active
form of the complex there is a proton on O4. On the basis of
their NMR results forapo, DHFR-folate, DHFRDHF, and
DHFR-DHF-H,NADPH complexes which show the Asp26
residue (. casej in ionized form, Cassarotto et Hargue that
the catalytic role of the carboxylate may be to polarize the
substrate in such a way as to favor the enol form (O4
protonation) as opposétto the keto form (N5 protonation). It
is proposed that the transfer of the proton from O4 to N5 takes
place via a solvent water and is concerted with hydride-ion
transfer. This concerted proton/hydride transfer mechanism is
similar to the mechanism proposed by Cannon et*axcept
that here the N3 proton is transferred to the carboxyl group.

(24) Morrison, J. F.; Stone, S. Biochemistry1988 27, 5499.

(25) Uchimaru, T.; Tsuzuki, S.; Tanabe, K.; Benkovic, S. J.; Furukawa,
K.; Taira, K. Biochem. Biophys. Res. Commu®89 161, 64.

(26) Brown, K.; Kraut, JFaraday Discuss1992 93, 217.

(27) Reyes, V. M.; Sawaya, M. R.; Kraut,Biochemistryl995 34, 2710.

(28) Lee, H.; Reyes, V. M.; Kraut, Biochemistryl996 35, 7012.
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Such proposed mechanisms, however, ignore the case of folate The SCRF method requires a value for the macroscopic dielectric
reduction, where there is no obvious means of protonation at constant). An appropriate value for the dielectric constant depends
N8 by either the protein or water molecules bound in the active ©n the type of properties under investigation and needs to be chosen
site of DHFR. This complexity prompted our previous sugges- carefully Wl_th ref_erence to experimental or, as discussed above,
tion of a possible “non-obvious” mechanism to account for both Cﬁc”'ated S'm“!at'g.n r‘aﬁéﬁ? ¥t must bef remembered, h°.WE¥6‘f~ that
folate and DHF redUCtiOf%z.g It ShOU'd be noted that NMR the macroscopic die ectric “constant” for a proteln IS, In fact, not

. S . . . constant as it varies depending on position in the prdétefnguide to
evidence for folate binding td. caseiDHFR in the binary the range of dielectric constants that are encountered in protein systems

complex and in the catalytically relevant fol@&ADP* complex can be obtained from molecular dynamics (MD) simulations on globular
indicates the 4-oxo form is favoréd. proteins®®39These studies have yielded macroscopic dielectric constants
Opinions on the mechanism of DHF reduction, therefore, ¢ of 2—3 for protein interiors, and up to 21 for the whole
seem to be largely divided between direct protonation of DHF molecule®® The latter higher values are due almost entirely to charged
at N5 and indirect protonation via O4. The other main points residues on the protein surface, while= 10 is typically found near
on which they differ are the ionization state of the conserved active.sites gnd individual ionizable grou%?slustifi_cation for use of a
active site Asp/Glu and, together with the conserved water '°% d"fg?ftr'c_ constant comes from our previous calculations on
(W206 in E. coli DHFR), its precise role in the catalytic DHFR /41 which show small (0.04 electron) overall polarization of

hani d wheth h . | | | the pterin ring by an atom-centered point-charge model for enzyme,
mechanism, and whether there Is a solvent water molecu eindicating that the atomic charges produce small fields in the active-

between O4 and N5 in the active complex. site region, and also from published Poiss@oltzmann model

In this paper we consider the relative stabilities of the various calculation$* which show the active site is situated in a region of low
proposed active-complex species and the likelihood of proposedelectric field strength. At this point, we note that the most important
protonation pathways. We have carried out advanced QM polar interactions are likely to be due to directly H-bonded species
calculations including in thé&. coli DHFR active complexes  thatare not adequately treated by a dielectric continuum approximation.
the conserved water molecule W206, or both W206 and the Hence, in the present study, the active-site groups directly H-bonded
solvent water molecule. Apart from the interactions with W206 0 the carboxytsubstrate complex are successively added until all are
and the solvent water, there are other direct H-bonding contactsummately. |ncludgd within the QM region in the largest ca!culatlons.

. ’ . : As these interactions account for most of the polar groups in the active
with the As_p27_and/or substrate species that may_b_e Importam'site, a dielectric<10 would seem a reasonable choice for the present
As shown in Figure 1, the crystal structures exhibit H bonds gcRrE model. Consequently, as we include H bonds with the substrate
between Thr113g. coliDHFR) and OD1 and between another expiicitly, we generally used the lower value of 2, i.e., a “nonpolar”
bridging water molecule, W301, and the 2-amino group, as well protein interior environmer# for the dielectric constant. However, as
as a possible H-bond interaction between-¥%8 and the this choice of an effective is not calibrated against microscopic
carbonyl backbone of Ile5E, coli DHFR). Hence, we have  simulation dat&?3' some calculations were also carried out with
also performed calculations on complexes modeling the effectsdielectric constants oé = 1 (no polarization) and = 80 (strong
of these interactions explicitly. The polarizing effects of the Polarization) for comparison. It should also be stressed that varying
remaining protein and solvent medium have been approximatedalone will not account for any additional deficiencies in the active-site

using a dielectric continuum self-consistent reaction field Stri(lzlturall "]'O?el ltself that ”;ay af;e‘:t r_elatt';:e j;ab'"t'_es' 08
(SCRF) method. Calculations were performed using e Gaussian program

(G98)#? As SCREF gradients are not available at the MP2 level in G98,
Method we have used a density functional theory (DFT) approach to include
EINoas the effects of electron correlation. There is now considerable evidence

The conserved active-site carboxylate or carboxylic acid side chain indicating that the B3LYP (j7ensity functiortaf* generally yields
was modeled by acetate or acetic acid, and the substrates folate andProperties of useful accuratty*’ and, for many H-bonded systems, in

DHF were modeled by 6-methyl-substituted pterin and dihydropterin. (34) Warshel, A Russell. S. 0. Ra. Biophys.1984 17, 283

In calculations including H-bond interactions with Thr113 or lle5 A oS On e R T o ' -
(Figure 1), we modeled the hydroxyl group of Thrl13 by a water 20‘(22)7\_/\/&5“" A Aquist, Jannu. Re. Biophys. Biophys. Cheri991,
molecule, and the carbonyl group of lle5 by formaldehyde. The (36) Sham, Y. Y.: Chu, Z. T.; Warshel, A. Phys. Chem. B997, 101,
calculations were done using SCRF methods, i.e., with the model 4458.

systems embedded in a continuous and isotropic dielectric medium.  (37) Warshel, A.; Papazyan, Zurr. Opin. Struct. Biol.1998 8, 211.
As proteins are not homogeneous dielectric media, the use of SCRF  (38) Simonson, T.; Brooks, C. L1. Am. Chem. S0d.996 118 8452.
methods for modeling the local protein environment is not rigorously (39) King, G.; Lee, F. S.; Warshel, A. Chem. Phys1991, 95, 4366.

- . D . 4 ' 40) Greatbanks, S. P.; Gready, J. E.; Limaye, A. C.; Rendell, A. P.
justified. However, despite the simplifications inherent in the dielectric Prétei%s: Struct., Funct. Genelgg}éz 37, 157. Y

continuum approach as applied to proteins, we have found that SCRF  (41) Greatbanks, S. P.; Gready, J. E.; Limaye, A. C.; Rendell, A. P.
methods can be of practical use when calibrated against results obtainedComput. Chem200Q 21, 788.
from microscopic protein simulatiorf83! As we do not yet have the " (4AZ) E:l’ri]SCh, M. J; TJTU%(SZGIEN SCE_leg\l/el,g. BM S(t:useria, G.JE.AROJbb,
i i qi ; + i« M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.;
ﬁcce)ftzerl:'tyt(r)mcgoscotpr:c ﬁ:(mrlatlf?ncgat? Ir(])r trh(?nzgﬁjept ?;ﬁbleT’t;rzs Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A.
p gauge the likely etlects ot the rer er ot the pro D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi,
solvent system that is not explicitly included in the model, as even \M.: cammi, R.: Mennucci, B.: Pomelli, C.: Adamo, C.: Clifford, S.:
low dielectric constantse(= 2) that are typical of nonpolar solvents  Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick,
are found to give rise to significant contributions to the relative D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.;
stabilities of neutral-pair and ion-pair H-bonded comple¥#e® By Ortiz, J. V.; Stefanov, B. B,; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi,
dispensing with the wider atomic detail of the protein environment, |:: Gomperts, R.; Martin, R. L.; Fox, D. J.| Keith, T.; Al-Laham, M. A

the dielectric continuum SCRF approach allows the most important \Ij\fp%,oﬁr.];(0.;]Ngnaé?]lélj]ar\a}vé\}v%ﬂgz?\}le.zw(};Acr:]ré:;\g:\cgwﬁg,(l;/(l).;lzcz:lézP.(l:\/.ll.

interactions to be treated at a high level of QM theory with quality Head-Gordon, M.; Replogle, E. S.; Pople, JGaussian 98Revision A.6;
basis sets, and including electron correlation and geometry optimization. Gaussian, Inc.: Pittsburgh, PA, 1998.
(43) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785.
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close agreement with those obtained from MP2 calculati®ns.
Moreover, DFT methods are far more efficient than conventional ab
initio correlated methods and, therefore, are better suited to the larger-
scale calculations required in this study. However, as a cautionary note,
there appear to some pathological cases, specifically for systems
containing anionic species, where the DFT method breaks dofin.
Consequently, some single-point calculations at the MP2 level were
also performed in order to validate the B3LYP results. The geometry
optimizations were carried out at the B3LYP/6-31G* level using the
SCRF model (“dipole” option in G98) based on the Onsager eqution,

AG=—

1—¢ ‘Lﬁ 2)
1+eRg?

whereu is the molecular dipole moment inside a cavity of radiugn

the present calculations the cavity radius was set equal to 5.5 A, as
determined in a previous study on similar H-bonded pterin compféxes.
For the majority of complexes, the relative energies were then obtained
at the B3LYP/6-313G** level using the Onsager model (B3LYP/6-
31G*) optimized geometries and the dielectric polarizable continuum
model (DPCMJ3-55 (“PCM” option in G98), with the default values

for the atomic radii. For the largest complexes studied, i.e., those
including all possible H-bonded species (Figure 1), the Onsager model
was used for both the B3LYP/6-31G* geometry optimizations and the
single-point B3LYP/6-311G** |level calculations for obtaining relative
energies. The results of some additional calculations, including geometry
optimizations and those using a range of basis sets at both HF and
correlated levels, are also reported to illustrate the convergence of the
calculated energy differences.

Results

Unbound Pterins. We present first the results for protonation
of the 6-methyl-pterin and 6-methyl-7,8-dihydropterin molecules
in the absence of H-bonding partners found in the active site
(Figure 1). These calculations on the unbound pterins were
carried out with a dielectric of 2, but with a smaller radius of
3.5 A for the Onsager model to allow for a more meaningful
comparison with the larger H-bonded complexes. The B3LYP/
6-311+G** level energies calculated at the B3LYP/6-31G*
optimized geometries give the N8-protonated form of unbound
6-methyl-pterin to be 10.2 kcal/mol more stable than the O4-
protonated form, while N5-protonated 6-methyl-dihydropterin
is only 1.7 kcal/mol more stable than the corresponding O4-
protonated form. An additional calculation on the N1-protonated
form of 6-methyl-pterin, which is that preferred in solutidn,
shows that it is marginally (0.5 kcal/mol) less stable than the
N8-protonated form. Clearly, this protonation would be highly
unlikely in the active site, as no H-bond partner forN4 exists
and it would disrupt the Thr113 and W301 interaction that is
observed crystallographically.

Pterins H-Bonded to Carboxyl Group. The most stable
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analogue, i.e., the ion-pa® and neutral-paiB forms, respec-

protonated forms of the H-bonded complexes formed betweentijyely. Figure 4 shows the stable configurations for the N5- and
acetate and the 6-methyl-pterin and -dihydropterin molecules g4-protonated complexes formed between the acetate ion and
in the absence of explicit water molecules or other neighboring pHF analogue, again the ion-pairand neutral-pai forms,
active-site residue analogues are shown in Figures 3 and 4.respectively. The ion-pair complexes are characterized by
Figure 3 shows the most stable structures for the N8- and O4-re|atively short H-bond lengths. In contrast to the results
protonated complexes formed between the acetate ion and folatgptained for unbound pterins which favored the N8- or N5-
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initial anion complexed and6 is covalently bonded to OD2
in the neutral-pair complexeésand8, i.e., a concurrent proton
shift occurs. Moreover, we found no energy minimum at the
B3LYP/6-31G* level corresponding to the ion-pair form of the
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12w are analogous to the structur@sndb in Figure 2.

4.8

O4-protonated complex. We also found low barrierg (kcal/
mol) for the transfer of the H3 proton in the H-bond between
N3 and OD2 for the ion-pairand7) and neutral-pair forms

of the keto complexes, similarly to our previous findings for
8-methyl-pterirt® Consequently, in a low-dielectric medium,
the true representation of the keto state is most likely a hybrid
of ion-pair (N3-H3) and neutral-pair (OD2H3) forms. Clearly,

J. Am. Chem. Soc., Vol. 123, No. 15,3XBL

O4 in the aniorbww is absent in the protonated specidsvw

and 12ww so that there is now only a single H-bond between
the water molecule and N5. Changes also occur in the binding
of W206 in order to accommodate the proton at OD2. Whereas
the H-bond distances in the anion are nearly equdl.7 A),

the ODZ%--H2 distance is noticeably longer than the GBBRI3
distance in the protonated complexes. However, note that in
8ww these differences are also very large, although W206 is
now less strongly bound to OD2 (distance of 2.05 A), while
the solvent water is bound tightly to the dihydropterin ring
mainly via O4 (1.64 A). Note also that the optimal orientation
of W206 in8ww is not the same as that proposed ¢an the
mechanism illustrated in Figure 2.

In the mechanism proposed by Bystroff et%he enol form
c converts on protonation at OD2 to the cation fatnin Figure
7 we have examined possible energetic pathways for this
conversion. Direct protonation @ww (closely analogous to
c) at OD2 produces the enol forri@ww) of the cation complex
which may convert to the preferred keto for@ww), which is
the analogue ofd. Thus, 9ww remains the most stable
configuration for H-bonding between the carboxyl group and
dihydropterin in the presence of the two water molecules.
Alternatively, we considered the case where proton transfer to
N5 precedes OD2 protonation. This can be achieved by direct
transfer of H3 from OD2 to N3 irBww to produce the enol
(13ww) ion-pair form, and then via proton transfer through the
bound water molecule to the ket@ww) ion-pair complex.
Although 13ww is very similar in energy t@ww, the binding
of W206 in 13ww becomes much tighter than that &ww,
although not as tight as that in the OD2-protonated complexes:

based on the molecular dipole moments alone, the more polarthe distance of 2.5 A between W206 and O4.8wwis rather

keto ion-pair becomes more stable than the keto neutral-pairI

formed by migration of H3 to OD2 as the dielectric constant is
increased. The ion-pair actually becomes the more stable only
for a dielectric constant af > 2 and depends on the quality of
the basis sets (ref 31 and unpublished results). Protonation a
OD2 of the keto ion-pair and enol neutral-pair complexes
produces stable cations for both folategnd5) and DHF @
and10) analogues. For this second protonation, H3 is covalently
bound to N3 in all complexes and the states with MB8gnd

N5 (9) protonated are more stable than those protonated on O
(5 and10), by 10.5 and 2.2 kcal/mol, respectively.

Pterins H-Bonded to Carboxyl Group, W206, and Solvent
Water. The structures in Figures 3 and 4 lack the H-bonds
associated with the other neighboring polar groups in the active
site (Figure 1). We begin our investigation of these additional
H-bond effects by first introducing the conserved water molecule
(W206 for E. coli) and the mobile solvent water molecule
(Figure 2) only. In Figure 5 we show the protonations of the
anion complex for DHF with W206 to give the keto and enol
neutral-pair formsl1lw and 12w which are, respectively, the
analogues o andb of the Bystroff et aP mechanism defined
in Figure 2. We find that.l2w is 4.8 kcal/mol higher in energy
thanllw. The protonations of the anion complex for DHF with
both W206 and a solvent water molecule are shown in Figure
6. The H-bonding of the solvent water molecule causes an
insignificant change (only 0.1 kcal/mol) in the energy difference
between tautomerslww and 12ww compared with that for
11w and 12w (Figure 5). Comparison of the structures with
11w and 12w in Figure 5 shows that there is also very little
change in the H-bond geometry of W206 on binding of the
solvent water molecule in the protonated species. However,
comparison ofllww, 12ww, and 8ww with the anion6ww
shows that there are very significant changes in the H-bonding
of the solvent molecule itself on protonation. The H-bond with

ong.
The keto form of the ion-pair7ww) and not the enol ion-
pair 13ww is the closest in energy~@ kcal/mol) to the keto

lneutral-pairllww (Figure 6), although the energy differences

are rather small: note that less than 1 kcal/mol sepa8ates
13ww, and7ww. This is in contrast to the results obtained in
the absence of bound water (Figures 3 and 4), where the enol
neutral-pair form 8) is more stable by 10 kcal/mol than the

4keto ion-pair form 7). Note also that the keto form of the cation

(9ww) is preferred by approximately 5 kcal/mol over the enol
cation LOww) in complexes with explicit waters (Figure 7),
compared with 2 kcal/mol for the corresponding complexes (
and 10) without water (Figure 4).

As the mobile solvent water is not observed to be bound
crystallographically (Figure 1), we also calculated energy
differences between the ion-pair and neutral-pair complexes with
only W206 bound. Figure 8 illustrates direct protonation of N5
in the H-bonded anion compledw formed between acetate,
DHF analogue, and crystallographic water molecule W206 to
form the keto ion-pair compleXw, compared with the corre-
sponding OD2 protonation to form the keto neutral-piw
(analogue ofiin Figure 2). The formation of1w may then be
followed by direct protonation of N5 to form the Michaelis
complex9w (analogue ok in Figure 2). The OD2-protonated
form 11w is almost 10 kcal/mol more stable than the corre-
sponding keto form of the ion-pai7). Figure 9 shows the
results of corresponding calculations for the folate analogue
complexes. The OD2-protonated neutral-pair folmv() is 11
kcal/mol more stable than the N8-protonated ion-pair fa2m)(

Pterins H-Bonded to Carboxyl Group, Thrll3, lle5,
W206, and W301.We performed calculations to see how the
remaining H-bond interactions with Thr113, W301, and lle5
(Figure 1) would affect the energy differences between the keto
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ion-pair and neutral-pair (Figures 8 and 9). The results for the B3LYP functional also overestimates the stability of the neutral-
full complement of H-bond interactions are shown in Figure pair relative to the ion-pair complex compared with the MP2
10. These remaining H-bond interactions reduce the differencemethod in dielectric { > 1) media, particularly for strong
in energy between the complex2e/ and 14w and between dielectrics, although the agreement between B3LYP and MP2
7w and11w, compared witlPw and14win Figure 9, and/w in a vacuum ¢ =1) remains quite good. To an excellent
and 11w in Figure 8, respectively. The H-bond distances approximation, the calculated energy differences as a function
between the pterins and carboxyl group are also significantly of (¢ — 1)/(e + 1) are linear (see eq 2). The energy difference
larger compared with the corresponding one@wy 14w, 7w, for a given value ot was, therefore, obtained by interpolation
and11w. Nevertheless, the OD2-protonated neutral-pair retains of the calculated energy differences in Table 1, and we
stability over the N5- and N8-protonated ion-pair complexes determined that the ion-pai7\{/) becomes more stable than
by 3 kcal/mol fore = 2. the neutral-pair Y1w) for ¢ > 2.6 (MP2) ande > 21.6
Comparison of Different QM Methods. The results in Table  (B3LYP).
1 give the energy differences at different levels of QM theory =~ Comparison of H-bond Distances from X-ray Crystal-
and dielectric constant for the DHF analogue syst@&wsand lography and Calculation. X-ray crystal structures are available
11w. We note first that the level of theory at which the geometry for DHFR from a number of sources, including human.
is optimized is relatively unimportant. In particular, the polariza- However, the most extensive structural analysis has been done
tion of geometries in dielectric media does not have a significant for E. coli DHFR 56 X-ray structural analysis has identified
impact on the predictions of relative energies. However, the geometries corresponding to open, closed, and occluded con-
HF method overestimates the stability of the neutral-paiv formations of the M20 loop. It is believed that the closed
relative to the ion-pair complexw compared with the conformation of the M20 loop is the catalytically active one,
correlated (B3LYP and MP2) methods. Most significantly, the  (56) Sawaya, M. R.; Kraut, Biochemistry1997, 36, 586.
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replacing N5 with CH produce only minor changes to the
H-bond dimensions. Both theory and experiment predict that
OD2-W distances are less than ©W distances (W= water
oxygen). The same trend is observed for the human enzyme
(PDB files 1dhf and 1drf; results not shown). The theoretical
geometries give OD2W distances of about 2.6 A for all
complexes except the anions. In some ddTHF complexes
(occluded M20 conformation) this distance is much lower at
2.3 A (Table 3), while 2.8 A is observed for the DHF complex
(Table 2), also in the occluded conformation. Except for anion
and ion-pair complexes where the calculated carbopiérin
H-bond distances for OD2N3 and OD}N2 are about equal,
we calculate that OD2N3 H-bonding distances are less than
OD1—-N2 distances. The FOL crystal structures show some
variation for these two distances, but the majority follow the
same trend, i.e., OD2N3 < OD1—-N2 as for the calculated
distances.

Discussion

Figure 8. Direct protonation of N5 in the H-bonded anion complex

formed between acetate, the 7,8-dihydrofolate analogue 6-methyl-7,8- The results show that H-bonding with the carboxyl group
dihydropterin, and the crystallographic water molecule W206, compared has a significant effect on the protonation energetics of the pterin
with OD2 protonation (analogue afin Figure 2) followed by direct and dihydropterin rings. The preference of the O4-protonated
protonation of N5 to form the Michaelis complex (analogueeah (neutral-pair8) over the N5-protonated (ion-paif) DHFR
Figure 2). All proton affinities and energy differences are given in analogue complex (Figure 4) is in agreement with the HF/3-

kilocalories per mole, calculated at the B3LYP(6-313**//6-31G*) : L
level with DPCM model € = 2). H-bond distances are in angstroms. 21G gas-phase = 1) calculations of Cannon et #1Similarly,
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we found that the neutral-pair O4-protonated com@éxmore
stable than the ion-pair N8-protonated compewr the folate
analogue (Figure 3). In both cases, the N3 proton that is bound
to the pterin and dihydropterin rings in the unbound form and
in the anion complexes with the carboxylate group becomes,
on protonation of the anion complexes, covalently bound to the
carboxylate, giving effectively the carboxylic acid and enol
tautomer of the neutral pterin and dihydropterin. Extension of
the model to include the conserved W206, and W206 and
solvent water, for the DHF analogue (Figures 5 and 6) again
showed preferential protonation of the carboxyl group, although
in these cases the keto tautom&f\y, 11ww) is more stable
than the enol tautomef2w, 12ww, 8ww). Thus, we found no
evidence to support the idea that the polarizing effect of the
carboxylate preferentially stabilizes either the N8- or N5-
protonated keto forms or the O4-protonated enol forms in an
ion-pair complex:323 We also attempted to obtain a stable
complex between the keto tautomer of the dihydropterin and
the OD2-protonated group in the absence of W206, Léw

Figure 9. Direct protonation of N8 in the H-bonded anion complex without the water molecule. However, the optimization resulted
formed between acetate, the folate analogue 6-methyl-pterin, and thein cleavage of the ODINA2 H-bond and formation of a new
crystallographic water molecule W206, compared with OD2 protonation H-bond between the protonated OD2 and O4 of the pterin ring.
followed by direct protonation of N8 to form the Michaelis complex. Thus, the presence of the conserved water appears crucial to
All proton affinities and energy differences are given in kilocalories stabilizing the OD+NA2 H-bond interaction when OD2 is
per mole, calculated at the B3LYR(6-3&G**//6-3lG*) level with protonated.

the DPCM model { = 2). H-bond distances are in angstroms. However, the effects of the other residues that are directly
while the occluded conformation forms in product comple¥es. H-bonded to the carboxyl-pterin or carboxyl-dihydropterin
We have extracted the H-bond distances involved in the binding complexes are also significant. From the calculated H-bond
of the conserved water W206 using coordinates obtained from geometries, a proton relay from OD2 to O4 to N5 involves
the Protein Data Bank for comparison with the geometries considerable changes in the entropy associated with binding of
obtained theoretically. The results are shown in Tables 2 and 3the W206 and solvent waters. The conserved water W206, which
for some E. coli DHFR folate, DHF, and THF analogue is initially tightly bound ina= 11w (Figures 2 and 5), becomes
complexes. As a number of the crystal structures are for 5-deazawveakly bound in the intermediate stat€analogous td.2ww
complexes, also included in Table 2 are H-bond distances from or 8ww in Figure 6) of the mechanism proposed by Bystroff et
calculations on 5-deaza complexes. In Table 3, the calculatedal.® and must then regain its tightly bound statuseir= 9w
distances are for the 6-methyl-5-deaza-5,6,7,8-tetrahydropterin(Figure 8). Also, the transition frorb (12w in Figure 5) toc
analogue of dideazatetrahydrofolate (ddTHF) with protonation involves a reorientation of the G4H bond through a 180
and H-bonding as irll1w (Figure 8). The calculations show rotation (Figure 2). Note, however, that the -©©45 transfer
that the perturbations to the pterin or dihydropterin rings by initiated by a second protonation at OD2 as proposed by Bystroff
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Figure 10. Comparison between N&\/)- and OD2 (4w)-protonated (folate analogue) and between N&')- and OD2 (1w)-protonated
(DHF analogue) anion complexes with all possible water and residue H-bond interactions as illustrated in Figure 1. All energy differences are given
in kilocalories per mole, calculated at the B3LYP(6-313**//6-31G*) level with the Onsager modet & 2). H-bond distances are in angstroms.

Table 1. Energy Differences (kcal/mol) between N5- and
OD2-Protonated (DHF Analogue) Anion Complex&sv( and 11w

in Figure 10) Calculated at Various Levels of Theory in Vacuum (
= 1), Weak Dielectric £ = 2), and Strong Dielectrice(= 80)

dielectric constant in SCRFE)X

of both W206 and the solvent water significantly reduces the
difference in energy between the ion-paitwfv) and enol
neutral-pair 8ww) complexes for the DHF analogue. Thus,
although the conserved water W206 alone does not confer

optimization energy sufficient stabilization to the ion-pairs for protonations at N5
level difference 1 2 80 and N8, as more H-bonds are included the energy difference
HF/3-21G HF/3-21G 18.9 16.0 10.7 between the neutral-pair and ion-pair forms generally becomes
(e=1)  B3LYP/6-31G* 8.5 5.6 0.1 smaller. This is easily rationalized in terms of the larger dipole
HF/6-31G*  HF/6-31G* 164 121 4.4 of the ion-pair, and a similar effect can also be achieved by
(e=1) B3LYP/6-31G* 9.8 6.2 -0.7 : . - . .
MP2/6-31G* 11.2 35 135 increasing the dielectric constant. On the basis of the MP2
DFT/6-31G* B3LYP/6-31G* 10.4 65 —0.7 calculations for7w and11w (Table 1), it could be argued that
(e=2) B3LYP/6-34G* 6.4 2.3 -5.8 only moderately polar environments <« 10) may be capable
B3LYP/6-31H-G** 7.4 3.3 -4.9 of stabilizing the formation of the singly protonated ion-pair

complexes. Consequently, it is conceivable that ion-pair com-
plexes analogous t@ and 7 could be more stable than the
et al? may not be necessary, as direct protonatiom at N5 corresponding neutral-pai_r forms in the actiye s_,ite of the enzyme.
should also be possible via the solvent water (i.e., fdww However, our res_ults_ (Figures 8 and 9) indicate that double
in Figure 6), with minimal reorganization of the H-bonding protonation to maintain OD2 protonated produces t.he N8- and
network, and without the energy barriers encountered when NS-protonated cation complexésv and 9w = e required for
differently protonated forms interconvert. Furthermore, the the two reactions unambiguously.
calculated orientation of this solvent molecule in thenalogue It should be emphasized that although the effects of both
11ww (Figure 6) suggests that O4 is not H-bonded to solvent increasinge and the inclusion of explicit H-bonded neighbors
and, thus, need not be involved in the protonation of N5 by are to reduce the energy difference between ion-pair and neutral-
way of transfer from OD2. pair forms, they are not quantitatively the same. The results
The other possibility which has been suggesté#23is that (Figure 7) show that the H-bonded water molecules provide
the active form of the substrate complexes is a singly protonatedadditional stabilization to the keto ion-pair form beyond that

aMethod used to calculate energy difference.

ion-pair, as illustrated b and7 (Figures 3 and 4) for the N8-
and N5-protonated keto ford#s3 or 13ww for the O4-
protonated form of dihydropteril¥, rather than the doubly

given by the dielectric continuum model (Figure 4) and illustrate
the importance of modeling residues H-bonded to the substrate
and Asp carboxylate explicitly. ThedW of Trp21, neglected

protonated cation complee = 9w in the Bystroff et aP in the present model, also forms a H-bond with the conserved
mechanism. Our results (Figures 3 and 4) indicate that in the W206 in the crystal structure. While this interaction may require
absence of nearest-neighbor H-bond interactions other than theconsideration, explicit inclusion of a fragment indole ring would
carboxyl side chain, these singly protonated ion-pairs are notbe computationally inefficient. This type of secondary polar
the most stable forms of the complexes. Rather, the enol neutral-interaction could best be described within a combined quantum
pair forms with OD2 protonated are more stable. Results in mechanical and molecular mechanical (QM/MM) model for the

Figures 8, 9, and 10 for ion-pairs singly protonated on &8,

2w’) and N5 {w, 7w') after inclusion in the models of W206,
and W206, W301, Thrll3, and lle5, show that they are still relative stabilities of the protonated complexes discussed above,
less stable than the corresponding neutral-pair compleses
and 14w, and 11w and 11w (now in the keto tautomer),
although the difference is very much less for the larger model structure of the H-bonded complexes. These effects too would
calculations. Also, the results in Figure 7 show that H-bonding be accounted for in a QM/MM calculation, but are neglected

enzyme system.
In addition to the electrostatic and polarization effects on the

van der Waals repulsions and packing arrangements with other
active-site residues impose additional constraints on the 3-D
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Table 2. H-Bond Lengths (in A) in Folate, N5-Deazafolate, and Dihydrofolate Complexes from X-ray Structures Compared with Results from
Calculations

complex PDB codé Le Wde OD2—N3 OD1-NA2 Oob2—-W 04-W
FOL-NADP* 1ra2 Op 601 2.79 < 2.94 2.63 < 2.95
FOL-NADP* 1rb2 A Op 479 3.07 ~ 3.09 2.44 < 2.65
FOL-NADP* 1rb2 B Op 469 2.30 ~ 2.33 2.49 < 2.57
FOL-NADP* 1rx2 Cl 362 2.62 < 2.97 2.69 < 2.82
FOL-ATP-ribose 1ra8 Op 601 2.81 ~ 2.83 2.61 < 3.02
FOL 1rd7 A Op 422 2.96 < 3.10 2.46 < 3.46
FOL 1rd7 B Op nd 2.97 > 2.77 nd nd
FOL lre7 A Op nd 3.16 > 2.75 nd nd
FOL 1lre7 B Op nd 2.64 < 2.82 nd nd
FOL 1dyl A Oc 403 2.59 < 2.92 2.77 < 3.03
FOL 1dylB Oc 403 2.79 < 2.86 2.80 < 3.02
DZF ldyh A Oc 403 2.63 < 2.79 2.52 < 291
DZF 1ldyh B Oc 403 2.71 < 2.88 2.76 < 2.81
DHF 1rf7 Oc 308 2.69 < 3.05 2.83 < 3.09

Calculated Complexes
folate analogue 1w (keto anion) 2.76 ~ 2.77 2.85 < 3.04
2w (keto ion-pair) 2.65 ~ 2.64 2.87 < 3.15
2w (keto ion-pair) 2.71 ~ 2.73 2.88 < 3.13
14w (keto neutral) 2.88 < 3.01 2.58 < 2.75
14w (keto neutral) 2.96 < 3.07 2.57 < 2.71
(5-deaza) 14w (keto neutral) 2.86 < 3.06 2.58 < 2.75
4w (keto cation) 2.79 < 2.89 2.57 < 2.90
(5-deaza) 4w (keto cation) 2.80 < 2.91 2.57 < 2.88
DHF analogue 6w (keto anion) 2.80 ~ 2.78 2.85 < 3.00
7w (keto ion-pair) 2.69 ~ 2.67 2.86 < 3.10
7w (keto ion-pair) 2.74 A 2.76 2.88 < 3.08
11w (keto neutral) 2.90 < 3.01 2.57 < 2.68
11w (keto neutral) 2.97 < 3.04 2.55 < 2.65
(5-deaza) 11w (keto neutral) 2.87 < 3.07 2.56 < 2.68
9w (keto cation) 2.81 < 2.94 2.57 < 2.84

aFOL, folate; DZF, N5-deazafolate; DHF, dihydrofolateViolecules A and B of crystallographic dimerConformation of M20 loop irE. coli
DHFR: Op, open; Cl, closed; Oc, occludédiater corresponding to W206 in the Bystroff ef atructure determinatiorf.nd = water not observed
in some binary complexes with open loop.

Table 3. H-Bond Lengths (in A) in 5,10-Dideazatetrahydrofolate from X-ray Structures Compared with Results from Calculations for
6-Methyl-5-deazatetrahydropterin Analogue Complex

complex PDB code Le wd OD2—N3 OD1-NA2 OD2-W 04-W
ddTHP 1rx5 Oc 321 2.81 < 3.14 2.29 < 2.84
ddTHFATP-ribose 1rx4 Oc 321 2.87 < 2.93 2.31 < 2.92
ddTHFNADPH 1rx6 Oc 321 2.87 < 291 2.30 < 2.78
ddTHFNADP* 1rc4d Oc 212 2.72 < 3.04 2.48 < 2.93
ddTHF 1dyj A Oc 403 2.63 < 2.88 2.55 < 2.93
ddTHF 1dyjB Oc 403 2.76 < 2.88 2.62 < 2.75

Calculated Complex
6-methyl-5-deaza-5,6,7,8-tetrahydropterin 2.87 < 3.11 2.57 < 2.67

addTHF, 5,10-dideazatetrahydrofolatdMolecules A and B of crystallographic dimérConformation of M20 loop irE. coli DHFR; Oc, occluded.
dWater corresponding to W206 in the Bystroff efatructure determinatiorf.Protonation and H-bonding with W206 in the same configuration
as the neutral-pair keto form iblw (Figure 8).

in the present SCRF model calculations. Nevertheless, compartautomerl2w (Figure 5), where the order is reversed. Thus, it
ing the calculated H-bond dimensions with those found in crystal is not possible to use the results from calculation to confidently
structures of DHFR shows a qualitative correlation with respect differentiate between protonated and ionized states of OD2 in
to the relative H-bond distances of bound W206 in that the the X-ray structures. However, it is worth noting that the
distance between OD2 and W206 is invariably shorter than the protonated OD2 complexes give rise to stronger H-bonding
04—-W206 distance. There are more significant variations in between OD2, O4, and the conserved water, compared with
the H-bonding between the carboxyl group of Asp27 and the those complexes in which OD2 is ionized. One of the ternary
pterin and dihydropterin rings that are difficult to rationalize, FOL:NADP* complexes (1rb2) exhibits relatively stronger
but may parﬂy be due to the effects of Crysta| paCking and bonding for both OD2W and O4‘W, consistent with the OD2-
uncertainty in the resolution of diffraction data. It appears that Protonated folate analogue complexesv and 14w

for all structures with occluded M20 loop conformations, the _ AlSO in Table 2, the water molecule corresponding to W206
X-ray data yield OD2N3 < OD2—NA2, consistent with the is absent _from some binary complexes w!th folate. _Solutlon
calculations for protonated OD2 complexes. For both protonated NMR studies have revealed that this water is bound differently
and ionized states of OD2. the calculated OV and O4W in the binary and ternary (NADPH) complexes of human DHFR
distances follow the samé trend. i.e. OB® < O4—W in with MTX.5758 In both of these complexes the water is long-
Table 2. This is true also for the o’ther’complexes (Figures 5 to lived, but in the ternary complex it may have a longer residence
10) not listed in Table 2, the only exception being the enol  (57) Meiering, E. M.; Wagner, GJ. Mol. Biol. 1995 247, 294.
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time. It is interesting to note that the missing water molecule corresponding to W206 in the. coli DHFR complexes appears
occurs for binary complexes of folate with the M20 loop in the to be critically important, and may determine the protonation
open conformation, and experimental stu#ié& 2! show that site for the enzyme-bound substrates.

the carboxyl group is ionized in binary complexes. These = However, as the SCRF model used in the present study is
observations might be a consequence of weaker binding of thisoversimplistic in its treatment of interactions within proteins,
water molecule in binary complexes with substrate so that it is we are currently using molecular dynamics simulation and

not localized and observable by crystallography. combined quantum mechanics and molecular mechanics (QM/
MM) methodologies to obtain an even more realistic description
Conclusions of the protein/solvent environment. The inclusion of free energy

) ] _ sampling and rigorous treatment of long-range effects should

We studied the relative energies of protonated forms of the zjjow a more definitive assessment of the relative stabilities of
enzyme carboxyl group and substrate pterin and dihydropterin the OD2-, 04-, N5 (DHF)-, and N8 (folate)-protonated forms
rings using high-level ab initio quantum chemical methods. We jn actual DHFR enzymesubstrate complexes.
found that the explicit inclusion in the QM models of directly
H-bonded polar groups that are observed in the X-ray crystal Acknowledgment. We gratefully acknowledge the Austra-
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