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Accounting for Environmental Effects in ab Initio Calculations of Proton Transfer Barriers
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The proton transfer between imidazole and water was studied by quantum chemical calculations in the presence
of further ligand water molecules. In particular, we investigated the effect of the position of secondary waters
relative to the proton transfer system. It is shown that the energy surface of transfer can be well reproduced
when these waters are replaced by point charges. We found that at close distances the charges need to be
enhanced to account for induced polarization. As a further simplification, the environmental effects of these
secondary waters on the proton transfer barriers can be described analytically by the electrostatic interaction
of fitted point charges placed at the position of the ligand waters using the Mulliken charges of imidazole
and the primary water.

Introduction Thus, we need to derive an analytical description of hopping
probabilities for every geometry of the proton-transferring and
environmental groups, and this is the aim of this study. A proton-
transfer model system is chosen consisting of a proton-donating
amino acid side group, imidazole, and an accepting group, one
water molecule, (Figure 1: system A) that has previously been
studied by Lu and VotH.In a subsequent paper, results will be
presented for proton-transfer barriers between all titratable amino
acids and water molecules.

Proton-transfer reactions are essential parts of numerous
biochemical and bioenergetic processes, for example, in enzy-
matic reactions such as serine protedsésyr carbonic anhy-
drasé or in proton transport paths through entire membrane
proteins such as bacteriorhodogsim cytochromee oxidase?”

The thermodynamic and kinetic properties of proton transfer
processes in proteins are strongly influenced by the environment

Z];et?eiegrg;org;ggiegggg r%rtlzleurgtlCsigtgrsoelizg.n-:-g;figa“rve%omi- The energy hypersurface, from which the transfer probabilities
g P P can be derived, is dependent on different parameters. First, the

ﬂzintlﬁlt tgg?xzzr?ﬁc;rs%sta};c ;T;?;iag:\i%ig‘:ﬁ;ﬂ%ﬁg&"ﬁ;re_dependence of the proton-transfer energy surface on the distance
9 A . : . .. . between the donating and the accepting atom, RERD), is
fore, have a significant impact on reaction rates and equilibria

: - nalyzed. Then the influen f environmental gr her
and on local [, values$ of titratable residues. analyzed N € Influence of environmental groups, here

Diff t th tical hes h b dt ligand water molecules, is investigated (Figure 1: systems B
Iiterent theoretical approaches have been proposed 10, C). The effect of the relative positions of these secondary
describe the environmental influence on proton transfer reac-

i Th i i d ; " his to © twaters to the proton-transferring imidazeleater system is
lons. The most accurate and most costly approach Is 1o trea analyzed. From these data, an analytical approach is derived in

‘hd¢ ?O.mplete.syStemtOf ptroton(;tr?nsge:jr_lntg groubps ?ndt the_lr a stepwise manner, which accounts for the environmental effects
adjoining environment up to a defined distance by electronic | "o proton-transfer energy surface.

structure methodsQM/MM methods are being used to consider
a larger part of the environmgnt in an efficient manner and Method of Calculation
simultaneously to allow for a higher level of quantum mechan-
ical description of the reactive groups. In these methods, the The calculations were performed with the program package
active center of the reaction is described fully quantum NWChem 3.12 on DEC alpha workstations. To establish the
mechanically by electronic structure methods, whereas the computational methodology, the proton transfer in the well
environmental groups are treated using force field me#fods studied system kD, was chosen as a test case. The results for
or are described by a polarizable continuum in a self-consistentdifferent proton accepterdonor distances with density func-
reaction field approach. tional methods (B3LYP functional) and wave function methods
However, even faster methods are necessary if one wants to(MP2) using basis sets ranging from 3-21G to 6-31G** are
study transport processes on much longer time scales and foishown in Table 1, together with those from very accurate
large systems such as membrane proteins. An empirical forcecoupled cluster calculations taken from ref 13. RHF results are
field approach was used previously by Brickmann and co- in satisfactory agreement with those found in the literatire.
workers! to study liquid water with one excess proton, and As discussed in refs 13 and 15, density functional methods
proton transfer was described as instantaneous hopping. Weunderestimate the energy barriers between the two minimum
would like to extend this approach to simulate protein systems energy states compared to results obtained by CCSD(T) and
by molecular dynamic simulations whereby proton transfer QCISD(T) calculations. The predictions for the energy barriers
occurs between different titratable residues and water moleculesderived with MP2 are closer to those of these high-level
approaches. Therefore, we only show results from MP2 calcula-
*To whom correspondence should be addressed. tions for the imidazole-water system.
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TABLE 1: Energy Barriers [kcal/mol] for Proton Transfer
in HsO, at Different R(OO)

R(0O) [A]

method 25 2.6 2.7 2.8
MP2/6-31G* /| HF/3-21G 03 20 47 8.4
MP2/6-31G** /| HF/6-31G** 04 21 57 100
B3LYP/6-31G* // HF/3-21G 01 12 35 6.6
B3LYP/6-31G** /| HF/6-31G** 01 10 38 7.4
CCSD(T)/cc-pVTZ // MP2/cc-pVTZ  0.37 2.08 4.85 8.44
QCISD(T)/cc-pVTZ /| MP2/cc-pVTZ 0.38 2.06 4.82 8.40

aTaken from ref 13.

c

r{OH) r(NH)

Figure 1. Proton-transfer system consisting of imidazole, a proton-
accepting, primary water (system A), and one (system B) or two (system
C) secondary, or ligand, waters. Four interatomic distam¢isl),
r(OH), RINO) andd(OO), which will be used as reaction criteria in
this study, are labeled.

The geometries of system A (Figure 1), consisting of
imidazole and water, are optimized using HF/6-31G**, and the
energies are calculated at MP2/6-31G** /| HF/6-31G**. To

obtain the energy surface of a proton-transfer reaction, the proton

is moved stepwise by 0.1 A along thgN-Oprim.warintercon-
necting line. At eacin(NH) the geometry is optimized, keeping
the distanceR(NO) and the angldJ(NHO) fixed. All other
degrees of freedom remain free.

When studying environmental effects, adding one (system
B) or two secondary waters (system C), the geometries are
optimized using HF/3-21G to save computing time, and the
energies are calculated at MP2/6-31G*//HF/3-21G. In the
optimization procedure, the coordinates for the oxygens of the

secondary waters are first determined at an intermediate distance

r(NH) = 1.4 A while keeping the primary water fixed. Then,
similar to system A, the energy is calculated at evegiyH)
while constraining the coordinates of the donating atom, N
the transferred hydrogen, and the acceptingnvas as well
as the position of the oxygen of the secondary waters.

Since systems B and C contain more basis functions than
system A, the importance of the basis set superposition error
was checked for a correct estimation of the effect of the
secondary waters. This was done by Counterpoise Correction
that is, examining system A and ghost atoms with orbitals on
the positions of the secondary waters. The energy surface
compared to that of system A shows only negligible differences
(results not shown).

Results and Discussion

Proton-Transfer Barriers without Secondary Water Mol-
ecules.The proton-transfer energy surface for the imidazole
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Figure 2. Proton-transfer energy surface for system A as a function
of r(NH) at different separations between imidazole’s nitrogen and the
primary water’'s oxygenR(NO) = 2.65 A...3.15 A.
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Figure 3. Influence of one and two secondary waters on the proton-
transfer energy surface for imidazelwater atR(NO) = 3.05 A and
00)=2.6A.

from 2.65 A to 3.15 A. For large separatioRENO) > 2.95 A,

a double-well potential is formed with a single deep minimum
at aboutr(NH) = 1.03 A, where the proton is bound to the
onor Nm, and a shallow minimum at abotOH) = 1.09 A
(for RINO) = 2.95 A) tor(OH) = 1.05 A (for R(NO) = 3.15
A), where the proton can be assigned to the accepting, @
The shape of the double-well potential reflects the stronger
proton affinity of an imidazole group compared to that of a
water moleculé. For RINO) < 2.95 A, the proton affinity of
the water molecule is insufficient to form a stable hydronium
ion; the second minimum disappears.

Influence of Secondary Water Molecules on the Proton
Transfer Barrier. As previously shown by Lu and Voth,
secondary water molecules ligated to the primary, proton-
accepting water molecule stabilize the formation e®H mainly
by electrostatic interaction between the ligand waters and the
changing charge distribution that accompanies the proton-
transfer process. Figure 3, as one example, shows the effect of
one and two secondary waters at a distancé(©00) = 2.6 A
between primary and secondary water on the proton-transfer
energy surface of the imidazetevater system a@R(NO) = 3.05

water system is shown in Figure 2 as a function of the separationA. The stabilization of the second minimum results in a decrease

between the donating atom and transferred prot@dH), at
different distances between donor and acceBMO), ranging

of the forward energy barrier by 11 kcal/mol to about 29 kcal/
mol for one ligand water and by 20 kcal/mol to about 20 kcal/
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— A TABLE 2: Comparison Between Energy Barriers of the
Rl B st A Fully Quantum Mechanically Treated System C with
| —-—- &00) =40 A Systems in Which the Secondary Waters are Modeled by
DT doo-ssd | ) Point Charges
ez | g E, [kal/mol E; [kcal/mol
S point charges __Ev [Kcal/mol] o [keal/mol]
d(OO) ofbestfitfe] QM pointcharge QM  point charge
H /S [Al 0o/ waters ~ waters ~ waters  waters
g 7 i . ; 26 —1.20/060 19.9 19.6 15.2 14.4
w 3.0 —1.10/0.55 26.0 25.8 9.3 8.7
35 —1.00/0.50 30.7 30.5 5.8 5.6
10 4.0 —0.90/0.45 335 335 4.0 4.0
; 5.0 —0.82/0.41 36.4 36.4 2.7 2.7
6.0 —0.82/0.41 37.7 37.7 2.4 2.4
ot 7 continuously fromgo = —0.82hy = 0.41 atd(O0) = 5.0 A
0.‘9 111 113 1.‘5 117 119 2.1 andd(OO) =6.0 A to qo = _1ZOQH = 0.60 atd(OO) =26

riNH) [A] A. The closer a secondary water approaches the primary water,
Figure 4. Dependence of energy barriers for system C on the position the stronger is the interaction between the dipole of the latter
of the secondary waters relative to the primary water. The distance is with the electron density of the ligand water. Therefore, the
varied fromd(00) = 2.4 A tod(00) = 5.0 A and to infinity, which  induced polarization of the secondary water and thus the absolute
means no secondary waters are present. These calculations Were Slues of the charges on the nuclei positions increase.
performed aR(NO) = 3.05 A.

For d(0O0) = 2.4 A, the energy surface of the full quantum
system cannot be reproduced by point charges on secondary
waters anymore. This may be due to a strong polarization of
the system, which leads to charged secondary water molecules.
We found that Mulliken charges on the atoms of a secondary

The effect of varying the distance between primary and Wat€r sum up to a total charge varying from 0.03 e(hitH) =

secondary waters is demonstrated in Figure 4. As the secondar)g9 A t'g‘) 0.08 e at(NH) = 2.1 A, Whereas_the ng fa(OO)
waters are shifted away, the electrostatic interaction with the — 2:6 varies cz\nly from 0.035 e afNH) = 0.9 A t0 0.065 e
imidazole-water system and thus the stabilization of the second &t '(NH) = 2.1 A. This may explain why a neutral secondary

minimum diminishes. As a consequence, the barrier increases/Vater with equal charges for ever{NH) is not able to repro-

mol for two ligand waters. In addition, the proton-transfer barrier
for the backward transfer from water to imidazole increases from
about 2 kcal/mol to 8 kcal/mol for one and to 15 kcal/mol for
two secondary waters.

from 20 kcal/mol at(00) = 2.6 A to 36 kcal/mol at(O0) = duce the correct energy surface for the proton-transfer process.

5.0 A, while the barrier for the reverse transfer decreases from For distances(O0) = 2.6 A, it is feasible to calculate the

15 kcal/mol atd(00) = 2.6 A to 3 kcal/mol at(0O0) = 5.0 A. proton-transfer surface between an amino acid side chain, here
Modeling of the Secondary Waters by Point ChargesThe imidazole, and water surrounded by ligand waters, treating these

question now arises of whether the proton-transfer energy sur-molecular mechanically using point charges. Wheread(foO)
face of the complete system C, consisting of proton donor (imid- = 5-0 A, charges of SPC water can be used, the charges of the
azole) and acceptor (water) under the influence of their environ- ligand waters for 2.6 A< d(OO) < 5.0 A should be enhanced
mental structure (secondary waters), can be reproduced by treatPy @ factor that is dependent afOO) (Figure 6).
ing the isolated system A, proton donor and acceptor, with elec-  Resullts for the fitted point chargesR{NO) = 2.65 A were
tronic structure methods (here, MP2) and by representing the Very similar to those obtained &NO) = 3.05 A.
secondary waters molecular mechanically as three point charges A water molecule represented by point chargesgef=
at the positions of the nucleic centers. To examine this situation, —1.2064 = 0.60 has a dipole moment of ca. 3.2 D. This may
the explicit ligand waters were replaced by point charges, and appear quite large when compared to the experimental value in
single-point calculations were performed varyirfyH), using @ vacuum (ca. 1.8 D) or to the empirical SPC water (ca. 2.3 D).
the geometry of the complete system with explicit secondary However, dipole moments as high as 2.9 D were previously
waters optimized at the correspondiifiyH) distance. The point ~ reported in molecular dynamics simulations of bulk water with
charges of the hydrogen atoms of the waters are chosen to beexplicit polarizabilities'® 8 Even higher values should be
identical, and the total charge on each water equals zero. ~ possible for a well-coordinated water molecule in a protein

Figure 5 shows the energy profiles fdfO0) ranging from interior, for example.
2.4 At05.0 A. For distanced(O0) > 5.0 A, the energy profiles Analytical Description of the Environmental Effects on
computed with the simple point charge water model (SPC) of the Proton-Transfer Barriers. In the previous section, it was
Berendsen and co-worké?gqo = —0.826 = 0.41, solid line) shown that the environmental effect of secondary water
are in excellent agreement with those for the full quantum molecules on a proton-transfer reaction can be well reproduced
system (results fod(O0) = 6.0 A are not shown here). For by treating the secondary waters as point charges with distance-
shorter distances, one observes increasing deviations the closeflependent magnitudes, at least &00) > 2.6 A. But it is
the secondary waters approach the primary water. To reproducestill necessary to recalculate the energy surface of the proton
the quantum mechanical energy barrier, the charges on thetransfer between isolated donor and acceptor for every rear-
secondary waters had to be increased ugate= —1.206y = rangement of the surrounding waters. A significant improvement
0.60. Table 2 shows that by systematically increasing the point would be if the proton-transfer energy surface only had to be
charges, energy surfaces are obtained in excellent agreementalculated once for the isolated system (system A) and if the
with those obtained by calculations with quantum mechanically influence of surrounding ligand waters on the energy landscape
treated ligand waters. could be added as a correction later on.

As the secondary waters approach the primary water, the Table 3 and Figures 7a and 7b show the results of a stepwise
magnitude of the point charges that give the best fit increasesapproach to determining the energy surface of the complete
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Figure 5. Comparison of the energy barriers for system C (where the secondary waters are part of the electronic structure calculation) with those
having the ligand waters modeled by point charges. The point charges are varied bggweei®.824y = 0.41(SPC) ando = —1.2044 = 0.60.

The distance between imidazole and primary watedR(§O) = 3.05 A. Comparisons are shown for distances between primary and secondary
waters ranging from (al(00) = 2.4 A, (b)d(00) = 2.6 A, (c)d(00) = 3.0 A, (d)d(0O0) = 3.5 A, ()d(00) = 4.0 A to (f) d(O0) = 5.0 A.

system C, by adding the electrostatic interaction energy betweenelectrostatic potentiadd created by the point charges of the
ligand waters and the imidazetevater system A to the energy  secondary waterg; (j = 14, ..., 19) is calculated according to
landscape of system A for the casg©0) = 2.6 A andd(O0)
= 3.0 A atR(NO) = 3.05 A. This approach was motivated by 13
the work of Borgis?® who derived a dipole approximation to E,=SQd(r) 1)
estimate the effect of an external electric fi&ldn the proton el £ !
transfer barrier between two water molecules.

In a first step, using the geometry and the Mulliken charges 3 19
of the optimized system C, electrostatic interaction between the ZQi Z O E— (2)
Mulliken charges of donor and accept@ (i = 1, ..., 13) and 1 jEmdmelr; — 1yl

G
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TABLE 3: Energy Barriers for Different Approaches, in Increasing Order of Simplification

d(00)=2.6 A d(00o)=2.8A
point charges on 2nd4@ [e] o= —1.2044 = 0.60 o= —1.2044 = 0.60
1st HO, energy E, E, E, E,
imidazolé 2nd HOP calculatioli [kcal/mol] [kcal/mol] [kcal/mol] [kcal/mol]
QM QM MP2 19.9 15.2 23.2 11.8
QM MM MP2 19.6 14.4 22.6 11.5
MM ¢ MM all multipoles 20.1 15.0 23.3 114
MM ¢ MM dipole 23.2 10.5 26.0 9.1
MM a MM all multipoles 21.7 10.8 24.4 9.3
MM 4 MM dipole 25.1 11.3 27.3 9.5
d(00)=3.0A d(00)=35A
point charges on 2nd4@ [e] o= —1.1044 = 0.55 o= —1.0044 = 0.50
1st HO, energy E, E, E, E,
imidazole 2nd HO calculation [kcal/mol] [kcal/mol] [kcal/mol] [kcal/mol]
oM QM MP2 26.0 9.3 30.7 5.8
QM MM MP2 25.8 8.7 30.5 5.6
MM ¢ MM all multipoles 27.1 8.6 31.9 5.6
MM ¢ MM dipole 28.9 7.2 32.4 5.2
MM a MM all multipoles 27.4 7.3 31.9 5.1
MM MM dipole 29.8 7.7 32.8 5.3

aQM: imidazole and primary water are treated quantum mechanicallycMMGeometry and Mulliken charges are taken from electronic
structure calculation on system C/ALigand waters are treated quantum mechanically (QM) or are modeled by point charges®(M)energy
surface is determined by electronic structure calculations (MP2), by eq 2 where all multipoles are taken into account, or by eq 4 where just the
dipole term is considered.

150 ‘ ‘ ‘ ‘ ‘ described above and is added to the energy curve of system A.
The result (solid line with filled circles) fod(O0) = 2.6 A
deviates from the fully quantum mechanically calculated curve
(solid line) by 1.8 kcal/mol folE,” and by 4.4 kcal/mol for
E, . Compared to the overall effect of the two secondary
130 | i waters, which led to a reduction of the barrier of the isolated
system by 20 kcal/mol foE " and an increase by 13 kcal/mol
for E,, a deviation by 1.8 kcal/mol fdE " is still satisfactory,
whereas the discrepancy of 4.4 kcal/mol Ey is quite high.

This tendency (the deviation fdt, is larger than folE,’) is

ol ] also found ad(OO) = 2.8 A andd(00) = 3.0 A and results
from the strong interaction between the hydronium ion and the
close secondary waters that stabilize the ion by influencing its
100 - ] geometry and charge distribution. A§OO0) is increased, the

‘ ‘ ‘ ‘ ‘ error compared to the absolute effect of the environment reduces
80 88 * ooy 50 o8 o0 to about 10%, as shown in Table 3 f¢(O0) = 3.5 A.

Figure 6. Factor by which the SPC charges of the ligand waters have In a f'”f”" step of simplification, the C_aIC_ulatlon of the
to be enhanced to give the best fit for the proton-transfer energy barrier €l€ctrostatic energy was replaced by their first-order Taylor

at a specificd(00). expansion, the dipole approximation, as discussed by Borgis et
al 2%for the proton transfer between two water molecules under

This electrostatic energy is added to the energy surface of thethe influence of an external electric fiel. Expanding the

proton transfer in the isolated system A. Using chargegoof  potential® around a pointg

= (s = Q17 = —1.2 andgy = 15 = Q16 = C1e = Q19 = 0.6 for

d(00) = 2.6 A, the resulting energy curve (Figure 7a: solid ®(r) = ®(ro) — (r — ro)E(ry) —

line with open diamonds) is in very good agreement with the 1 9E

curve of system C (solid line). Fai(OO) = 3.0 A, usinggo = z = = r)—(ry) + ... (3)

—1.1 andgy = 0.55, the maximal error is about 1 kcal/mol 215521552 ark

(Figure 7b). The same remarkable agreement is also found for

d(00) = 2.8 A andd(00) = 3.5 A (Table 3). Therefore, the  leads in first order to an electrostatic interaction energy:

interaction between the quantum mechanically treated part A

and the point charges on the secondary waters can be reduced 13 19 q

to the energy expression (eq 2), in which the electronic structure Eﬁj) =>Q Z —_

part A is also treated by point charges, here, as Mulliken charges 51 iFTadmelro — 1l

on the nucleic centers. The geometry and the Mulliken charges 13 19 qj(r0 - rj)

of the complete system C, however, are still being used. Qri—rp — (4

The next step is to employ the optimized geometry and the i= iFTa4meg|r g — rj|3

Mulliken charges of system A instead of system C. Only the

positions of the secondary waters are taken from the optimized This expression was evaluated for the optimized geometry

structure of system C. The electrostatic energy is calculated asand Mulliken charges of system C. The midpoint between the

1.40

1.20 +

Enhancement factor
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Figure 7. Energy surfaces where the effect of the secondary waters is
calculated with formula (2). Mulliken charges and geometries of
imidazole and primary water are taken from electronic structure
calculations on system C (solid line with open diamonds) or on
system A, (solid line with filled circles), or with formula (4) (solid
line with open triangles or filled trangles, respectively, for Mulliken
charges and geometries as described previously). ABAWO) = 3.05
A. R}fsults are shown (a) fal(O0) = 2.6 A and (b) ford(O0) =
3.0 A
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1
1.1

Q
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donating nitrogen atom of imidazole and the accepting oxygen
atom of the primary water was chosenrgsAs can be seen in
Figure 7 (solid line with open triangles) the deviations for this
dipole approximation from the energy surface of system C,
calculated by the electronic structure method (solid line), are
significantly larger than for the complete electrostatic interaction.
The differences arAE,” = 3.3 kcal/mol andAE = 4.7 kcal/
mol. Whereas the dipole approximation gives excellent results
for system A under the influence of a homogeneous electric
field (results not shown), the effect of the inhomogeneous

Lill et al.

Conclusions

The results presented show that the nature and the geometry
of the surrounding hydrogen-bonded ligand waters significantly
influence the energy surface of the proton transfer reaction
studied. Thus, one has to be aware of this when neglecting the
environment of proton transferring groups and more generally
of sites where chemical reactions occur. Since it is computa-
tionally very expensive to use electronic structure methods to
describe the chemically reactive groups together with a large
environment, a QM/MM approach provides, in principle, an
effective alternative to treat such problems.

We have demonstrated that it is possible to determine the
energy surface of a proton transfer reaction between an amino
acid, here a histidine side chain, and a water molecule that is
coordinated by secondary ligand waters by calculations of only
the proton donating and accepting groups with electronic
structure methods, while treating the environment, here the
secondary waters, as point charges. The only correction neces-
sary, due to polarization effects between the hydrogen-bonded
water molecules, is to enhance the charges of the point particle
waters by a factor that depends on the distance between primary
and secondary waters.

For environmental groups not strongly hydrogen bonded to
the accepting water molecule, one can go one step further. After
calculating a wave function for the isolated system consisting
of proton donor and acceptor, the effect of the environmental
charges is added subsequently by calculating the electrostatic
interaction energy between proton transferring groups and the
surrounding point charges. It is thus possible to study the
influence of different environments on a specific reaction in a
very simple and fast manner.

It remains to be seen in the future how well this QM/MM
approach works for ligands other than water and for other
chemical reactions. A future publication will test the approach
to describe the phosphoryl transfer reaction in protein kinases.
Then it would suffice to compute by electronic structure methods
the energy landscape only including the groups that are directly
involved in the chemical reaction studied. Afterward, the
influence of a surrounding protein matrix or solvent can be
added by considering just the electrostatic interaction between
reactive part and environment.
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