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Accurate Intraprotein Electrostatics Derived from First Principles: An Effective Fragment
Potential Method Study of the Proton Affinities of Lysine 55 and Tyrosine 20 in Turkey
Ovomucoid Third Domain
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Department of Chemistry, Usrsity of lowa, lowa City, lowa 52242
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A divide-and-conquer method by which an accurate static and induced multipole representation of the
electrostatic potential of a protein can be generated using ab initio electronic structure theory is presented.
The method is applied to the generation of an effective fragment potehti@hem. Physl996 105 1968)

for the protein turkey ovomucoid third domain. Dipoles and induced dipoles are necessary for accurate
intraprotein electrostatics, as measured by their effects on the gas-phase proton affinities (PAs) of the amino
acid residues lysine 55 (Lys55) and tyrosine 20 (Tyr20). Deprotonation of Tyr20 is predicted to result in
spontaneougproton transfer from Lys55 to Tyr20, which thus have identical PAs. It is suggested that the
experimentally measured (identicallKgs of Tyr20 and Lys55 might be identical for the same reason.

I. Introduction electronic structure methods, using, for example, Stone’s
distributed multipole analysi& (DMA) or Bader’'s atoms-in-
molecule$® method. These ab initio-derived multipolar repre-
sentations of a MEP (MMEP) can be systematically improved
by using better electronic structure methods. However, for a
protein one must address the methodological issue of how to
obtain the mMEP for a system that is too large to be treated by
a single ab initio calculation.

4 ' . One approach to obtaining a mMEP for a protein is to
and GROMOS force fields, are impressive. | generate a library of mMEPs for amino acid residues by

However, comparisons to ab initio calculations on mpde calculations on smaller representative systems and investigate
systems reveal that the atom-centered charge model is not,

always an adequate representation of the molecular electrostati
potential (MEPY—° For example, interactions that involve
orbitals of peptide bonds or aromatic side chains may require
either additional chargé&or higher order multipole&t Simi-
larly, models based on atom-centered charges tend to undere
timate the directionality of hydrogen bontfayhile models that
include additional charg&sr higher order multipol€s repro-
duce ab initio results well.

Intermolecular interaction potentials that make use of higher
order multipoles have been used extensively to model selute
solvent interactions, crystal structures, and hydrogen bonding s
between relatively small biological moleculésHigher order
multipoles are also used in the effective fragment potential (EFP)
method?® a hybrid QM/MM method in which only the active
part of a molecular system is treated with ab initio quantum
mechanics while the rest is replaced by one or more EFPs. An
EFP represents the static electrostatic potential by a distributed
multipole expansiol (charges through octupoles at all atomic
centers and bond midpoints), while the electronic polarizability

is represented by dipole polarizability tensors for each valencethe region of overlap and (2) the efficient computation of the

(Iocallz_ed) molecula_lr orb|tdl7._ . ) EFP parameters so that the protein can be divided into as few
Multipole expansions for interaction potentials are usually large pieces as possible

derived from electron densities calculated with ab initio

Electrostatics is generally believed to be the principal force
determining the structure and function of proteifihus many
biomolecular force fields treat all interactions of atoms separated
by more than two bonds by long-range chargbarge interac-
tions plus short-range van der Waals terms (e.g. a 6-12
potential)? The successes of this approach in modeling biomo-
lecular systems, using for example the AMBERHARMM,*

he transferability to larger systems. Work by Stéhe&rice2°
CBader?l and their co-workers have identified two factors that
limit the transferability. One is the conformational dependence
of the multipoles, and the other is the perturbation of the
multipoles by intraprotein hydrogen bonding. The very recent
Swork by Matta and Badétis encouraging, since the multipoles
calculated within the atoms-in-molecules approach appear less
sensitive to conformational effects than those from the DMA
approach, though intramolecular hydrogen bonds must still be
identified and appropriately dealt with.

Another, more immediate, approach is to generate a mMEP
pecifically for a given protein by a divide-and-conquer ap-
proach. In this approach the protein is divided into smaller
overlapping pieces, for which mMEPSs can be generated ab initio,
and then reassembled by excluding parameters from the region
of overlap.

In this paper we investigate the use of the divide-and-conquer
approach to generate an EFP represent&tioiithe 56-residue
protease inhibitor turkey ovomucoid third domain (OMTKY3).
Two key issues for this approach are addressed: (1) the size of

The paper is organized as follows:
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" Present address: Center for Advanced Research in Biotechnology, 9600 Second, a new and more efficient method for calculating the
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Figure 1. (a) OMTKY3 Lys55-Tyr20 ab initio region including buffer regions (in dark) with detail. The remainder of the protein is ribbon structure.
(b) Lys55-Tyr20 ab initio region with the surrounding 14 A radius EFP region as measured from the Lys5&mN Note that the proline section
is now in buffer (see Figure 2 for detail). (c) Similar to part b, except now with the entire protein as EFP.

this addition the CPU time required for the generation of the Il. Computational Methodology

EFP parameters is essentially negligible compared with that of . ]
the SCF itself. The solution structure of OMTKY3 has been determined

using NMR by Hoogstraten et &l.and was obtained from the
Protein Data Bank (entry 10MU). We use the first of the 50
conformers without further refinement of the overall structure.
The electronic and geometric structures of the Lys55 and Tyr20
rside chains are treated quantum mechanically at the RHF/6-
31G(d¥8 level of theory, while the rest of the protein is treated
with an EFP (described in more detail below). Both residues
are included since they are connected by a short, strong
hydrogen bond (see Figure 1a), which influences the proton
Affinities (PAs). The ab initio region is separated from the

Third, the EFP corresponding to the protein environment
within a 14 A radius of lysine 55 (Lys55) in OMTKY3 is
computed using various choices of overlap between protein
pieces. The proton affinity (PA) of Lys55 is then calculated
using these EFPs and used to select the optimum strategy fo
EFP generation. PAs have been used previously BY arsd
otherg* as a sensitive measure of the accuracy with which the
molecular environment is modeled.

Fourth, this strategy is then used to create the EFP parameter

for the remaining protein to yield an accurate no_nempmcal protein EFP by a buffer regidhcomprised of frozen localized
trea_tment of the_ internal elegtrostatlcs of the protein. . molecular orbitals (LMOs) corresponding to thg-&C; bonds
Fifth, the relative effects of intramolecular hydrogen bonding ¢ Lys55 and Tyr20 and the associated CH and core LMOs, as
and longer range interactions within the protein on the PA of \,q|l as part of the Pro22 ring. Our previous w&tkas shown
Lys55 are discussed. that placing the buffer region at the,€C; bond yields proton
Sixth, the relative PAs of Lys55 and Tyr20, as well as a affinities within 0.5 kcal/mol of the all ab initio reference value
possible reinterpretation of the experimentally measutegp  for the tripeptide glycyl-lysyl-glycine (Gly-Lys-Gly). The Pro22
of these residues, are discussed. buffer is needed to describe its short-range interactions with
Finally, we summarize our findings and discuss future Tyr20. The buffer LMOs are generated by an RHF/6-31G(d)
directions. calculation on a subset of the system (shown in Figure 2),
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projected onto the buffer atom basis functi¥hand subse- HiC Lys55 W

quently frozen in the EFP calculations by setting select off- NH ZN-H--O Tyr20

diagonal MO Fock matrix elements to zef&° The ab initio/ o=( H

buffer region interactions are calculated ab initio and thus CH'CH,

include short-range interactions. Other buffer regions are used HN 0 QO | CH2 O

for analysis purposes, as described in section I11.D. HSC)—:OC_NH‘S’N/K/N CI-tNJ'\CH3
The EFP describing the rest of the protein is generated by ¢ HaCy ‘éHz o H

nine separate ab initio calculations on overlapping pieces of Proo2 ﬁz

the protein truncated by methyl groups. Two different regions
of overlap are used, depending on whether it occurs on the
protein backbone or on a disulfide bridge, as described in section

l.B. three additional SCF calculations, compared to computing the
The electrostatic potential of each protein piece is expanded static multipole expansions, which is a nontrivial consideration
in terms of multipoles through octupoles centered at all atomic for the size of systems considered here. Additionally, the
and bond midpoint centers using Stone’s distributed multipole relatively weak perturbing field necessitates the use of stricter
analysist® The monopoles of the entire EFP are scaled to ensure convergence criteria and more accurate integrals than for a
a net integer charge, as described in section Il1.B. The dipole normal SCF calculation. Thus, the actual CPU demands can
polarizability tensor due to each LMO in the EFP region is actually increase 10-fold if polarizability tensors are to be

Figure 2. Subsystem of OMTKY3 used to obtain the buffer region
(bold) used in this study.

calculated by a perturbation expression described below.

For the protein piece containing the ab initio/buffer region,
the density of the molecular region that will be described by
the EFP is optimized in the presence of the frozen buffer region
but in the absence of the ab initio region. The electrostatic
potential of the optimized density, but not the buffer density, is
expanded in terms of multipoles. Calculated in this way, these
multipoles do not account for polarization of the EFP region
due to the ab initio region, so that this effect is not double
counted when dipole polarizabilities are added.

The EFP, buffer, and ab initio regions are combined, and the
geometry of the ab initio region is reoptimized. In a second
calculation the I proton of lysine is removed and the geometry
of the ab initio region is reoptimized. The energy difference
between these two systems is taken to be the proton affinity.

The interaction energy between the EFP and buffer region is
not calculated. Since the geometry of the EFP and buffer region
remains unchanged in both calculations, only the induced-dipole/
buffer interaction is changed during deprotonation, and this term
is neglected in our calculations.

The Foster-Boys localization procedure was used throughout
this work to generate localized orbit&sand all calculations
were done with the quantum chemistry code GAMBSS.

I1l. Results and Discussion

A. Computation of the Polarizability Tensors. The change
in the electronic structure of the EFP region is modeled by
polarizability tensors for each localized molecular orbital, as
formulated by Garmer and Stevelis/ These tensors are usually
calculated by numerical differentiation of the electronic dipole
of each LMO with respect to a weak (0.0001 aus) uniform field

ﬂuf(Fg) - #uf

Fq

lim
Fg—0

g =

L e

Fq

)

wheref and g refer tox, y, or z componentsyy,’ and° are
perturbed and unperturbed LMOs, respectively.

The application of this numerical approach to the computation
of protein EFP parameters suffers from some practical short-
comings. The computation of the polarizability tensors requires

included. Furthermore, even with strict convergence criteria, we
have observed unphysical LMO polarizability tensors for
conjugated systems such as phenylalanine side chains.

Webb and Gordo# have developed a method by which the
LMO polarizability tensors can be calculated analytically from
the corresponding canonical MO expressfon

virt

O‘fgi = _42 U, :uIni )
m
Here, the response functions are define#f as
8Cﬂi virt
—=3u,C 3)
aFg Z mi ~um

and obtained by iteratively solving the coupled perturbed
Hartree-Fock equation

virt do
(Z Z(4mni|njD— [nnij O+ njinigu,,@ +
J

€ " €mn

9_

u

mi

/"mig) (4)

The LMO equivalent of eq 2 is obtained by separately
transforming the response functions and dipole integrals into
the localized basis

virt do d

_4;(2 TliUmig)(JzTuﬂmjf)

by using the transformation matrix that related the localized
and canonical MOs

Oy (5)

do
Y= ZT|i¢i (6)

Calculated in this way, LMO polarizability tensors can be
obtained using standard convergence criteria and integral
packages, even for conjugated systems. However, solving the
CPHF equations requires a partial two-electron integral trans-
formation, which is very disk and memory intensive and thus
also severely limits the size of the system that can be treated
this way.

Here we propose a third approach to obtaining the LMO
polarizability tensors, which retains the best features of both
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methods, by approximating the response functions by a pertur-
bation theory expression

g

€~ €y

Though this represents only the first iteration of the CPHF
equation solution, intermolecular perturbation theory has been
shown to give accurate total induction enerdgiesiere we
demonstrate the utility of eqs 5 and 7 by calculating the PA of
the tripeptide Gly-Lys-Gly, using polarizability tensors obtained
by all three methods discussed above. This system has been
used previously to demonstrate that the EFP results are relatively
insensitive whether the polarizability tensors are calculated
numerically or analytically (for nonconjugated systems, see
Table 4 in ref 23). The relevant PAs are 232.1 and 232.2 kcal/
mol, respectively, while the new perturbative method yields a b
PA of 232.0. All three values are thus within 0.2 kcal/mol of
one another, and all are within 0.4 kcal/mol of the all ab initio
value, 231.8 kcal/mol.

Since the computational cost of the perturbation method is
the smallest of the three approaches (essentially negligible
compared to a regular SCF calculation) and yields reasonable
tensors for conjugated systems (data not shown), we use this
new method for calculating polarizability tensors for the
remaining calculations described in this paper.

B. Choice of Overlap.To determine what region of overlap
is sufficient when building a protein EFP from smaller, ¢
computationally affordable protein pieces, we focus on the
protein environment within a 14 A radius of Lys55 (see Figures
1b and 3a). This environment consists of two spatially distinct
protein chains (Figure 3), composed of residues 29 (Figure
3b) and 19-24—56—53 (Figure 3c, where cysteine residues 24
and 56 are connected by a disulfide link). The 14 A EFP
generated by combining EFP framvo separate RHF/6-31G(d)
calculations on 2934 and 19-24—56—53 results in a Lys55
PA of 231.47 kcal/mol. This value will serve as our reference
for the following overlap tests. Polarizability tensors were not
included in these calculations to test the transferability of
multipoles and polarizability tensors separately (see subsection

3 below). Figure 3. (a) The 14 A EFP as a superposition of (b) chain-22
(1) Overlap Along the BackbonéResidues 2934 are used  and (c) chain 1924—54-56.

to test the overlap along the peptide backbone. A total of six

sets of calculations with increasing amounts of overlap are

carried out in order to determine the required amount of overlap

to obtain the convergence of error in the proton affinity of Lys55 overlap is Tyr31, the parameters of the Tyr side chain were

when calculated with the resulting EFPs (see Figure 4).Case 0taken from the calculation N-terminus side, since the side chain

(Figure 4) involves no overlap and, when combined with chain . . . e
is closest to other residues in that direction. Though there are

19-24—56-53, leads to the reference PA of 231.47 kcal/mol. S f

The overlap in case 1 is a single peptide bond between Tyr31Sorne oscillations, the error converges tdl kcal/mol

and Gly32. The EFP parameters on the N-terminal side of this relatively quickly. However, even for case 5, where the overlap

. . ., is considerable, the PA is still in error by 0.23 kcal/mol.
bond as well as those of the overlapping peptide bond mid- One marked difference in the EFP parameters obtained by
point are taken from the calculation on residues-29, while

X , calculations on overlapping pieces is that the monopoles no
the parameters on the C-terminal side are taken from the johger add up to a net integer charge. This is a well-known
calculation on residues 324. The final EFP describing  roplem for empirical force fields and has been dealt with by
residues 2934 is then constructed by combining the EFP gc4jing the charges. Here we scale the monopoles obtained in

parameters from these two calculations and used together withcases 1.5 to reproduce the overall integer charge of the system,
chain 19-24—56-53 to recalculate the PA of Lys55. The new j py determining a scaling constakt, for which

PA of 233.32 kcal/mol (Table 1) is 1.85 kcal/mol higher than

the reference value, and this difference is taken to be the error pkt 4+ nk=1i (8)
due to differences in the EFP parameters resulting from end

effects. where p and n are the sum of all positive and negative

This process was repeated for increasing regions of overlap
(cases 25 in Figure 4), and the results are listed in the second
column of Table 1. In cases 2 and 4, where the midpoint of
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Figure 4. EFP overlap testing cases along the backbone using chaif3Case 0 corresponds to Figure 3b.

TABLE 1: Proton Affinities of Lys55 in Various EFP
Overlap Tests (cf. Figure 4; in kcal/mol}

overlap without  with overlap without  with
case scaling scaling case scaling scaling
0 231.47 N/A 4 232.18 231.46
0.0 0.71 -0.01
1 233.32 23156 5 231.70 231.39
1.85 0.09 0.23 -0.08
2 232.04 23140 SS 229.16 231.68
0.57 —0.07 -2.31 0.21
3 231.53 231.35 one peptide N/A  231.78
0.05 —0.12 bondt S-S 0.31

aThe upper number is the absolute proton affinity; the lower one is

the error relative to the reference calculation, case 0.

construct EFPs if scaling is used. This approach will be used

for constructing the entire OMTKY3 EFPs.

Hy
560ys/C\S/S\(3H3
H3C\ S/S\C/Cys 24
Hz

(2) Disulfide Bridges.Disulfide bridges present another
covalently bonded linkage between chains that must be dealt
with through overlapping EFP calculations. Here we test a single
overlap region, by recalculating the EFP for chain—2d—
56—53 using thigs—/ overlap. This EFP chain is then combined

monopoles, respectively. The resulting PAs are listed in the third with the 29-34 chain (case 0 above) and used to recalculate
column of Table 1, from which it is evident that the error quickly the Lys55 PA. Without monopole-scaling the resulting error is
converges to within 0.1 kcal/mol for case 1. These results 2.31 kcal/mol (Table 1, case-S5), but as before, the error is

suggest that only one peptide bond of overlap is necessary tosignificantly reduced (to 0.21 kcal/mol) by the scaling. Thus,
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TABLE 2: Proton Affinities of Lys55 in Polarizability

to 15 min without EFPs. Thus, the inclusion of monopoles
Overlap Tests

through octupoles at 1553 EFP points leads to only a doubling
of the CPU time. Furthermore, the CPU requirement is linear
with respect to the number of EFP points, so that the addition

overlap case proton affinity

0] 233.78
1 233.78 of the 14 A EFP (502 points) leads to a 36% increase in CPU
S-S 233.79 time. In comparison, increasing the size of the ab initio/buffer

region from the Lys55 side chain to include Tyr20 and part of
Pro22 increases the CPU cost by 2500%.
D. Interpretation of the Proton Affinity. The shift in the
acid/base properties of a residue induced by the protein is a
(3) Additivity of Error. As more than one region of overlap measure of the intraprotein forces in that region and thus reflects
is utilized to build an EFP, the error induced on the PA will the intricate relationship between protein structure and energet-
not necessarily be additive. This issue is tested by combining /€S- The EFP method can be used to extract this relationship by
the one-peptide-bond (case 1) ghe3 disulfide overlap regions relating the PA of Lys55 to.that of the |solated.ly3|.ne side chain
discussed previously and calculating the Lys55 PA. The resulting through the thermodynamic cycle displayed in Figure S.
PA of 231.78 kcal/mol (see Table 1) is in error by 0.31 kcal/ (1) The PA Shift Due To the Lys55Tyr20 H-bond The
mol, which is approximately the sum of the 0.09 and 0.21 upper cycle of Figure 5 considers the effect of the Lys55
kcal/mol errors found for the two separate cases. In general, Tyr20 H-bond on the PA of the isolated lysine side chain
we expect the signs of the errors will be random, so that the residue. The lysine side chain residue is isolated by removing
overall error may be reduced by cancellation. the EFP and all other MOs and nuclei (but not the basis
(4) Polarizability Tensors.Having determined adequate functions), and the energy of the protonated and unprotonated
regions of overlap for the construction of the static multipolar Structures are recalculated. The resulting intrinsic PA of 236.78
part of the EFP, we now test whether they yield equally small kcal/mol agrees reasonably well with the RHF/6-31G(d) PA of
errors for the polarizability tensors. The reference PA value 233.86 kcal/mol for pentanamine.

aAll values use scaled multipoles and are in kcal/mol.

the f—f overlap with scaling will be used when constructing
the rest of the EFP.

(233.78 kcal/mol, Table 2) is calculated as before by construct-

ing the 14 A EFP from separate calculations on chains3p
and 19-24—56-53, and including the resulting polarizability
tensors (Case'D Calculating the polarizability tensors, but not
the multipoles, of chain 2934 using the one-peptide-bond
overlap (Case '), changes the Lys55 PA by0.01 kcal/mol.
Similarly, calculating the polarizability tensors of chain-19
24—56—-53 using thef—p overlap (Case SS), results in a

Similarly, the buffer and ab initio region of Tyr20 can be
added back on and used to compute a Lys55 PA of 247.35 kcal/
mol. The presence of the H-bond therefore increases the PA by
11.52 kcal/mol, due to the fact that the protonated form of Lys55
can form a stronger H-bond with Tyr20 than the neutral form.

The latter assertion can be proved by calculating the strengths
of the intramolecular H-bonds, by computing the respective
energies of the H-bonded systems relative to the energy of the

PA error of only 0.01 kcal/mol. The overlap regions tested are isolated lysine chain discussed above and a similarly computed
thus adequate for calculating the polarizability tensors, which energy of an isolated tyrosine chain. The energies of the
appear more transferable than the static multipoles. The goodrespective buffer regions have been subtracted from the total
transferability is likley due to the use of LMOs, and we will  energies to yield the energies of the ab initio region. Therefore,
investigate the use of LMOs in constructing the multipole the H-bond strengths resulting from these corrected energies
expansion in future studies. correspond to the interaction within the ab initio region and

C. The PA of Lys55 in OMTKY3. The EFP parameters of  show that the 8.55 kcal/mol PA shift is a result of decreasing
the remaining part of the protein are calculated by seven the Lys55--Tyr20 H-bond strength from 16.79 to 8.24 kcal/
additional calculations, using the overlap regions described mol upon deprotonation (Figure 5). These values agree well
above and scaling the monopoles to reflect the-nktcharge with the respective RHF/6-31G(d) H-bond strengths of
of the EFP region. The resulting ab initio/buffer/EFP calculation pentanamine-p-methylphenol in the protonated and neutral
yields a Lys55 PA of 254.02 kcal/mol. Given the results of our form of the amine, 15.69 and 8.77 kcal/mol.

previous calculations on tripeptides and the errors due to scaling  (2) The PA Shift Due To the Protein Hronment.The lower
demonstrated here (which likely decrease as the overlap regionsycle of Figure 5 separates the effect of the Lys5Br20
occur further from the ab initio region), we estimate that this H-pond from the effect of the rest of the protein on the Lys55
value is within 1.0 kcal/mol of the full RHF/6-31G(d) result.  pA, where the rest of the protein is considered to be EFP plus

Neglecting polarization introduces an error of 2.39 kcal/mol, the Pro22-frozen LMOs. Again, for each system the energy of
and this term is thus crucial for an accurate PA. However, we the buffer region has been subtracted from the total energy, to
note that this error is essentially identical to the 2.31 kcal/mol focus on the ab initio/protein interaction. As can be seen from
error due to neglecting polarization in the 14 A EFP calculation, Figure 5, this interaction is repulsive and further increases the
which suggests that this effect is relatively short-range in this PA by 8.70 kcal/mol, since the repulsive force increases from
case. Further neglect of the octupoles for the entire EFP 8.58 to 17.28 kcal/mol upon deprotonation. The repulsion in
introduces an error of only 0.09 kcal/mol, which demonstrates the protonated case is not unexpected, since there are more
that the multipolar representation of the static electrostatic positive residues in the immediate environment of Lys55 than
potential of the protein is carerged The quadrupoles and  negative. For example, the region within 14 A, discussed above,
dipoles contribute 0.03 and 5.91 kcal/mol, respectively, indicat- has a net positive charge and results in a PA decrease (to 233.78
ing that the latter term is necessary for determining an accuratekcal/mol; cf. Table 2). However, the entire EFP is neutral, so
PA. the more distant negative residues attenuate the repulsion in

The use of higher order multipole terms does not result in a the protonated state. In the neutral state this long-range attraction
prohibitive computational cost. The average CPU time for an will be lost so that shorter range repulsive interactions dominate.
energy plus gradient of the system in Figure 1c is only 30 min Indeed, further calculations show that the ab initio/Pro22
on a four-node IBM 44P 270 RS/6000 workstation compared interaction changes from slightly attractive .82 kcal/mol)
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Figure 5. Thermodynamic cycle used to analyze the proteon affinity of Lys55 (e is a schematic depiction of Figure 3c). See Section I1.D. for
more detail.

to repulsive (3.58 kcal/mol), so this short-range interaction can be tested experimentally by determining whether 1 or 2
contributes 4.40 kcal/mol to the 8.70 kcal/mol PA shift. The equivalents of protons are released at pH#1.1.

main change in the ab initio geometry upon deprotonation is

the position of the hydrogen and lone pairs on the Tyr20 oxygen. V. Summary and Future Directions

The increased repulsion in the deprotonated state is likely due
to increased repulsion between these lone pairs and (1) a nearb\é
C*-H%~ bond in the Pro22 ring and (2) the negative charge on
the neighboring glutamate residue (Glu19). Future computational
studies will address these questions in more detail using site-
directed mutagenesis.

E. The PA of Tyr20 in OMTKY3. Deprotonation of Tyr20,

This paper presents a divide-and-conquer method by which
n accurate static and induced multipole representation of the
eletrostatic potential of a protein can be generated using ab initio
electronic structure theory. The method is used within the
context of the effective fragment potential (EFP) method, a
hybrid method in which only the active part of a molecular
e - system is treated with ab initio quantum mechanics while the
followed by a geometry optimization, results irspontaneous e s replaced by an EFP (charges through octupoles at all
proton transfer from LysS5 to Tyr20, to yield the sam@H- atomic centers and bond midpoints and dipole polarizability
*NH>— hydrogen-bonded structure that resulted from Lys55 tansors for each localized molecular orbital, LMO).

deprotonation. Thus, o!ue to the i_ntramolecular hydrogen bond 1o proton affinities (PAs) of Lys55 and Tyr20 in the protein
between the two residues, their gas-phase PAs cannot by ryey ovomucoid third domain are calculated by treating the
separated and the PA of Tyr20 equals that of LysSS5. Interest- gjectronic and geometric structures of the Lys55 and Tyr20 side
ingly, the experimentally measured solutidkp of LysS5 and  chains quantum mechanically [RHF/6-31G(d)]. The ab initio
Tyr20 are also identical (both are 11.1). TH&pare measured  yggion is separated from the EFP by a buffer region comprised
by m(_)nltorm_g the deprotonation e\_/ent through the change in yfthe C.—Cg bond of Lys55 and Tyr20 and the associated CH
chemical shifts of the CH protons inCH,NH3" and (CH)- and core LMOs, as well part of the Pro22 ring. The Pro22 buffer
COH vs pH. Our calculations show that the electronic structures, js needed to describe its short-range interactions with Tyr20.
and therefore presumably the chemical shifts, of these four CH e puffer is generated by an RHF/6-31G(d) calculation on a
protons are coupled due to the intramolecular hydrogen bond. sypset of the system (Figure 2).

For example, the Mulliken charges of the CH protons change

by up to 0.1 in CHNHs" and 0.03 in (CH)COH upon nine separate ab initio calculations on overlapping pieces of
deprotonation og&ither group. It is therefore possible that the e protein truncated by methyl groups. These large calculations
measured Kes correspond to a singlekp of the whole—OH: were made possible by the development of a new and compu-
-*NH3z" unit. tationally efficient method for calculating LMO polarizability

Our calculations are done in the gas phase using one of 50tensors. Two different regions of overlap where used, depending
NMR structures. The effect of solvent and protein dynamics on whether it occurred on the protein backbone or on a disulfide
could conceivably lead to different conclusions, so until we bridge. These regions of overlap are demonstrated to be
include both effects in our model, we cannot unequivocally sufficient by calculations on the protein environment within a
verify our prediction computationally. However, the prediction 14 A radius of Lys55 (see Figure 1b).

The EFP describing the rest of the protein is generated by
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Figure 6. Thermodynamic cycle relating the pKo the gas-phase
proton affinity (PA) via the solvation energies of the products and
reactants. The value 1.36 correspondfioln(10) at 298 K in kcal/
mol.

1.36pKa = PA - TASggprot
+[AGsolv(P+H+)'AGsolv(PH+)]

On the basis of these and previous results, the Lys55 PA
calculated using the EFP representation of the entire protein
(see Figure 1b), 254.02 kcal/mol, should therefore be within
about 1.0 kcal/mol of the fully ab initio RHF/6-31G(d) value.
Dipoles and induced dipoles are necessary to obtain this
accuracy. The PA value is used as a sensitive measure of th
accuracy with which the molecular environment is modeled and

Minikis et al.

the manuscript, and to Dr. William Kearney, for drawing our
attention to this interesting system.
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