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A new approach for predicting thé&gvalue for a specific residue in complex environments has been proposed.

It is based on a combination of hybrid quantum mechanical/molecular mechanical (QM/MM) potential and
the free energy perturbation (FEP) technique. With a specific thermodynamic cycle, the QM/MM-FEP protocol
can be carried out fori, predictions taking advantage of the dual-topolegingle-coordinate scheme proposed
earlier for performing FEP calculations with QM/MM potentials. The new method has been tested for ethane-
thiol (CHsCH,SH) in solution. It was shown that, although the dominant contribution is from electrostatic
interactions between the solute and solvent, many other factors have to be carefully dealt with to obtain
reliable g, values. The contribution from van der Waals interactions associated with the dummy atom was
found to be insignificant for the present case, because the solvent structure around the solute is essentially
determined by the heavy atoms. With more systematic benchmark calculations, the QM/MM-FEP approach
will become a useful tool for I, predictions in systems such as metalloenzymes, where nontrivial electronic
structural change and/or atomic structural rearrangements are expected as the protonation state of a specific
residue varies.

I. Introduction which has been done with continuum dielectric models or a
combination of explicit solvent and continuum mod&rst4 It
is not trivial to compute accurate solvation energies for charged
species (including proton) with these approaché§,and
"therefore, predicting 0, in solution remains a challenge for
complex molecule¥’ In the field of molecular simulation, which
mainly aims at predictinghdy's for many ionizable groups in a
solvated macromolecule (such as titratable amino acids in a
protein), approximations have to be made based on physical
mechanisms of molecular pumps involved in bioenergy trans- considerations. The common practice is to assume that a change
in the electrostatic interactions is the most important contribution

ductions (e.g., cytochrome oxidasé—4), where the coupling ) . :
between redox reactions at the metal centers and changes S the protonation states vary; thus, electrostatic calculations
such as those based on solving the Pois®woitzmann (PB)

the protonation states of various residues are the key elements: ; . L
Another good example where th&pof a specific group is equatiod®9are often used® 2% Because the bond dissociation

essential to the chemistry is peptide synthesis in ribosome, whereEnergies are not taken into account in most PB based approaches,

there remains controversy about the precikg @f Ade 2451 one constructs a different thermodynamic cycle (Scheme 1b)

and whether the catalysis has a general-abise mechanism ~ Such that it is essentially theig shifts in the macromolecule
or is due mainly to electrostatic effeds. relative to isolated residues in solution that are estimated.
Not surprisingly, there has been a great deal of activities along Because thelf's for isolated residues in solution are known
this line in both the quantum chemistry and molecular simulation PY €xPperiments, the absolute(gs of these residues in the
fields, albeit with somewhat different emphases and levels of Macromolecule can then be determined. The key elertfdots
treatment. In the quantum chemistry arena, the major motivation the success of PB based calculations include the choice of the
has been to predict highly accuraté,for a specific group. In dielectric constgqt and atomic radii for_ the macromoleétile,
the gas phase, this amounts to the prediction of highly accurate@S Well as a sufficient average over multiple conformatf§n.
proton affinity, which can be achieved with highly correlated  In the present study, we attempt to bridge the two fields with
ab initio methods for small molecule5or the hybrid ONIOM a combination of hybrid quantum mechanical/molecular me-
approach for a small functional group in a large moleé&fln chanical (QM/MM) potentia® 3! and free energy perturbation
the condensed phase (solution or solvated macromolecule),(FEP}2 35 techniques. This is a natural extension of our previous
solvation energies of the various species in the commonly usedwork on using a similar approach to compute redox potentials
thermodynamic cycle (Scheme 1a) have to be taken into accountjn the macromolecular environmeis’ As microscopic models,
FEP based approaclés®> have the advantage that changes in
*To whom correspondence should be addressed. the interactions between the environment and the ionizable group

The protonation state of titratable groups is critical to the
functions of biological systemsChanges in the protonation
state due to pH or other perturbations in the surroundings (e.g.
redox reaction of a nearby group) are important for the
regulation of biomolecular processes. Therefore, it is of great
interest to be able to predict the protonation states of specific
residues and analyze how are they modulated by the environ-
ment. Our long-term goal is to understand the molecular
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AH(aq) > A’(aq) E + H+(a(DE environment wkl?en the QM region is in different chemical states
' ' (i.e., protonated and ionized states in the present study).
l l ' ' Therefore, the method is potentially more robust than those
' : based on classical point charge modét¥-4244especially for

. - : + . systems with complex electronic structures such as metalloen-
AH E(aq) >~ A E(aq} .+ H (aq) zymes and bioluminescent proteins.
AGele(E)

In the following, we first describe the QM/MM-FEP approach
AHIA and the specific thermodynamic cycle used fi§g palculations.
In section 1lI, the method is tested with a small molecule zCH
CH,SH, in solution. This is a model for the side chain of Cys,
which is a typical ligand for metal ions such as Zn and Cu in
several enzymes of interest; thus, understanding kh®@pCys
pKF = pK'“0 +[AG€I€(E_) —AGele(“f)]/(2.303RT) is crucial in the mechanistic study of these systems. Finally,
“ “ AHIA AHIA we summarize in section IV.

in different protonation states are taken into account in arigorous ||. Theory and Computational Methods
manner. For example, in many problems that we are primarily
interested in (e.g., cytochronweoxidase), where the ionizable
group is attached to a metal ion, the local environment is
expected to undergo significant rearrangements as the proto
nation state of the ionizable group varies, which have been
neglected in most quantum chemi€al2 and PB calculation®-23

In these cases, the importance of going beyond the single-
structure framework inherent in the PB based methods has bee
emphasized by Warshel and co-work&sspecially in the

context of redox potential calculations in protein environ-  q¢an calculated with a continuum dielectric modéf either
ments?®3* From the computational point of view, the FEP j; an approximate quantum mechanical framework (e.g., QM/
approaches are robust because interactiattsn the environ- Effective Fragment PotentidPor with a classical point charge
ment, which typically are much larger in magnitude compared parametrization (e.g., the residue is replaced by fitted point
to the free energy difference of interest, do not contribute charges from gas-phase QM calculatioHs).

explicitly to the result and therefore numerical convergence is | the QM/MM-EEP approach, we use an alternative ther-
not a serious issue (not to imply that all studies in the literature modynamic path as illustrated in Scheme 2, which differs from
pay equal attentions to convergence). In the contextkyf p  the popular ones (Scheme 1) in several aspects. Our thermo-
calculations, FEP has been used by Warshel et"&.;2 dynamic path involves transforming the residue from the
Jorgensen et at? and Mer2“ with classical force fields and  protonated form into the deprotonated form with a free energy
appropriate thermodynamic cycles; rather reliable results (e.g., perturbation (FEP) protocol. As discussed extensively in the
~43 pKavalues in ref 44) can be obtained fdfshifts relative pastl”:32-3542FEP has the advantage that one computes directly
to model systems in solution. The advantage of the present QM/the differencein the “solute”-environment interaction when the
MM-FEP approach is that it efficiently accounts for the “solute”is intwo chemical states, which involves the statistical

To calculate the Ig, for a specific residue in a macromolecule
in the condensed phase, a typical thermodynamic cycle that has
been adopted in previous mixed quantum chemical/continuum
calculations is shown in Scheme %¥al240.41Accordingly, one
needs to compute the proton affinity of the residue in the gas
phase (which includes contributions such as zero-point effects)
and the differential “solvation free energy” for transferring the
rbrotonated and depronated species into the solution or macro-
molecular environment. The latter solvation free energies are
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average of small numbers. In the common PB-based methodswith A~ through classical bonded terms (bond, angle, dihedral)
by contrast, large numbers such as ttetal electrostatic and interacts with all other atoms with van der Waals (but no
interactions are used to compute differential solvation free electrostatic) interactions. The introduction of the dummy atom
energies (Scheme 1). Therefore, a FEP based approach is moris to conserve the number of degrees of freedom, and the
robust from the numerical stability point of view. adoption of the same mass and van der Waals parameters as
In a previous articlé” we pointed out a number of complica- the proton in AH makes the DTSC scheme possible. The
tions associated with using the hybrid QM/MM potential in FEP  classical bonded terms between And the dummy atom are
calculations, which are mainly due to the fact that QM potentials introduced to g‘slt?'d sampling problems associated with a floating
are not separable and it is often difficult to define a fractional dummy atorfi*° and will be removed later (see below). The

QM system. To circumvent these complications, we proposed dummy atom can. be regarded as a proton with the nuclear
a straightforward dual-topologysingle-coordinate (DTSC) charge set to zero; thus, the current DTSC scheme has the same

scheme, where the two chemical QM states adopt the Sameﬁzgesg?tsﬁaa:s:;;%E;?epdolz% fﬁ:?_'”}?o';"{h(;c; %\n: tsocgk(e)sirt]he
Cartesian coordinates during the perturbation process. We note, _ g€ : L : y
. ) .y ; A~—D (Gao, private communication). The advantage offered
that by “single-coordinate” we mean that two electronic structure - S .
; ) by DTSC is that the free energy derivative is very straightfor-
calculations for the two chemical states (dual-topology) are

. X . . ward to compute, which involves only the QM/MM potential
cfarrled .out at each geometry (single-coordinate) durlng.the FEPfor the AH (1 = 1.0) and A-D (1 = 0.0) states in the presence
simulation. The geometry of the perturbed system is fully .

. . . . . . of the MM environment (E)
flexible during the simulation (except for bonds involving
hydrogen, which are usually constrained using SHA¥Eas 1
A is switched from 0 to 1, the “single-coordinate” naturally 9G _ B-Uppe + U0l = ELUE,Z".@"M'e'e~I—
switches from that which favors the initial state to that which ’ ' M/W | Bond
favors the final state. Therefore, no error arises in the DTSC U,?_,D;E’ee—i- ugendedy (1)
approach even if the two chemical states do not have identical
geometries, and no Jacobian terms are needed for artificially where
switching bonded parametet®?” As a matter of fact, because
the free energy ghange is path-independent, the DTSC scheme Ug;r\é/MM,ele — m’x;E“"SM + H%\é/mm,emlqjx;ED @)
is formally exacf” it can be regarded as a variant of the mapping
potential approach introduced by Warshel and co-wofRéns
the context of FEP calculations for diabatic states in electron

transfers. In practical simulations, small errors might arise if E30 As emphasized in earlier woP&3” van der Waals and

the bonds involvinghydrogenshave very different bond e terms associated with the QM/MM interactionsido
distances in the two end-states, because they are usually,onwipyte to the free energy derivatives if the same set of
constrained to be one set of values during the MD simulations; harameters is used for the two chemical states; this is the reason
the magnitude of such effects, however, is expected to be veryha; the same van der Waals parameters are used for the dummy
sma_lll in most realistic applications. Taking the test pair of 1om in A-—D as the acidic proton in AH. Such a convenient
conjugate acid/base of GEH,SH/CHCH,S™ as an example,  feature relies on the assumption that the same set of van der
the optimal C-H distances differ by less than 0.01 A between \yaals and bonded parameters are appropriate for both chemical
the protonated and deprotonated forms in the gas phase at th&tates, which is what often used in practical applications;
B3LYP/6-31+G(d,p) level; that is, constraining the -G although it is in principle possible to derive state-dependent
distances to those in the optimized protonated form raises theparameters, it is unlikely that these parameters will be highly
energy of CHCH,S™ by less than 0.08 kcal/mol. From a transferable. We note that bonded terms between the dummy
numerical point of view, the DTSC scheme has the advantage atom and A (UgondeCj also contribute to the free energy
that the free energy derivative is very easy to compute and noderivative, although in practice this term is very small (see
new matrix elements have to be calculated associated with thesection II1).
QM/MM coupling. Moreover, the DTSC scheme is free of end-  |n the second step along the thermodynamic path (Scheme
point problems'®:5° 2), the dummy atom is transferred to the gas phase; that is, we
In its original form, the DTSC scheme clearly has to involve need to compute the free energy change associated with
two chemical states with similar structures (i.e., the number of switching off interactions between the dummy atom and the
atoms and connectivities; the geometriesndbhave to be the  rest of the system (AE). The dummy atom interacts with all
same, as discussed in the above paragraph), which is not #ther atoms through van der Waals interactions, and also with
serious limitation because otherwise either a QM/MM potential A~ through bonded terms. The former can be estimated with a
is not called for (e.g., when the two states are entirely different Se€cond set of alchemy free energy perturbations in which van
molecules) or other calculations (e.g., potential of mean féfge ~ der Waals parameters associated with the dummy atom are
for significant chemical rearrangements) are more usefulkin p ~ 9radually switched to zero. The bonded contributions can be
calculations, to make it possible to adopt the DTSC scheme, €stimated based on the local configurational integralas
we perform the “alchemy mutations” following a specific discussed extensively in p_rewous_stu_cﬁ%%“.The free energy
thermodynamic path (Scheme 2). First, we mutate the residueCh@nge associated with this step is given as
of interest from the protonated form (AH) into the deprotonated
form with a dummy atom attached, which replaces the ionized AG® = AGI™ + AGE"**d= — ﬂ)l dAWYWE 4+ AGEeed
proton (A"—D); both AH and A will be treated with QM, and 3)
the environment (macromolecule plus solvent) will be treated
with MM. The dummy atom (D) has the same mass and van where UVDdW is the van der Waals interaction between the
der Waals parameters as the acidic proton in AH; it interacts dummy atom and all other atoms. Following the previous

is the electrostatic component of the QM/MM potential for
species X (AH or A—D) in the presence of the environment
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discussion§346:54the bonded contribution is given by TABLE 1. Gas Phase Proton Affinity (PA) and Zero-Point
Vibrational Energies (ZPE) of CH3CH,SH at Different
Levels of Calculations

-1
AGEM®d= | T In Voho + SCC- CCSD/Il - MP2/Il//  CCSD/I/
D 2 . 2 DFTB®  B3LYP/Ic B3LYP/Ic B3LYP/Ic B3LYP/I
Fa—p SiNOa _py/ (27kg T) 7KK,
total E —8.11436 —478.07030—477.28200—477.34427—477.38745
§kBT ) PA 3555 358.7 366.2 364.8 368.1
2 total  45.9 46.7
ZPE
wherera—p(6a——p) is the distance (angle) that characterizes AZPE 6.0 63
the connection between the dummy atom ard Note that #The total potential energies of GBH,SH (total E) are given in
because the A-D bond is constrained using SHAKE only hartree, all other quantities (proton affinity of @EH,SH (PA), total

. . . zero-point energy of C¥CH,.SH (Total ZPE), and the ZPE difference
the bending and torsional force constant contribute and the between CHCH,SH and CHCH,S- (AZPE)) are given in kcal/imol.

kinetic piece contributes a square term rather than a cubic terms o previously established value of 141.8 kcal/mol was used as the

in the denominator. The quantitiéy and Ap are the molar  reference for proton (see ref 76 for more detaiiBasis set | is

volume and thermal wavelength associated with the dummy 6-311+G(d,p), and basis set Il is cc-pVTZ.

atom under standard staté;p contributes in eq 4 because

SHAKE was used for one degree of freedont (AD bond). functions as the reference potential in FEP calculations and then
Following the two alchemy free energy simulations, the improve the results by doing perturbations using a higher-level

system consists of a dummy atom in the gas phase and A QM method?*58

“solvated” in the environment E. This differs from the appropri-

ate final state by a solvated proton (Scheme 2); thus, the last!ll- Test Calculations on CH3CH>SH and Analysis

missing component is essentially the solvation free energy of | this section, the newly proposed QM/MM-FEP approach
the proton AG}Y"); the free energy associated with switching  is tested with a relatively simple system: §3H,SH in aqueous
the dummy atom to a proton (or increasing the nuclear charge sojution. The molecule is a realistic model for Cys side chain;
of the proton from 0 tot1) in the gas phase is zero. it is chosen here because the protonation state of Cys is
Finally, we note that all of the calculations discussed above important in several metalloenzymes of intef8$€In addition
are classical simulations for the nuclear degrees of freedomto testing the reliability of the QM/MM-FEP approach for
(including the bonded contribution related to the dummy atom predicting K, values, it is also of interest to explore the relative
given in eq 4). Therefore, the difference in the quantum weights of various terms in eq 5 and determine if any
mechanical vibrational energies associated with AH and A contribution can be approximated or even safely ignored.
states have to be included, and the simplest approximation is A CH3;CH,SH molecule is solvated in a 32.0 A cubic box of
to use the zero-point energy difference between the two stateswater molecules, where the solution is treated with an ap-

in the gas phaseNZPEara-). proximate density functional theory (SCC-DFT#)and the
Taking all of the contributions discussed above, the expressionwater molecules are described with the standard TIP3P niédel,
for pKa in the present QM/MM-FEP approach is slightly modified in CHARMM?$3 The SCC-DFTB method is

chosen because it is computationally efficient and is rather

AGE 1 |' e accuraté4—%7 As seen in Table 1, it predicts the gas-phase proton
K, = AHIAZ _ . di + AGEW + dissociation energy of Ci€H,SH very close to density
2.30RT  2.30R1] A functional theory (B3LYP) calculations, although both SCC-

Bonded solv DFTB and B3LYP gave too low proton affinities compared to
AGp TAGT + AZPEyya-| (5) CCSD/cc-pVTZE8 F?)r the interact?on between SCC-DIE)TB and
TIP3P, both electrostatic and van der Waals interactions are
wheredGW/a2 and AGy""®*"**are given in egs 1, 3, and 4,  considered The van der Waals parameters for the SCC-DFTB
respectively AG;" has been estimated in previous wé?k5” atoms are taken from the CHARMM 22 force fiéldor the
although there has been significant variations (see section Ill), same molecule (see the Supporting Information). The free
and AZPEawa- is from gas-phase vibrational calculations for energy perturbation calculations have been performed with a
AH and A" modified version of CHARMM® which allows the DTSC
Before moving on to test calculations, we emphasize that the calculations and periodic boundary condition MD simulations
QM/MM-FEP approach is clearly not a very fast avenue toward using the SCC-DFTB/MM potential. For bonded interactions
pKa predictions. It involves two sets of free energy perturbation between the dummy atom and gEH,S™, the angle bending
calculations with hybrid QM/MM potentials, although test parameters are taken from CHARMM 22 force field, and the
calculations in section Il indicate that the second set makes adihedral angle was described by a very soft harmonic term (see
very small contribution and can often be neglected in practical footnote of Table 2). The bond stretching term for the dummy
applications. Therefore, it inot our intention to recommend  atom is irrelevant because all bonds involving hydrogen atoms
using such an approach &l applications. In certain investiga- and the dummy atom are constrained during the MD-FEP
tions where accuratekp for a specific group in a complex  simulation with SHAKE?® In the MD-FEP simulations, the
environment is of crucial mechanistic value and/or the change integration step size was 1 fs, and the nonbonded cutoff scheme
in the protonation state induces significant local structural is 12—10A, although calculations with 68 A cutoff scheme
rearrangements, on the other hand, the QM/MM-FEP approachwere also used to test the reliability of the results. In the cutoff
is a very attractive and robust choice. In application to scheme, the two numbers indicate the range in which nonbonded
macromolecules, where it is crucial to ensure the convergenceinteractions were modified based on a force-shift algorithm.
of FEP calculations, it is important to choose a QM level that  All contributions to K, (eq 5) in the QM/MM-FEP approach
is an appropriate compromise of accuracy and speed. Alterna-are listed in Table 2. The short conclusion is that it is challenging
tively, one can choose a fast QM level or even classical potential to predict accurate Ky, and one has to be careful with the
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TABLE 2: Various Contributions to the p K, of CH3;CH,SH crucial to take the long-range character of electrostatic interac-
in Solution in the SCC-DFTB/TIP3P—FEP Approach? tions into account. In the current work, where a cutoff scheme
contributions values is used for all electrostatic interactions (including that between

AGW (eq 17 285.0/288.1 QM and MM atoms), we used the Born motfelo make a
AGW Born correctiof —13.816.6 correction. As shown in Table 2, the Born correction is
AGYY (eq 3) 0.05 substantial —13.8 kcal/mol) and makes a significant contribu-
AGE"d(eq 4F -3.7 tion to the accuracy of the calculatedpvalue. To test the
AZPEpya—¢ —6.0 robustness of the electrostatic treatmenG®) was also
AGye —251.0 (265.0) [-262.4] calculated with a shorter cutoff of 8 A; without the Born
AGéE»i/A— (eq 5] 10.6 (3.5)[-0.9] correction, theAG® was~3.2 kcal/mol higher than the value
ngrecte d Ko 1'678(_(5'2)) [[gg']n calculated with the 1210 A cutoff (see Table 2). However, it
experimental " 106 is encouraging to see that such an increase is almost compen-

) ) ) sated by the Born correction. When the Born correction is
®All free energies and zero-point energy correctioAZRE) are included, AG® is ~272 kcal/mol with both cutoff schemes (see

i i i b
S{,'Zfen ::glléﬂ'l;stecg I\(Afi?rl]m:ﬁg zﬂteof?ug;azﬁ ebe(:fo ;%ngnzﬂiz&tge /f lash Table 2). Therefore, we can conclude that combining the cutoff

respectively; in the cutoff scheme, the two numbers indicate the range With @ Born correction is an effective scheme to describe
in which the nonbonded interactions were modified based a force-shift electrostatic interactions irkja calculations, although the Ewald
algorithm™ For the Born correction, the formulg/2R((e — 1)/(¢)) summation is still a desirable option for the future.

3 = — = . . . .
was used? whereq = —1, ¢ = 80, andR corresponds to the larger For the second alchemy free energy simulation, in which the

value in the cutoff scheme used in the free energy perturbation der Waal i iated with the d ¢
calculations (i.e., 12 and 10 A in the two cutoff schemes, respectively). van aer VWaals parameters associated wi € aummy atom are

¢ The following numerical values are us&dvo = 136.22 T/P (&), switched to zero, the free energy derivatives are surprisingly
Ap = 17.457(mTy¥2 (A), T = 300.0 K,P = 1.0 atm,m = 1.008 small in magnitude (absolute valuel kcal/mol; Figure 1c),
g/mol, Ky = 38.8 kcal/(mol rag), K, = 0.025 kcal/(mol rag). The and the final integrated contribution is only 0.05 kcal/mol (Table
relevant dummy CHsCH,S™ geometrical parameters in eq 3 age 2). This is somewhat unexpected because previous simula-
-0 = 1.325 A, 0o = 95°. ¢ Gas-phase value in Table 1 was used. jon19.74 ang scaled-particle thedfyargued that free energy

¢The extreme values are taken from ref 55, and the value2§2.4 derivati ted 1o di t th d odint (1
kcal/mol (in brackets) was taken from high-level ab initio calculations erivalives are expected 1o diverge at the end p @),

in ref 57.1 The three values were computed using the three correspond-Where the environment particles can ?pproa(_:h the scaled particle
ing proton solvation free energiedG:*") cited in footnote e9 A very closely as the van der Waals interactions between them

correction was used for SCC-DFTB based on the discrepancy found are scaled by I 1. The present results can be understood by
for CH3CH,SH compared to CCSD/cc-pVTZ results in the gas phase examining the radial distribution functions of the solvent around
(see Table 1). The three values were computed using the threethe dummy atom. As shown in Figure 2, the solvent distribution
corresponding proton solvation free energiag() cited infootnote  actyally changed rather little as the van der Waals parameters
e." From ref 72. associated with the dummy atom are switched off; the peaks in
the distribution functions shift inward by only 6-8.4 A and

still are far from the center of the dummy atom. This is because,
in contrast to previous analysisthe dummy atom is not by
itself but is bonded to A in the present simulations, and the
van der Waals interaction between for S in CHCH,S") and

the solvent is sufficient to prevent the latter from collapsing
onto the dummy atom even if the dummy atom has scaled van
der Waals parameters. This resembles the situation in conven-
tional water models (e.g., the standard TIEJRvhere no van

der Waals parameters are needed for the hydrogen atoms to
prevent water molecules from collapsing onto each other because
the interactions between oxygen atoms are sufficient to deter-
mine the bulk water structure. Therefore, the current test
calculation suggests that the van der Waals contribution due to
the dummy atom is fairly insignificant, and therefore the second

various contributions; onel unit corresponds to 1.37 kcal/
mol difference in free energy. Compared to the experimental
value of 10.6/? the closet estimate from the current work
(without optimization of any specific calculation parameters)
is 8.5. Part of the difficulty is due to the uncertainty in the proton
solvation free energy, and a practical approach will be establish-
ing the appropriate value to use with QM/MM-FEP through
more systematic calculations for a large number of chemical
species with well-established&pvalues, which are being carried
out in our group. In the following, we analyze the various
contributions in more detail and comment on their importance
to the reliability of the predictedky, value.

Not surprisingly, the dominant contribution in the QM/MM-
FEP approach using the thermodynamic cycle in Scheme 2 is

from the first step where AH is mutated intoAD in solution. ) . -
alchemy free energy simulation can often be safely skipped.

During this process, the AH bond is broken, which costs B h K calculati ed f het
energy; on the other hand, As better solvated than AH; thus, enchmark caicufations are required for more heterogeneous
systems such as proteins.

the free energy change is substantially reduced compared to ) o
the proton affinity of A in the gas phase (Table 1). As shown As shown in Table 2, the other two contributions, the bonded
in Figure 1a, the free energy derivatives are all well-behaved, interaction between the dummy atom and fAGE™** as
including thoseat the end-points = 0 and 1), which is anice ~ Well as the ZPE difference between AH and fAZPEaw/a-)
feature of the DTSC scheni&3” Most windows approach  are also important. They contribute3.7 and—6.0 kcal/mol,
convergence after 30 ps of production MD calculations, although respectively, to the total free energy differenQEGE\E&/Af.
certainly windows take longer to converge; the: 1 simulation Although the solvation free energy for the proton is a constant,
has fairly significant variations even after 200 ps. As to the it is large in magnitude and actually fairly difficult to probe
A-dependence of the free energy derivatives, the striking resulteither experimentally or computationafly:>” There are sig-

is that the relationship is highly lineaR{ = 0.999; Figure 1b). nificant variations ranging from-251 to—265 kcal/mol, and a
This is, once again, a unique feature of the DTSC scheme, inrecent high-level ab initio calculation stif#y®’ recommended
which the free energy derivatives are dominated by electrostaticthe value of—262.4 kcal/mol; using the three values gives
interactions, which follow the linear response very faithfully. significantly different K, results (Table 2). In practice, the best
We note that, because of the electrostatic naturk@®, it is approach is to perform QM/MM-FEP calculations for a series
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Figure 1. Free energy derivatives associated with the two sets of QM/MM free energy perturbation calculations #y ¢aiglation of CH-
CH.SH in solution. As shown in Scheme 2, the first set (a,b) involves mutatingC8$H to CHCH,S —D, where D is a dummy atom that
replaces the acidic proton; both @EH,SH and CHCH,S™ were treated with the SCC-DFTB approach in the DTSC scheme (see text). In the
second set (c,d), the van der Waals parameters on the dummy atom@He3 —D are gradually switched off; the GBH,S™ was treated with
SCC-DFTB. Note the dramatic difference in scales.

of compounds that have well-establishéig and then decide =~ QM/MM-FEP approach, it is encouraging to see that, with a
what value should be used fmGﬁﬂ"’ for a specific QM/MM recent estimate 0AGZ°J",57 we are able to obtain a computed
setup; i.e., we propose to us&:>" as an adjustable parameter pKa for CHsCH>SH in solution that is fairly close to the
to partially account for the deficiency of QM/MM models. For experimental value. Clearly, more systematic benchmark cal-
CH3CH,SH, it first appears that the value 6251.0 kcal/mol culations are required to establish the best QM/MM-FEP
is more appropriate, which gives &pvalue of 7.7 for CH- protocol for K, predictions. We note thal&Gﬁi'V do not
CH,SH; the experimental estimate is 1®&iowever, gas-phase  contribute if only the [, shift between different residues or
calculations indicate that, although SCC-DFTB agrees well with the same residue in different environments (e.g., solution vs
B3LYP calculations, both methods give too low proton affinities protein) is of interest.
compared to CCSD/cc-pVT® which is often regarded as
systematically more reliable. Taking the difference between |y conclusions
SCC-DFTB and CCSD/cc-pVTZ for the gas-phase model, we
see that the value 0f262.4 kcal/mol forAG:?" gave the K, We presented a new approach for computirig, ffor a
(8.5) that is the closest to the experimental measurement. specific residue in complex environments based on a combina-
In short, the test calculations clearly demonstrated that the tion of hybrid QM/MM potential and the free energy perturba-
dominant contribution concerns the difference in the electrostatic tion (FEP) techniqué’ Compared to previous methods based
interactions between AH andAwith the environment; thus,  on the combination of continuum electrostatics and quantum
the treatment of long-range electrostatic interactions is crucial mechanicaP12or classical mechanical potentidfs 2 the QM/
to the success of the QM/MM-FEP approach. The contribution MM-FEP approach is more robust because it can handle
from the van der Waals interactions associated with the dummy nontrivial variations in both the electronic structure and nuclear
atom was found to be insignificant, and the bonded interactions geometry when the protonation state of the specific residue
with A~ are more important. To obtain accuraté,wvalues, it changeg8:3°
is also essential to include the ZPE differences and to establish  The current approach is made possible by our recent develop-
the appropriate value oiGZ‘l'V to use in eq 5. Although there  ment of a dual-topologysingle-coordinate (DTSC) scheme for
are still uncertainties in the best set of parameters to use in theperforming free energy perturbation calculations with hybrid
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1.6 based methods and the accuracy also involves the choice of a
] - number of parameters (e.g., the accuracy of the QM approach
1'4_: and QM/MM interactions as well as the value &G:Y"); it
1.2 320 remains challenging to deal with multiple titration sitewith
] the QM/MM-FEP approach. Nevertheless, for certain systems
1] such as proton pumps where it is essential to understand the
] pKa's of specific groups and how they are coupled to other
£po 0'8_: chemical processes (e.g., redox reactions), the QM/MM-FEP
0.6 framework is very promising. The most important aspect for
] successful QM/MM-FEP applications to macromolecular sys-
0.4 tems is the balance of calculation speed (i.e., convergence of
] FEP) and accuracy, and the most productive way is to use an
0'2_: efficient QM level in the FEP calculations (e.g., with SCC-
e — DFTB/MM, it is straightfor_ward to carry out nanosecond F_EP
0 1 2 3 4 5 6 7 8 calculationg®3) and then improve the results by perturbation
calculation8® with carefully benchmarked high-level QM
rpo (A) methods (e.g., MP2 or B3LYP). Such applications are in
) progress.
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