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A quantum mechanical/molecular mechanical (QM/MM) approach based on an approximate density functional
theory, the so-called self-consistent charge density functional tight binding (SCC-DFTB) method, has been
implemented in the CHARMM program and tested on a number of systems of biological interest. In the gas
phase, SCC-DFTB gives reliable energetics for models of the triosephosphate isomerase (TIM) catalyzed
reactions. The rms errors in the energetics compared to B3LYP/&8d,p) are about-24 kcal/mol; this is

to be contrasted with AM1, where the corresponding errors atfl%cal/mol. The method also gives accurate
vibrational frequencies. For the TIM reactions in the presence of the enzyme, the overall SCC-DFTB/CHARMM
results are in somewhat worse agreement with the B3LYP/6&3#l,p)/CHARMM values; the rms error in

the energies is 5.4 kcal/mol. Single-point B3LYP/CHARMM energies at the SCC-DFTB/CHARMM optimized
structures were found to be very similar to the full BSLYP/CHARMM values. The relative stabilities of the
ar and 3, conformations of penta- and octaalanine peptides were studied with minimization and molecular
dynamics simulations in vacuum and in solution. Although CHARMM and SCC-DFTB give qualitative different
results in the gas phase (the latter is in approximate agreement with previous B3LYP calculations), similar
behavior was found in aqueous solution simulations with CHARMM and SCC-DFTB/CHARMM. The 3
conformation was not found to be stable, and converted toghferm in about 15 ps. Ther conformation

was stable in the simulation with both SCC-DFTB/CHARMM and CHARMM. Th¢3 CO--HN distances

in the o conformation were shorter with the SCC-DFTB method (2.58 A) than with CHARMM (3.13 A).
With SCC-DFTB/CHARMM, significant populations witti+3 CO---HN distances near 2.25 A, particularly

for the residues at the termini, were found. This can be related to the conclusion from NMR spectroscopy
that the 3, configuration contributes for alanine-rich peptides, especially at the termini.

I. Introduction into the mechanism of chemical and enzymatic reactidrior

fa QM region of limited size €50 atoms), the QM/MM method

; ; : .‘ : can be applied to systems containing thousands of atoms. Most
ntum chemistry in recen rBighl r hemical . .

quantum chemistry in recent yearighly accurate (“chemica studies have concentrated on the potential energy surface, though

accuracy”) calculations are still limited to systems of less than ; . .
10 heavy atom3.Nevertheless, meaningful calculations have _solvatlon effects onifs values’ solvent-induced spectral shifts

been made for significantly larger systems. One example is the'" UV absorption of organic moleculésnd charge polarization
application of linear scaling methcdsn a semiempirical have also been studiél.Recently, we have developed and

framework to proteins and nucleic acitls. problem where such applied QM/MM methodology to the calculation of infrared

1 i &2
methods can be useful is that of long-range electron trahsfer. spe_ctré a_nd NMR chemical shifts’ ) ) )
In most other cases of interest, treating the entire protein or _>iNce high-level quantum mechanical calculations in the QM/

nucleic acid by a quantum mechanical approach is not necessaryMM approach are computationally intensive, it is very time
i.e, only part of the system needs to be treated quantum cONsuming to do the full dynamical simulations required to
mechanically and that part may require high-level density obtain apotgnual of mean forcg for an enzymatic reaction, for
functional or ab initio methods. Combined quantum mechanical/ €X@mple. This means that semiempirical QM methods have to
molecular mechanical (QM/MM) methotlare well suited for D€ employed. To achieve the rﬁ%‘é'red accuracy, it is possible
such problems; examples are reactions in solution or in enfyme. t0 use an EVB® or MNDO/AM1*42° framework with param-
Both with semiempirical and ab initio quantum mechanics, QM/ eters optimized for the system of interest. An attractive alter-

MM methods have been shown to provide fundamental insights Native would be a general semiempirical approach that gives
higher accuracy than the standard methods. A promising new

Although dramatic progress has been made in the field o

* To whom correspondence should be addressed. approach, called the self-consistent charge density functional
" Department of Chemistry and Chemical Biology, Harvard University. tight binding (SCC-DFTB) method, has been developed re-
 Department of Physics, Harvard University. cently?® It is based on a second-order expansion of the Kehn

§ University of Paderborn. . . - .
oIsIS Unizersifemius Pasteur. Sham total energy with respect to charge density variations in

' University of Oxford. the LCAO (tight-binding) framework. In contrast to other non-
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self-consistent DFTB approach&sthis method introduces tively. The symbolF° stands for the effective KokrSham
relaxation of the charge density at the level of Mulliken Hamiltonian, which depends only on the reference dengity,
population, which has greatly decreased the dependence on the

initial density and increased the transferability of parameters. 1, Z Po(r') _ _
The method has been applied to calculate the energies, Ho= — EV - Z R—7 + fl? - dr’ + V,lpo(T)]

geometries, and vibrational frequencies of small organic mol-
ecules, and the resulting mean average deviations from the
experimental values were comparable to those of full density \herez, is the charge of théth nucleus.

functional theory (DFT) calculations with a doubleplus The second term in eq 1 represents the contribution of the

polarization basis set. The method has been tested for biologi-density variations to the total energy; the third term with the

cally relevant molecules, including structures of hydrogen- cyrly brackets corresponds to the correction for the double

bonded complexes (e.g., HCOOH dimer, NHNH3), small counting terms from the Coulombic and exchange-correlation

peptides, and base pairing and stacking interactiorEhe contributions included in thél, matrix elements; and the last

geometries of the hydrogen-bonded complexes as well as theierm, E. is the core-core repulsion energy, which plays an

geometries and relative energies for various conformers of thejmportant role in the parametrization (see below).

capped peptideN-acetyl-(-Ala)-N'-methylamide compared To obtain the SCC-DFTB energy expression, eq 1 is subjected

well with B3LYP/6-31G(d) and MP2/6-31G(d) results. The tg a number of approximations. Like most other semiempirical

binding energies of hydrogen-bonded complexes are underesmethods, only the valence electrons are treated explicitly and

timated with the SCC-DFTB approach by aboutZlkcal/mol, the nuclear chargey in eq 2, are adjusted accordingly. The

Compared to ab initio calculations at the MP2 and MP4 levels Hamiltonian matrix e|ement§§i||:|0|¢i|:|are represented in a

with doubleg plus polarization quality basis sets. Recently, Bohr minimal basisof localized pseudo-atomic Slater orbitajs,

et al’® have calculated the vibrational absorption and vibrational

circular dichroism spectra of the two lowest energy conformers ¢ = zci L (3)

of N-acetyl-(-Ala),-N'-methylamide with a hybrid DFT/SCC- "

DFTB approach. The Hessian matrixes at the SCC-DFTB level

were used to obtain the frequencies and normal modes, and thel 0 determingy,, the neutral atom valence electron DFT problem

dipole derivatives and VCD tensors at the B3LYP/6-31G(d) is solved with an additional harmonic potential, in the form of

level were used to obtain the IR and VCD intensities. The resullts (f/ro)? to localize the orbitald! For the determination of the

were found to be in good overall agreement with those from confinement radiug,, a variational principle can be appliéd;

MP2/6-31G(d) and B3LYP/6-31G(d) calculations. trial calculations have shown that the choige= (1.8—2.0)cov
Given these promising results, we have implemented the QM/ (Wherercoy is the covalent radius of the element, as obtained

MM approach in the CHARMM progratfi with SCC-DFTB from ref 23) is satisfactory. Trle Hamiltonian matrix elements

as the QM method and with the MM potential functions from in this LCAO basis,Hgv = [,|H .0 are then approximated

CHARMM. In section Il, we briefly review the SCC-DFTB  as follows. The diagonal elemenﬂs,oﬂ, are taken to be the

approach and describe its implementation in the CHARMM calculated atomic eigenvalues, anduthe nondiagonal elements

program. In section IlI, we illustrate the SCC-DFTB/CHARMM  are calculated with a two-center approximation

approach for a number of systems, including the reactions A

catalyzed by triosephosphate isomerase (TIM) and the dynamics Hgv =0T+ Veﬁ[pé + pg] lx,0d ueA,veB (4)

of small peptide helices in water. For TIM, comparisons are '

made with our previous DFT and DFT/CHARMM calcula- whereVes is the effective KohaSham potential (Coulombic

tions2° For the helical systems, the results are compared with plus exchange-correlation) apg is the electron density of the

MM based CHARMM calculations. The conclusions are neutral atom A; A and B define the two atoms. The Hamiltonian

presented in section V. matrix elementsii® , and the overlap matrix elemeng,, are

"y

II. Theory and CHARMM Implementation computed and tabulated with respect to the interatomic distances

a. The SCC-DFTB Formulation. The SCC-DFTB approach between A qnd B, The values of these matrix e'.e”.‘ems are
- - R . . obtained by interpolation of the tabulated data. This is one of
has been described in some detadp it is only reviewed briefly .
. . ; . the factors that make the SCC-DFTB calculation fast.
here. The method is derived from density functional theory T -
. The last four terms on the second line in eq 1 involve the
(DFT) by a second-order expansion of the DFT total energy input neutral electronic densipy andE.qe They are combined
with respect to charge density variatiep, relative to a chosen P core 1N1SY

reference densityy. The resulting equation for the total ener in a form Erep, Which is approximated as the sum of a set of
. Yio- g€q oy pairwise atom-atom potentials, which are then fitted for selected

)

IS reference systems and assumed to be transferable in calculations
occ 1 1 5258)( for more complicated molecules. Typical reference systems
E= Z@i|H°|¢i[H-_ff + x include HC—CHs;, H,C=CH,, and HG=CH for the determi-
| 2 [T =T 0pop|p, nation of the G-C interaction and H& CHz; and G=CH, for
1 U)o C-0.In tr_le calc.ulations, I_ow spir\ states are always assumed
Sp(T)80'(F') dF dF’ +{ — _ff dF df’ 4 and described with the spin-restricted approach.
2 T =T A-B
Erep= ZU (RAB) (5)
AB

Exloo(] = fVadpd poT) dF | + Eqore (1)

The pairwise potential in eq 5 is fitted with polynomials or
spline functions for the chosen reference systems at a series of
The ¢; are the Kohr-Sham orbitalsEx. andVy represents the  interatomic distances; it is taken as the difference between the
exchange-correlation energy functional and potential, respec-DFT total energy and the SCC-DFTB electronic energy (the
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first two terms on the rhs of eq 7 below). In the current the total energy, which are essential in geometry optimization
implementation, the exchange-correlation functional used in and molecular dynamics, are readily obtained at the SCC-DFTB
SCC-DFTB is the one derived by Perdew, Burke, and Ernzer- level®

hof;?* while the DFT method used as the standard for the fitting

was the B3LYP method associated with the doublplus BESCC DFTe i
polarization quality basis sets. An energy shift was applied to — = an Cu c, X
account for the difference in the number of electrons included A o
in the DFT and SCC-DFTB calculations, based on the dissocia- aHO 1 88
tion limit of the reference system. - Z(VAC + v AQ | —| +
The charge density variatiodp, relative to the reference IRy 2 c RA
density,po, is written as a superposition of atomic contributions, 0 ep
Sph AqAZ—Aq +— uecA;veB (11)
R,
op="y 0p" (6) _ .
Y Then; ande; are the occupation number and eigenvalue for the

ith molecular orbital, respectively, anfl,, is the tabulated
which are approximated by the charge fluctuations at the atomsoverlap matrix element. The second derivatives of the energy
A, Ag® = ¢ — . The quantityqy is equal to the number of  with respect to nuclear positions, which are used in vibrational
valence electrons of the neutral atom A, aytds the Mulliken frequency calculations, can in principle be formulated analyti-
population resulting from the sum over the orbitals. The second cally. In the current implementation, however, they are calcu-
derivative of the total energy with respect to the charge density lated by numerical differentiation of the first derivatives. The
fluctuations, §2E/0p0p")|,., is approximated by a functiopng. two-center approximation (eq 4) and tabulated matrix elements
In the limit of A = B, the quantityyaa/2 is approximate by make the calculation very fast, similar in speed to other
the chemical hardne¥f the atomic species, and is calculated semiempirical methods, such as AM1 and PM3. The remaining
with PBE?® In the case of A= B, commonly used functional  time-consuming step in SCC-DFTB, AM1 and PM3, which is
forms for yag have been presented by Ohno, Klopman, and the diagonalization of the Fock matrix and can be speeded up
Mataga-Nishimoto, for exampf&.However, these functionals  using methods such as the divide-and-conquer apprd&ds,
were not adopted in the current implementation because thethe same.
SCC-DFTB method was originally designed for periodic systems  b. QM/MM Implementation. In this section, we describe
for which these functional can cause severe numerical problems.the implementation of SCC-DFTB in the CHARMM progrdfn.
A new functional form foryag was proposed, based on the The method follows that used previously for QM/MM imple-
analysis of Coulombic interaction between two exponentially mentations with semiempirica?,ab initio Hartree-Fock2® and
decaying spherical charge distributions centered on the two DFT30as the QM method. The QM atoms interact with the MM
nucleil® the form is atoms through electrostatic and van der Waals terms. The total

energy of the system is written in the form

ffS(TA’ A)S(TB’RB)

drdr’' = Eot — DIIIHQM + HQM/MM|1P|:H_ E\(IQaI\rI:/MM + MM (12)

Ri - [eirARABK(TAItB!RAB) + e =ReK (15,75, Rap)] (7) where the first term gives the electronic energy of the QM

AB system including the electrostatic interaction from the MM part

- ) - with [W|HMWgiven by eq 10; the second term is the van

where S(za, Ra) is a 1s Slater orbital centered d® with der Waals interaction between the QM and MM atoms, which
exponentra, andK(za,7s,Rag) is given by® corresponds to the Pauli repulsion at short distances and
4 6 4 dispersion at long distances; the last term is the empirical energy

_ Tglp 75 — 375 Ty of the MM atoms. Formally, the Coulombic interaction between

K(Ta,Te:Rag) = = - (8)

the MM partial charges and the QM electrons and nuclei is
described by the one-electron operator

QuZs Ne  Qp

2(h — 13"  (1a— 75 Ras

The functionyag has the asymptotic form (RAg) at long

distance, and approachgsa at the limit of Rag — 0.2° The QMMM _ (13)
latter condition relates the decaying exponent of the spherical Z |_|i B ﬁsl IR T
charge distribution to the chemical hardnelsis)(2 that is ACMM BEQM 113 AEMM 1=1 i
16 whereQ, is the partial charge on MM atom &g is the nuclear
=% Ua ) charge of QM atom B, anM is the number of QM electrons.

If this operator were treated analytically, which was done in

With the above approximations, the total SCC-DFTB energy previous QM/MM implementations for ab inifidand DFT°
is written in the following form QM, two- and three-center integrals of the form

Qu D
= — A%

ul = -

IRy — Tl
By applying the variational principle, one obtains KetfBham would have to be computed. This would be computationally
type equations, which have to be solved iteratively since the intensive. To avoid this problem, the QM/MM electrostatic
energyESCC-DFTB depends on the orbital coeffluem%,, due interaction is approximated in the spirit of the SCC-DFTB
to the Mullikan charges in eq 10. Analytic first derivatives of method by the Coulombic interaction between the Mulliken

occ

ESCCPRTE = ZWH o L — ZYABAqAAq +Ep (10)
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Figure 1. Gas-phase QM calculations for simplified models of substrate and catalytic residues in TIM-catalyzed reacfio(es) @ptimized
structures of substrates in different forms, plus the transition state for the intramolecular proton transfer in the enediolate. (b) Optohires stru
for the models of the side chains of Glu165 and His95 in different protonation states. The numbers without parentheses were obtained with B3LYP/
6-31+G(d,p), and those with parentheses were optimized with SCC-DFTB. The distances are in A.

1.614) (1.268) (1375 (1.364)

charge of the QM atoms and the MM partial charges. Higher states as well as stable structures. For this purpose, model
order multipolar interactions between the QM electrons and MM systems related to the triosephosphate isomerase (TIM) reactions

partial charges are neglected; that is were examined because values for the structures and energetics
had been determined previously at various levels of the QM
. QAAqB method?® The SCC-DFTB/MM formulation, eq 14, was then
H%'M,MM ~ %M = (14) tested using the TIM related model systems and the TIM-
Aém B&om IRy — Rg| catalyzed reactions in an enzymatic environment. The results

were compared to the available values at different QM levels,
This approximation is different from that used in previous including AM1-SRP/CHARMM and B3LYP/6-3tG(d,p)/
QM/MM implementation with a semiempirical QRt.There the  CHARMM.2 The final application examines the relative
exact integral for MM chargeelectron interaction in eq 13 was  stability of 3,0 andag helices in solution. A QM/MM molecular
found to be proportionately too large and therefore was dynamics simulation was performed, in which the helices were
approximated by a term of the formQalisvs|sasallwhere a  treated with the SCC-DFTB method and the water molecules

1s-type Slater orbital was placed on the MM atom A. were treated with the standard TIP3P MM potenifal.
Substituting eq 14 into eq 10, and applying the variational | 1. Gas-Phase Models for Species Involved in the TIM
principle, one obtains the eigenvalue equations Catalysis: Test of the SCC-DFTB Method for Stable and
: Transition States. The reaction catalyzed by TIM is the
> (H,, —S,)c, =0 (15) interconversion of dihydroxyacetone phosphate(DHAP) and

p-glyceraldehyde 3-phosphate (GAP)n earlier work, several
model systems of interest for the TIM-catalyzed reactions were
studied (see ref 20 for details). In the present paper, we use the
earlier calculations on some of these as tests of the SCC-DFTB
and the SCC-DFTB/CHARMM methods. Three sets of models

where the matrix elements including the MM partial charges
have the form

H, = HO,, + }s , z (yeg + VDB)AQB + are considered in this section. The first set is the minimal model
! ! . BEOM (Mo set), which includes different states of the substrate without
c o the phosphate group plus models for the catalytic residues. The
1 QaAq QaAq second set (Whp) includes different states of the substrates with
-S, — ueC;veD (16) a neutralized phosphate group; these permit a test of the SCC-
2 aéim \IRe = Ral IRy = Ry DFTB parameters for phosphate. As explained previotfalye

use a neutralized phosphate group despite the fact that the
realistic substrate is doubly anionic because the negative charge

functionsy, andy,, respectively, are located. e IS expected to be stabilized in the enzyme by (charged) residues,
Preliminary test calculations with SCC-DFTB/AMB such as Lys12 in the active site. The third set is a “basic” model

indicated that the approximation by eq 14 works rather well ;" \hich includes the substrate and at most one catalytic
for a number of hydrogen-bonded complexes such as alanlneresidue, either Glu165 or His95. The choice of residue is based

peptides and water clusters. on the one involved explicitly in the proton-transfer step. We

compare results obtained with structures optimized at the AM1,

PM3, SCC-DFTB, and B3LYP/6-32G(d,p) levels. The struc-
Several different types of calculations were performed to test tures are shown in Figures 1 and 2 for the &nd Mpnp Systems,

the SCC-DFTB and SCC-DFTB/CHARMM methods in the respectively. For the M set, single-point MP2 and CCSD

context of biologically interesting systems. The first concerns energies have also been calculated with the 6+33(d,p) basis

the use of the SCC-DFTB methger se for treating transition set at the B3LYP/6-31G(d,p) geometries. The energies of

The C and D denote the QM atoms on which the atomic basis

I1l. Test Calculations
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TABLE 1: Comparison of Quantum Mechanical Results for Species of Interest Involved in TIM

species AM1 PM3 SCC-DFTB  B3LYP/6-31G(d,p)  MP2/6-31%G(d,pf  CCSD/6-31%G(d,pp
DHAP_MO -0.13877  —0.13222  —11.5642 —229.06152 —228.52206 —228.54424
EDL_M0? 7.3 8.1 8.7 8.3 9.4 9.4
EDT_MO 365.2 362.0 373.7 366.3 368.9 374.8
Intra_TS_MO  398.9(33.8)  393.2(31.2)  386.2(12.5) 374.8 (8.5) 376.1(7.2) 384.9 (10.1)

aFor identification of the species, see Figure 1. Their roles in the TIM-catalyzed reactions are described in ref 20. The total energies for DHAP_MO

at different levels are given in hartrees in italics; other energies are in kcaFi@alculated at the B3LYP/6-34G(d,p) optimized structures. Zero
point corrections (ZPC) are not included; this is true for all the tal§l&ése numbers without parentheses are calculated relative to DHAP_MO; the
numbers in parentheses are the barrier height for intramolecular proton transfer measured from EDT_MO.

TABLE 2: Comparison of Quantum Mechanical Results for Simple Models of the Catalytic Residues in TIM

species AM1 PM3 SCC-DFTB  B3LYP/6-31G(d,p)  MP2/6-313G(d,pf  CCSD/6-31%G(d,py
CHsCOOH —-0.16422  —0.16264  —11.60418 —229.10583 —228.56784 —228.58734
imidazole 0.08088 0.04977  —11.383622 —226.23539 —225.63919 —225.65714
CH,COO ®  354.8(10.4)  349.6(12.4)  356.2(17.5) 352.9 (13.4) 355.1 (13.8) 359.4 (15.4)
imidazolaté ~ 347.7(10.2)  341.9(12.0)  361.2(3.7) 356.7 (1.4) 353.4 (6.2) 359.2 (6.3)

aThe total energies for C¥£OOH and imidazole at different levels are given in hartrees in italics; other energies are in kcalimhumbers

without parentheses are the deprotonation energies, and those in parentheses are exothermicities for the proton exchange reaction: DHAP_MO0/
EDL_MO + CH;COO /imidazolate— EDT_MO + CH;COOH/imidazole.
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Figure 2. Gas-phase QM calculations of structures for the substrate
and reaction intermediates with neutralized phosphate grougp(M
The numbers without parentheses were obtained with B3LYP46=31
(d,p), and those with parentheses were optimized with SCC-DFTB.

The bold numbers are energies measured relative to DHAP_M2NP,

the exception is Intra_TS_M2NP for which the barrier height measured
relative to EDT1_M2NP is shown in italics. The values with square
and curled brackets were obtained at the AM1 and PM3 level,
respectively. The distances are in A.

various structures for the §vind Mpnp Sets are summarized in
Tables 1 and 2, Figure 2, respectively. For the, det, only

TABLE 3: Rms Error in Relative Energetics (in kcal/mol)
for Different Calculations on TIM-Related Models
Compared to Full B3LYP or B3LYP/CHARMM Results 2

model AM1 AM1-SRP PM3 SCC-DFTB
Map 111 3.9 11.7 4.0

Map 9.7 1.3 2.4(2.2)
enzyme 8.4 4.5 5.3(5.5)[25]

a M3, and Ms, were calculated in the gas phase, and the rms errors
are defined relative to full B3LYP/6-31G(d,p) results; the enzyme
model was treated with the QM/MM approach as described in the text,
for which the rms error was calculated relative to B3LYP/6-&(d,p)/
CHARMM values.? The numbers without parentheses are rms errors
for the QM/MM calculations in which model His95 was treated with
the CHARMM22 force field; the value in parentheses is the rms error
for pure QM results® The number with and without the parentheses is
obtained with the large and small QM partition, respectively; the value
in the brackets is obtained with B3LYP/6-8G(d,p)/CHARMM single-
point energetic calculations at SCC-DFTB/CHARMM geometries with
the small QM partition.

EDT_MO and the HO—C angle in Intra_TS_MO. The energies
of various stable structures are shown in Tables 1 and 2 at the
AM1, PM3, and SCC-DFTB levels, and they are all rather close
to the higher level B3LYP, MP2, and CCSD calculations. The
exception is that AM1 and PM3 give too small proton affinities
for imidazole. As a result, the exothermicity for the reaction
EDL_MO + imidazolate—~ EDT_MO + imidazole at the AM1
and PM3 levels, 10.2 and 12.0 kcal/mol, respectively, deviates
substantially from the results obtained from other calculations.
For the intramolecular proton transfer barrier height, the SCC-
DFTB result of 12.5 kcal/mol is larger than the value of 8.5
kcal/mol at the B3LYP/6-31G(d,p) level. The AM1 and PM3
calculations give barrier heights that are too high by more than
20 kcal/mol. Overall, the rms error of AM1, PM3, and SCC-
DFTB compared to B3LYP/6-3tG(d,p) is 12.1, 11.4, and 3.9
kcal/mol, respectively. Compared to the CCSD/6-8%G(d,p)
results, the rms error at the AM1, PM3, and SCC-DFTB level
is 11.8, 11.4, and 2.0 kcal/mol, respectively; the rms error of

rms errors in the energetics are included in Table 3; selectedB3LYP/6-31+G(d,p) is 5.6 kcal/mol. The SCC-DFTB method

structures are shown in Figure 3; the full list of structures and
the energetics are given in Supporting Information.

Figure 1 shows that the geometries obtained with the B3LYP/
6-31+G(d,p) and SCC-DFTB QM methods generally agree
within 0.05 A for bond lengths (mostly less than 0.02 A) and
1° for bond angles; exceptions are the-Q distance in

not only gives reliable structures and energetics, it also give
vibrational frequencies of reasonable accuracy. For instance,
the imaginary frequency for Intra_TS_ MO0 is 1673cBn ! at

the SCC-DFTB level, about 300 crhlarger than the value of
1383.8 cm™! at the B3LYP/6-3%+G(d,p) level; the AM1 and
PM3 calculations, in contrast, give significantly higher values,
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Figure 3. Selected structures from the M3b model for the TIM-catalyzed reactions. The numbers without parentheses were obtained with B3LYP/
6-31+G(d,p), and these with parentheses and brackets were optimized with SCC-DFTB and PM3, respectively. The distances are in A. The numbers
in bold are energetics in kcal/mol, without zero-point corrections. The transition states were not located at the SCC-DFTB level, presumably

because the barriers would be even lower than those at the B3LYR/G{8llp) level, which are already very low.

2175.0 and 2698cm™, respectively, which are consistent wit
the overestimated barrier heights.

Figure 2 shows gas phase structures for the substrate and
intermediate with neutralized phosphate group (NP). These
permit a test of the SCC-DFTB parameters for phosphate.

The B3LYP and SCC-DFTB values generally agree within 0.05
A for bond lengths (mostly less than 0.02 A) antdfar bond
angles. The exception is that the-O distances are overesti-
mated by SCC-DFTB by about 0.06 A in the two enediolate
structures. We note that the phosphate SCC-DFTB parameters
give satisfactory PO distances compared to the B3LYP/6-
31+G(d,p) values, with the largest error equal to 0.04 A. The
AM1, PM3, and SCC-DFTB methods give satisfactory energet-
ics for the minimum structures, while only SCC-DFTB gives a
reliable intramolecular barrier height; it is 12.9 kcal/mol
compared to the value of 10.0 kcal/mol at the B3LYP/6-8&:
(d,p) level.

The third set includes the substrate and one catalytic residue,
either Glul65 or His95; see Scheme 1 for reactions involved.
The residue included is the one involved explicitly in the proton
transfer step. The covalent bond distances and angles at the
SCC-DFTB level are in good agreement with the B3LYP/6-
31+G(d,p) results, similar to the two smaller TIM models
described above. For the hydrogen bond distances, the SCC-
DFTB method gives shorter values for cases involving nega-
tively charged atoms; e.g., the hydrogen bond between EDL2
and Glu165 is 1.914 A at B3LYP/6-31G(d,p) level and 1.830
A at the SCC-DFTB level. Overall, the rms difference in
hydrogen bond distances is 0.16 and 0.35 A at the SCC-DFTB
and PM3 levels, respectively, as compared to B3LYP/6-G1
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h SCHEME 1: Proposed Catalytic Mechanisms for TIM-
Catalyzed Reactions
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(d,p) values. For all the critical geometrical parameters, the rms for most transition states. The few exceptions are shown in
difference is 0.10 and 0.22 A for SCC-DFTB and PM3, Figure 3. These include Inter TS4 3b (the TS between
respectively, compared to B3LYP/6-85G(d,p). The SCC- EDT2_np_3b and GAP_3b) and Inter_TS2_3b (the TS between
DFTB approach gives structures similar to the B3LYP results EDT1_3b and EDL1_3b), for which the SCC-DFTB calculations
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collapsed to EDT2_np_3b and EDL1_3b, respectively. This

appears to be a consequence of the fact that barriers for these

two steps are very small; they equal 1.9 and 0.5 kcal/mol,
respectively, at the B3LYP/6-31G(d,p) level (see Scheme 1

for the corresponding processes). The energetics at the SCC-

DFTB level are in much better agreement with the B3LYP/6-
31+G(d,p) results as compared with AM1 and PM3, especially
for the barrier heights. Similar to the observation in thgavid
Monp Sets, the intramolecular barrier heights, measured at
Intra_PT1_3b (the TS between EDT1_3b and EDT2_3b) and
Intra_PT2_3b (the TS between EDT1_3 3b and EDT2_2_3b)
are overestimated by more than 20 kcal/mol at both the AM1
and PM3 level; SCC-DFTB gives the value of 9.1 kcal/mol,
which is rather close to the value of 4.8 kcal/mol at the B3LYP/
6-31+G(d,p) level. Another example is the barrier height
measured at Inter_TS5_3b (the TS between EDT1_2_3b and
EDL2_3Db) relative to EDT1_2_3b, for which the values are 19.1,
17.3, 6.7 and 4.4 kcal/mol, at the AM1, PM3, SCC-DFTB and
B3LYP/6-31+G(d,p) levels, respectively. Overall, the rms error
of AM1, PM3 and SCC-DFTB relative to B3LYP/6-31G(d,p)
is11.1, 11.7 and 4.0 kcal/mol, indicating that SCC-DFTB is in
much better agreement with B3LYP/6-8G(d,p).

111.2. Tests of QM/MM Formulation. One would expect
that the major difference between the different QM/MM results,
where only the QM method is varied and the MM part of the
calculations are done with the CHARMM22 force field, would
arise from the accuracy of the former. In section Ill.1, we
showed that SCC-DFTB gives results similar to B3LYP for
reactions involving small molecules and transition states in the
gas phase. Here we carry out SCC-DFTB/MM calculations to
demonstrate that the environmental effect can be well captured
with the approximate QM/MM interaction, eq 14. Calculations
were carried out for a number of species in a set of model
structures for TIM, which were studied previously by QM and
QM/MM approaches with QM corresponding to AM1, AM1-
SRP and B3LYP/6-33G(d,p)?° These structures include the
model substrate, Glu165 and His95. As explained in ref 20, the
structures were optimized with HF/3-2G. Single point ener-
gies were calculated at a number of levels, including B3LYP/
6-31+G(d,p), SCC-DFTB, B3LYP/6-31G(d,p)/CHARMM and
SCC-DFTB/CHARMM. In the latter two QM/MM type of
calculations, the QM part includes the substrate and Glul65.
The His95 was treated with the CHARMM22 force fiéfdThe
rms errors are given in Table 3, the detailed values are given in
the Supporting Information.

With full QM calculations, the SCC-DFTB results are in very
good agreement with the B3LYP/6-3G(d,p) results, as
expected. This applies not only to the relative energetics of
different minima, but also to the barrier heights. The rms
difference between the two methods is 2.2 kcal/mol. The QM/
MM calculations at both QM levels agree very well with the
corresponding full QM results. The rms difference is 1.5 kcal/
mol for B3LYP and 1.2 kcal/mol for SCC-DFTB. Compared
to B3LYP/6-31-G(d,p), the SCC-DFTB/CHARMM calcula-
tions have a rms difference of 2.4 kcal/mol, similar to that of
full SCC-DFTB; the corresponding error is 9.7 and 1.3 kcal/
mol for AM1/CHARMM and AM1-SRP/CHARMM, respec-
tively. Test calculations (results not shown) with the partial
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SCC-DFTB/CHARMM

B3LYP/CHARMM

Figure 4. Active site structure of EDL2 involved in the TIM-catalyzed
reactions obtained at the SCC-DFTB/CHARMM and B3LYP/6+-&
(d,p)/CHARMM level. The distances are in A.

approximation in eq 14. The obtained results are not only close
to full SCC-DFTB values, but also to those at the B3LYP level.

I11.3. Reactions in Enzyme: The TIM-Catalyzed Reac-
tions. In this subsection, we use the SCC-DFTB/CHARMM
method to study the TIM-catalyzed reactions, and compare the
results to these from previous studieat the AM1/CHARMM,
AM1-SRP/CHARMM, and B3LYP/6-3+G(d,p)/CHARMM
levels. A number of different sets of calculations were carried
out. In the first set, the same QM/MM partition (QM partition-

) as the previous work has been used. The QM region includes
the substrate and the side chain of Glu165 in the reaction path
scans for path B and C. In the calculations for path A, the QM
region includes the substrate and the side chain of His95. In
the second set of calculations, the substrate and the side chains
of both Glul65 and His95 (QM partition-Il) are treated with
SCC-DFTB. Finally, B3LYP/6-33+G(d,p)/CHARMM single-
point energies were carried out with the QM partition-1 at the
SCC-DFTB/CHARMM optimized structures using the QM
partition-1l. In the SCC-DFT/CHARMM calculations, the van
der Waals parameters for the substrate atoms were taken from
previous studies optimized for B3LYP/6-8G(d,p). The choice

is made because SCC-DFTB gave results rather similar to those
at the B3LYP/6-3%+G(d,p) level in the gas phase (section Il1.1),
and that this set of van der Waals parameters yield good SCC-
DFTB/CHARMM results for models in section 111.2. To simplify
the description of the results, only the rms errors in the energetics
from the different calculations relative to the B3LYP/643&-
(d,p)/CHARMM values are shown in Table 3; the actual values
are tabulated in the Supporting Information.

The structural parameters are in good agreement with both
AM1-SRP/CHARMM and B3LYP/6-31+G(d,p)/CHARMM
results. The rms deviation in the geometries of active site atoms
(including the substrate, Asn10, Lys12, His95, and Glul65) is
0.18 and 0.21 A for SCC-DFTB/CHARMM and AM1-SRP/
CHARMM, respectively, compared to B3LYP/6-3G(d,p)/
CHARMM values. As to the energetics, for most structures,
the SCC-DFTB/CHARMM results depend little on the size of
the QM partition. The rms error of SCC-DFTB/CHARMM
results compared to B3LYP/6-315(d,p)/CHARMM values is
5.3 and 5.5 kcal/mol for QM partition | and I, respectively.
These values are close to the rms error for AM1-SRP/
CHARMM, 4.5 kcal/mol, and are smaller than the corresponding
value for AM1/CHARMM, which is 8.4 kcal/mol. The single-
point B3LYP/6-3H%-G(d,p)/CHARMM energies at the SCC-

charges on the MM atoms zeroed out suggested that the effechrTe/CHARMM optimized structures using the QM parti-

of these MM atoms on the relative energetics range from 2 to
nearly 10 kcal/mol.

Evidently, the present combined SCC-DFTB/CHARMM
method works well with the two-center QM/MM interaction

tion-Il are even closer to the full BSLYP/CHARMM results

with a rms error of 2.5 kcal/mol. For EDL2, however, a sig-
nificant difference between SCC-DFTB/CHARMM and B3LYP/
CHARMM is observed, as illustrated in Figure 4. At the SCC-
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DFTB/CHARMM level, the substrate in the optimized structure involved in domain motions of a number of proteins including
is actually in the enediolate form rather than the enediol form aspartate transferagk,lactate dehydrogenaéde,for which
in the B3LYP/CHARMM structure. This difference is consistent structures are available. For a number of designed alanine-rich
with the observation that the stability of EDL2_3b in the gas polypeptides, which are good helix forméfdyoth double label
phase My is underestimated by about 6 kcal/mol at the SCC- electron spin resonance (ESR)?¢ and solutioA”/solid-staté?
DFTB level. In both the SCC-DFTB/CHARMM and B3LYP/  nuclear magnetic resonance (NMR) experiments have been used
CHARMM structures, however, the hydrogen bond distance to probe the dominant helical conformation. In the double-label
between the side chain of Glu165 and the substrate is very short ESP experiment, two labeled molecules with unpaired electrons
1.503 and 1.384 A, respectively. This suggests that the protonwere attached at selected sites in the peptide, separated by one,
transfer between the carboxylic oxygen in Glu165 ardirD two, or three residues. The observed ESR signals were related
the substrate is facile. Indeed, the structure optimized at theto the relative distances between the labels, which in turn, was
SCC-DFTB/CHARMM level with the substrate constrained in used to characterize the backbone helical conforméficn
the enediol form was found to be only 2 kcal/mol higher than the basis of such a technique, Millhauser et al. concluded that
the fully optimized EDL2. Another difference concerns with short alanine-based peptide (capped hexa-alanine) favoighe 3
the other enediol species, EDL1 in path A. As discussed in populationt® while longer ¢ 20) helices favor ther conforma-
previous work, EDL1_A is not a stationary point at the BSLYP/ tion° For helices of intermediate length (27 residues), the
6-31+G(d,p)/CHARMM level, and the proton transfer from the  result from ESR experiments was found to depend sensitively
hydroxyl group back to the deprotonated His95 is barrierless. on the flexibility of the spin labels. Using pairs of nitroxide
At the SCC-DFTB/CHARMM level, EDL1_A does exist as a spin-labeled cysteins, which are rather flexible, a mixoaf
stationary point. The barrier height for the subsequent proton and 3, conformations were detected in a series of 16-residue
transfer, however, is very low, 1.6 kcal/mol with the QM alanine-rich peptidé However, with a more rigid label, Smythe
partition-1l without zero-point corrections. et al*® found agr to be the dominant conformation for a similar

We briefly compare the speed of a number of QM/MM alanine-rich peptide in solution. Millhauser’s group came to the
methods. For a single-point energy evaluation for TIM with the similar conclusion with the same spin lal&ISolution NMR
small QM partition, the B3LYP/6-3tG(d,p)/CHARMM cal- and hydrogen exchange measurements were also performed by
culation, which includes 339 basis functions, took about 4 CPU Millhauser et al. to probe the relative population @f 8ndar
hours on a single node of an Origin 2000; a HF/CHARMM conformations of a 16-residue alanine based peptida.
calculation with the same basis set was slightly faster and took significant population of g helices (~-50%) was estimated near
approximately 3 CPU hours. By contrast, the SCC-DFTB/ the termini based on NOE data (see discussion below). In the
CHARMM calculation took about 4 s, and the AM1-SRP/ solid-state NMR study of Tycko et & the (,;) angles of a
CHARMM method took 10 s. As mentioned in section Il, the similar 17-residue alanine-rich peptide were probed with two-
SCC-DFTB is slightly faster than AM1 (or PM3) mainly dimensional NMR. The fractional population ok, 30, and
because the matrix elements in the AO basis (e.g., eq 4) arerandom coils were estimated by analyzing the NMR data based
tabulated in SCC-DFTB rather than computed, as in AM1 (or on constrained molecular dynamiés-t4 andi,i+3 hydrogen
PMB3). The remaining time-consuming step, which is the bonds were constrained for thg and 3o, respectively), which
diagonalization of the Fock matrix and can be speeded up usinggenerated modeky(y) angle distributions. Ther helix was
methods such as the divide-and-conquer appré&ttakes the found to be the dominant conformation in glycerol/water at low
same time. temperature £140 °C), and it converted to a;3 helix upon

We have shown that SCC-DFTB/CHARMM is a reasonably the addition of urea.
accurate method that can be applied to study the mechanism of From the above summary, the factors affecting the relative
enzymatic reactions. The results are in approximate agreementtabilities ofag and 3¢ helices appear to be complex, suggesting
with the far more expensive DFT/CHARMM method, and that simulations would be of interest. Molecular dynamics
significantly more accurate than the AM1/CHARMM approach, simulation studies using empirical force fields and explicit water
at least for the systems studied. To obtain more quantitative solvent found that thewgr conformation was strongly favored
energetics, single-point energy DFT/CHARMM calculation at for short peptides in solution. Thes conformations of deca-
the SCC-DFTB/CHARMM optimized structure should be alaniné®and undecaalanifepeptides were found to be stable
satisfactory. in the simulations, whereasgonformation of the undecaalaine

IIl.4. Molecular Dynamics with QM/MM: Stability of was found to convert spontaneously to theform in less than
Helices in Solution. In this subsection, we illustrate the 15 ps. Free energy simulations suggest thats more stable
usefulness of the SCC-DFTB/CHARMM approach by studying than the 3o conformation in water by about 16 kcal/mol for
the stability of different helical conformations of small peptides decaalanin® with the Ceder all-atom force field, and 10.6 kcal/
in solution3® We consider two common types of helices in mol for undecaalanine with the OPt&orce field. A similar

polypeptides: ar-helix, characterized byji+4 CO---HN hy- value of 11.3 kcal/mol was found for a methyl-capped alanine
drogen bonds and;ghelix, characterized byi+4 CO---HN decamer using the AMBER force fiefd.In vacuum, theor
hydrogen bond&? Although most helices in proteins adopt the form was also found to be more stable than the f8rm,
or conformation, approximately 20% adopt thg 8onforma- although to a lesser extent, i.e., the AMBER estimates are 3.3

tion;3” among the 362 helices examined by Barlow and kcal/mol for the MeA decamer and 8.0 kcal/mol for the deca-
Thornton3” 71 were 3,. The tightly pitched g helices have a  alanine?® This means that the aqueous solvent stabilizes the
mean length of 3.3 residues, while the helices are signifi- or form more than the 3 conformation. A strong dependence
cantly longer with an average length of 12.2 residues. Some of the relative stability of thetgr and the 3, form on the peptide
experimental studies have been interpreted as suggesting thasize has been reported for MeA peptides in vacdtifor seven

310 helices are formed in early stages of protein and peptide residues, thew helix is 0.55 kcal/mol more stable than thg 3
unfolding 28 This has also been observed in several theoretical helix; for a nonamer, the free energy difference is 1.1 kcal/mol
studies?®4° Transitions between;g and ar were found to be and the potential energy difference is 5.3 kcal/mol favoring the
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ar conformation. The estimated entropic effect is comparable
to the results of Zhang et &l.for decaalanine.

Interestingly, QM calculations seem to give the opposite trend
for the relative stability of the two conformations in the gas
phase. At the AM1 level the 3o form was found to be more
stable by about 1 kcal/mol for the alanine heptamer, and both
conformations were found to be equally stable for the nonaala-
nine. With a dielectric continuum model, it was found that
solvation favors thexg over the 3o form by 8.5 kcal/mol for
heptaalanine. Recently, Elstner etalstudied N-acetyl-(-
Alanyl), N'-methylamide at the B3LYP/6-31G* level for =
3,5, 8,and 11, and at the SCC-DFTB level for 3, 5, 8, 11,

14, 17, and 20 in the absence of solvent. The intrinsic relative
stabilities of thear and the 3y conformation were estimated
by fixing the @,y) angles at the corresponding ideal values,
(—60°,—30°) and 57°,—47) for the 3, and theag conforma-
tion, respectively. It was found that thes3orm is more stable
than theaor conformation for all the helices studied with length
up ton 20. The relative energetics air and the 3
conformations at the SCC-DFTB and the B3LYP/6-31G* levels
are rather similar, while the differences are smaller in magnitude
at the AML1 level. For example, theg@conformation is more
stable than theg form by 6.1 kcal/mol fom = 8 and 4.1 kcal/
mol forn = 11 at the B3LYP/6-31G(d) level; the corresponding
values are 6.1 and 5.3 kcal/mol for SCC-DFTB and 2.3 and
1.3 kcal/mol for AML1, respectively. Upon unconstrained
minimi_zation, it was found that ther helix was not stable until Figure 5. Optimized structure for NMA-KD, NMA-NMA, and a
a peptide of 8 residues was reached, and that all the shortergialanine peptide interacting with four water molecules. The geometrical
helices adopted the;@conformation. For longer helices, a parameters (distances in A, angles in degrees) without parentheses were
significant amount of 3 conformation was found near the obtained at the B3LYP/6-31G(d,p) level; the binding energies (in kcal/
termini of the peptide. mol, in bold) were obtained with B3LYP/6-33k-G(d,p) single-point

. . calculations. The values with parentheses were obtained from SCC-

The above results suggest that the empirical force fields prrg calculations; those with curled parentheses were obtained with
overestimate the stability of ther conformation, relative to  the SCC-DFTB/CHARMM calculations in which the water molecules
the 30 conformation. This might explain the discrepancy in were treated withTIP3P calculations. The numbers in brackets were

terms of the relative stability of thes and the 3o conformations ~ calculated with the CHARMM22 force field.

of short peptides between the MD studies employing empirical hydrogen-bonding energies were underestimated-s8 Kcal/
force field$?°%and experimental observatioffsTo see ifthis o) at the SCC-DFTB level, a trend that was also observed in
is the case, we chose to study the capped penta- and octaalaning more systematic study on the performance of SCC-DFTB for
peptide,N-acetyl-(-alanyl), N'-methylamide 16 = 5, 8), with ~ hyqgrogen bonding interactiodéBoth SCC-DFTB/CHARMM
both CHARMM and SCC-DFTB/CHARMM methods. Mini- 5,4 CHARMM overestimated hydrogen-bonding energies com-
mizations were carried out in the gas phase and s_olutlon for pared to the B3LYP/6-31+G(d,p) values, and the differences
both thear and 3o conformations. Molecular dynamics were  5re ahout 1 keal/mol; again this is consistent with the CHARMM
performed in water for the octaalanine peptide starting from harametrization, which assumes that in solution the mean dipole
the two helical conformations. The entire peptide was treated joment of the water molecules is increased relative to the gas
with SCC-DFTB in the SCC-DFTI_B/CHARMM simulations, and phase¥* For the dipeptidewater system, it is interesting to
the water molecules are described with the standard TIP3P gpserve that the hydrogen bond distances at the B3LYP level
model?? which is used within the CHARMM force field. are much shorter than those in the NM#ater complexes.

To test the performance of the SCC-DFTB/CHARMM  Such a cooperative effect due to hydrogen-bonded networks has
approach for the peptidevater system, a number of small  been observed previously.The effect was qualitatively de-
systems were studied which include NMA-ethylaceta- scribed in both the SCC-DFTB and SCC-DFTB/CHARMM
mide)-H.O, NMA—NMA, and a dialanine peptide with four levels, as reflected by the shortening of the hydrogen bond
hydrogen-bonded water molecules (Figure 5). At the ab initio distances compared to the NMAvater complexes. The binding
level, the structures were minimized with B3LYP/6-31G(d,p), energy of the four water molecules to the dipeptide is 28.4 kcal/
and the interaction energies were calculated with single point mol at the SCC-DFTB level, this is a significant underestimate
B3LYP/6-31H-+G(d,p). Calculations were also carried out with by about 2 kcal/mol per hydrogen bond, including two water
SCC-DFTB, CHARMM, and combined SCC-DFTB/CHARMM;  water hydrogen bonds, compared to the binding energy of 41.8
water molecules were described with the TIP3P model in the kcal/mol at the B3LYP/6-31++G(d,p) level. Encouragingly,
SCC-DFTB/CHARMM calculations. For the NMA complexes, both SCC-DFTB/CHARMM (46.2 kcal/mol) and CHARMM
the SCC-DFTB approach on average gave shorter (by-0.05 (44.4 kcal/mol) gave binding energies that are very close to the
0.1 A) hydrogen bond distances compared to the B3LYP/6- B3LYP/6-31H-+G(d,p) value.
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31G(d,p) values, and both SCC-DFTB/CHARMM and CHARMM
calculations gave even shorter values (by-@2 A). The latter

is in accord with the CHARMM parametrizatigtand appears
appropriate for obtaining the correct solution properties. The

By optimizations in the gas phase, an initial geometry was
obtained, starting with constrained ideal dihedral angles of
(—60°,—30°) and 57°,—47°) for (¢,) angles in the § and
the ar conformations, respectively. These dihedral angles were
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TABLE 4: Dihedral Angles (¢,y) in Different Helices Obtained with SCC-DFTB/CHARMM and CHARMM @
5—310 5-(XR s'aR_MM 8—310 8-(XR 8‘0~R_MM

¢l —48.2(-39.5) (-54.4) —551(-61.1) —46.5(52.1)[-55.3/19.4] —43.4(-62.0)[-59.5/20.9] —55.9 (-72.7) [-73.1/18.9]
1l —40.0(-59.8) (-51.2) —43.7(-60.9) —42.2(-34.4)[-49.6/11.0] —52.2(-42.6)[-52.0/9.9] —45.4(~39.8)[-48.1/11.4]

¢2 —53.0(-71.4) (-73.7) —64.4(-65.9) —49.3(-52.9)[-58.3/10.8] —57.1(-61.3)[-57.1/10.6] —64.1 (~65.5) [-68.8/10.7]
p2 —30.9(-89)  (-20.0) —36.4(-29.0) —34.9(-32.0)[-41.7/10.5] —40.8 (-41.7)[-45.6/9.9] —38.8 (~38.5)[-36.1/11.1]
$3 —56.8(-63.6) (-75.0) —74.9(-65.7) —51.8(-59.8)[-54.7/12.1] —64.6(-58.4)[-58.6/11.3] —69.3 (-65.3) [-63.0/11.0]
Y3 —27.2(-26.1) (-47.6) —36.7(-46.3) —32.9(-235)[-41.2/9.9] —41.3(-46.7)[-40.5/13.1] —43.1(-44.8) [-45.0/9.7]
¢4 —66.5(-70.9) (-61.1) —68.5(-69.1) —54.4(-63.5)[-60.8/10.8] —52.8 (-60.6)[-59.7/13.2] —60.5 (~62.8) [-66.1/9.4]
p4 —50(-58) (-27.1) —37.6(-43.6) —28.0(-25.8)[-43.0/9.9] —47.5(-25.2)[-44.6/8.4] —45.2(-33.9)[-39.5/9.9]

#5 —89.4(-96.0) (106.5) —74.6(73.0) —58.2(62.1)[57.1/11.3] —54.5(83.6)[-59.6/10.7] —61.3 (~71.4) [-65.2/9.7]

Y5  6.0(7.3) (33.8) —44.4(-46.0) —26.4(-16.9)[-44.3/8.6] —46.1(-23.2)[-42.1/9.6] —44.8 (~37.3)[-40.9/9.8]
#6 —61.4 (-84.2) [-58.8/10.3] —55.3 (-78.3) [-59.8/10.8] —64.1 (~68.8) [-67.6/9.4]
Y6 —23.0(-2.8) [-36.9/10.8] —35.0 (-42.1) [-44.7/10.5] —39.3 (-42.8) [-37.5/11.1]
o7 —72.0 (-84.9) [-57.5/12.7] —90.6 (-72.8) [-59.2/13.1] —69.8 (~69.0) [-70.0/10.6]
Y7 1.0(7.9) [36.5/12.2] 0.5¢12.4) [-34.6/11.7] —36.9 (-24.7) [-46.0/15.6]
%8 —97.6 (-78.2) [-69.4/19.7] —118.7 (-86.3) [-68.0/14.7] —73.9 (-74.1) [-75.6/13.8]
¥8 7.3(7.1) [-37.8/13.3] 7.4¢52.0) [-38.9/13.6] —43.0 (-53.5) [-51.6/16.2]

2The ideal dihedral angles are §0.0°,—30.C°) and (-57.C0°,—47.0) for the 3, andar conformation, respectively. The numbers without parentheses
are gas-phase values, and those with parentheses are the values optimized in water. The numbers in brackets are the averaged values and fluctuation
along the trajectories in water. The “5” and “8” in the labels indicates the length of the peptide. The numbers with “MM” are from the CHARMM
calculations, and the others are from the SCC-DFTB/CHARMM simulations.

not constrained in the subsequent 200 steps of minimization
with the adapted basis NewteiRhapson (ABNR) algorithm;
the resulting values are summarized in Table 4. For the
optimization in water, the peptide with the gas-phase geometry
was solvated by a 16 A water sphere with a deformable
stochastic boundary potentfilin cases where the gas-phase
minimized structure went to the other conformation (eog,
penta-ala, which went to;gat the SCC-DFTB level), the ideal
(¢,) angles were used. The water molecules were first relaxed
using 200 steps of steepest descent minimization with the peptide
held fixed, and then the entire system was minimized with 400 ’
steps of ABNR. In the molecular dynamics simulations, a time SLiC—f%TB aR(C:oAjDS;I
step of 2 fs was used with all the bonds involving hydrogen octa-ala

» 2001

penta-ala

constrained with the SHAKE algorithA. Water molecules
beyond 12 A from the center of the sphere were treated with N
the Langevian dynamics and Newtonian dynamics was used for «,_~g_8._
all other atoms; the LD/MD boundary was updated every 25 %
integration steps. A nonbonded cutoff of 13.0 A was used, and
the nonbonded list is updated with a heuristic algorithm in
CHARMM.®0 The initial temperature of the system was set to
100 K, which was raised to 300 K by increasing temperature
of the Langevian bath during the 15 ps of equilibration. A
production run was then carried out for another 15 ps at the
SCC-DFTB/CHARMM level and 40 ps at the full CHARMM
level. Even at the SCC-DFTB/CHARMM level, the present
calculations are rather expensive since 92 atoms are treated
guantum mechanically; i.e., 1 ps of molecular dynamics takes 3, SCC-DFTH o4 SCCDFTB o CHARMM
abou 2 h of CPUtime on a single node of a SGI Origin2000 0.0 52 G o)
machine. In the calculations, converged orbital coefficients were rig e 6. Optimized structures for capped pentaalanine and octaalanine
saved after each iteration and used as starting values for thepeptides in the gas phase with SCC-DFTB and CHARMM calculations.
subsequent calculations. The convergence criterion for SCF isThe distances are in A.
10-% hartree in energy. To compare with the NMR experiments,  optimized structures in the gas phase and water are shown
NOE intensity ratios were comp_uted for different helic.al strup- in Figures 6 and 7, respectively, and theyf) angles are listed
tures. As pointed out in the literature (see also discussion j, Taple 4. Calculated NOE ratios are listed in Table 5. In Figure
bel_ow),‘”vﬁlthe ar and 3 helices can be charac_terl_zed_ by the 8, the end-to-end distance of the helix (defined as the distance
ratio of two long-range NOESa(i+3ylanii+s), Which is given  petween the methyl carbon atom in the capped N- and
by C-termini), the,i+3 (CO---HN) andi,i+4 (CO---HN) distances

| Rg - are shown. Distributions afi+3 andi,i+4 CO---HN distances

opfii+3) NGi+3) 17) along the trajectory for thexg conformation are shown in

longi+3)  min{ Rﬁ,g it Figures 9 and 10, respectively. The distributions of seldgted

' andi,i+4 CO---HN angles are shown in Figure 11.

whereRung,i+3) (Ruga,i+3) is the distance between thex@roton In the gas phase, there is a significant difference in the
in the ith residue and the amide T proton in the (+3)th stability of thear and 3, conformation between SCC-DFTB
residue. and CHARMM (Figure 6). Therr conformation for the capped
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TABLE 5: Computed Long-Range (,i+3) NOE Intensity for Residues in Different Helices Obtained with SCC-DFTB/

CHARMM and CHARMM 2

resi 5—310 5'0~R 5‘0~R_MM 8_310 8-(XR 8-QR_MM
1 0.7 (0.8) (3.1) 5.9 (3.0) 0.6 (0.5) [4.4/3.4] 3.5 (3.2) [5.5/3.4] 6.6 (4.3) [3.5/2.6]
2 0.7 (1.6) (7.8) 4.4(9.9) 0.6 (0.9) [2.9/2.1] 2.9 (2.4) [3.8/2.9] 6.1 (4.3) [6.1/3.9]
3 0.5 (0.8) [4.7/3.3] 2.8 (2.5) [4.3/3.2] 5.2 (5.0) [4.3/2.7]
4 0.5 (0.6) [3.9/3.2] 2.1 (3.7) [4.9/3.1] 5.0 (5.7) [5.1/3.1]
5 0.7 (0.6) [2.4/2.2] 3.3 (4.9) [4.0/3.0] 4.5 (5.1) [3.2/2.9]

@ The ratios were calculated using eq 17 in the text. The notations

penta-ala

oy CHARMM
Gio—=op)

g SCC-DFTB

octa-ala

3,) SCC-DFTB

g SCC-DFTB

og CHARMM
Bro— o)

Figure 7. One set of optimized structures for capped pentaalanine and
octaalanine peptides in a 16 A water sphere with SCC-DFTB and
CHARMM calculations starting from the idealp,(y) angles. The
distances are in A.

pentaalanine is not stable at the SCC-DFTB level, and optimiza-
tion yields a 3o conformation, which is shown in Figure 6. With
the CHARMM force field, by contrast, the;@conformation is

not stable and is converted to tlhes conformation during
geometry optimization (Figure 6). For the octaalanine, both the
or and 3o conformations are stable at the SCC-DFTB level,
with the latter more stable by 5.2 kcal/mol. At the full
CHARMM level, however, the i conformation is not stable
and is converted to thexg conformation upon geometry
optimization. In theog structure at the SCC-DFTB level, there
arei,i+3 hydrogen bonds at both the N- and C-termini, which
are not present in the CHARMM optimized structure. Cor-
respondingly, the &,3) angles (see Table 4) for ther
conformation octa-alanine optimized at the SCC-DFTB and
CHARMM levels also differ more at the N,C-termini than in
the middle. This suggests the CHARMM force field overesti-
mates the stability of ther over the 3 conformation in the
gas phase.

The computer NOE ratios (see Table 5) for thec®dnformers
range from 0.5 to 0.7, which are close to the values reported in
the literature’”2The NOE ratios for the helices show larger
variations, ranging from 2.1 to 6.6; previous molecular dynamics

are the same as those in Table 4.

simulations gave values ranging from 2.7 to #.Zhe estimated
experimental values ranges from 4.0 to 4.6* It should be
noted that due to the weak intensities of those long-range NOEs,
it is very difficult to determine the experimental NOE ratio up
to high accuracy. The NOE ratios from CHARMM minimized
structure are somewhat larger than the values obtained using
the SCC-DFTB structure. This is due to the fact tRat,+3)

is longer andRys,+3) is shorter in the CHARMM minimized
structure.

In water, thear conformation is stabilized over the;i3
conformation according to previous theoretical analy$@sis
is due partly to the fact that thez conformation has on average
one more free €0 and N-H to form hydrogen bonds with
the water environment. Thus, only tlex conformations are
found to be stable with CHARMM for both capped penta- and
octaalanines, while bottir and 3 are found to be stable with
SCC-DFTB/CHARMM. In the SCC-DFTB/CHARMM opti-
mized ar structures, some bifurcateid+3/,i+4 hydrogen
bonds occur for both the penta- and octaalanine; neither is
present in the CHARMM structures (Figure 7). Compared to
the gas-phase structures, larger variations in #he)(angles
occur in theog conformation, especially at the N,C-termini (see
Table 4). Correspondingly, the NOE ratios also show larger
variations in theng conformations upon solvation. The trend is
that the NOE ratio decreases near the N terminus but increases
near the C terminus. This is due to the fact that upon solvation,
Rung,i+3) decreases more at the N terminus whiRgs i+
decreases more at the C terminus.

In the SCC-DFTB/CHARMM dynamics starting with thep3
conformation of the capped octaalanine, the end to end distance
is stable around 15.5 A for about a few picoseconds (not
including equilibration), and then decreases quickly to about
14 A. With the ideal dihedral angles, the end-to-end distances
in theag and 3o conformation is 17.2 and 14.3 A, respectively.
At the same time, twgi+4 CO---HN distances decreased from
abou 4 A to about 2 A. The resti+4 CO---HN distances were
already around 2.5 A in the beginning of the production run.
The averagedd(y) angles also approached the values in the
trajectory for theog conformation. These suggest a transition
from the 3o to or conformation, which indicates that;s3
conformation is less stable thark for octaalanine in water,
and that there is no significant barrier for the transition from
310 1o aR.

During molecular dynamics, ther conformation is stable
at the CHARMM level in agreement with previous simula-
tions51:53 The i,i+4 CO---HN distances fluctuate around 2.1
A, while thei,i+3 CO---HN distances fluctuate about 3.1 A,
and the end-to-end distance fluctuates about 14 A. The averaged
(¢,) angles are similar to the optimized values, and the
fluctuations are about 2Qexcept for the termini which have
larger fluctuations. The,i+4 CO--*HN angles have similar
averaged values around T4@hile thei,i+3 CO---HN angles
average about 86-90°. These results suggest that the peptide
conformation is far from g throughout the dynamics. Similarly,
the ar conformation at the SCC-DFTB/CHARMM level is
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Figure 8. Properties of a capped octaalanine peptide along molecular dynamics simulations at SCC-DFTB/CHARMM and pure CHARMM levels.
The equilibration stage is not included, which is 10 ps for SCC-DFTB/CHARMM and 20 ps for pure CHARMM. In the SCC-DFTB/CHARMM
simulations, the peptide is treated with SCC-DFTB and the water molecules are described with the TIP3P model. Simulations starting from optimized
or and 3o conformations (Figure 7) were carried out at the SCC-DFTB level, while only one simulation starting frem toaformation was

done with the pure CHARMM force field. (a) End to end distance of the peptide measured from the methyl carbon atoms in the N and C termini.

(b) The distance between the carbonyl oxygen and the amide proton
oxygen and the amide proton three residues away4 CO---HN).

stable during the MD simulation, although with somewhat
smaller magnitude of fluctuations for thiei+4 CO---HN
distances. For ther conformation, the SCC-DFTB/CHARMM
simulation generally gave shortéi+4 andi,i+3 CO---HN
distances in comparison with the CHARMM calculations, as
shown in the distribution plots in Figures 9 and 10. The
difference is more dramatic for thg+3 CO---HN distances,
which have an average value of 2.58 A at the SCC-DFTB/
CHARMM level, in contrast to the value of 3.13 A with the
CHARMM force field. All the oxygen atoms, particularly these
at the end of peptide, spend considerable time within 2.25 A of
the amide proton two residues away-3 interaction) in the
SCC-DFTB/CHARMM simulations; by contrast, they are rarely
within 2.5 A of thei + 3 amide protons in the CHARMM
calculations. In addition, the SCC-DFTB/CHARMM and
CHARMM simulations gave significantly different distribution
for both thei,i+3 CO---HN and thei,i+3 CO---HN angles at
the termini, but yielded similar results for the middle of the
peptide (Figure 11). Thigi+3 CO---HN angles at the termini

in the SCC-DFTB/CHARMM calculation were often found in
the range over 10Qwhile this rarely occurred in the CHARMM
simulation. At the same time, the averagey() angles at the

two residues, &L Q---HN). (c) The distance between the carbonyl

SCC-DFTB/CHARMM level differ somewhat from those in the
CHARMM calculations, especially around the termini. For
instance,7 andy8 at the SCC-DFTB/CHARMM level is
—34.6 and—38.9, respectively; the corresponding values from
the CHARMM calculation is—46.0° and—51.6’, respectively.
The SCC-DFTB/CHARMM results are closer to the ideal values
of —30.C in the 3o conformation, while the CHARMM values
are closer to the ideal value ef47.0° in the ag conformation.

In Figure 12, the averaged structures from SCC-DFTB/
CHARMM and CHARMM MD simulations are shown. It is
seen that the difference mainly occurs at the C-termini, for which
SCC-DFTB/CHARMM gives ani,i+3 hydrogen bond and
CHARMM gives thei,i+4 hydrogen bond expected farg
conformation.

The calculation results can be compared with the NMR study
of Milhauser et aft’ They studied the NOE pattern of two 16-
residue alanine-rich peptides, Ac-AAAAKAAAAKAAAAKA-
NH, (3K) and Ac-AMAAKAWAAKAAAARA-NH , (MW).
Although the GH(i) and NH{+3) proton distances are very
similar (3.3-3.4 A) in the 3o and ar helices, the distances
between GH(i) and GH(i+3) protons are different for the two
conformers; they range from 3.1 to 5.1 A and 2.4 to 4.4 A for
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Figure 9. Distribution ofi,i+3 CO-:-HN distances (in A) along trajectories starting from tkeconformation at he SCC-DFTB/CHARMM and
pure CHARMM levels (see Figure 8). The values under the plots are the average distances.

[2.5,2.75) 3.5,3.75)

3.30 A

the 3o andaog structures, respectivefif. Therefore, the relative proton is involved in thei,i+3 hydrogen bonding with the
intensities, |, of the aN(i,i+3) and aj(i,i+3) NOEs can be carbonyl of the acetyl capping group; it would not be protected
related to the relative population of theyandog helices. Using if this region werea. helical. These observations seem to be
the logi+3yl ang,i+3) ratios of 4.0 and 0.67 farg and 3o helix, more consistent with the SCC-DFTB/CHARMM calculations,
respectively, calculated for the ideal structures, it was estimatedwhich found 3¢ characters (shoifi+3 CO---HN distances and
that the lower bound of the@population is approximately 50%  smallery values) around the helical termini.

at the termini and 25% in the middle of the peptide. It was  The computed NOE ratios (see Table 5) along the trajectories
observed through hydrogefleuterium exchange kinetics mea- show considerable fluctuations (on the order of 3) in both SCC-
surement that the third amide protons of the 3K peptide is DFTB/CHARMM and CHARMM simulations. The values
partially protected from exchange, which also suggests that thiscomputed from the trajectory starting from thg 8onformer
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Figure 10. Distribution ofi,i+4 CO---HN distances (in A) along trajectories starting from theconformation at the SCC-DFTB/CHARMM and
pure CHARMM levels (see Figure 8). The values under the plots are the average distances.

are generally smaller than those from tiagform, because the  also applies to most instantaneous values along the trajectory.
helix was in the 3 conformation in the early stage of the Therefore, the @ characters (shoiiti+3 CO---HN distances
simulation. For thexg octaalanine, the average values are similar and smallery values) observed in the SCC-DFTB/CHARMM
for the two simulation methods, especially for 3, 4, and 5. simulations could not be seen clearly from the NOE data. It
For the two residues close to the N-terminus, there are somewhatppears that molecular motions have considerable influence on
larger differences between the SCC-DFTB/CHARMM and the resolution of the long-range NOE ratio for distinguishing
CHARMM results. Foii = 1, the SCC-DFTB/CHARMM value the two helical forms. A similar conclusion concerning the effect
is larger, while fori = 2, the CHARMM value is considerably  of dynamics on the quantitative interpretation of tye(i,i+3)
larger. Nevertheless, all the average values are much larger thatNOEs’ was obtained in a previous molecular dynamics simula-
that for a typical 3, conformation observed above(@.7). This tion on a ribonuclease C-peptide analo§tie.
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Figure 11. Distributions of selectedi+3 CO---HN andi,i+4 CO---HN angles (in degrees) at the termini and in the middle of the peptide along
trajectories starting from ther conformation at the SCC-DFTB/CHARMM and pure CHARMM levels (see Figure 8). The values under the plots
are the average angles.

To further test the SCC-DFTB/CHARMM model, we carried found in the current SCC-DFTB/CHARMM-MD calculations
out single-point calculations with a larger SCC-DFTB partition is at least qualitatively correct.
for 100 structures taken from the trajectories. The peptide and Although CHARMM and SCC-DFTB behave differently in
water molecules within 2.4 A of the peptide were treated with the gas phase (the latter gave results in approximate agreement
SCC-DFTB, and the remainders of the water molecules were with B3LYP calculation%9), the qualitative behavior of poly-
described with the TIP3P model. The energies relative to the alanine peptide in water is the similar with the two methods.
starting geometry are plotted in Figure 13, against the corre- Since the CHARMMZ22 force field was developed to reproduce
sponding values from the calculations with only the peptide properties of molecules in the solution rather than gas ptfase,
treated with SCC-DFTB. Good correlation was found between the result supports the reliability of the SCC-DFTB/CHARMM
the two sets of results. Therefore, we believe that the behaviormodel. The current calculation is in accord with the earlier
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Figure 12. Comparison of averagetk octaalanine from SCC-DFTB/
CHARMM and CHARMM molecular dynamics calculations (see
Figure 8).
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Figure 13. Comparison of single-point energetics for configurations
along the trajectories with different SCC-DFTB partition. The small
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This confirms that is necessary to be very cautious in applying
the approach to estimate the populations of helées.

IV. Conclusions

To extend the utility of QM/MM methods, it is necessary to
improve their accuracy without significantly increasing the CPU
cost. In the present work, we describe the implementation of a
QM/CHARMM approach based on the self-consistent charge
density functional tight binding (SCC-DFTB) as the QM method
in the CHARMM program and show that it satisfies this
condition. The SCC-DFTB approach is a DFT based tight-
binding model, which differs from standard tight-binding
methods in that charge variations are introduced through a self-
consistent treatment at the monopole level. The method is similar
to AM1 and PM3 in speed and generally gives more accurate
results, as compared with high-level DFT calculations, in the
applications that have been presented here; i.e., the current work
indicates that SCC-DFTB works better than AM1 and PM3 in
most cases for the TIM models, relative to B3LYP with double-
plus polarization functions and is comparable with a version of
AM1 optimized for the systertf However, there are exceptions;
e.g., one of the enediol species (EDL2) was found to be too
high in energy. This means that the user should test the SCC-
DFTB method by comparing the results on model systems with
high-level ab initio or DFT values for each type of application.

The SCC-DFTB and SCC-DFTB/CHARMM methods were
tested on several systems of biological interest. In the gas phase,
SCC-DFTB gives reliable energetics for models of TIM-
catalyzed reactions. The rms errors in the energetics compared
to B3LYP/6-3H-G(d,p) are about 24 kcal/mol; the corre-
sponding values for AM1 and PM3 are-21 kcal/mol. The
method also gives accurate vibrational frequencies. For the TIM
reactions in the presence of the enzyme, the rms error of the
SCC-DFTB/CHARMM energies compared to B3LYP/643%-
(d,p)/CHARMM values is 5.4 kcal/mol, comparative with a
version of AM1 optimized for TIME Single-point B3LYP/
CHARMM calculations at the SCC-DFTB/CHARMM opti-
mized structures were found to be very similar to the full
B3LYP/CHARMM values. The relative stabilities of tlhe and
310 conformations of penta- and octaalanine peptides were
studied with minimizations and molecular dynamics simulations
in vacuum and in solution. Although CHARMM and SCC-
DFTB gave qualitatively different results in the gas phase (the
latter were in approximate agreement with B3LYP calcula-
tions®), similar behavior in aqueous solution was found for the

partition is the one used to propagate the trajectory and treats only theCHARMM and SCC-DFTB/CHARMM simulations. This is in
peptide with SCC-DFTB. The large partition treats also the solvent accord with the CHARMM parametrization philosophy, which

molecules with 2.4 A from the peptide with SCC-DFTB.

findings that 3o is not a stable conformation for short alanine
peptide in solutior¥>53However, thd,i+3 CO---HN distances,
particularly these involving the termini groups, were found to
be less than 2.25 A for a significant fraction of the time along
the trajectory at the SCC-DFTB/CHARMM level. At the same
time, the average7 andy8 values are close to the ideal values
for the 3o conformation. At the CHARMM level, however, the
i,i+3 CO--HN distances are always far beyond typical
hydrogen bond distances and the avergageand8 values
are close to the ideal values for thg conformation. The SCC-
DFTB/CHARMM results apparently are consistent with the
NMR study of Milhauser et alt’ who proposed significant;3

populations in alanine-rich peptides, particularly at the termini,

is based on values that reproduce condensed phase fésults.
The 3 conformations was not found to be stable in solution
and converted to thexg form in about 15 ps. Theor
conformation was stable in MD simulations with both SCC-
DFTB/CHARMM and the CHARMM force field. The,i+3
andi,i+4 CO---HN distances were significantly shorter with
the SCC-DFTB/CHARMM approach. The effect is more
dramatic for thei,i+3 CO--HN distances, which have an
average value of 2.58 A at the SCC-DFTB/CHARMM level in
contrast to the value of 3.13 A with the CHARMM force field.
In the SCC-DFTB/CHARMM simulations, the populations
obtained along the trajectory can haye-3 CO---HN distances
around 2.25 A, particularly for the residues at the termini. This
can be related to the NMR observation of significant contribution
of the 3 configuration for alanine-rich peptides, especially at

based on NOE data. However, we also found that the molecularthe termini?”
motions have considerable influence on the long-range NOE  With the development of linear-scaling SCC-DFTR&jme-

ratio and its significance for distinguishing the two helical forms.

dependent treatment of electronically excited stéftésplicit
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solvation models and more parameters for metal ions for which
DFT methods are well suitéd the applicability of the present
approach for studies of biologically interesting systems will be
extended.
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