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CHARMVRATE: A Modul e for Calcul ating Enzymati ¢ Reaction Rate Constants
wi th PCLYRATE and CHARWM

CHARMVRATE is an interface of CHARMM and POLYRATE to include quantum
nmechani cal effects in enzynme kinetics. A though CHARMVRATE al | ows
execution of POLYRATE with all existing capabilities, the present
i mpl enentation is primarily intended for predicting reaction rates in
enzyme-cat al yzed reactions. CHARMVRATE can be conbined with sem enpirica
conbi ned QM MM potentials with nunerical second derivatives that are
conputed by the PCOLYRATE interface prograns.

The rate constant for an enzynatic reaction depends on the transition
state theory free energy of activation and on an overall transmn ssion
coefficient. Quantumeffects on the degrees of freedom perpendicular to
the reaction coordinate can be incorporated by nmeans of a correction for
guant um rmechani cal vi brational free energy, DeltaWvib. As described by M
Garcia-Viloca, C A hanbra, D G Truhlar, and J. Gao, in J. Chem Phys.
114, 9953-9958 (2001), such a correction is calculated by carrying out
proj ected instantaneous nornmal node anal ysis at several configurations
along a reaction coordinate as sanpled by the unbrella sanpling techni que
(or by any other suitable nethod) in nolecular dynamcs sinulations with
CHARMM Note that projected instantaneous normal node anal ysis invol ves
projecting out the reaction coordinate of the potential of nean force
(i.e., the coordinate al ong which unbrella sanpling was carried out); thus
it yields different frequencies and nodes than woul d be obtai ned by
ordi nary instantaneous nornal node analysis. The correction for quantized
vi brational free energy in nodes normal to the PMF reaction coordinate is
cal culated fromthe average frequenci es of the projected instantaneous
normal node analysis and is added to the classical potential of mean
force.

The quantum effects on the reaction coordinate are represented by an
averaged transm ssion coefficient obtained by carrying out variationa
transition state theory (VTST) cal culations for individual nenbers
(configurations) of the transition state ensenble. These cal cul ati ons
i nvolve a partition of the systeminto a frozen bath region and a dynanics
region that is used in the dynani cs cal cul ati on. CHARMVRATE has been used
to determine the rate constants for the proton transfer reactions
catal yzed by enol ase and net hyl am ne dehydrogenase and for the hydride
transfer reactions catal yzed by al cohol dehydrogenase, xylose isonerase,
and di hydrof ol ate reductase. These studi es have denonstrated that
i nclusion of quantumeffects is essential to calculate primary and
secondary kinetic isotopic effects (KIEs) for hydrogen transfer reactions.
The met hod used in these studies has evolved to its definitive formthat
i ncludes free energy sinulation to determne the free energy of activation
and cal cul ation of the transm ssion coefficient. Putting all the el enents
together yields a nmethod that is called ensenbl e-averaged VIST with



mul ti di nensi onal tunneling (EA- VIST/MI),the formalismof which is
presented in detail in the follow ng recent papers:

C. Alhanbra, J. C. Corchado, M L. Sanchez, M Garcia-Viloca J. Gao, and
D. G Truhlar J. Phys. Chem B. 105, 11326-11340 (2001).

D. G Truhlar, J. Gao, C. Alhanbra, M Garcia-Viloca, J. Corchado, M L.
Sanchez, and Jordi Villa, Acc. Chem Res. 35, 341-349 (2002).

M Garcia-Viloca, C A hanbra, DD G Truhlar, and J. Gao, J. Conput.
Chem 2002, in press.

Thi s docunentation contains a short version and a long, detailed
version follow ng the short CHARMM conmand description. Users are
encouraged to read both parts.

* Menu:

* Description:: Description of the POLYRATE driver in CHARMM
* Using:: How to run POLYRATE i n CHARWM

* Installation:: How to install POLYRATE i n CHARMM

* Status:: Status of the interface code
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* Syntax for the CHARMVRATE Met hod *
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POLYRATE is initiated with the POLYrate command.
[ Syntax PCOLYrat €]
POLYrate [ atomselection] [RUNIT int] [PUNIT int] [TSUNit int] [COPUNit

int] [PMZpe ] [ATMA int ] [ATMB int] [ATMC int]
[ POLYRATE comrands]

[*finish]
at om spec: : = {resi due- nunber at om nane}
{segid resid atom nane}
{BYNUm at om nunber}
RUNIt int: Unit specification for input of initial coordinates of the
reactant species. The current l[imtation is that only
CHARMM format is allowed for the coordinate file.
PUNI't int: Unit specification for input of initial coordinates of the

product species. The current limtation is that only
CHARMM format is allowed for the coordinate file.

TSUNit int: Unit specification for input of initial coordinates of the
transition state. The current limtation is that only
CHARMM format is allowed for the coordinate file.

OPUNit int: Unit to wite out coordinates of the optimzed structures,



of any of the reactant, product, and TS, dependi ng on
the species being optimzed. The current limtation is
that only CHARWM format is used.

PMFZpe ATMA int ATMB int ATMC int: this command switches on the projection
operator that is used to project the reaction coordinate out of
the Hessian matrix of the system This is used for projected
i nst ant aneous normal node anal ysis. The reaction coordinate is
defined as the difference in bond di stance between the breaking
and naki ng bonds.

ATMA int: atom nunber for the donor atomfollow ng the nunbering in the
general section of POLYRATE conmands (see bel ow).

ATMB int: atom nunber for the transferring atomfollow ng the nunbering
in the general section of POLYRATE commands (see bel ow).

ATMC int: atom nunber for the acceptor atomfollow ng the nunbering in
t he general section of POLYRATE comands (see bel ow).

[ POLYRATE comrands]

Thi s section contains standard POLYRATE conmands. They nust foll ow
i Mmediately after the [POLYrate] command in the CHARMM i nput stream This
section is termnated by the key word [*finish], |ower case with a star in
t he begi nning. For details of the POLYRATE conmands, see the POLYRATE
docunent ati on.
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Not e: The versi on nunber of CHARMMRATE is 2.0/ C28b3-P9. 0.
This neans that CHARMVRATE-version 2.0 is based on POLYRATE-version 9.0
and CHARMM ver si on ¢c28b3. The versi on nunber nmay be abbreviated to 2.0
when no confusion will result.

CHARMVRATE is a nodul e of CHARM for interfacing it wth POLYRATE;
t he POLYRATE nai n program beconmes a subprogram of CHARMM POLYRATE can be
called to carry out projected instantaneous norrmal node anal ysis and
variational transition state theory cal culations with sem cl assi cal
mul ti di nensi onal tunneling contributions. Wien POLYRATE needs the val ue or
gradi ent of the potential energy surface, it calls a set of interface
routi nes call ed hooks. The hooks in turn call CHARMM routines for energies
and gradi ents cal cul ated by nol ecul ar nechani cs or QM MM net hods. The
current version has not been parallelized.

Ref erenci ng for CHARMVRATE:

"The rate constant (or reaction path or geonetry optimzation, etc.)
calcul ations were carried out using the CHARMVRATE prograni 1-3]".

[1] M Garcia-Viloca, C. Al hanbra, J. C. Corchado, M L. Sanchez, J.
Villa, J. Gao, and D. G Truhlar, CHARMVRATE-version 2.0, University
of M nnesota, M nneapolis, 2002, a nodule of CHARMM (Ref. 2) for
interfacing it with POLYRATE (Ref. 3).



[2] Chemi stry at HARvard Macronol ecul ar Mechani cs (CHARMV) conput er
program as described in B. R Brooks, R E. Bruccoleri,
B. DD Qafson, D. J. States, S. Swam nathan, and M Karplus, J.
Conput. Chem 4, 187 (1983).
[ 3] C. Corchado, Y.-Y. Chuang, P. L. Fast, J. Villa, W-P. Hu, Y.-P.
u, G C Lynch, K A Nguyen, C F. Jackels, V. S. Melissas,
J. Lynch, |I. Rossi, E. L. Coitino, A Fernandez-Ranos, J. Pu, and
T. V. Albu, R Steckler, B. C. Garrett, A D. |Isaacson, and D. G
Truhl ar, PCOLYRATE-version 9.0, University of Mnnesota, M nneapolis,
2002.
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* Availability of CHARMVRATE *
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CHARMVRATE- ver si on 2.0/ C28b3-P9.0 is a nodul e of CHARMM versi on ¢28b3
for interfacing it with POLYRATE-version 9.0. An earlier version,
CHARMMRATE-version 1.0, was distributed as part of the CHARMM program
begi nning with version 28bl of CHARMM and was used to interface previous
versions of CHARWMM and POLYRATE. CHARMVRATE- 2. 0/ C28b3-P9.0 wi Il be
di stributed begi nning with version c28b3 of CHARMM The user will also
require the CRATE utility for nodifying POLYRATE to nake it conpatible
wi th CHARMM CRATE-version 8.11 corresponds to CHARMVRATE- 1. 0, and
CRATE-version 9.0 corresponds to CHARMVRATE-2. 0. CRATE-version 9.0
corresponds to interfaci ng POLYRATE-version 9.0. The prospective user of
CHARMVRATE shoul d obtain a valid license for CHARMM from an aut hori zed
CHARW | i censer and obtain PCLYRATE and CRATE fromthe University of
M nnesota (http:// truhlar. chem um. edu).

1. | NTRODUCTI ON

CHARMVRATE is an interface of CHARMM and POLYRATE to include quantum
nmechani cal effects in enzyme kinetics. Although CHARMVRATE al | ows
execution of POLYRATE with all existing capabilities for reactions with
only one reactant and only one product, the present inplenentation is
primarily intended for prediction of the reaction rates of
enzyne-catal yzed reacti ons. Any CHARMVRATE cal cul ation invol ves the
partition of the systeminto a primary subsystem (or primary-zone atons),
whi ch contains the subset of atons involved in the reaction, and the rest
of the system (secondary-zone atons). Only the coordi nates of the
primary-zone atons are passed from CHARW t o POLYRATE for both projected
i nst ant aneous nornmal node anal ysis and dynam cs cal cul ati ons.
Consequent |y, the quantum nechani cal vibrational correction and the
dynam cs effects are calculated for the prinmary subsystemin the field of
t he secondary subsystem

1.A Capabilities added to CHARWM by CHARMMRATE and references for nethods

PCLYRATE i ncludes a very |arge nunber of options and has nultiple
capabilities. The user of CHARMVRATE is encouraged to read the POLYRATE
manual to learn nore about these capabilities. The present section
sunmari zes a few of the capabilities that are Iiable to be of nost
i nterest to CHARMVRATE users.



1.A 1. Transition state optim zation

Saddl e point geonetry optim zations for the prinmary (dynamc) zone in
the frozen protein-plus-solvent bath nay be perforned in various ways; the
default option is the Newt on-Raphson nmethod with Brent line mnimzation
as described in W H Press, S. P. Flannery, S. A Teukol sky, and W T.
Vetterling, Nunmerical Recipes (Canbridge University Press, Canbridge,
1986), p.254. The default option for optimzation of the stationary points
for reactants and products is to use the BFGS net hod that has been
i mpl emented in POLYRATE. See the PCOLYRATE manual for further information
about the optimzation nethods avail abl e in POLYRATE.

1.A 2. Reaction path

In general, reaction paths (RPs) nay be defined in various ways.
The sinplest general nethod that is reasonably sure to give physically
meani ngf ul vi brational frequencies for notions transverse to the reaction
path (and hence al so physically meaningful free energy of activation
profiles) is the steepest descents path in isoinertial coordinates. (An
i soinertial coordinates systemis one in which the kinetic energy is a sum
of square terns and the coordi nates are scal ed or wei ghted so that each
kinetic energy termhas the sanme reduced mass. Al isoinertial coordinate
systens are related to each other by orthogonal transfornmations, and
st eepest descents paths are invariant under orthogonal transformations.) A
st eepest descents path is also called a m nimumenergy path (MEP). The
signed di stance fromthe saddl e point along the reaction path is called
the reaction coordinate, usually denoted s. (This reaction coordinate, s,
shoul d not be confused with the reaction coordinate used for unbrella
sanmpling, which is called z.) The isoinertial MEP is sonetines just called
the MEP, or it may just be called the RP, other workers prefer to append
the word intrinsic, e.g., intrinsic MEP, intrinsic reaction path,
intrinsic reaction coordinate, etc.

In CHARMVRATE, the reaction path refers to a nultidi nensional path
for the primary-zone (dynanic) atons in the presence of the secondary-
zone (frozen) atons.

CHARMVRATE nay be used to cal culate the isoinertial mninmmenergy
path (MEP) as described in B. C. Garrett, M J. Rednon, R Steckler, D G
Truhlar, K K Baldridge, D. Bartol, M W Schmdt, M S. Gordon, J.
Phys. Chem 92, 1476-1488 (1988).

1. A 3. Free energy of activation profile and variational transition
state theory

Vi brational partition functions and generalized free energi es of
activation (which are free energies of activation for tentative transition
states that are not necessarily associated with either a saddle point or
with the final variational transition state) are conputed al ong the
reaction path by using the quantum nmechani cal harnonic oscillator
approximation in 3NL - 1 degrees of freedom where Nl is the nunber of
atonms in the primary zone, and the reaction coordinate is projected out.
This kind of calculation is described in S. E Wnchoba, and D. G
Truhlar, J. Chem Phys. 99, 9637- 9651 (1993). The generalized free energy
of activation as a function of the reaction coordinate (which is the
signed di stance along the MEP) is called the free energy of activation



profile, and it may be used to calculate reaction rate constants by
variational transition state theory (VITST) as described in D. G Truhlar
and B. C Garrett, Acc. Chem Res. 13 , 440-448 (1980). A procedure like
this was used in C. A hanbra, J. Gao, J. C. Corchado, J. Villa, and D. G
Truhlar, J. Am Chem Soc. 121, 2253-2258 (1999), but it is now
recomended to use the nore conplete EA-VIST/MI nmethod, in which this
quantity is used to conpute a transm ssion coefficient rather than a rate
constant. VTST for a canonical ensenble (i.e., a systemat a fixed
tenperature) is also called canonical variation theory (CVT). In the

EA- VTST/ MI' met hod (described in Section 2), this step is carried out for
several nenbers of the transition state ensenble, and it is used for the
quasi cl assi cal part of the ensenbl e-averaged transm ssion coefficient.

1. A 4. Transm ssion coefficient

I n CHARMVRATE t he EA-VTST/ MI transmi ssion coefficient has two parts:
a quasicl assical dynam cal recrossing part (Section 1. A 3) and a part that
accounts for tunneling (transm ssion through the barrier at energi es bel ow
the top) and non-classical reflection (reflection caused by diffraction
fromthe barrier top even when the energy is above the barrier); often we
just refer to the conbination of tunneling and non-cl assical reflection
effects as tunneling (the tunneling is nore inportant than the non-
classical reflection because the energi es where tunneling occurs have
| arger Boltzmann factors than the energi es where non-cl assical reflection
occurs).

CHARMVRATE can cal cul ate the tunneling part of the transm ssion
coefficient in various ways. The nost conplete nmethod is the
m crocanoni cal optim zed multidi nensional tunneling (nmuQOw)
approxi mati on as described in Y.-P. Liu, D.-h. Lu, A Gonzalez-Lafont, D.
G Truhlar, and B. C. Garrett, J. Am Chem Soc. 115, 7806-7817 (1993). In
this cal culation, tunneling and non-cl assical reflection along the
reaction path are included by cal culating both the |arge-curvature
tunneling (LCT) approximation and the small-curvature tunneling (SCT)
approxi mati on and, at each tunneling energy, accepting whichever tunneling
approxi mation yields the larger tunneling probability. This is a poor
man's version of a nore conplete search for the sem classical tunneling
paths that minimze the inmaginary action integrals, and it has been
extensively validated as sunmarized by T. C. Alison and D. G Truhlar, in
Modern Met hods for Ml tidi mensional Dynam cs Conputations in Chemstry,
edited by D. L. Thonpson (Wrld Scientific, Singapore, 1998), pp. 618-712.

One may also linmt the calculation to just the LCT or SCT
approxi mation or to the zero-curvature tunneling approxi mation (ZCT) or
even the Wgner approxi mation. The nuOMI, LCT, SCT, and ZCT approxi nations
are nultidi mensional, whereas the Wgner approximation is one-di nensi onal
The ZCT approximation cal cul ates tunneling along the isoinertial MEP
whereas the nuOMI, LCT, and SCT approximations include various anounts of
corner cutting, i.e., tunneling on the concave side of the isoinertia
MEP, with the anount and nature of the corner cutting depending on the
curvature of the reaction path. The conputational cost decreases in the
followi ng order: nuOMI, LCT, SCT, ZCT, Wgner. Wen tunneling is included,
the EA-VTST/MI rate constant is witten as

k(T) = gamma(T) KTST(T)

where KTST(T) is the TST rate constant that is determined by the free



energy sinulation of of stage 1 (including the guantum nmechani ca
correction of step 2 of stage 1), and gamma(T) is the transm ssion
coefficient that accounts for classical recrossing (the quasiclassica
part of section 1.A 3) and for tunneling and non-cl assical reflection

Background for the calculation of KIEs by VIST with nultidi nensi ona
tunnel i ng approximations is given in D.G Truhlar, D -h. Lu, S.C Tucker ,
X. G Zhao, A Conzal ez-Lafont, T.N Truong, D. Maurice, Y-.P. Liu, and
G C. Lynch, in Isotope Effects in Chenical Reactions and Phot odi ssoci ation
Processes, edited by J. A Kaye (American Chem cal Society Synposium
Series 502, Washington, DC, 1992), pp. 16-36.

1. B. CHARMVRATE capabilities that are not included either in POLYRATE or
in prior versions of CHARMM Projected instantaneous normal node
anal ysi s

Two source files of POLYRATE (see the CRATE manual ) are nodified by
the CRATE utility version-9.0 to carry out projected instantaneous normnal
node anal ysis. Wth these routi nes quantum nmechani cal harnoni c frequencies
of the vibrational nodes of the primary subsystem orthogonal to the
reaction coordinate nmay be cal culated for a given configuration of the
system This calculation is used in the second step of the first stage of
t he EA-VTST/ MI' met hod (described in Section 2) to include quantum effects
on the 3N-7 highest-frequency vibrational nodes of the primary zone in a
hyper surface orthogonal to the reaction coordinate that is used for
unbrella sanpling in the first step of stage 1. The constraint that the
nodes obt ai ned are orthogonal to the reaction coordinate is achieved by a
proj ection operator described in C Al hanbra , J. C. Corchado, M L.
Sanchez, M Garcia-Viloca, J. Gao, and D. G Truhlar J. Phys. Chem B
105, 11326-11340 (2001).

1.C. CHARMM options that are of particular interest for use with
CHARMVRATE

CHARMMRATE is of particular interest for calculations of rate
constants for enzymatic reactions. Al though the programwould allow the
use of pure nol ecul ar nmechanics (the CHARMM2 force field) for such
cal cul ati ons, conbi ned quant um nechani cal and nol ecul ar mechani cal (QW MW
potentials are nuch nore realistic than pure nol ecul ar nechanics for
chem cal reactions. Using CHARMWM QM MM cal cul ati ons can now be perforned
at the ab initio level using GAVESS (B. Brooks and M Hodoscek
unpubl i shed results), at the density functional |evel using CADPAC (P. D.
Lyne, M Hodoscek, and M Karplus, J. Phys. Chem A 103, 3462-3471
(1999)), and at semienpirical nolecular orbital levels (AML and PM3, with
general paranmeters or with specific reaction paranmeters) with MOPAC (M J.
Field, P. A Bash, and M Karplus, J. Conmput. Chem 11 700-733 (1990)).
There is nore than one choice for joining the QW subsystemto the MM one.
The first choice is to use "link atons" to saturate the val ence of the
fragment; this requires that certain atonmc charges in the MM fragnent
that are close to the QM region be deleted to avoid artificial
pol ari zati on of the quantum subsystem One possibility to avoid these
problenms is to use the generalized hybrid orbital (GHO method descri bed
inJ. Gao, P. Amara, C. Al hanbra, and M Field, J. Phys. Chem A 102
4714- 4721 (1998). The GHO nmethod is currently avail able for sem enpirica
calculations with the AML and PM3 net hods, and it is being extended (work
in progress) to ab initio and DFT nmet hods. Another way to correct the |ink
atomartifacts in the original fornulation is proposed in C. Al hanbra, L.



Wi, Z.-Y. Zhang, and J. Gao, J. Am Chem Soc. 120, 3858-3866 (1998).

Mol ecul ar dynami cs sinul ati ons of an enzyne-sol vent system can be
carried out on a QM MM potenti al energy surface either using periodic
boundary conditions or using stochastic boundary conditions; for the
peri odi ¢ boundary conditions see M P. Allen and D. J. Tildesley, Conputer
Sinmul ation of Liquids, (Oford University Press, New York, 1987), Ch. 1,
and for the stochastic boundary conditions see C. L. Brooks, A. Brunger,
and M Karplus, Biopolyners 24, 843-865 (1985). Free energy perturbation
and unbrella sanpling techni ques can be used to determ ne the potential of
nmean force or classical free energy profile for the enzymatic reaction
(see C. Al hanbra, L. Wi, Z.-Y. Zhang, J. Gao, J. Am Chem Soc. 120,
3858-3866 (1998)).

2. THEORETI CAL BACKGROUND: Ensenbl e- averaged variational transition state
theory with multidi nensional tunneling (EA-VTST/ M).

This section of the manual summarizes the theoretical franmework and
the practical procedure for the EA-VIST/MI nmet hod devel oped in C
Al hanbra, J. C. Corchado, M L. Sanchez, M Garcia-Viloca, J. Gao, and D
G Truhlar J. Phys. Chem 105, 11326-11340 (2001).

The capabilities added to CHARWM by CHARMMVRATE al | ow the user to
calculate the rate constant for an enzymatic reaction with the EA-VIST/ Mr
procedur e.

The rate constant for an enzymatic reaction, which is a uninol ecul ar
process, is obtained by conbining free energy simulations and vari ati ona
transition state theory (VTIST) with mcrocanonical optimzed
mul ti di nensi onal tunneling contributions (muOMI), both in the presence of
the protein environnent. The potential energy surface (PES) is nodel ed by
a QM MM net hod, for exanple by a sem enpirical MO nethod conmbined with the
CHARW force field and with the generalized hybrid orbital nethod (GHO to
treat the boundary between the QM and the MM parts of the system 1In
addition, a semenpirical term (see quantum doc LEPS comand) or specific
reacti on paraneters (SRP) may be used to inprove the accuracy of the PES

The rate constant is expressed as a function of the free energy of
activation, DeltaGCVTact, calculated by variational transition state
theory free energy nol ecul ar dynam cs sinulations, and the transm ssion
coefficient, ganma. There are two versions of the nethod that differ in
t he approxi mation used to evaluate ganmma, in particular a 2-stage version
and a three-stage version. The procedure for the former approxi nation,
whi ch has been applied in the study of five hydrogen transfer reactions,
has the foll owi ng two stages:

1) In stage 1 of the calculation, the free energy of activation
i ncl udi ng the quantum nmechani cal vibrational free energy, is conputed.
This involves the follow ng cal cul ati ons:

Step 1 - Calculation of the classical nechanical (CM or transition
state theory free energy of activation by conputing the potential of nean
force (PMF) along a distinguished reaction coordinate. For a reaction

AB + C-> A + BC

the reaction coordinate, z, may be defined as:



Zz =rAB - rBC

The CM PMF can be eval uated by carrying out classical nolecul ar dynamcs
on a QM MM potential energy surface with the unbrella sanpling techni que

i mpl enented in CHARMM (see unbrel.doc) or free energy perturbation theory.
Note, for the discussion below that unbrella sanpling involves a sequence
of overl appi ng wi ndows (whose centers are separated by about 0.1-0.2
angstrons), each of which is later divided into 50-100 bins. The bins are
typically 0.01 angstrons w de. (These specific nunerical values are just
given as exanpl es; none of these quantities is restricted to lie within
those limts.)

Step 2 - Calculation of the quantum nmechanical vibrational free
energy correction, DeltaWvib, which is the difference between the quanta
vi brational free energy and the classical vibrational free energy. The
addition of DeltaWvib to the CM PM- gi ves the quasi-classical (QC PM-.
Del taWyvi b may be eval uated by carrying out projected instantaneous nornal
node anal ysis for the primary-zone atons for many configurations (100-400
per wi ndow) obtained in the unbrella sanpling step (see Section 1.B). The
proj ected instantaneous normal node frequencies obtained for the different
configurations in a given bin nay be averaged and the averaged val ue used
to determine DeltaWvib. Strictly speaking, one might argue that one
shoul d average the squared frequencies or sonme Boltzmann factors, but in
initial applications it has been found sufficient to average the
frequenci es thensel ves.

After these two steps, the value of z with highest QC free energy is
called z*, and the bin containing z* (or a snmall set of bins centered on
this bin) defines the ensenble of configurations that are representative
of the transition state of the enzynatic reaction

2) Stage 2 has the objective of conputing the transm ssion
coefficient, ganma (T), that is the average over transition state
configurations i of the product of two factors, Gamma_i and kappa_i. The
first factor, Gacmma_i, which is the the quasiclassical transm ssion
factor, corrects the rate constant for classical mechani cal dynam ca
recrossing. The second factor, kappa_ i, is the seniclassical transm ssion
coefficient that accounts mainly for tunneling, that is, the quantum
nmechani cal effect on the reaction coordinate, which is mssing in the
calculation of the QC rate constant. The averaged transm ssion coefficient
is:

gamma = <Gma_i kappa i >,

where the brackets indicate average over configurations i. That is, a
nunber of configurations (5-20 for the enzymatic reactions studied so far)
within the range z = z* Deltaz ( Deltaz = 0.05-0.01 angstrons), are chosen
as representative of the transition state ensenble. For each of thema
CHARMVRATE dynami cs calculation is carried out to calculate Ganma_i and
kappa_i. As nentioned above, in such stage-2 calculation the systemis
divided into a set of primary-zone atons, which are allowed to nove, and
the rest of the system which is fixed at the transition state
configurations. For each configuration, the saddl e point and the reactant
and product structures are optimzed. W optimze the saddl e point and we
calculate an isoinertial MEP in both directions, i.e., toward the reactant
and toward the product. The reactant and the product cal cul ations are used



only to determne the m ni mumenergy at which tunneling is allowed. The
effective potential used to calculate the tunneling part, kappa_i, of the
transm ssion coefficient (see Section 1.A) involves the zero-point-

i nclusive energy along this MEP. The user should see test run 2 for an
exanpl e of how to use a typical solvent configuration

The approxi mation described here to obtain the transm ssion
coefficients is called static secondary-zone approxi mation (SSZ). The
product of the averaged transm ssion coefficient obtained in this way and
t he quasiclassical rate constant of stage 1 results in the SSZ version of
the EA-VTST/MI rate constant. The results obtained in five studies of
enzymati ¢ hydrogen transfer reactions denonstrate that the SSZ rate
constant is accurate enough to reproduce experinental KIEs.

The SSZ result may be inproved by carrying out a further step that
has been called stage 3. In stage 3, the free energy of the secondary zone
is calculated by free energy perturbation theory along the m ni num energy
paths of stage 2. This allows us to include the secondary-zone free energy
in the transm ssion coefficient. This is called the
equi | i bri um secondary-zone (ESZ) approxi mation.

The EA-VTST/MI nethod is described in: C Al hanbra, J. C Corchado,
M L. Sanchez, M Grcia-Viloca, J. Gao, and D. G Truhlar J. Phys. Chem
B 105, 11326-11340 (2001), and in D. G Truhlar, J. Gao, C. Al hanbra, M
Garcia-Viloca, J. Corchado, M L. Sanchez, and J. Villa, Acc. Chem Res.
35, 341-349 (2002). A conplete description of an application study is
provided in M Garcia-Viloca, C. Alhanbra, D. G Truhlar, and J. Gao, J.
Conmput. Chem 2002, in press.

3. PROGRAM STRUCTURE
3. A Overall design

The CHARMMRATE interface for CHARMM and POLYRATE t akes advant age of
t he nodul ar nature of both prograns, and, consequently, mnininm
nodi fi cati ons of CHARMM and POLYRATE were required. The CHARWMM programi s
the main driver of the integrated program which makes a FORTRAN call to
the interface subprogram CHARMMRATE, to initiate cal cul ations by
POLYRATE. The energy and energy gradients for the prinmary-zone atons
requi red by POLYRATE are determ ned by CHARMM t hrough the interface
subprogram and are supplied to POLYRATE t hrough a set of subroutines
cal l ed t he POLYRATE hooks.

3.B. Modifications and additions to CHARMV

Only two nodifications have been nade in the CHARMM program (1)
addition of a one-line keyword processing conmand in the charmmnain. src
nodule to initiate the subroutine call to CHARMVRATE;, (2) addition of the
CHARMVRATE nodul e.

3.C. Mddifications and additions to POLYRATE

Specific nodifications of the original POLYRATE program have been
nmade primarily for efficient transfer of information between CHARMM and
PCOLYRATE and to elimnate conflicts and other problens during conpilation.
These nodifications are described in the CRATE nanual, avail able at
http://conp.chem um. edu/ cr at e.



4. | NSTALLATION OF charmmrate AND | TS USE
4. A. Programdistribution

CHARMVRATE- version 2.0/ C28b3-P9.0 is distributed as a nodule in
CHARMM CHARMM is a copyrighted programdistributed by Professor Martin
Karpl us's research group at Harvard University and by Accelrys, Inc. In
addition to CHARMM whi ch i ncl udes the CHARMMRATE nodul e, users al so need
to obtain the POLYRATE program which is a copyrighted program distributed
by the University of Mnnesota (http://conp.chem um. edu) and the CRATE
utility, also available from M nnesota. The CRATE utility will make the
changes to the source code of POLYRATE to allow the interface between the
two prograns. When the CHARMM program (which, beginning with version 28,
automatically includes the CHARMVRATE nodul €), the POLYRATE program and
the CRATE utility have been obtained, integration of the codes into a
single executable file is straightforward as descri bed bel ow.

4.B. Installation
The user should carry out the foll owi ng steps:
1. Install CHARW

2. Store the tar file polyrate9.0.tar.Z (obtained fromthe
University of Mnnesota, http://conp.chemum. edu) in the
directory chnroot/source/prate and untar it with this comrand:

tar xvf polyrate9.0.tar

3. Set an environnental variable, called pr, to the
absol ute path nanme of the directory where the polyrate
programis stored. Exanple:

C shel

% setenv pr /hone/ chnr oot/ source/ prate/polyrate9.0
Bour ne shel

$ pr = /hone/ chnroot/source/ prate/polyrate9.0

$ export pr

4., Store the tar file crate9.0.tar.Z (obtained fromthe University
of M nnesota, http://conp.chemum. edu) in the directory
chnroot/source/prate and untar it with this conmand:

tar xvf crate9.0.tar

The directory crate9.0 will then contain the files required to
prepare POLYRATE for use with the CHARMVRATE nodul e of CHARWM
These files are described in the CRATE nmanual . Change the

di nensi ons specified in the paraminc file located in the newy
created directory, crate9.0, in order to nmake them /|l arge

enough for the systen(s) to be studied, but small enough to run
in the nenory avail abl e on the conputer chosen to carry out the
work. O use the paraminc file distributed as part of CRATE. See
t he POLYRATE nanual for further discussion of the dinensions in

i n POLYRATE.



5. Set an environnental variable, crate, to the absolute
path nane of the directory where the CRATE package is stored.

Exanpl e:

C shell

% setenv crate /home/ chnroot/source/ prate/crate9.0
Bour ne shel |

$ crate = /hone/ chnroot/source/prate/crate9.0

$ export crate

6. Go to the /build directory of CHARMW i.e.
cd / hone/ chnroot/buil d/'chm host',
and edit the file pref.dat. Add the CHARMVRATE nodule to the
list.

7. If CHARMM has been conpil ed previously w thout POLYRATE,
remove all the object files in home/chnroot/Iib/'chmhost'

8. Go to the CHARM directory chnroot and type the comrand:
install.com'chmhost' (snmall/nmediumlarge) POLYR > & log &
(see install.doc in the CHARW docunentation directory). This
step will execute the script install_cr.com which will put the
CHARMMRATE source code in the directory
/ horre/ chnr oot / sour ce/ pr at e.
Any nodi fications desired should be done here.

9. You do not need to run the script install_cr.com (described in
t he CRATE nmanual ) in any further conpilations. Therefore it is
recomended to coment the following line in the file
/ hore/ chnroot/install.com

$crate/install _cr.com

10. After conpilation, you will have a new executable in:
/ home/ chnr oot / exec/' chm host'

NOTE: In order to run projected instantaneous nornal node anal ysis
with CHARMMRATE-version 2.0 it is necessary to do small changes in two of
the files located in the directory /hone/ chnroot/source/prate after the
conpi l ati on process described above. Instructions for these changes are
provided in the READVE file contained in the crate9.0 directory of the
CRATE package.

5. DESCRI PTI ON OF | NPUT

CHARMMRATE is run fromthe CHARMM nai n i nput stream The syntax to
execute polyrate fromcharmm s input streamfor a reaction with only one
reactant (e.g., an enzyne-substrate precursor conplex) and only one
product (e.g., an enzyme-substrate successor conpl ex) is:

POLYrate SELEction { atomspec } end [RUNIt int] [PUNIt int]
[TSUNit int] [OPUNit int]
[ PMZpe ] [ATMA int ] [ATMB int] [ATMC int]
_polyrate_input _
*finish

W note the use of the CHARMM convention by which one needs to enter



only the first four letters of POLYrate and other words with the first
four letters capitalized. Furthernore the parts in brackets are optional
The neani ngs of the various keywords are:

SELEction { atom spec } specifies the prinmary-zone atons i n POLYRATE:

atom spec = { residue-nunber atom nane }
{ segid resid atom nane }
{ BYNUm at om nunber }

RUNit int: Unit specification for input of initial coordinates of the
reactant species. The current limtation is that only CHARMMV
format is allowed for the coordinate file.

PUNit int: Unit specification for input of initial coordinates of the
product species. The current limtation is that only CHARMM
format is allowed for the coordinate file.

TSUNit int: Unit specification for input of initial coordinates of the
transition state. The current limtation is that only CHARW
format is allowed for the coordinate file.

OPUNit int: Unit to wite out coordinates of the optim zed structures of
the reactant, product, or TS, dependi ng upon which of these
is requested (el sewhere) to be witten. The current
limtation is that only CHARW format is used. The
coordinate files assigned to these units nust be in the CARD
format (see CHARWM docunentation for details).

PMFZpe ATMA int ATMB int ATMC int: this command switch on the
projection of the reaction coordi nate out of the Hessian
matrix of the system It is used for projected
i nst ant aneous normal node anal ysis. The reaction coordi nate
is defined as the difference in bond di stance between the
br eaki ng and maki ng bonds.

ATMA int: atom nunber for the donor atomfollowing the nunbering in the
general section of POLYRATE conmands (see bel ow).

ATMB int: atom nunber for the transferring atomfoll ow ng the nunbering
in the general section of POLYRATE commands (see bel ow).

ATMC int: atom nunber for the acceptor atomfollowi ng the nunbering in
t he general section of POLYRATE comands (see bel ow).

_polyrate input_: This section contains a standard POLYRATE fu5 i nput
file. It nmust follow inmediately after the POLYrate command
in the CHARMM i nput stream For details of POLYRATE input, see
t he POLYRATE docunentation. The initial coordinates have
al ready been setup through the POLYrate conmand; therefore the
CEOM record in the POLYRATE fu5 input file nay be omtted. If,
however, the GEOMrecord is present, the Cartesian coordi nates
given in this record will replace the data set up through the
POLYrate command. This is not recomended.

*finish The | ast record to be read by PCOLYRATE fromthe CHARWM nai n
input stream This will terminate |/O operations fromunit 5



by POLYRATE, and POLYRATE cal cul ations will proceed.
6. TEST RUNS

This section describes two test runs. Each test job includes a ful
input file, initial coordinates and paraneter files. They are located in:

/ home/ chnr oot/ t est/ cquant unt est .

6.1. Test Job 1 - Direct dynam cs of chorismate to prephenate in the gas
phase

This test job reads in three initial guess coordinates for the
reactant state, product state, and transition state, optimzes their
geonetries, and perforns a CVT calculation to yield the predicted rate
constants at various tenperatures. This test job takes roughly 3 hours on
an S@ Cctane 2 conputer running under the Irix 6.5 operating system
(Test Job 2 is a shorter test run.)

6.1.A Input files

The cr0l.inp file contains the CHARMM i nput stream for a direct
dynam cs cal cul ation of the chorismate to prephenate rearrangenent
reaction. Simlar calculations can be carried out for the substrate in the
enzyme active site, provided that appropriate boundary conditions are set
up in he CHARMM i nput .

The charmm®2.top and charmmR2. par files are the CHARWM t opol ogy and
paraneter files. They are required for all CHARW cal cul ati ons.

Three coordinate files are provided for this test job, correspondi ng
to the initial guess coordinates for the reactant (gs.crd), product
(prod.crd), and transition state (ts.crd) for the dynam cs cal cul ati on
wi th POLYRATE.

6.1.B. Description of the CHARW i nput stream

The majority of the CHARMM conmands are straightforward. The three
initial guess coordinate files nust be opened as formatted files in the
CHARWMM i nput stream before the POLYrate command is initiated. Certain
FORTRAN unit nunbers are default file choices in POLYRATE. Therefore,

t hese nunbers should not be used in the CHARM i nput file unless the
POLYRATE defaults are changed. Pl ease consult the POLYRATE docunentation
for a full list and description of these files.

Five (5) FORTRAN files will be used by POLYRATE to wite out the
conputational results. They are files with unit nunbers 14, 25, 26, 27,
and 61, which should be opened in the CHARW i nput stream before
CHARMVRATE cal cul ati ons.

Section 6.1.C sunmmari zes the contents of these files.

Al input instructions inmediately follow ng the POLYrate conmand are
t hose of POLYRATE. A full description of these conmands can be found in
t he POLYRATE docunent ati on.

6.1.C. Description of CHARMVRATE out put



cr0114. out - conputed reaction rates at various tenperatures using
the TST and CVT net hods.

cr0125.out - potential energy along the reaction coordinate s, which
nmeasur es di stance al ong the m ni mum energy path (MEP), and conputed
transm ssion coefficient, if requested. Since the test runis for a CVT
calculation, no rmultidinmensional tunneling is included in the test run

cr0126. out - conputed vibrational frequencies that hgave been
requested for printing out along s.

cr0127.out - coordinates along s.

cr0161.out - optim zed geonetries, energies, vibrational frequencies
and the Hessian for the reactant, product, and transition state.

6.2. Test Job 2 - Ceonetry optimzation of chorismate in a water bath

This test job perfornms geonetry optimzation of chorismate in the
presence of a frozen water bath, arbitrarily taken fromthe trajectory of
a nol ecul ar dynam cs simnulation of chorismate in water.

The cr02.inp file is the CHARM i nput stream comand file. In
addition to the CHARMM t opol ogy and paraneter files, the cr02.crd file is
required; it contains the instantaneous (initial) coordinates of
chorismate in water froma nol ecul ar dynam cs sinul ation

The file optcr02.crd contains the optimzed coordinates of chorisnate
in water.



