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Molecular dynamics (MD) is, at present, a unique tool making it possible to study, at the atomic
level, conformational transitions in peptides and proteins. Nevertheless, because MD calculations
are always based on a more or less approximate physical model, using a set of approximate pa-
rameters, their reliability must be tested by comparison with experimental data. Unfortunately, it
is very difficult to find a peptide system in which conformational transitions can be studied both
experimentally and using MD simulations so that a direct comparison of the results obtained in
both ways could be made. Such a system, containing a rigid a-helix nucleus stabilized by La%
coordination to a 12-residue sequence taken from an EF-hand protein has recently been used to
determine experimentally the helix propagation parameters in very short polyalanine segments
(Goch et al. (2003) Biochemistry 42: 6840-6847). The same parameters were calculated here for the
same peptide system using the peptide growth simulation method with, alternatively, charmm 22
and cedar potential energy functions. The calculated free energies of the helix-coil transition are
about two times too large for cedar and even three times too large for charmm 22, as compared
with the experimental values. We suggest that these discrepancies have their origin in the incor-
rect representation of unfolded peptide backbone in solution by the molecular mechanics force
fields.

Keywords: molecular dynamics, thermodynamics, thermodynamic integration, peptide, helix-coil equilibrium

Molecular dynamics (MD) methods are a valu-
able tool in studies of conformational transitions in
peptides and proteins. Only global kinetic and/or ther-
modynamic parameters of these processes can be de-
termined from experiments, whereas they are precisely
described, at the atomic level, by MD simulations.
Consequently, the MD methods can give, in principle,
answers to all possible questions concerning such proc-
esses. Unfortunately, they have one fundamental weak-
ness: energy and forces are calculated on the basis of a
model (a so-called molecular mechanics, or MM, mod-
el), and while the form and parameters of the model
are based on our best understanding of the underlying
physical reality, it is always uncertain to what extent
the results of the calculations accurately describe the

physics of a particular system. To further confuse the
issue, several implementations of the MM model have
been developed, with equal claim to accuracy.

It is, therefore, essential to calibrate the MM
model by establishing the reliability of MD results:
only if the calculated global parameters are close
enough to the experimental ones we can hope that
the theoretical analysis is sound and that the de-
tailed description given by simulations is close to re-
ality. Many examples of calibration studies exist in
the literature; however, the reliability of application
of the MM model to helix-coil transitions of peptides
remains inadequately documented.

An additional requirement of any test of reli-
ability is that simulation results must be precise, in

Abbreviations: MD, molecular dynamics; MM, molecular mechanics; PDB, Protein Data Bank; PGS, peptide growth si-

mulation; QM, quantum mechanics; RMSD, root mean square deviation; SCC-DFTB, self consistent charge density fun-

ctional tight binding.
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the sense that the effect of statistical noise has been
eliminated (by sufficient averaging) from the model
values. The results of experimental solution studies
are averages over very large numbers of independ-
ent molecules, and hence have a negligible statisti-
cal error. Simulation studies are typically done with
a single solute molecule; this gives a time-averaged
behavior, which is then compared with the ensemble
average obtained experimentally. The rate of conver-
gence of a time average depends on the correlation
over time of the averaged property: a property that
fluctuates slowly requires a proportionally longer
time for convergence to a given precision than one
that fluctuates rapidly (with the RMSD approximate-
ly proportional to the square root of the simulation
time). Thus, precision requires simulations extend-
ing over many times a property’s correlation time
(Straatsma et al., 1986).

Unfortunately, it is very difficult to find a
peptide system in which conformational transitions
can be studied both experimentally and using MD
simulations, so that a direct comparison of the re-
sults obtained in both ways could be made. A major
difficulty is the long relaxation time of the helix-coil
transition, as is typical for any nucleation-growth
process (Schellman, 1955). This time is much shorter
for helix formation in more flexible peptides com-
posed of 3-amino acids, and this has permitted pre-
cise studies of such systems by van Gunsteren and
coworkers (Daura et al., 1997; 1998; 1999). For pep-
tides composed of a-amino acids, calculation results
have frequently been compared with experimental
data obtained for systems not identical with, but
only more or less similar to, those studied by MD
methods. The similarity is often so remote that the
one conclusion that can be drawn from such com-
parisons is that the calculation results are not at
odds with the experiment.

Because of its relevance for the protein fold-
ing process, the helix-coil transition has been stud-
ied very extensively. The experimental work concen-
trated mainly on determination of thermodynamic
parameters of the transition in peptides of various
lengths and sequences (Doig, 2002). Only peptides
with a sufficiently large helix content (in practice
>10%) and well soluble in water could be studied.
Therefore, they must be long enough — built of at
least thirteen, properly chosen amino-acid residues.
Such long peptides present a major challenge for
MD methods.

The fundamental problem met in MD simu-
lations of helix-coil transitions is adequate probing
of the peptide conformational space which is ex-
ceedingly large even for medium-sized peptides,
built of about ten amino-acid residues. Moreover,
the transition of each residue between the helical
and coil states is a rare event because of a large en-

ergy barrier separating the extended and the helical
conformations corresponding, respectively, to the
second and the third quadrant of the Ramachan-
dran plot.

Therefore, MD methods have been used
mainly to characterize the structural and dynami-
cal properties of the peptide helical conformation
and the mechanism of its unfolding (DiCapua et al.,
1990; Daggett et al., 1991; Soman et al., 1991; Tirado-
Rives & Jorgensen, 1991; Daggett & Levitt, 1992; Lee
et al., 2000; Armen et al., 2003). The results of these
studies were shown to be compatible with what was
known from experimental investigations but quanti-
tative comparisons with any experimental data were
not possible.

The helix-coil transitions were simulated in
very short peptides built of three (Tobias & Brooks,
1991) or five (Hummer ef al., 2000; 2001) amino-acid
residues. Parallel experimental studies of such pep-
tides are not feasible. Therefore, the calculated kinet-
ic and/or thermodynamic parameters could be only
quantitatively compared with information derived
from experimental data obtained for much longer
peptides.

A first attempt to estimate the free energy of
the helix-coil transition in a peptide with a length
comparable to that of the shortest peptide systems
studied using experimental methods (thirteen ami-
no-acid residues) was made by Daggett and Levitt
(1992) from calculated waiting times for the h - ¢
and c = h transitions. A similar approach was used
recently by Armen et al. (2003). Because in both cas-
es few such transitions were observed during the
simulations, the free energy estimates can be treated,
at best, as semi-quantitative.

Subsequently, Young and Brooks (1996) were
able to calculate the free energy of helix propaga-
tion using the umbrella sampling method in a pep-
tide containing as many as fifteen alanine residues.
However, the authors met yet another problem: the
calculation results strongly depended on the accept-
ed, arbitrary definitions of the helix and coil states.
Moreover, the calculated microscopic parameters
were, as admitted by the authors, related to, but not
identical with, the experimental parameters.

These two fundamental problems met in MD
simulations of helix formation, i.e. adequate sam-
pling of the peptide conformational space and the
calculation of sufficiently precise thermodynamic
parameters of reasonably long oligomers, were
apparently solved in a satisfactory way by Wang
and coworkers (1995) using the peptide growth
simulation (PGS) method and, recently, by Garcia
and Sanbonmatsu (2002) using the replica exchange
method (Sugita & Okamoto, 1999). Those two stud-
ies address the problem of convergence in a com-
pletely different manner: the PGS method does not
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depend on the (slow) equilibration between helix
and coil states, while the replica exchange method
exploits the much more rapid equilibration that oc-
curs in the high-temperature replicas. Furthermore,
the free energy of helix propagation in long poly-
alanine chains (up to fourteen (Wang et al., 1995)
and twenty one (Garcia & Sanbonmatsu, 2002) Ala
residues) calculated using these methods should,
and was shown to be, close to the analogous pa-
rameter determined from experimental studies of
polyalanine-based model peptide systems. Never-
theless, the compared theoretical and experimen-
tal systems, although close to each other, were still
not identical. (These alanine oligomers are poorly
soluble in water, and the experimental system is
an extrapolation from experiments with molecules
containing also amino-acid residues other than
alanine.)

A peptide system suitable for both experi-
mental and MD studies of the helix-coil transi-
tion has been proposed by Siedlecka et al. (1999).
The calcium-binding peptide Ac-Loop-NH, with
the sequence AcDKDGDGYISAAENH, strongly
coordinates lanthanum ions and as a result as-
sumes a rigid conformation with the ¢ angles
of Alal0, Alall, and Glul2 and the ¢} angles of
Ser9, Alal0 and Alall confined to the third quad-
rant of the Ramachandran plot. The La3*-saturated
Loop sequence provides, therefore, a helix nu-
cleus for the polyalanine segments A_ attached to
its C-terminus in peptides PA with the sequence
AcDKDGDGYISAAE(A) NH,.

The conformation of metal-free peptides Ac-
Loop-NH, (alternatively denoted as PA) and PA ,
where n =1 + 4, is close to random coil. Upon La%*
coordination the A_ part of the peptides (reduced
to the NH, group in the case of PA ) assumes, to a
large extent (about 70%), the helical conformation.
Recently, the free energies of these partial helix-
coil transitions (AG, ) have been determined from
measurements of La®*-binding constants to PA_
peptides, complemented by NMR measurements
of proton exchange rates of their C-terminal NH,
group (Goch et al., 2003).

In their metal-bound form, PA  peptides are
excellent objects for MD studies. They are short,
built of at most 16 residues, with twelve of them
restricted to a very small fraction of conformational
space. Moreover, their conformation is very com-
pact, keeping at the minimum the number of solvent
molecules that must be used in MD simulations.

Here we have calculated AG,  values for a
series of peptides PA  using the PGS method (see
below) with, alternatively, charmm 22 and cedar po-
tential energy functions (force fields) and compared
them with exactly the same thermodynamic param-
eters determined experimentally.

MATERIALS AND METHODS

PGS method. PGS (Wang et al., 1995) deter-
mine free energies of the transformation of shorter
peptides into longer ones, in terms of the Thermody-
namic Integration method (Allen & Tildesley, 1987).
An atom (group of atoms) is slowly transformed
into a different atom (group of atoms) and the free
energy of this transformation is calculated according
to the equation:

. Hov(a)
‘*"!( o >,,‘"”“ 1)

where V is a potential energy function depending on
the transformation parameter A in the following way:
V(A=0) is the potential energy function of the start-
ing component, and V(A=1) is the potential energy
function of the final component. The brackets imply
the averaging over a Boltzmann distribution. During
the simulation the parameter A is slowly changed
either from 0 to 1 (growth process) or from 1 to 0
(annihilation process) and the integral described by
Eqn. 1 is evaluated. For an infinitely long simulation
process 6Ggmwth = —0G, ihilations 1N Te€al calculations
Eqn. 1 is approximated by:
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where W represents the work performed on the sys-
tem in order to force its state to change.

The growth processes analyzed in this work
are presented in Fig. 1. The molecule is transformed
to one containing an additional Ala residue at the
end of the chain, and this is done twice, once with
the added residue in an extended conformation, and
again with the residue in the a-helical conforma-
tion, the free energy difference being accumulated
for both processes. The difference between the two
free energies is then the free energy difference for
the transition of the added residue from extended
(i.e., coil) to helical conformation. One sees that no
transition between helix and coil state is directly
simulated; consequently, the relaxation time of the
system is not the considerable relaxation time of the
helix-coil equilibrium, but the (apparently much)
shorter time associated with rearrangement of the
solvent structure around the growing residue.

The starting, artificial peptide P* has the same
sequence as peptide PA, but with the C-terminal
CO-NH, group substituted by the neutral carbon
atom. The conformation of the metal-binding loop
coordinated to an Ln* ion was taken from the PDB
(code 1INKF). The lanthanum ion was modeled as
a soft sphere with the Lennard-Jones parameters
of the Ca?" ion and the charge set to +3 elementary
charges.
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Figure 1. Illustration of PGS.

a) In P*—>PA, transformation the starting, artificial pep-
tide is terminated with a neutral carbon which is slowly
replaced by CONH, group; b) The C-terminal amide NH,
group of peptide PA is replaced by terminally amidated
alanine in the PA;—PA, transformation. The segment
built of amino acids 1-11 is denoted as aa, ;. The trans-
formed atoms are shown in bold characters. Flat-bottom
restraints placed on the indicated ¢ and 1 dihedrals keep
the growing groups in the desired (helical or extended)
conformation.

A more faithful representation of this system
is not possible because the force field parameters for
lanthanide ions are not known. For the cedar force
field additional restraints on distances between the
Ln® ion and the groups coordinating it were ap-
plied, preventing their dissociation from the ion.

To keep the dihedral angles of the peptide
backbone groups in the desired region of confor-
mational space “flat-bottom” restraints (Hermans et
al., 1992) were applied. Such restraints, when placed
correctly, effectively divide the probed conforma-
tional space and allow one to simulate exclusively
one particular conformation, but to not perturb it lo-
cally.

Positions of the alanine free energy barriers
were located with the potential of mean force calcu-
lations of the dihedrals ¢ and { of the C-terminal
alanine in peptide PA, (results not shown). Similar
positions of energy barriers have been obtained from
free dynamics simulations of a system modeling the
alanine dipeptide (Smith, 1999; Hu et al., 2003). Each
restraint consists of two ramp potentials placed on
the free energy barriers on either side of the free en-
ergy minimum. These ramp consisted of a penalty
energy changing linearly from 0 to 20 kcal/mol over
a 10° interval. For the helical and extended confor-
mations the backbone dihedrals were restrained to
the regions -180° < ¢ < 0°, —140° < 1 < 20° and 140°
<¢ <0° 20° < < -140° of the Ramachandran plot,
respectively.

Simulation procedure. All simulations were
carried out with the program Sigma (Mann et al.,
2002). Bond lengths were constrained to their equi-
librium values with the SHAKE algorithm (Ryckaert
et al., 1977). Electrostatic interactions were calculated
with a multiple time step method (Tuckerman et al.,
1992) with the dual cut-off set to 6 A and 10 A. Short
range, medium range, and long range (via the parti-
cle-mesh Ewald summation method (Darden et al.,
1993; Schlick ef al., 1999)) interactions were calcu-
lated, respectively, at 2, 4, and 12 fs intervals. Simu-
lations were carried out at constant pressure (1 atm)
and temperature (300 K) (Berendsen et al., 1984).

Each peptide was placed in the center of a
water-filled cubic box and periodic boundary condi-
tions were applied. The box dimensions ranged from
38 up to 44 A depending on peptide length and con-
formation (extended or helical) and always exceeded
the peptide dimensions by at least 20 A.

Each calculation of the growth free energy
consisted of the following steps: 1) minimization of
water energy with fixed solute coordinates; 2) 50 ps
equilibration of water with fixed solute conforma-
tion; 3) minimization of water energy with fixed sol-
ute conformation; 4) minimization of solute energy
with fixed solvent conformation; 5) energy minimi-
zation of the whole system; 6) 9.6 ps MD simula-
tions at the temperature of 50 K with starting veloci-
ties assigned from Boltzmann distribution; 7) five 5.8
ps MD simulations at temperatures increasing from
100 to 300 K in 50 K steps; 8) two peptide growth/
annihilation cycles, each consisting of a) 29 ps equi-
libration at A=0, b) 576 ps growth simulation, c) 29
ps equilibration at A=1, d) 576 ps annihilation simu-
lation.

Two force-fields were tested: 1) charmm 22
all-atom force field (MacKerell et al., 1998) distrib-
uted with the XPLOR program (Brunger, 1992) com-
bined with the TIP3P (Jorgensen et al., 1983) wa-
ter model and 2) cedar/gromos all-atom force field
distributed in the Sigma package (Ferro et al., 1980;
Hermans ef al., 1984) combined with the SPC water
model. Protein structure files were prepared with
the XPLOR program (Brunger, 1992).

Error estimates. The calculated growth free
energy, 0G for each process is based on the esti-
mates of energy changes, W calculated (with Eqn. 2)
for at least two simulations in which a residue was
inserted and two simulations in which the same resi-
due was deleted. These values were used to give in-
dependent mean and mean-square deviation for the
insertion and deletion processes. Because the simu-
lation time is finite, the net energy change for a cy-
clic process of insertion followed by deletion is not
zero, <W> + <W > > 0; however, the mean value, W,
of the energy for insertion and of -W, (where W,
is the mean energy for deletion) can be taken as a
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best estimate of the growth free energy. In addition,
an error estimate follows by taking the mean of the
mean-square deviations of the insertion and deletion
energies (Hermans et al., 1992; Hu ef al., 2002).

RESULTS

Simulation results

The calculated growth free energies 6GL¢, cu-
mulative free energies AGL, and free energies of
single residue transitions from the extended to the
helical conformation AAGi = AGL® — AGI defined
in Fig. 2 are listed in Table 1. Cumulative free en-
ergies AG"® are sums of growth free energjes 6G*
along the appropriate path (see Fig. 2).
AG ;,(SG . 3)
For example, AGY¢ = 6G¢ + 6G}¢ + 6GY© and AGE®
= 6Ge + 6GPe + 6G3e.

Figure 2. Schematic presentation of PGS performed in
this work.

Extended, helical, and partly helical conformations of
C-terminal segments of PA_  peptides are described by
chains of e and/or h subscripts. E.g., the symbol P, .. de-
notes peptide PA, with its loop conformation restricted
by Ln% ion binding, Alal3 and Alal4 in the helical con-
formation, and Alal5 and the terminal NH, group in the
extended conformation. Growth simulations are indicated
by thick arrows and growth free energies corresponding

to them are denoted by 6Gi® where n is the number of
alanine residues created by the PGS procedure, i denotes
the total number of peptide C-terminal groups, including
NH,, in the helical conformation, and e indicates that the
remaining groups are in the extended conformation, even
if their number is zero, as in the case of SGA"¢ symbols.
Similarly, the cumulative free energy of a series of growth
steps transforming P* into peptide PA  with i terminal

groups in the helical conformation is denoted by AG:e
symbol. Thin vertical arrows indicate the conformational
transitions of a single alanine residue or NH, group from
the extended to the helical conformation. The free energies

of these transitions AAGY® = AGke — AGEe.

Free energies of helix-coil transitions

The helix-coil transitions observed in experi-
mental studies do not correspond precisely with the
transitions between the helical and the extended
conformations simulated by the PGS method. Al-
though the coil state is dominated by the extended
conformation it includes also some residues with the
¢ and/or { angles characteristic for the helical con-
formation (Wang et al., 1995), if these residues are
not a part of a helix nucleus and the amide protons
of the peptide groups following their C, carbons do
not form the helical i > i — 4 ori —» i — 3) hydro-
gen bonds. These states are excluded from the ex-
tended conformation by the restraints imposed dur-
ing the simulations.

The non-helical, coil state of PA peptide (Pc)
contains only one, extended conformation (Pe) with
the ¢ angle of Glul2 kept outside the helical region,
because otherwise the terminal NH, group would be
involved in a helical hydrogen bond. Consequently,
the coil state is identical with the extended confor-
mation simulated by the PGS procedure.

This is not the case for longer peptides. E.g.,
the coil state of PA, peptide (Pccc), consists not only
of the extended conformation Peee but also of three
additional conformations: Pehe, Peeh, and Pehh.
Consequently, the free energy of this state AGY* <
AGY®. Similarly, AGY® < AG)® because not only the
Phee conformation but also the Pheh one is popu-
lated in the Phcc state.

Corrections needed to transform AG® param-
eters into AG} ones are small (see Table 1). They can
be calculated if populations of all conformations in-
cluding “h” alanines in the respective coil states are
known. We estimated them from the data obtained
by Hu et al. (2003) from MD simulations of the
alanine dipeptide. For both the charmm 22 and ce-
dar force fields they calculated the equilibrium con-
stants K between the alanine residue conformations
with helical and non-helical ¢ and { dihedrals: K =
1 and 0.29 for charmm 22 and cedar, respectively.

Free energy levels corresponding to addition-
al h conformations are shifted down by the value
equal to /k,TInKbelow the extended conformation.
[ is the number of ‘e’ alanines replaced by ‘h’ ones
and kg is Boltzmann’s constant. From statistical ther-
modynamics (Hill, 1986) it then follows that

_ _ 2l p-1
ﬂG:,‘c = ﬂG:,‘e - kT ll‘l[l + Z[p! ]K"J (4)
I=1

Free energies of single residue helix-coil tran-
sitions AAGk® = AGhe~ AG1S, analogous to the AAGE®
parameters, were calculated from the AGL® values
using Eqn. 4 and are listed in Table 1.



126

M. Maciejczyk and others

2006

Table 1. Results of PGS obtained with charmm 22 and cedar force fields. dG¢, AG¢, and AAGE® and parameters are
defined in Fig. 2. AAGY® parameters have been transformed into the free energies of the respective helix-coil trans-

itions (AAGL®) as described in the text.

Charmm 22 Cedar

n i # G AGie AAGie AAGie | dGie AGie AAGie AAGs
0 0 4 -71+02 -7.1 4 355102 -35.5

1 4 -85+0.1 -8.5 -1.4 -1.4 4 -36.0£0.1 -36.0 -0.5 -0.5
1 0 4 115 £ 0.5 44 4 61104 -294

1 4 12.1+£0.2 3.6 -0.8 -0.4 2 6002 -30.0 -0.6 -04

2 4 104 £ 04 1.8 -1.8 -1.8 2 59+02 -30.1 -0.1 -0.1
2 0 4 109 £ 04 15.3 2 71£03 -22.3

1 4 11.3+£0.3 14.9 -0.4 -0.1 2 6703 -233 -1.0 -0.8

2 4 10.5 £ 0.3 124 -25 -2.1 2 6101 -24.0 -0.7 -0.4

3 4 9.7+0.2 11.6 -0.8 -0.8 2 58+03 -24.3 -0.3 -0.3
3 0 2 112+ 0.1 26.5 2 6703 -15.6

1 2 114 £ 0.1 26.3 -0.2 0.2 2 67+03 -16.6 -1.0 -0.8

2 4 116+ 0.2 24.0 -2.3 -2.0 2 66103 -17.4 -0.8 0.7

3 2 10.8 £ 0.3 22.3 -1.7 -1.3 2 60x+04 -18.3 -0.9 -0.7

4 4 10.2 £ 0.3 21.8 -0.5 -0.5 2 5703 -18.6 -0.3 -0.3
4 0 2 113 £ 0.2 37.8 2 71+01 -8.5

1 2 11.3£0.2 37.6 -0.2 0.1 2 70£0.2 -9.6 -1.1 -1.0

2 4 114 £ 0.2 35.4 -2.2 -1.7 2 72 +02 -10.3 -0.7 -0.5

3 2 11.7 £ 0.2 34.1 -1.3 -1.0 2 6602 -11.7 -1.4 -1.3

4 2 109 £ 04 32.7 -14 -1.0 4 65+£03 -12.1 -0.4 -0.2

5 6 99 +0.2 31.7 -1.0 -1.0 2 60+£03 -12.6 -0.5 -0.5

Free energies of conformational transitions induced
in C-terminal segments of PA_peptides by La®*
binding

The conformation of C-terminal segments of
apo-PA_ peptides is close to random coil (Goch et
al., 2003). Upon La%* binding a large fraction of their
residues assume the helical conformation. The helix
builds up from its nucleus formed in the Loop se-
quence by coordination of the metal ion. The con-
formational state of A segments can be described as
a dynamical equilibrium between the coil conforma-
tion and an assembly of helical segments containing
from 1 up to n + 1 backbone groups (n alanine resi-
dues and the C-terminal NH, group). The free ener-
gy of such a multiple-equilibrium system AGR¢! (see
Fig. 3) is given by the equation (Poland & Scheraga,
1970):

n+l
AG" =—kT ln[z exp(-AG)* fkT)] 5)

i=0

Since the free energies of the coil conforma-
tion of A segments of apo-PA  peptides equal AGY*
the free energy changes AG,  related with the con-
formational transitions induced in them by Ln3" co-
ordination are described by the equation:

ntl _AGL( Vi
Zexr{ ”/kTJ

W =AGT —AGY = —kTIn| 22—~ "~ vvauh
‘”“{ ”/’k?‘)

nel J
—len{l +> [ Texp(-AAG)* ;’kT)}

J=1 =l

AG

(6)
The AG, values calculated from Eqn. 6 and

the AAGE® parameters listed in Table 1 are presented

in Table 2.

Helix populations in PA  peptides

The population of helical segments built of j
residues is given by the equation:
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Using Eqn. 6 the molar fractions of full heli-
ces including the C-terminal NH, groups (x,,, = pj.1)
and the average populations of amino-acid residues

in the helical conformation x,, :2 Jjp,/in+1) were cal-

culated and compared with the jélxperimental values
in Table 2.

DISCUSSION

The importance of a “direct” comparison of
MD results with experimental data was stressed
in the introduction. Let us specify what it actually
means. Raw data of any experimental or theoreti-
cal study must be analyzed and interpreted to give
physically meaningful results. Such a procedure is
based on accepted theoretical models and on more
or less solid assumptions. Although indispens-
able, such an analysis in some way always reduces
and distorts the information contained in the data.
Therefore, the data obtained using different methods
should be compared at the lowest possible level of
interpretation.

The crucial merit of our peptide system is
that after the very first steps of data analysis the ex-
perimental and theoretical results can be compared.
Only one assumption, i.e., that the interaction of the
An and Loop segments with each other in metal-
free PA_ peptides is negligible, was necessary to
determine the AG{P values from the experimental
data (Goch et al.,, 2003) without using any explicit
helix-coil transition theory. On the other hand, the
model’s AG,, parameters (see Table 1) have been
calculated using Eqn. 6, based only on fundamental

principles of statistical thermodynamics, from, 5G"¢
the values obtained from PGS, with only a slight
correction being needed to transform these into the
dG'® parameters.

The statistical errors of dGi¢ (see Table 1) lead
to errors in the determined AG, values that can be
evaluated at about 0.3 kcal/mol (PA;) to 1 kcal/mol
(PA,), which is of the same order of magnitude as
the experimental values. Clearly, the peptide sys-
tems studied by us, although very small, need much
longer simulation times, which, at present, are un-
acceptable because of the limits on available com-
puting power. However, the systematic errors due
to the use of imperfect force field parameters are
much larger: the AG,  values calculated using cedar
and charmm 22 exceed the experimental ones by as
much as 3 kcal/mol.

The free energy is, of course, the fundamental
parameter describing the helix-coil transition. Never-
theless, the precision of its determination does not
correlate linearly with the precision of the predic-
tion of the helix population which is often used, in
practice, to estimate the value of theoretical calcula-
tions. Whereas the helix populations (x,,, and x_)
determined using the cedar force field are very close
to the experimental data, much larger deviations are
observed when charmm 22 is used (see Table 2).

We suggest that the serious discrepancies be-
tween the results of MD simulations and experimen-
tal data have their origin in the incorrect representa-
tion of unfolded peptide backbone in solution (Hu et
al., 2003) by the MM force fields. Hu and coworkers
presented results of MD simulations of Ace-Ala-Nme
and Ace-Gly-Nme “dipeptides” in solution, using
several force fields including charmm?22 and cedar,
and also with a mixed QM/MM force field, which
they performed with the SCC-DFTB method (Elstner
et al., 1998). One result was the great variation of the
conformational distributions obtained with the dif-

Table 2. Comparison of simulated and experimental results: free energies of the helix—coil transitions induced in
C-terminal segments of peptides PA by La* binding calculated using charmm 22 and cedar force fields (AG,,) and
determined from experiments (AG%¥), full-helix populations in An segments of La®-saturated peptides PA  calculated
(x,np) and determined experimentally (x¢3F,), fractional population of helical hydrogen bonds calculated from the MD

simulations (x,_;) and the experimental data (3F).

n AGu AG,, AGEP *nNh *nNh 5P Yo *nh o
charmm cedar An charmm cedar nNh charmm cedar nh
0 -15 -0.7 -0.3 £0.1@ 0.91 0.70 0.61 + 0.04@ 0.91 0.70 0.61
1 2.2 -1.0 0.7 + 0.3® 0.93 0.45 0.56 + 0.04@ 0.95 0.64 0.67
2 -3.2 -2.1 -1.0 £ 0.2® 0.78 0.52 0.92 0.77 0.73
3 -3.7 -2.9 -1.3+0.2® 0.69 0.54 0.45 + 0.05@ 0.91 0.84 0.73
4 —4.8 -3.8 1.5 +0.2® 0.83 0.56 0.43 + 0.05@ 0.96 0.86 0.74

@Determined from NMR measurements of the exchange rates of C-terminal NH, protons in peptides PA . See Table 2 in Goch et al.
(2003). ®Obtained from AAG, values determined from La*-binding constants to peptides PA_ given in the last column of Table 1 in
Goch et al. (2003). AGP = AGF+ AAG,,. The error limits have been estimated from the errors of binding constant determinations listed

in the first column of Table 1 in Goch et al. (2003).
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. of the dipeptide is broad, then this corresponds to
PAZP® — PATE! high conformational entropy, that can be expected
to carry over to favor the coil structure in a longer

Poc)y AGEC Poial, AGD® peptide.

AG,,

;
sage

Figure 3. Schematic presentation of free energy changes
(AG,,) related to conformational transitions induced in
the C-terminal segments of peptides PA by La®* ion co-
ordination.

AGi¢ parameters were calculated from the corresponding
AGle values (see Fig. 2 and Table 1) using Eqn. 3. AGRet
describe free energies of multiple equilibrium systems
composed of n + 2 conformational states.

ferent force fields, which clearly indicated a general
lack of accuracy of the MM energy representation.
The distributions obtained with the QM/MM simu-
lation method were in striking agreement with the
distributions of well-defined Ala and Gly residues
in globular proteins and was judged by them to be
the more reliable result. For the charmm?22 force
field the equilibrium constant K between the o and
[ conformations of the Ala dipeptide obtained from
classical simulation (K = 1) is larger than the equilib-
rium constant obtained with the QM representation
(K = 0.69). This result suggests that with this force
field the helical conformation is too stable, and this
agrees well with the results of our thermodynamic
test. For the cedar force field the alanine dipeptide’s
ag—to—B ratio, (K = 0.31) is closer to that found with
the QM/MM force field (K = 0.44). Also, the results
presented in this paper suggest that the cedar force
field produces a better description of the thermody-
namics of helix formation than does charmm 22, as
free energies AG, as well as full (x ;) and frac-
tional (x_) helix populations obtained with cedar
force field are smaller and closer to the experiment
than those obtained with charmm 22 (see Table 2).
One can see qualitatively that the conforma-
tional distribution of the Ala dipeptide with a par-
ticular MM potential function (if Ala is taken as a
representative of all amino acids with a (3-carbon) is
relevant to the problem of helix stability predicted
with that same potential, in two ways. First, if the
population of dipeptide conformations with the di-
hedral angles similar to those found in the a-helix is
high, this reflects a low energy state that can be ex-
pected to carry over to also favor the a-helical struc-
ture in a longer peptide. Second, if the distribution

Backbone potentials can be quite easily al-
tered and tested by simulation of Ala and Gly di-
peptides. Guided by the results such as those from
simulations with QM energy and forces, by distribu-
tions of amino acids in proteins and by any avail-
able results of experimental studies of short peptides
in solution, one can proceed to check one or several
of these altered potentials and see how these affect
the free energies of helix formation in a system such
as the La®*-binding peptides.

Recently MacKerell ef al. (2004) developed
grid corrections for the charmm 22 force field. They
showed that simulation of Ace-Ala-NMe with this
improved force-field led to a better agreement of the
generated distributions of backbone dihedrals with
the results of QM calculations and with distribu-
tions obtained from a PDB survey. One may expect
that this corrected force-field should provide us also
with a better thermodynamic description of helix
formation. The peptide system proposed by us is an
excellent tool for performing such thermodynamic
tests of new, improved force-fields.
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