
PHYSICA 
ELSEVIER Physica A 239 (1997) 244-254 

Simulat ions of  the ther modynamic proper ties 
of  a shor t polyalanine peptide using potentials 

of  mean for ce 

M at t eo Pel l egr i ni  a, N i el s Gr onbech- Jensen b,c,* , Sebast i an D oni ach d 
a Molecular Biology Institute, University of" California, Los Angeles, CA 90 095, USA 

b Department of Physics, University of California, Los Angeles, CA 90024, USA 
c Theoretical Division, Los Alamos National Laboratory, Los Alamos, NM 87545, USA 

d Departments of" Applied Physics and Physics, Stanford University, Stanford, CA 94305-4090, USA 

Abstr act 

We report results of  simulation studies of  the equilibrium between helical and random coil 
states of  dodeca-alanine by a method which systematically includes the effects of  hydration. The 
statistical distribution of  conformations at room temperature is determined and used to fit ther- 
modynamic parameters for the helix to random coil equilibrium which may be directly compared 
with experimental data. The distribution of  conformations is explored at atomic resolution by a 
constrained Langevin-dynamics simulated annealing technique which limits the effective number 
of  degrees of  freedom to two per residue. Water is included via a set of  pair potentials of  mean 
force. We show that the inclusion of  hydration effects is essential for achieving a helical content 
comparable to that found experimentally. However, the cooperative nature of  the helical state 
found in the simulations is low compared to the experimental value. 

1. I nt r oduct ion 

During the past 10 years great progress has been made in the theoretical  simula- 
tion of  biomolecules. Molecular dynamics (M D) codes are at present able to simulate 
10ns trajectories of  polyalanine peptides solvated in water molecules [1]. However, 
due to the l imi ted number of  trajectories one is able to compute in a reasonable 
amount of  time, i t has so far proved di f f icul t to extract thermodynamic parameters f rom 
these simulations. Yet, the thermodynamic properties of  this system are those that can 
be measured experimental l y and there is, therefore, a great deal  of  interest in the 
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simpl i f ication of  atomic resolution simulations so that such parameters can be computed 
[2-5] . In this paper we report on a new approach that al lows us to reduce the number 
of  degrees of  f reedom used in the simulations, thus rendering the equi l ibrium properties 
of  the system computational ly accessible. 

Since the simulations are conducted in an aqueous solvent, the first simpl i f ication 
we introduce l ies in removing the expl ici t degrees of  f reedom associated with the 
water molecules whi le preserving their statistical ly averaged properties [6]. This is 
accompl ished by generating pairwise potentials of  mean force, between any two atoms 
in the peptide, that impl ici tly account for the average effect of  water on the two solutes. 
We have previously shown that this approach adequately describes the solvated state 
of  the alanine dipeptide [7]. 

The second approximation involves constraining most of  the intemal degrees of  
f reedom of  the peptide, by ef fectively f reezing all bond lengths and angles other than the 
dihedral degrees of  f reedom. This is accompl ished by using the constrained Langevin 
dynamics algori thm [8], which we have previously used to study the dynamics of  simple 
polymers. In this algori thm, the bond lengths and angles, other than the dihedral angles, 
are maintained constant by subtracting the component of  the force that perturbs them 
f rom the total force on each atom. By freezing the bond lengths and bond angles we 
are able to el iminate the contribution of  fast vibrations to the dynamics, thus reducing 
the total  degree for a 12 long polyalanine peptide f rom 216 to 24. These 24 are just 
the ~ and ~b angles of  the peptide backbone. 

However, constraining the bond lengths and angles has the effect of  raising the bar- 
riers between energy minima of  the peptide. To reduce the barriers to the levels found 
in unconstrained simulations, we choose to describe the atoms as Gaussian distributions 
instead of  point-l ike particles. This has the effect of  smoothing the potentials used and, 
hence, of  lowering the barriers between minima. 

To sample the distribution of  conformations for this system at room temperature, 
we apply the technique of  simulated annealing. We demonstrate that the distributions 
of  states obtained during the anneal ing runs are consistently sampled as a function 
of  temperature, and that we are therefore not trapping the peptide into meta-stable 
high-energy minima. Using this procedure we are able to eff iciently compute trajec- 
tories for about 1000 dif ferent randomly selected starting conformations of  dodeca- 
alanine. 

From the final 1000 states of  the anneal ing runs we obtain the room temperature dis- 
tribution of  states, f rom which we extract the thermodynamic parameters that describe 
the hel ical propensi ty of  the peptide. It is known experimental ly that simi lar peptides 
to the one we study undergo transitions f rom partly hel ical states to ful ly random coi l  
states as a function of  temperature. We wil l  discuss how statistical mechanical  models 
of  hel ix-coi l  transitions may be used to extract the nucleation and propagation param- 
eters that describe this transition f rom our distribution and wil l  compare our results 
with the experimental ly measured values. 
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2. Theory 

2.1. Statistical mechanical models 

In order to compare the resul ts of  our simulations wi th experimental ly measured 
thermodynamic parameters that describe the hel ix to random coi l  transi tion, we use 
a statistical  mechanical  theory of  this transition. A l though the most popular model  of  
the hel i x-coi l  transi tion is probably the one developed by Zi mm and Bragg [9], we 
wi l l  present here a sl ightly di f ferent formulation, due to L i fson and Roig [10]. The 
two theories yield vi rtual ly identical  resul ts and the parameters of  one can easi ly be 
inter-converted into the other [11]. 

The basic notion underlying the L i f son-Roi g theory of  the hel i x-coi l  transi tion is 
that the dihedral  angle space of  each amino acid in the polypeptide chain is divided 
into two regions: hel ical  and coi l . Each posi tion along the chain is assigned one of  
three factors u, v or w, depending whether i t is in the coi led state, the hel ical  state 
wi th at least one coi led neighbor or the hel ical  state wi th hel ical  neighbors. A chain 
of  length n may then be found in 2 n possible states, where the probabi l i ty of  occu- 
pying each state is given by the ratio of  the product of  the n factors to the parti tion 
function. 

The signi f icance of  the w parameter is that when three consecutive residues ( i -  1, 
i, i Ö 1 ) are in the hel ical  conformation, the carboxyl  group of  the peptide unit of  the 
i -  2 residue hydrogen bonds to the amide group of  the i Ö 2 peptide unit. Therefore, 
the power of  w in the product of  factors for one state of  a peptide chain represents 
the number of  hydrogen bonds. 

The parameter that we wil l  be concerned wi th the most here is the nucleation 
parameter v. I t has general ly been assumed that this parameter should be rather smal l . 
For instance, Baldwin's group usual ly fits thei r experimental  data wi th a nucleation 
parameter v=0.06 [11,12]. The value of  v is an indication of  the cooperativi ty of  
the mel ting in the polymer. A smal l  value of  v and a large value of  w (usual ly 
around 1.3 at room temperature), indicates that whi le the nucleation of  a hydrogen 
bond is unl ikely, once i t has occurred the hel ix is very l ikely to propagate down the 
chain. 

3. Methods 

3.1. Potentials o f  mean force and constrained Langevin dynamics 

The ful l  atom model  of  polyalanine that we wil l  use in our simulations consists of  
six atoms per amino acid since the CH and CH3 groups are treated as uni ted atoms. 
For simpl ici ty, we have ignored terminal  groups for the peptide, so that we have hal f  a 
peptide bond at ei ther end of  the molecule. As explained above, all degrees of  f reedom, 
except for two dihedral  angles per residue, are f rozen in our simulation. 
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The potentials between the atoms are a modi f ied version of  those used in our previous 
work [7], to which we refer for a detai led discussion of  their generation. Here we shal l  
merely outl ine the procedure we use to compute them. 

The bare potentials used in molecular dynamics simulations consist of  bonded and 
non-bonded interactions. Since we f reeze the bond lengths and angles, we are only 
concerned wi th the evaluation of  the non-bonded term. In most formulations, the non- 
bonded term has two components: Lennard-Jones, to describe van der Waals interac- 
tions, and Coulomb terms. 

In a typical  simulation, water molecules are included around the solute molecule. The 
approximation we wil l  employ here consists of  incorporating the effect of  water into 
the pai rwise, intra-solute, non-bonded interactions, by computing potentials of  mean 
force that average over water conformations. To compute the mean effect of  water 
on Lennard-Jones interactions, we f irst calculate solute-solvent correlation functions 
using Monte Carlo sampl ing. These functions al low us to estimate the densi ty around 
two solute molecules, and hence, compute the potential  of  mean force due to this 
densi ty. The effect of  water on the Coulombic term is approximated by incorporating 
a dielectric coeff icient in this term. In this work we wil l  use the value of  80 for the 
dielectric coeff icient, the value for bulk water, which we have previously shown to 
yield reasonable values for the f ree-energy landscape of  the alanine dipeptide. 

These potentials are then incorporated into a novel  technique that we have developed 
to integrate the equations of  motion [8]. In typical  molecular dynamics simulations, one 
must use time steps of  1 fs to obtain accurate estimates of  the dynamics of  a solute. 
In our approximation we ignore the fast vibrations that correspond to bond length and 
angle vibrations, and hence ef fectively generate longer timesteps. In the previous work 
we estimated, based on Stokes law of  particles in bulk water, that these timesteps are 
of  the order of  ~ 102 fs. The fast vibrations are el iminated by introducing constraints 
into the dynamics of  the solutes that keep the bond lengths and angles at their ideal 
values. In practice, this is accompl ished by subtracting the component of  the force 
on each atom that leads to bond angle and length perturbations, f rom the total  force. 
The overdamped Langevin equations are then used to evaluate the dynamics of  the 
constrained solute. 

Since we have f rozen al l  the bond angle and bond length degrees of  f reedom apart 
f rom the dihedral  ones, i f  we were to rotate about the dihedral  angles of  a peptide 
we would f ind that we have introduced very large barriers between the minima. When 
we performed this exercise wi th the alanine dipeptide molecule, where the barrier 
heights have also been computed for the ful ly f lexible model , we found that constrain- 
ing all non-dihedral  degrees of  f reedom produces barriers of  the order of  magni tude 
greater than in the unconstrained case. To correct this problem we must introduce some 
smoothing of  the potentials that produce a sof ter repulsive component. 

The smoothing technique we have adopted in this work l ies in treating all atoms 
as Gaussian distributions rather than point-l ike particles. Thus, the potential  that a 
particle 'f eel s' is the Gaussian average of  the inter-atomic potential , where the Gaussian 
is centered at the parti cle's posi tion and has a scale length of  0.3~ (see Fig. 1). 



248 M. Pelleorini et al. IPhysica A 239 (1997) 244-254 

2 

1 

0 

-1  i 
2 

t 
' 1  . . . .  I . . . .  I ' '  

4 6 8 
Angstroms 

10 

Fig. 1. The shape of  the potential smoothed by convoluting it with a Gaussian distribution (solid line), 
superimposed on the original potential generated as described in our previous work (dashed line). In this 
case we are plotting the potential between two carbonyl carbons. 

As explained in our previous work, we begin wi th the room temperature intra-solute 

two-body correlation function and perform a convoluti on wi th a Gaussian function. We 
then take the logari thm of  the smoothed correlation function to obtain the intra-solute 

potential . We tested this approach on the alanine dipeptide and found that the barriers 

were now wi thin a factor of  two of  those calculated wi th the unconstrained model . 

3.2. S imu la t ed  annealin9 

To generate an equi l ibrium distribution of  dodeca-alanine states we use the technique 
of  simulated anneal ing [13]. That is, we ran approximatel y 1000 simulations, where 
we cooled the temperature f rom ten times the room-temperature to room temperature 
in 200 000 timesteps. We decreased the temperature l inearly in T -1. Each run takes 
approximatel y 30 min on a workstation. The room-temperature equi l ibrium distribution 
consists of  the f inal state of  the 1000 runs. 

I t is common during anneal ing procedures to trap the distribution of  states in a 
local  minima at higher temperatures. This may occur i f  the anneal ing is performed too 
rapidly or i f  the barriers between minima are too high, rendering di f f icul t a thorough 
sampl ing of  the phase space. To veri f y that we, in fact, obtained a room temperature 
and not higher-temperature distribution, we compared the densi ty of  states at each 
temperature. The temperature-dependent probabi l i ty distribution of  states is the product 
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Fig. 2. As described in the text, we are plotting in solid lines the log of  the ratio of  the energy-probability 
distributions at different temperatures. The ratios are between the following temperature distributions: (a) 
746 and 1042 K, (b) 476 and 588 K, (c) 403 and 476 K, (d) 280 and 310 K. The dashed lines represent the 
ratios that one obtains in the case of  perfect Boltzman distributions. The slopes of  our distributions are close 
to that of  the ideal case in the middle, well-sampled, energy ranges. At very low and very high energies, the 
statistics are not large enough to obtain meaningful values of  the ratios. Furthermore, due to our inability 
to correctly normalize the distributions, we observe a small offset between our ratios and the ideal ones. 
Nevertheless, the slopes of  the ratios indicate that unlike the case of  the un-smoothed potentials, we are not 
freezing the distributions at high temperatures. 

of  the Bol tzman f actor and the temperature- i ndependent  densi ty of  states: 

P(E, T) = exp ( -  ~---a-f ) f2(E) . (1) 

I f  we, theref ore, take the l og of  the rati o of  the probabi l i ty di str i buti ons, 

P( E, T] ) E ( k l  T kl-To ) (2) In P( E, Tom) -- 1 ' 

we expect  to f i nd a f unct i on that is l i near in energy. Thi s is, i n fact, what we see 

f or al l  di str i but i ons up to room temperature (see Fig. 2). We can, theref ore, be f ai r l y 

certai n that we are not t rappi ng the pept i de i nto hi gh-energy meta-stabl e states, but are 

obtai ni ng a room-temperature equi l i br i um di stri buti on. 
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4. Discussion 

As discussed above, we produce a room temperature distribution of  states for a ful l  
atom model  of  a 12 long polyalanine peptide. A long wi th the incorporation of  the effect 
of  water into a pai rwise potential  of  mean force between any two atoms, we f reeze al l  
degrees of  f reedom of  the peptide other than the principal  dihedral  angles, ~b and ~, 
for each residue. To compensate for the f reezing of  bond angle and length degrees of  
f reedom, we treat each atom as a Gaussian-densi ty distribution rather than a point-l ike 
particle. This al lows us to lower the barriers between the minima in conformational  
space. We conduct 1000 simulated anneal ing runs, starting f rom a high temperature and 
slowly cool ing down to room temperature. The distribution consists of  the ensemble 
of  the f inal structure that we col lect at the end of  each run. 

The f irst thermodynamic parameter that we extract f rom this distribution is the f rac- 
tional  hel ix content of  the peptide. We measure this by computing the number of  hel ical  
hydrogen bonds in our structures. These bonds are def ined as those between the i and 
i + 4 residues, as in the standard alpha hel ix, or between the i and i + 3 residues, as 
in the 310 hel ix. For the formation of  bond we use the fol lowing definition: the amide 
hydrogen and the carbonyl  oxygen of  the i and i + 3, or the i and i + 4 residues, 
must be wi thin 3 A of  each other and the residues between these must l ie wi thin the 
alpha-hel ical  region, def ined by ~b = 65 ¡ + 40 ¡ and ~k -- 50 ¡ ± 45 ¡. 

I t has recently been argued that f rom the evidence of  Fourier-transform infrared 
spectra and electron-spin resonance spectra that the more common state of  a 17 long 
alanine-based peptide is, in fact, the 310 hel ix and not the more common alpha hel ix 
[14]. We find that our hel ices form twice as many 310 hydrogen bonds as i to i + 4 
ones. The total  number of  hydrogen bonds formed corresponds to a total  hel ici ty at 
room temperature of  16%. This value is in good agreement wi th that of  18%, reported 
by the Baldwin group [11] for a 14 long alanine-based peptide at room temperature, as 
measured by ci rcular dichroism. By comparison, Okamoto and Hansmann [2], who do 
not include hydration effects, f ind hel ical  contents of  80% at room temperature. There- 
fore, inclusion of  hydration in the simulation is essential  to recover the experimental  
values of  hel ical  content. 

We next attempt to compute the thermodynamic parameters that describe the hel ix 
to coi l  transi tion of  these peptides. This L i f son-Roi g theory has been used by the 
Baldwin group to fit the mel ting curves of  polyalanine-l ike peptides [11]. To solubi l ize 
the peptides they insert a lysine residue every f i f th posi tion. They measure the ci rcular 
dichroism spectrum of  solutions wi th peptides ranging f rom lengths of  14 to 100, as a 
function of  temperature. The free parameters of  the theory are the nucleation (v) and 
propagation (w) factors. Using the values of  v = 0.06 and w = 1.4 at 0¡C, the mel ting 
curves of  the L i f son-Roi g model  are found to resemble closely the experimental  data 
for al l  chain lengths. 

The most di rect procedure to measure these parameters wi th our simulations is to 
compute equi l ibrium distributions of  the peptides as a function of  temperature, thus 
computing the mel ting curve of  the peptide. However, the potentials of  mean force 
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Fig. 3. The melting curve of  the polyalanine peptide. We ran f ive sets of  1000 simulations in which we 
annealed the peptide from a starting temperature of  3000 K to the final temperatures of  300, 403, 476, 581 
and 746 K. For each set of  simulations we calculated the average fractional helical hydrogen-bond content 
from the 1000 final conformations. 

that we use are cal cul ated f rom room-temperature water di stri buti ons, and we would, 

therefore, not expect these to yi el d accurate di stri buti ons at hi gher temperatures. In fact, 

we see f rom Fig. 3 that the mel t i ng curve computed wi th these potenti al s is much too 

broad, and that there is si gni f i cant hel i cal  content in our pepti des at high temperatures 

where the experi ments do not detect any. 

Therefore, to extract the thermodynami c parameters that descri be the mel t i ng curve, 

we f i t the values of  v and w so that the di stri buti on of  the number of  hydrogen 

bonds per pepti de predi cted by the L i f son-Roi g theory matched wi th that obtai ned 

f rom our si mul ati on (see Fig. 4). Thi s compari son is not compl etel y sati sfactory, since 

the L i f son-Roi g theory assumes onl y i to i + 4 hydrogen bonds, whi l e both our 

si mul ati on and experi mental  evi dence suggest that the i to i + 3 ones are more preva- 

lent. However, si nce the experi ments were anal yzed wi th thi s theory, in order for us to 

produce parameters that may then be compared to the experi mental  ones, we are not 

f ree to modi f y i t. Therefore, f or the purposes of  this compari son, we treat al l  hydrogen 
bonds as i f  they were of  the i to i Ö 4 type. I deal l y, both the experi ments and the 

si mul ati ons should be reanal yzed wi th a stati sti cal  mechani cal  model  that i ncl udes the 
possi bi l i ty of  both types of  hydrogen bond formati on. 
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Fig. 4. A comparison of  the hydrogen-bond distribution between our simulation (sol id l ine) and that fit- 
ted to this using the L i f son-Roi g statistical mechanical  theory wi th the parameters v =0.3 and w = 1.2 
at 0¡ C (dashed l ine). The hydrogen-bond distribution f rom the simulation was computed f rom the final 
room-temperature conformation of  our 1000 anneal ing runs. The distribution calculated from the L i f son-Roi g 
theory was then fit to this using the above parameters. 

We find that the best fit of  the hydrogen bond distribution of  the L i f son-Roi g theory 

to our simulations is obtained with the values of  v -- 0.3 and w : 1.2 at 0¡C. To obtain 

the value of  w at room temperature we use the Arrhenius relationship: 

AH AS 
l nw = - kB---T + k-'B-, " (3) 

These values can be converted to the parameters used in the Zimm-Bragg theory using 
the formulas [11] 

/)2 
o - - -  ( 4)  

1 + / ) 4 

an d  

W 
s - (5) 

l +v '  

and yield a = 0.03 and s = 0.92. Therefore, we find that the nucleation value extracted 
from our simulation is larger than that measured by the Baldwin group, and the propa- 
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gation parameter is smaller. In other words, our system exhibi ts less cooperative behav- 
ior than the real  peptide. However, recent measurements by other groups have found 
larger values for the nucleation parameter, a = 0.01 [15], than that reported by Baldwin, 
suggesting that in fact the transition may be less cooperative than previously thought. 

5. Conclusions 

We have presented a formal ism for simpl i fying atomic resolution molecular dynamics 
simulations in order to render the calculation of  thermodynamic parameters computa- 
tional ly feasible. The simpl i f ications in the potentials involve the replacement of  expl ici t 
water molecules wi th potentials of  mean force that represent some of  the statistical ly 
averaged water properties. The dynamics have also been rendered more eff icient by 
removing the fast degrees of  motion f rom the trajectories by constraining the bond 
lengths and angles. Final ly, we have compensated for the loss of  bond f lexibi l i ty by 
convoluting the potentials wi th a Gaussian-densi ty distribution centered on each atom. 

This procedure al lows us to ef fectively sample the room temperature distribution of  a 
12 residue long polyalanine peptide. From this distribution we were able to extract the 
average hel ical  content of  the peptides, approximately 18%, which is in close agreement 
with experimental ly measured values. We also f ind that by a ratio of  2 : 1, the hel ices 
are of  the 310 type rather than the ~-helical type, a fact that is also supported by 
experimental  measurements. 

Final ly, we demonstrated that by f i tting the distribution of  the number of  hydro- 
gen bonds per peptide predicted by the L i f son-Roi g theory to our simulated distri- 
bution, we could extract the thermodynamic parameters that describe the hel ix to coi l  
transition. In this case we found that the transition deduced f rom our simulations is 
less cooperative than that measured experimental ly. In other words, the nucleation fac- 
tor we measured, v = 0.3, was larger than the experimental ly measured values of  0.06 
to 0.14. Restating these results using the parameters of  the Zimm-Bragg theory, we 
obtain a = 0.03 instead of  the experimental ly measured values of  0.01 to 0.003, 

We bel ieve that the less cooperative nature of  our simulated peptide may be partly 
due to the fact that we use two-body potentials of  mean force, neglecting higher-order 
many-body contributions. Therefore, we are currently attempting to expand the accu- 
racy of  our method by including higher-order terms in the potentials. These potentials, 
together with the constrained Langevin dynamics algori thm, are beginning to provide 
a methodology to extract thermodynamic parameters f rom atomic scale simulations, a 
capabi l i ty that is essential  to test and improve molecular dynamics techniques. 
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