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We have performed both conventional canonical molecular dynamics (MD) and multicanonical 
MD (MMD) simulations for a single di-block polyampholyte in vacuum to investigate possible 
structural phase transitions. The conventional canonical MD simulation for temperature T* > 
0.05 gives reliable results, since these are independent of the initial conformation. The MMD 
simulation results for temperature T' > 0.05 are in good agreement with those of the conven- 
tional canonical MD simulation. Glassy-like states are obtained when quenched into tempera- 
tures below T' -0.05 with a straight chain structure as an initial conformation. On the other 
hand a spherical double helical structure is obtained when the temperature is gradually lowered 
to T*-0.01. Also we find a stretched double helical structure at T' -0.01 which changes to the 
spherical double helical structure by annealing and quenching. 

Keywords: Molecular dynamics simulation; multicanonical algorithm; constraint dynamics; 
charged polymer; Coulomb interaction; structural transition 

1. INTRODUCTION 

It has long been discussed that the structural conformation of proteins is 
determined by the sequence of amino acid [l] and there exists a certain 
pathway for the folding of proteins [2]. These discussions are based on 
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286 H. SHIMIZU et al. 

experimental results. Molecular dynamics (MD) and Monte Carlo simula- 
tions for a variety of model of polymers have widely been performed to 
obtain theoretical supports for these hypotheses. Most of models of polymers 
which have been used so far assume only electrically neutral monomers. 
However many proteins contain both electrically neutral and electrically 
charged amino acids. Experimentally Minor and Kim [3] have showed that 
long range interactions play important roles on folding of proteins. Thus it is 
expected that Coulomb interactions are important parts of interactions in 
folding of proteins. A polymer which contains both positively and negatively 
charged monomers in a chain is called polyampholyte (PA). There are some 
theoretical works on PA [4-81. The sequence of charges is generally assumed 
to be random, while an alternative sequence of charges is assumed in Ref. [8]. 
The scaling relation between the gyration radius and the temperature are 
investigated in Refs. [4-81 and the dependency of gyration radius on the total 
charge has been investigated in Ref. [8]. In this paper we investigate the 
structural transition of PA with a simple sequence of charges in 3 dimensional 
space by applying both the conventional canonical M D  and the multi- 
canonical MD (MMD) methods. 

In Section 2 the model considered in this paper is presented. The details of 
the MD and the MMD simulations are given in Section 3. The results of 
MD simulations are shown in Section 4. Finally Section 5 is devoted for the 
discussion and conclusion. 

2. MODEL 

As mentioned in Section 1, long range interactions such as Coulomb 
interactions are considered to be important in folding of proteins. PA is one 
of such model polymers as it consists of positively and negatively charged 
monomers on a chain. PA has at least two characteristic features in general 
resemblance with real proteins as it is a hetero polymer and coulombic 
system. It presents an enormous different kinds of polymers according to the 
magnitude of charges to each monomers as well as the sequence of mono- 
mers. In real proteins the magnitude of charges to each amino acids and the 
sequence of them are different for each protein. In this paper in order to get 
insights into the effect of the charge sequence on folding of PA, we consider 
a model polymer which contains the same numbers of positively and 
negatively charged monomers and N / 2  monomers among N total monomers 
are positively charged on one side of the chain and the remaining N / 2  
monomers are negatively charged on another side. We call this model 
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DI-BLOCK POLYAMPHOLYTE 287 

polymer di-block PA hereafter. We consider only one di-block PA in 
vacuum. We take the potential functions for this polymer as follows: 

ru = Ixi - xjl, 

where qi is the charge on each monomer. qi = e for i = 1 N N / 2  and qi = -e for 
i = N / 2  + 1 N N ,  where e is the elementary electric charge (e  > 0). The first 
term of Eq. (1) represents the Coulomb interaction and the second term is the 
soft core interaction for the excluded volume so as to prevent intersection of 
bonds. Due to the bond length constraint which will be described in detail in 
Section 3.2 the energy contribution from the bonding monomers becomes 
constant. Hence we neglect these constant in Eq. (1) and therefore the sum- 
mation overj is taken from i + 2 to N .  The parameters which we have used in 
this paper are shown in Table I. A schematic illustration of di-block PA is 
shown in Figure 1. Throughout this paper we use the reduced temperature T* 
which is related to the real temperature ( T )  through 

where e is the elementary electric charge, kB is Boltzmann constant and ro 
is the length of the monomer bonds, being kept constant during the simula- 
tion. In this paper the number of monomer ( N )  is 60. 

3. SIMULATION METHOD 

3.1. MD Calculations 

In polymers the conventional canonical MD simulation have been widely 
used to investigate physical properties. But it has been known that the 

TABLE I Parameters for the potential function. “e” is the 
elementary electric charge (e  > 0). “r0” is the distance of 
neighboring monomers. “my’ is the mass of monomer 

4i 

ro 
c 
m 
U 

e (i = 1 N N/2)  
- e  (i 3 N / 2 +  1 N N )  
1.80 [A] 

1.80 [A] 
2.29 x lo-*’ [kg] 

1.09 xolo-*o [ J ]  
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FIGURE 1 Schematic illustration of di-block PA. “r0” is the bond length of the neighboring 
monomers. White and black circles represent the positively and negatively charged monomer, 
respectively. 

conventional canonical MD simulation sometimes can not produce reliable 
statistical ensemble because complexities of potential functions of such 
systems prevent from sampling over a wide area of the phase space. For this 
point it is highly desired to improve the canonical MD simulation method. 
Berg and Neuhaus [9] have firstly proposed the multicanonical algorithm 
and applied it to a Monte Carlo sampling. This algorithm has been devel- 
oped to the MD simulation by Nakajima et al. [lo]. The model which we con- 
sider in this paper (Eq. (1)) is very simple, but still enough complex in the sense 
that it builds statistically large numbers of local minima of energy states. 
Therefore it must be a good model to study by numerical simulations with 
both the conventional canonical MD and MMD methods. We have used the 
constraint method of temperature [l 1 ,121 and the NIMM (Non-Iterative 
Matrix Method) [ 13 - 151 for the bond length constraint between the nearest 
monomer distance. We used the velocity Verlet method [16] to integrate the 
equation of motion. The time step is chosen to be - 0.5 fs and the number of 
step for one conventional canonical MD and MMD simulation is 4 x lo7 
steps after a preliminary sampling over several lo5 steps. The initial velocity 
of all monomers was determined randomly. 

3.2. MMD Method with the Bond Length Constraint 

The basic procedure of the MMD simulation used in this paper is the same 
as in Ref. [lo] but with a different way of estimates for the logarithmic 
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DI-BLOCK POLYAMPHOLYTE 289 

derivative of the probability distribution. Below the simulation procedure is 
described in detail. 

The concept of the MMD method is to produce the probability distribu- 
tion P(E)  independent of the energy of the system. 

(3) 
I P(E) = -n(E)exp(-W(E)) = constant, 
2 

2 = c n(E) exp(-W(E)), 
E 

where E is the total energy of the system, n(E) is the density of states and 2 
is the partition function. Equation (3) means that during a simulation the 
system can take a wide area of the phase space without potential energy 
barriers. From Eq. (3) one can find that W ( E )  is related to the density of 
states as 

W(E) = logn(E) (4) 

except for a factor independent of E. This W(E)  is just what we want to 
evaluate from the MD simulation. First we assume the functional form of 
W(E)  like 

where TO is a constant with units of temperature. Then Eq. (3) is rewritten as 

This equation can be regarded as the canonical probability distribution for 
the system of which the energy is E(E)  and the temperature is TO. We still do 
not know W ( E )  (or &(E)).  We initially approximate &(E)  by substituting 
the density of states evaluated from the result of conventional canonical MD 
simulation in Eq. (4) 

(7) 
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290 H. SHIMIZU et al. 

In Eq. (7) we eliminate the term “kBTo logZT,,” because it is independent of 
E. According to Eq. (7), the force on monomer i is modified as 

Fi(t) = -Vi&(E) 

d 
dE 

= -(1 +ksTo-logPTo(E) 

If the second term in Eq. (8) is neglected, Fi(t) becomes to the force for the 
conventional canonical MD. Now standard MMD simulation [lo] uses the 
force which further modifies Eq. (8) so as to keep the temperature constant 
by adding an extra term “- a(t)pi(t)”. In our simulation another external 
force (F yt ( t ) )  comes from the constraint of monomers’ bond length is also 
added. Therefore the equations of motion become 

pi(t) = Fi(t)  - a(t)pi(t) + FYt(t). (10) 

We perform the canonical MD simulation with these equation of motions at 
temperature To. As described in Section 3.1, we use the constraint method 
[11,12] to keep the temperature constant. So the kinetic energy is kept 
constant during the simulation and E and &(E) in Eq. (8) are regarded as 
the potential energy. FY‘(t) and a(t) in Eq. (10) must be simultaneously 
determined. However if we expand the NIMM to take into consideration 
the temperature constraint, the convenience of the NIMM is lost. Thus we 
firstly calculate Fi(t) ,  next FFt(t) and finally a(t) so as the combined forces 
“Fi( t )  + Fyt ( f ) ”  to keep the temperature constant. The bond length con- 
straint is corrupted with this procedure, but the error is evaluated as 

which is less than 1 x In Eq. (11) ro is the bond length between 
connected monomers, N the number of monomers and Nstep the number of 
steps for each MD simulation. By performing a canonical MD simulation 
with the equation of motions, Eqs. (9) and (lo), a new probability distribu- 
tion is obtained. If this probability distribution satisfies Eq. (3) within the 
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DI-BLOCK POLYAMPHOLYTE 29 1 

energy region of our interest, we go to the next step, reweightting procedure. 
But if the condition is not satisfied, we approximate the density of states as 

then substitute it in Eq. (4) to estimate new E(E) as 

and perform another canonical M D  simulation until Eq. (3) becomes 
satisfied. Then we can evaluate the canonical probability distribution at an 
arbitrary temperature T with the reweightting procedure 

The procedure of MMD simulation is almost the same as the conven- 
tional canonical M D  simulation. It is the force that MMD simulation is 
different from the conventional canonical M D  simulation. In Eq. (8) the 
logarithmic derivative of the probability distribution is needed. An impor- 
tant point in this procedure is how to estimate the logarithmic derivative 
because, for instance, too large value of the logarithmic derivative corrupts 
the simulation easily. Then we estimate the probability distribution (PT,, ( E ) )  
as a sum of the Lorentzian 

where 'FtTo(E,,,), Em and SE are the energy histogram, the energy at  m-th step 
and the energy interval which is used to obtain the energy histogram, 
respectively. The energy histogram is sampled within the energy region 
expressed by En = Eo + (n - 1)6E, (n = 1 N NE) .  For the arbitrary value of 
energy E we calculate the P T ~ ( E )  and its energy derivative with the cubic 
spline method. Then the P T ~ ( E )  results in exhibiting a smooth tail in either 
the high or low energy region. Furthermore we can obtain an analytical 
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292 H. SHIMIZU et al. 

functional form for the logarithmic derivative of the probability distribution 
so that we do not need fitting the probability distribution. 

4. RESULTS 

Figure 2 shows the probability distribution (P(E)) obtained by the conven- 
tional canonical MD at T *  -0.03,0.108,0.32 and that of the MMD after 19 
times iterations at T* -0.108. The initial conformation of the di-block PA 
was started from a straight chain. The P(E) of the MMD in this figure has a 
flat in the energy region E = -1.55 - - 1.1, which covers that of conven- 
tional canonical MD at T*-0.03 to 0.32. Hence we expect the P(E) re- 
weighted to the result of MMD simulation is reliable over the temperature 
region T* = 0.03 N 0.32 and should be compared with that obtained by the 
conventional canonical MD. Figure 3 is the P(E) of the conventional 
canonical MD and the P(E) obtained through the MMD simulation and 
reweighted to the temperature T*-O.108. Both are very similar to each 
other. We will show later that the conventional canonical MD simulation 
starting with some different initial conformations at  T*  - 0.05 exhibits a 

FIGURE 2 The probability distribution calculated by conventional canonical MD at 
T*-0.03,0.108,0.32 and by the MMD. The MMD simulation is iterated over 19 times at 
T’ N 0.108. “E” is the reduced energy per monomer (E  = (E/N)/(e2/ro)) .  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
9
:
0
3
 
1
4
 
J
a
n
u
a
r
y
 
2
0
1
1



DI-BLOCK POLYAMPHOLYTE 

30 r 
I 

293 

& 

FIGURE 3 The probability distribution at T*-0.108. The solid line is the result of the 
conventional canonical MD and the broken line is obtained by reweightting the result of MMD. 
" 3, ' 

E is the reduced energy per monomer (E = (E/N)/(e*/r&)). 

similar result. Therefore it turns out that this system must be free from being 
trapped into any locally minimum state if the temperature is higher than 
T* - 0.05. Figures 4(a) and (b) show the average energy per one monomer and 
the specific heat, respectively. In these figures the circles indicate the results of 
the MMD simulation. The average energy obtained from the conventional 
canonical MD and MMD agree very well over the temperature region 
T* = 0.03 - 1.08. There is a slight discrepancy between the specific heats in the 
low temperature region (T* = 0.03 N 0.108), though there is a similar 
tendency to show a peak in both results. The MMD simulation is a better 
way of sampling at low temperatures to improve the conventional canonical 
MD simulation method. 

Next we investigate the structure of the di-block PA in temperature region 
T* = 0.01 -0.05 in detail where a peak is found around T* -0.02 in the 
result of conventional canonical MD simulations (see Fig. 4(b)). As mention- 
ed above, the initial conformation of di-block PA for the conventional 
canonical MD in Figures 4(a) and (b) was chosen a straight chain. It may be 
possible that the system was trapped into a certain glass state when the 
temperature is significantly low. Hence we have performed a number of 
other different series of simulations (Simulations I1 N IV ) in addition to the 
above simulation (Simulation I). 
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FIGURE 4 The temperature dependence of (a): potential energy and (b): specific heat. In both 
figures “0” is the result of the MMD simulation and “ x ”  is the result of the conventional 
canonical MD simulations. ( F )  = ( (E)/N)/(e’ /ro) ,  where ( E )  is the statistical average of the 
potential energy (see Eq. (1)). 
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4.1. Simulation I1 

1. a canonical MD simulation at T * ~ 0 . 0 5  started with a straight chain 

2. a canonical MD simulation at T * ~ 0 . 0 4  started with the lowest energy 

3. a canonical MD simulation at T* - 0.03 started with the lowest energy 

4. a canonical MD simulation at T*-0.02 started with the lowest energy 

5 .  a canonical MD simulation at T * ~ 0 . 0 1  started with the lowest energy 

structure. (11- 1) 

conformation found in the simulation 11-1. (11-2) 

conformation found in the simulation 11-2. (11-3) 

conformation found in the simulation 11-3. (11-4) 

conformation found in the simulation 11-4. (11-5) 
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DI-BLOCK POLYAMPHOLYTE 295 

4.2. Simulation I11 

1. a canonical MD simulation at T ' ~ 0 . 0 1  started with a low energy con- 

2. a canonical MD simulation at T"0.02 started with the lowest energy 

3. a canonical MD simulation at T ' ~ 0 . 0 3  started with the lowest energy 

4. a canonical MD simulation at T'w0.04 started with the lowest energy 

5. a canonical MD simulation at T ' ~ 0 . 0 5  started with the lowest energy 

formation (Fig. 7(a)) found in the MMD simulation. (111-1) 

conformation found in the simulation 111- 1. (111-2) 

conformation found in the simulation 111-2. (111-3) 

conformation found in the simulation 111-3. (111-4) 

conformation found in the simulation 111-4. (111-5) 

4.3. Simulation IV 

1 N 3. the same as the simulation 111-1 through simulation 111-3. 
4. a canonical MD simulation at T*-0.02 started with the lowest energy 

conformation found in the simulation 111-3. (IV-4) 
5. a canonical MD simulation at T*-0.01 started with the lowest energy 

conformation found in the simulation IV-4. (IV-5) 

The number of steps for every simulation is 4 x lo7 after a preliminary 
sampling of over several lo5 steps. The dependence of the energy, specific 
heat, gyration radius and hairpin parameter on the temperature for Simula- 
tions I-IV are shown in Figure 5. The definition of gyration radius (Rg)  
and hairpin parameter (&) are 

and 

where Rgo and Rho are the numerator of Eqs. (1 7) and (1 8), respectively when 
the di-block PA has a straight chain structure. It turns out from Figure 5(a) 
that there is no disagreement in the average energy obtained from different 
simulations for T* N 0.05. However the discrepancy of the average energy 
between Simulation I and others becomes large with lowering the temperature. 
It is considered that the di-block PA in Simulation I must be trapped into a 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
9
:
0
3
 
1
4
 
J
a
n
u
a
r
y
 
2
0
1
1



296 H. SHIMIZU et al. 

-1.52 

A -1.54 
A 0.18 
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01025 
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0.015 

i_l, 6 8  

0.01 0.02 0.03 0.04 0.05 0.06 r 
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0.08 
0.07 
0.06 ;:;:I, fp, , , , , , , \ 
0.03 

0.01 0.02 0.03 0.04 0.05 0.06 
T’ 

FIGURE 5 The temperature dependence of (a): potential energy, (b): specific heat, (c): (Rg) 
and (d): ( R h ) .  “x”, “f”, “0” and “0” indicate the results of Simulation I, 11, 111 and IV, 
respectively. The significance of Simulations I, 11, 111 and IV is mentioned in the text. 
{ E )  = ( { ~ ) ) / ~ ) / ( e 2 / ~ ~ ) ,  where ( E )  is the statistical average of the potential energy (see Eq. (I)) .  

local minimum state or a glass state because of a quench process in Simulation 
I. Figure 6 shows the distribution of distance between all monomers’ pairs 
(P(r&) obtained by (a): simulation IV-5 and (b): Simulation I at T* -0.01. In 
these figures the sharp peak of dashed and dotted lines at rii = 1 almost comes 
from P(ri i t l ) ,  but the peak of solid line at rii = 1 is a result of Coulomb 
attraction between unlike monomers’ pairs. In Figure 6(a) there are several 
clear peaks in P(r& and the distribution of positive monomers around positive 
monomers (dashed line) and the distribution of negative monomers around 
negative monomers (dotted line) are almost the same as naturally being 
expected. Although in Figure 6(b) peaks in P(r& are not so clear as in Fig- 
ure 6(a) except for the peak at rij  = 1, it turns out that the distribution of 
positive monomers around positive monomer (dashed line) and the dis- 
tribution of negative monomers around negative monomer (dotted line) are 
slightly different. If the di-block PA is in a certain equilibrium state, dashed 
line and dotted line should be the same. Thus it is considered that the state of 
Figure 6(b) is not thermodynamically equilibrium, but a glassy (non-equili- 
brium) state. Also it turns out that P(rii)s’ obtained by Simulation I at 
T* - 0.02, 0.03 and 0.04 are different from those obtained by either simula- 
tions 11-2, 3 and 4 or simulations 111-2, 3 and 4. Hence the conventional 
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FIGURE 6 The distribution of monomer pair distances obtained by (a): Simulation IV-5, and 
(b): Simulation I at T*-0.01. The solid line is the distribution of unlikely charged monomer 
pairs, the dashed line the distribution of positively charged monomers around a positively 
charged monomer and dotted line the distribution of negatively charged monomers around a 
negatively charged monomer. The unit of horizontal axis is ro. 

canonical MD simulation at temperatures below T* N 0.05 results only in 
locally minimum states or glassy states. Figure 5(b) shows the temperature 
dependence of the specific heat. The temperature dependence of the specific 
heat obtained by Simulation I is similar to that of Simulation I1 and both 
have a peak around T* N 0.02. On the other hand, no such a peak is found in 
Simulation 111. The specific heat increases monotonically in the first 3 
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processes of Simulation IV, the same processes as Simulation 111, while it 
behaves differently in the last 2 processes of Simulation IV. When the 
temperature being gradually lowered from T' N 0.03 to T* N 0.01, it 
indicates a peak around T* N 0.02 (simulation IV-4) around which 
Simulations I and I1 also show a peak. Hence a hysteresis of the specific 
heat is remarkable in Simulation IV. The temperature dependence of 
gyration radius (( R,)) and hairpin parameter (( Rh)) are shown in Figures 
5(c) and (d), respectively. In these figures the results of Simulation I differs 
slightly from the results of Simulation 11. (Rg) and (Rh)  obtained by the 
simulations 111-1 and 2 are quite different either from those of Simulations I, 
I1 or simulations IV-4 and 5. The initial state of simulation 111-1 which was 
taken from the MMD simulation at T * - 0.108 as a low energy structure is 
shown in Figure 7(a). This is a double helical structure. Such structure has 

FIGURE 7 The snapshot of di-block PA. (a): the lowest energy conformation found in the 
MMD simulation. (b): a low energy conformation found in the simulation IV-5. 
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been retained during the simulations 111-1 and 2 so that (R,) becomes large 
and (Rh) becomes small. When the temperature is raised up to T* - 0.03 
(simulation 111-3), this helical structure is lost and the di-block PA falls into a 
spherical structure. During the simulation IV-4 and 5 the di-block PA has 
always taken a spherical structure and never returned into the structure 
shown in Figure 7(a). (R,) and (Rh) of simulations IV-4 and 5 become almost 
the same to those of Simulation 11. The snapshot of the lowest energy 
conformation of simulation IV-5 is shown in Figure 7(b), which has a 
spherically helical structure. The lowest energy conformation of simulation 
11-5 also has such a structure. The present system can take at least these two 
helical structures in low temperature region. The spherical structure is more 
stable than the stretched double helical structure. (Rg) obtained by 
Simulation I at T" - 0.01 is similar to that of simulations 11-5 and IV-5. 
However the conformation at the lowest energy state does not have a helical 
structure. During the quenching process (Simulation I1 and simulations IV-4 
and 5) ,  the specific heat has a peak around T* - 0.02, a slight change of (R,) 
is obtained between T*-0.02 and T*-0.03 and (Rh) increases with 
lowering temperature below T*  - 0.03. Moreover P(rg) obtained simulation 
11-3 (Fig. 8) is significantly different from P(ru) obtained by simulation 11-5 
(Fig. 6(a)). This suggests that the first order-like phase transition takes place 

1 .o 
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FIGURE 8 The distribution of monomer pair distances at T* N 0.03 (simulation 11-3). The 
solid line is the distribution of unlikely charged monomer pairs, the dashed line the distribution 
of positively charged monomers around a positively charged monomer and dotted line the 
distribution of negatively charged monomers around a negatively charged monomer. The unit 
of horizontal axis is 10. 
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around T’ - 0.02, though it may be improper to use ‘phase’ for the present 
system which contains only one di-block PA with a finite length. It turns out 
that the peaks of P(rq) in Figure 6(a) correspond to rq = 1, a, a, 2, 6 
and fl, exhibiting a crystalline like structure with small (I?,) and large (Rh) 
at T*-0.01. 

5. CONCLUSION 

We have carried out MD simulations for a di-block PA. The MMD 
simulation results are in good agreement with the results of conventional 
canonical MD over the temperature region where the canonical MD 
simulation results are reliable. For lower temperatures the MMD simulation 
is expected to give us more reliable results in which the phase (structural) 
transition appears. 

Previous work on the di-block PA [4-81 has mainly been concerned with 
the dependence of gyration radius on the temperature and the charge 
invariance. In the present work we have shown two low energy states of 
double helical structures at temperature T’ -0.01, though this does not rule 
out the possibility of other structures. We have obtained a spherical helix 
from Simulation I1 and the transition from the stretched helical structure to 
the spherical helix. However we have not found the reverse transition. This 
suggests that the spherical helix is more stable than the stretched helix. It is 
necessary to calculate the free energy as a function of gyration radius and/or 
hairpin parameter to determine the most stable structure. To this end it is 
highly desired to apply the MMD method in low temperature region. 
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