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This report results from work done at the CECAM workshop "Models
for Protein Dynamics”,held at Orsay during 8 weeks from May 24 to
July 17, 1976. During the workshop 23 scientists with various background
and experience have collaborated and discussed problems in the field of
computer simulation of macromolecular dynamics and prediction of protein
structure.

This workshop is one in a series of CECAM workshops on Molecular
Dynamics (M.D.), starting in 1972 with a workshop on liquid water.
We vaguely anticipated at that time that methods of M.D. might eventually
develop into applications to macromolecules including those of biological
interest. But we were also well aware of the necessity to study the
interaction of a macromolecule with water in appropriate detail in order
to get trustworthy results for the dynamics of macromolecules in agqueous
environments. Thus the simulation of liquid water was a first topic to be
studied. The application to proteins was then not foreseen in five or ten
years to come.

The simulation of macromolecular dynamics involves an enormous
difficulty not encountered in simple liguids: The relevant motions

145)

to folding and unfolding processes in the range of seconds to minutes. A

spread over time scales ranging from fast bond vibrations (10

small workshep was devoted to this problem in 1974, Althocugh bond vibrations
can now be eliminated, the general separation of irrelevant details in the
simulation of slow events is still a formidable problem to which much

future attention will be directed.

Activities developing in the field of proteins, such as crude approximations
to the folding process, made it clear by 1975 that the time had alread& come
toc bring computational approaches together, both from the side of the protein
specialists and from the side of the M.D.specialists. The first group was not
using M.D.technigques, but rather energy minimization and monte carlec methods,
and the second group was either not aware of the problems in protein dynamics
or considered those as unsolvable by M.D.techniques.

With that state of the art as a starting point, a small meeting was
organized in October 1975 to discuss the possibility of a joint workshop.
The conclusions of this meeting, setting some aims for the workshop, are
reproduced on the following page. The idea was to organize a workshop with
participants from the protein-polypeptide field - referred to as thes "high"
starting point - and from the molecular dynamics field - referred to as the
"low"starting point -, both working towards a common goal. Of course the
ultimate aim, the precise simulation of dynamic processes of (biological)

macromolecules in an agqueous environment, including the prediction of the

9
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folding process, could not possibly be attained. Nevertheless, enough
enthousiasm was generated to-make a workshor on "Models for Protein

Dynamics" viable.

The diversity of approaches at the workshop is reflected by the
contents of this report. The contributions have been grouped in secticns
of related interest.

Section I (Stochastic Dynamics) is seemingly unrelated to problems of
protein dynamics. This is not the case, however. If aqueous macromolecules
are studied, the interaction with solvent molecules is essential for
structure, dynamics and function of the macromolecule. Precise simulations
including all details of a large number of water molecules will certainly
be too wasteful if the interest is focussed on slower events in the
macromolecule. Almost surely the development will be to replace
interactions with the solvent by stochastic forces, similar to methods
that have already been developed for aquous electrolyte solutions. The
applicability of stochastic treatments is not limited to generalization
of solvent interactions. It is also possible to treat certain intermolecular
degrees of freedom in a stochastic way, thereby reducing the dynamics to
relevant degrees of freedom and generalizing others. The field of stochastic
dynamics is only in a very early state of development and the reports of
section I cover only a limited view. For protein dynamics, however, developments
in stochastic dynamics will probably turn out to become essential.

Section IT brings together applications of accurate M.D. to macromolecular
systems, ranging from a rather small molecule in water including all degrees
of freedom, to simulations of the protein Pancreatic Trypsin Inhtbitor (PTI,
58 amino acids) and Simulatiog of water molecules in a crystal of PTI. The
dynamical simulations do not present any basic difficulties, apart from
their complexity, but the time span that can be studied is limited in
practice to 10_105, or 10—115 in the case of water simulations. Details on
molecular motions have been obtained. The PTI molecule shows a great deal
of internal flexibility. It is also apparent from the results that the
accessible times are not sufficient to cbtain an overall insight into the
ensemble of relevant structural states; particular configurations show a
rather long persistence. In the case of hydration of the PTI crystal, the
details of the initial configuration halvenot faded out in the time span
studied. The feasibility of macromolecular dynamics, even including the
conservation of bond constraints, is quite clear, however. There is every

reascn to pursue the further develcpment ©f the method.

11
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Section IIT covers a large number of studies on proteins and polypeptides,
again with emphasis on the PTI molecule. The procblems treated range from Mente
Carlo studies of polypeptides (including the adrenocorticotropic hormone),
displaying a distribution of conformations, to the study of protein folding and
of protein-protein interactions. Necessarily the interaction functions have to
be chesen in an approximate form, reducing the number of degrees of freedom to
only a few per amino acid. Compared to full-scale dynamics the efficiency of the
simulation increases thousandfold at the expense of accuracy and reliability.

In these studies the accurate representation of dynamic events is not the main
purpose; one is rather interested in the structural aspects of conformational
changes and in the characteristics of the paths by which such changes are realized.
Monte Carlo methods are also suitable to achiewve such goals, with the main
challenge being the faithful prediction of native protein structures.

The search through multidimensional configurational space to reach low-lying
native states is a formidable one indeed. It is complicated not only by the
gigantic dimensionality but also by energy barriers between valleys in the
unpredictable and crooked mountain ranges of configurational space. The investigator
is like a blindfolded pedestrian who can only feel the slope of the path on which
he is standing and measure his altitude, while striving for the lowest point. It
is clear that any a priori information on the low-lying states that is available
could be used to speed up the search process. In this connection the use of
statistical prediction techniques was. considefed as well, and their usefulness
as a bias in Monte Carlo searches was investigated.

Studies of interactions of secondary structure elements and of completes
protein faces conclude Section III. The complicated nature of such contacts adds
a new problem: that of man-machine communication. In the field of simulation of
biomacromolecular structure, dynamics and function, one becomes increasingly aware
that the presentation of results in a comprehensible form ceases to be a trivial
matter. The future will undoubtedly show a penetration of advanced graphic=-display
techniques for this purpose.

Finally, in Section IV an addendum is given on potential functions that are
in use for the study of interactions in proteins. I wish to thank Dr.Dino Ferro
for responding to our request to compile this very useful addendum after the

workshop was completed.

The workshop has brought people from very different fields together and has
very much stimulated cooperative research, in many cases eXtending after the

workshop. I wish to thank all participants for their dedication and their



contribution to the open-minded and unrestricted atmosphere that is so
essential for the success of scientific enterprises like the CECAM Workshops.
I particularly wish to mention Aneesur Rahman, who has played a central role
in all CECAM Workshops on molecular dynamics. But above all we are grateful
to Carl Moser who has stimulated the activities not only during the workshop,
but in all phases leading towards its realisation. His sharp judgement of

important problem areas has much influenced the course of the developments.

13
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I.1

STOCHASTIC APPROACH TO THE DYNAMICS OF LARGE
MOLECULES IN A SOLVENT

‘G.Ciccotti’
J.Orban? .
J.P.Ryckaert

1 . Goop X ;
Istituto di Fisica " G. MARCONI ", Piazzalle delle Scienze 5,
00185 - ROME (Italie).

2 GG .
Université Libre de Bruxelles, Faculté des Sciences, Campus de
la Plaine (Code 223), Boulevard du Triomphe, 1050 Bruxelles (Belgique).
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I. INTRODUCTION

The theory of ra.ndomlprocesses could provide a useful
approach to the study of the dynamics of complicated systems as,
for instance, a long polymer chain in solution. We discuss the ge-
neral idea underlying such a method, and some preliminary results

obtained for a very special case,

The idea is essentially the following : consider a long
chain-molecule in a solvent; performing the Molecular Dynamics (MD)
calculation for such a system is hopeless, due to the long charac-
teristic times of the chain. One can however write the equacions of

motion of the chain as

01 L%%

i

(d

~
- 4 . [ - l
Vo= Z— fl_&_ + E:.U") , Leteem (1
C} i
where fl':f.L is the number of particles in the chain
fi' is the force exerted on particle i by particle j, both

of them belonging to the chain,

Fi(k‘is the force on point i, at time t, due to the solvent.

It is clear that, if FL(_&) can be computed as a random force,

the problem of molecular dynamics could be simplified by some or=-

ders of magnitude,

The idea is thus to consider {FL (b)} as a vectorial

stochastic process ; if we can find a way to construct realisations

of this process, we shall avoid the most time-consuming part of mo-

19



lecular dynamics, that is, the calculation of the forces., This of
course implies the knowledge of the characteristics of the process.
In particular, if the process is (or can be considered as) a sta-
tionary gaussian one, it is completely'defined by the correlation

Rip ) = <E)-EL(0)> o

Clearly, TQ;J Lt) will go to zero for t sufficiently large ; more-
over, it seems reasonable to suppose it will go to zero for i and j
sufficiently apart from each other, This has of course to be checked ;
if it is true, it would emable us to determine ?Zié (%) for small

chains, and then use it for longer ones.

This report will deal with preliminary work in this fielgq ;
it is limited to the study of a model much simpler than chain-mole-
cules, that is, the Lennard-Jones fluid. In other words, we look at
the possibility of comstructing a stochastic dynamics for one atom

in a fluid of similar omes. Equation (2) is then replaced by

RW<F0 FO0> o

el = R, ?5' >

where R(t) is easily obtained by a simple molecular dynamics.

This a-priori tautological model is nevertheless interesting in order

tc check

20



(a) under which conditions the process can be regarded as gaussizan

(b) the validity of the method, that is, the statistical equivalence

of the stochastic dynamics and the exact one,

II. THEORY 1)

A set of random variables { E&') i i te R is said
to be a stationary process if for any subset ti wites L-'h. of values

" of t, and for a.ﬁy T

@ ) (} (£) --- 3_&«.))_ =
¢™ (Blhen) - ¥ (tarD)) @

n
where \F ) is the conjoint probability density distribution func-
tion of the variables between brackets. Then clearly LPU) is

time-independent, kfu‘) depends only on tl-t.!. y and so on,

Moreover, the conditioned probability density distribution function

of E (kn) satvem E (bua) e E (L), urcibes

o™ (B () F ()
"5 (6 30

PLE ()| F o) -5 1) =
E.= bk (‘g U’ﬁt)l?({'“") ""f LL")) =Scl\§n Evs. x{)(‘%“ ?’a-iw F‘)
I (IR -6 (35, (52 5, )
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If the process is stationary and gaussian, it is entirely defined

E(.?;,38}= ’R(h“t})=R;é Fun P (7

(assuming E (‘3‘) =0 ) . In this case, we have

® t
100 i 012 9438 o

where ‘Rl is the determinant of the ceorrelation matrix (7) and

Q = ’R-l ; R is a positive-definite matrix, and

30 B e

.y (9)

% ") |
T (5[ 50a3) < RO T R ()

where the C?EJS are defined by the system

BN
R (s)+ E_ C R(s- ) (10)
< =i
The way of samplin.g realizations il \g ? 1’ of the process

is now obvious ¢ S is a gaussian random variable, with expectation
|



value zero and variance R(o), énd is sampled in a straightforward
way ; 3” ; given '5 ; 1s sampled from a gaussian with expecta-
i

tion value and variance

E(I5): <y, | PRIy R
)

and Cl is obtained from (10) ; one proceeds in that way up to ST‘-

If, for some N< .y C(:) (b > N) are zero (or suffi-
ciently close to zero), the "memory" of the system can be considered
as finite and a limited number of {5 have to be retained in (9),
Also (10) needs no more to be solved for m_>N . This behaviour

1s of course expected if R(t) has short range.

III. THE LENNARD-JONES FLUID

A, Stochastic properties

We solved "exactly" the equations of motion of a L.J. fluid
near its triple-point by the standard technique of molecular dynamics,
This provides us with the necessary data. The random process is here

the sequence of forces acting on a particle, say particle | |

FCE), R (brdE), oo F (6 nae)

The process is of course stationary, as we study €L fluid at equi-

1librium,

With these data, we constructed some histograms, corresponding to

some distribution functiomns, Fig. 1 gives for instance (_[;U) (F.))

23
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This could be related to the long hydrodynamic tail of the
< F(_o) F (E’) > autocorrelation function. It would be better to

look at the distribution properties of a force

R ™~ B |

where F is the total force, and FH is given in the generalized

vdr
Langevin equation

o
00 / /
X% = F o q (k-¢ ) de (11)
R H}cl'r..
ts
(see ref, 2).
If the force Fp proved to be nearly gaussian, eq. (11) should be

used ; this would in fact suppress the problem of the force-velo-

city correlation, because
Lor(e) E(E) > T

while

L) FLID Ao

We: are presently working in that direction.

25



B. Comstruction of the stochastic dynamics

We believe however that the gaussian hypothesis on the

total force F can give rather good results, because

(a) the physical properties of a system are given by low order cor-
relation functions ; a gaussian could then contain enough information
(b) one can hope that the intrinsic properties of a system in solu-
tion are fairly well decoupled from the detailed behaviour of the

medium.

That is the reason why we have constructed a stochastic dynamics

under. this hypothesis,

Because of the force-velocity correlation, we had to apply the proce-
dure described before not only ‘to the force, but also to the veloci-

ty ; that means that we have a vectorial processs :

s (v ), FO)

/

/
giving rise to not only th but also db.s ; (10) is then

replaced by

Wi ¥
RVF (s) + ng_ Ryy (5-k) c_sn =R Z Ryp (- d(an )

(12)
b \'ln—z)

M=t i3
Rep ()0 I By () +2 e (1)

where of course (see fig. 2)

26



R (+) = <N‘Lc)FCH>
e (4 Rey (F) =< Flo) w8}

By i TEOTVRI, o iy ey P B

'As the correlation functions do not go to zero before a
hundred integration time-steps, the matrix to invert for solving
(12) becomes very large. We were not yet able to find the region

where, for N M and any /E)N

<v{0vit)> <v(0)F (t)>

0 : : ; 0

.‘\_52/,_/—‘ t 50 t

Yua

-8t
8
100 <FIOF(t)> <FloIvitD>
fig.2

Fig- 2/ Correlation function < (O) W"&]) i &£ F(D ) F (,t)>
Lo (o) F(E)S>, < Flo) v(t)) for the L.J. fluid.

"exact" molecular dynamics

o stochastic dynamics
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(am-2) (2m-1)
c L ~ a L el

However, we tested that idea in a very rough way, taking a very

o

approximate picture of the force-force correlation. That correla-

tion is known from the exact dynamics as
-<F@'o) F(to+m At)D M= o0, Ioo
We retained m = 0, 20, 40, 60, 80 only, putting

‘: F? (;ko) E: L*o + ﬁ,%) :) =0 ;?oq_ fm ;y loo

One can see from fig. 3 that in this case

CD [
"QJ-.U-L Low QQ‘q - O (e-‘&/& )

Moa hom R

log IC{E]I

Cn)

Fig. 3/ Behaviour of & for various n (see section III B)
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On the other hand, we censtructed a sample of stochastic
trajectories, each of 50 integration steps (in order to avoid for
the moment the problems related to the solution of (11) when n
becomes too large). We recalculated with themlthe known correla-
tion functioms, which are fairly well reproduced by this technique

(see fig, 2).

1V. CONCLUSION

We think that good results obtained with the gaussian
hypothesis - which we know to be far from correct - are very encou-

raging. We are now engaged in

(a) studying the properties of the force Fp (cfr. section III A) to

see whether it behaves more gaussianly than the total force,

(b) trying to simplify the calculation of the C; =

(c) obtaining the correlation functions involved in the chain pro-
blem,
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1.2

APPLICATION OF HNC APPROXIMATION TO SYSTEMS OF
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The approach of macroscopic thermudynamical and transport
properties of complex systems by numerical methods of statistical
mechanics is considerably simplified by the consideration of limi-
ting physical models.

For charged systems, the two most interesting limiting models
are the infinite line with an uniform or periodical charge density
and the uniformeously charged sphere. The former can be considered
as the schematic representation of linear polyelectrolytes such as
polysaccharides and ONA. The latter as a crude draft for globular
polyelectrolytes (coil form), micelles and even as a first approxi-
mation for some particular living cells such as blood cells and
some bacteria .

What results from the high charge density in both linear and
spherical cases is that even for the lowest concentrations the ideal
behaviour and also the Debye-Hiickel Timiting laws cannot represent
the actual experimental properties of such systems. In the linear
case, more convenient limiting Taws were derived by MANNING for both

thermodynamical and transport properties.

The case of big highly charged particles presents particular
properties coming from the great dissymmetry between the big particles
and the small surrounding counter ions.

The electrostatic part of the interaction can never be separated
from the geometrical part, since for a given charged big particle the
strength of the coulombic interaction at its surface will depend directly
on its radivs.

[t is therefore understandable that the ordinary Debye-Hiickel
limiting laws range of validity will be too far from concentrations of
practical interest. Recent adaptations of molecular dynamics calculations
to charged solutions such as Brownian dynamics, cannot at the present
stage of computationnal techniques, be applied to the simultaneous
treatment of the motion of both counter ions and big particles, because
of the great dissymmetry iﬁ$2$ze of the system.
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Integral equations methods of statistical mechanics and especially
the HNC approximation, which has been proved to be successful in the
treatment of coulombic interactions, can be taken as the starting point
of treatments of the thermodynamical properties for model systems
consisting of highly charged big particles and surrounding counter ions.

A) The HNC approximation :

The OﬁgTEIN~ZERNIKE relation gives the first equation between the
direct correlation function C(r) and the pair correlation function g(r) :

(1) hB) = o v P J'c (F-F) n(F) dP
where h(r) = g(r) = 1

and_f is the number density

because of the convolution product between C and E(I) will be written
in the Fourier space :

A A A Pl
(11) h(k) = Clk) +p C(k) . 'hk)

A
where h and 6 denote the Fourier transforms of h and C.

An_other relation between g(r) and C(r) is still needed.
- Though it is not possible to get an_other exact equation, one can
derive from diagram expansions approximations of g(r).

The first approximation gives the so called PERCUS-YEVICK
equations :

g(r) = exp - Pv(n)} x (a(r) - c(r))

which is a good approximation in the case of non charged hard spheres,
but is rather poor when studying a system of charged particles*

The second approximation gives the hypernetted chain with
the following g(r) :

% J.C. RASAIAH : J. Chem. Phys. 56, 3071 (1972)



(III) g(r) = exp{;-_ﬁv(r) + h(r) - C(r}‘i

which is more accurate for charged systems.

- - ] = ———

We have to solve the following set of equations :

A
h = E +_j%. 6

h(r) =g(r) -1
g(r) =exp =Pv(r) +¥(r)
¥(r) = h(r) - C(r)

We first notice that, in the case of charged particles the
interacting potential is the long range coulomb electrostatic field,
then problems will arise in the numerical Fourier transforms because
of the long tail of this potential.

In order to avoid these problems, most of the functions used in
the calculation were split into two parts : long and short range,
denoted by an upper script S or 1.

We also made used of the fact that the direct correlation
function has the following behaviour :

Clr) =— =Hv(r) = - u(r)

rs w

We then have the new set of functions :

U =y - ¢

S o g ]

We must now make a choice for u}, knowing that u'I have the
same asymptotic expansion as §, and is finite at zero. It is also

more convenient to choose u1 with an analytical Fourier transform.
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Many functions have been used by different authors, we are
using :

n =-—$— erf (ar) r
Al 4T k2 ug = =F-(1 - erf (ar))
U, ==y (8Xp, v
k ” 4o
“y® §
where erf(x) = eV W
2
e
and jT = kT

The system of equations to be solved is now :

A As A Al

1

Starting from u' and us, solutions are obtained by guessing

a first Cs (The Debye-Hiickel solutions for example) that will give
A

a first Ciand €° by (4), and then generate an iterative process

which is repeated until the ath ¢S (Ci)

to the requested precision, than the (n-1)th g (Ci-l

has the same value, according

).

A test is made at each step to prevent the iterative process
from diverging or oscillating and a linear combination of Cﬁ
and C§~1 is taken.

In the case of a two component system equation (II) has
to be replaced by :

A A — A
5 = Cy50k + 2 hiq (k) €p500)

A
which gives 6 relations between hij and Cij the process,
however » remains the same.



I1I) Computation _of _thermodynamic_properties from glr).

T e T e -

The HNC approximation gives the pair correlation function
of the studied system. From this function it is possible to
derive most of the thermodynamic parameters of the system.

-a) The excess pressure is given by the following integral :

ex L 2’ DWW 3
P=7/KT = 3 fz xixj fgij(r) e dr
iJ

with : Xj = ni/N xj = nj/N

ni’"j = number of particles of specie i

£ o=y

®.. is the pair potentiel for a system of

1]
charged hard spheres, as we will study in the beginning, we have :
2
. e°Zil. N :
LPij = T 21, Zj = charge of each ion

¢ = dielectric constant of the

solvant

then :

e - .
PE*/KkTp= gsﬁ g 2 Xix Ziz‘jjgij(r) 4T rdr
1]

*i%5 943

£ (r) o5

with,T}j is the distance of closest approach.

-b) The Excess Energy :
2
ex _2e EE]
ekt = 48 8 o iy Gy ]

We can analyze our results more carefully by separating

; ; pex " e ,
the osmotic coefficient @ - 1 = Eff from the virial theorem, into
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the sum of two terms, when the system of interest consists of
charged hard soheres

ex

The variation of the osmotic coefficient § depends there-
fore on two opposite contributions.

- the negative excess energy term
- the positive contact term

At low density the excess energy term 1n\§;1s predominant.
For higher concentrations the positive contact term_inj? dominates.

- ¢) The coordination number from which we can derive the apparent charge

of the micelle Ty given by :
m]

Nij(r) =4n j’i J. gij(r) rz dr

9

B) Results and Discussion :

High charge unsymmetrical electrolytes.

We have systematically studied the thermodynamic properties
of aque_ous solutions of 6-1 electrolytes for various concentrations and
ionic diameters.

o D = S B S A S A A e

- Case  : Same diameter 4.2 A. The osmotic coefficient @ increases
from about 0.5 to 1.11 when the concentration varies. In the
same concentration interval, the negative excess energy
has only a small variation .

- Cased: r,=2.1A r_=4.2 A The osmotic coefficient increases
rapidly when the concentration increases. Simultaneously
the excess negative energy is lowered since the great size
of the negative ions has considerably modified the covolume
effects. For the highest concentrations these covolume
effects are predominant.



On table I are presented the values of gij(cr}') i.e.
the values at the contact. For the +- couple this contact value
is also the value of the maximum of .-

g+-(C§;) decreases generally with increasing density.

In the caseq g+_(aﬂ;_) presents a minimum for the concentration 0.5M.

- In the case@>g++(ﬁ‘;+) is always larjer than 1. This result indicates
that many positive ions are in contact, presurably at the surface of
a negative one. g++(‘5:+) presents in the case ™ a minimum (larger
than 1) for C = 0.5 M. In the case p g++(6‘ ) is continuously increa-

-
sing with concentration and reaches values considerably larger than 1.

- g__ (67_) has only non zero values for the highest concentrations of
the case ‘2,

- —

In the introductive section we have seen that the coordi-
nation number (number of i ions around aj ion) Nij(r') is a function
of the distance r' between i and j. OYWrpurpose is to mainly define the
apparent charges of the particles, i.e. the charge of the particle
minug the number of particles of opposite sign in contact. We have
chosen the following convention for rl. :

1J
Pl = ] + G
1] 2

G_We take into account all the i particles in a sphere
of radius g +‘T7, in order to include all the i idons in contact

with the reference j ion.

In this convention appear four coordination numbers :

N_, N, and N s

++? +

The results are presented in table 1.

39



Case o{
2+ = m.u
R- = 2.1
Case 3
g+ = 2.1
2- = 4.2

o

Soxmo

RESULTS FOR UNSYMMETRICAL 6 -1 ELECTROLYTES

TABLE 1

e
e

(1) (2)

e
.s

. D2 . l.2147
0.35 ; 1.1873
0.5 11452
0.75 1.2578

e e .
. . .

e
e

1§, 19
. 0.1 . 0.6914
. 0.25 . 0.7334
0.5 0.9141
. 0.75 | 1.2738
g " 1.6572

u++¢H+y

.
.

.
.
.

.

.

0.00008
0.0008
0.007
0.042
0.1924

(4)

@+sﬂqw:u” N+-+

22.254

13.9707

11.1329
8.1563
7.1347

9.2526
5.5145
4.4648
4.6334
5.6067

(5) : (6)

0.7335 0
1:210 o, 0
1.662 0.
2.5 0

0

3.338 . g
0.2289 . 0.
0.61 . 0.165
1.39  0.7993
Pkl e

3.437 3.85

(7)
N+~

3.0999
4.62
4.669
6.134
6.415

2.278
3.97
6.4231
9.44
12.9

. e

0.51
0.7 .
0.778
1.022 .
1.069

0.3797,
0.662 .
1.07
1.57
2.15

s

- 2.90
= 11.38
- 1.331
+ 0.134
+ 0.415

= 3.722.
- 2:03
0.4281
+ 3.44
+ 6.9

e

e

0.486
0.517
0.641
0.817
1.110

0.645
0.807
1.281
2.105
3.559

X

e

(11)

~ £ /NKT

4.06
4.40
4.58
4.85
5.01

2.67
3.08
3.44
3.1
3.87

(1) C Concentration molar

(2) (3) (4)

(5) (6) (7) (8) Coordination numbers
(9) Apparent charge of the anion
(10) Osmotic coefficient

(11) Excess energy.

Radial distribution functions

at the contact
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- Case . N _ varies between 3 and 6.4. The first region below
the minimum of g,, corresponds almost to a tetracoordinated

anion with a negative apparent charge between - 3 and - 1.

The second region beyond the minimum of g,. exhibits
an increase in the coordination number of the anion tending almost
to an octa e d Tic coordinated species of zero net charge. The —
values of N++ increase with the concentration, with a pump after
the minimum of 9,, as required by the two states model. -
always near or smaller than 1, showing than the coordinated species

are well defined entities with only one anion, as indicated by N..
which 15 sTill 2evro.

- Case 3. N+_ varies between 2.3 and 12.9. Here also appears a transition
with increasing concentration. Below 0.5 M (minimum of g, ). We have
an almost tetracoordinated or tricoordinated anion. Aftef the minimum
of 9,5 N+_ increases rapidly, but the surrounding cations cannot be
attributed to adefinite anion. The values of g__, N__ and N_, show
clearly that two or more anions have a pocl of cations in common.
Physically, the repulsive electrostatic forces between the large

aniows, are not great enough ' present the formation of such clusTems.

-

The application of the HNC approximation to highly dissymetric
jonic systems permit the obtention of the thermodynamical and structural
properties in the concentration range of aqueous solutions. The studied
system (anion of charge 6 and monovalent cations) could be a model for
polyphosphates solutions. The extension of this work to more unsymmetrical
electrolytes should permit the study of a great variety of systems of
physical interest, including globular polyelectrolytes and micelles.
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1.3

TIME-DEPENDENT IONIC INTERACTIONS IN THE BROWNIAN
DYNAMICS OF ELECTROLYTE SOLUTIONS
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F.Lantelme

Université P et M.Curie, Laboratoire d'Electrochimie,
Badtiment F, 8, rue Cuvier, 75 005 Paris (France).
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Abstract

The method of Brownian dynamics of electrolyte
solutions is applied to a 1M solution of a particular 2-2 electrolyte
to generate time dependent configurations,

The result are a.na.lv)!zed phenomenogically in terms
of ions pairs and triplets formation.

From the radial distribution functions it is found
that the formation of pairs of opposite sign, plays a fundamental
part in the structure of the solution.

The persistence of this structure is of about 10-12
se€ from the time dependent radial distribution g, (5,8):

The transport properties (self diffusion coefficients
and electrical conductance) exhibit a small deviation to the Nernst-
Einstein relation which can also be tentatively interpreted in terms
of cation-anion clusters,

A more detailed analysis of the time deviation of the
different ionic clusters shows that, in fact, there occurs a continuous
exchange between the free ions and the ionic clusters and that anion-
cation couples have a life Span not mlix&,longer than that of other
types of pairs and triplets,
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I Introduction :

"Brownian dynamics' (1) is a kind of molecular
dynamics characterized by the use of the Langevin equation in
place of the ordinary Newton equation of motion (1) (2) (3).

Brownian dynamics is basically constituted by the
numerical integration of a set of Langevin equations for an assembly
of interacting particles,

The introduction of a Langevin equation in place of the
Newton equation permits the treatment of non-Hamiltonian friction
and Random forces which characterize a continious bath thermalizing
the solute particles. Therefore it becomes possible to treat systems
where there is great disymetry between particles of particular
interest and a greater amount of less interesting or inertigal
particles,

Brownian dynamics or analogous methods using the
Langevin equation and additional specified forces have previously
_ been used by Weiner and Forman (4) to study the motion af an impurity
atom in a crystal, by Ermak (5) to study the influence of small ions
on the diffusive motion of a polyion, and by Adelman (6), Doll and Dion(7)
to study the motion of a particle diffusing on a crystal surface.

As regards to electrolyte. solutions, Brownian dynamics

is a generalization of the everagej,cla.ssical solventatheories o ionic

interactions which, since the Debye-Hiickel approach of the excess
free energy in the early twenties, has icnown many extentions and
developments for the applications to both thermodynamical and
transport properties, but has never been changed in the basic physical
model,

The electrolyte solution is outlined by a continuous
solvent characterized generally by its macroscopic static dielectric
constant and shear viscosity , even in the case of interacting micros-

copic entities,
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The solute particles (ions) are discrete charged hard
or soft spheres of which electrostatic interactions are divided
by the previously mentioned mdcroscopic dielectric constant, this
also goes for the shortest interionic distances.

The only factor which differenciates the different
physical models is the short range potential : hard spheres of
identical radius (restricted primitive model), of different radius /
soft spheres, introduction of supplementary terms in the short
range interaction characterizing ionic solvation (Gurney terms) (8).

Beside this relative simplicity the basic physical
model (especially for the solvent), a great variety of mathematical
treatments were used to approach the problem.,

a) Historically the thermodynamic properties were derived first

from the solution of the Poisson-Boltzmann equation (9). More rigorous
foundations were obtained by adapting the Mayer graphfs theory to

ionic clusters (10). Most pf the modern methods of statistical
mechanics (11) were tested on the case of electrolyte solutions.

However these treatments stopped mostly after the
well known limiting laws in U-_C were derivedrand a result of this is
that there are at leastt thirty different proofs of these limiting laws.

More interesting in practice for the solution chemists
is the use of the Hyper_netted chain approximation to get numerical
solutions for the ionic radial dist¥ibution functions and all corres-
ponding thermodynamical quantities,

This work was developed mainly by Friedman and
Rasaiah (12) with a great variety in the choice of the short range
interionic potential.

The main interest of this technique is to provide osmotic
coefficients which can be compared to the experimental values for

: : -2
a concentration range of interest from 10 M to 3M,



Another method of practical interest is the Mean Spherical Model
first developed for electrolytic solutions by Waisman and Lebowitz f1.3%,
Not as accura.t.e as the HNC approximation, it permits in its more
recent (14) developements a semi-analytical treatment of the thermo-
dynamical properties of solutions j in the range Oto 1.- .3M, Its
principal advantages is to be simple from fhe numerical point of view
and to admit as asymptotic behaviour for dilute solutions, the Debye
Hickel limiting laws,
Association phenomena were introduced by Bjerrum
(15) as a correction of the Debye Hiickel theory. The Bjerrum concept of
association is based upon the division of the space around a given «
ion in separate regions. At short distances (shorter than g = Z+Z-ez/;-kT)
the ions are presumed to be paired . For an interionic distance longer than
q,_» normal electrostdtic interactions occur.
More rigorous foundations of the Bjerrum space
separation in two regions were obtained by Falkenhagen and Justice (16).
For multivalent symmetrical electrolytes or 1-1
electrolytes in low dielectric constant media the Bierrum concept
of ion i:.a.ring gave a satisfying description of the departiires to the

Debye Hiickel limiting laws.

b) For transport and time dependent properties the variety of approaches
is not as great as for thermodynamics.

The hydrodynamical approach, developped by Debye,
Onsager, Fuoss and Falkenhagen since the early thirties was the
most fruitful and has given the limiting laws in\Y—C for a great number

of transport and time dependent phenomena . conductance, self and

!
mutual diffusion, high frequency dependence of relaxation effect,

* : where Z+ and Z- are the charge numbers of cations and anions, e
the elementary charge, ¢ the dielectric constant, and kT the

Boltgmann factor.
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Beyond the limiting law the use of the hydrodynamical approach
is tedious and questionable , the physical model being introduced
indirectly by the means of boundary conditions in the integration
of the hydrodynamics partigl derivative equations (1§".

Some statistical mechanical derivations of the
limiting laws of the transport coefficients were made, but any
extension to higher terms in concentration would be practically
impossible (13).

The purpose of Brownian Dynamics (B.D.) is there-
fore to give, in the continuous solvent model approximation for
electrolyte solutions, an evaluation of transport and time dependent
phenomena, as made with the H.N.C, integral equation method
for the thermodynamic properties.

A first application of the Brownian Dynamics for
electrolyte solutions has permitted to derive that all the common
features of electrolyte solutions were respected by Brownian dynamics(ﬂ)

The thermodynamical properties y the radial distri-
bution function, the osmotic pressure, the excess internal energy,
the virial and some other coefficients, were obtained for different
concentrations in agreement with other approaches, as with the
HNC method,

But the new interesting characteristic of B.D. is to
provide time dependent and transport properties, The preliminary
results have showﬁ that some correlation functions (velocities, forces. ..
exhibited a noticeable concentration dependence as required by the
experimental observation of the corresponding transport coefficients,

The most interesting result of the first application
of B.D. to electrolyte solutions was the observation of a great
variation of both thermodynamical and transport properties, with

decreasing dielectric constant of the medium for a given electrolyte :



increase of the pick in the unlike g+_( @) distribution function,
decrease of the osmotic coefficient?d , and also in the self-;:liffusion
coefficients,

These first results were analyzed phenomenogically
in terms of ion pair formation.

In order to rafine and consolidate the previous
results the present work will be devoted to the generation and
the analysis of a great number of configurations through Brownian
dynamics for an electrolyte solution corresponding to an experimental
case where either the phenomenological language of ion pair
formation or the analysis in terms of electrostatic interactions
were used. We have chosen a system equivalent to a 2-2 electrolyte
in water at 1 molar concentration. This concentration is in the best
range for the application of Brownian dynamics, the analytical theories
are not much more valuable at such a concentration and the deviations
from ideality (infinite dilution) are significant,

In a first part we will recall the main features of B.D,
as applied to electrolyte solutions.

In a second part we will examine the results for
equilibrium and transport properties,

The following part will be devoted to the analysis of
the time correlations of different types of ionic clusters in solutions
(paris, triplets ...)

This work will conclude with the limits and the signi-
fication of the description of a solution as a collection of such ionic
clusters .

II Brownian dynamics of electrolyte solutions .

The generalized Langevin equation is :

t
p(t) = -L/; f(t-s) p(s) ds + R(t) + X(t) (la)

Here p(t) = P, (t) is the x component of the Brownian s

particle momentum, R the random force and X the external force,
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the mass of the Brownian particle (Brownon) is m.

{=-~--) denotes average over an equilibrium snsemble.

CR(E)p(0) = 0if tD0 (1b)
<R (t) > =0 (1c)
<p2> =mk gT (:4)

where f(t) is the memory function. We have the secund fluctuation

dissipation theorem (1'3) which may be derived from equation (1)

CRE)R0)> = <pPyf(t) (2)

We begin by defining correlation times for the momentum and for

the random force :

t f@ p(O > dt (32)
rR -<RZ> / <R (t) R(0)p adt (3b)
these definitions are to be applled quite generally.

In g neral, the following relation between tp and t_ may be

R
derived from eq (1)

ttg = <p > /<R (4)
We choose to simulate the generalized Langevin process for a
particular form of the random force ; R is constant for time steps
of duration ts and for each time step a value of R is chosen at
random from a distribution V (R) whose moments
(R}fR.WR)dR (5)

of all orders are finite., This condition is required because

(Rn> = 4pn> is a thermodynamic coefficient which
exists for non singular potentials (19).

The random force has a time correlation of the form -
(R(t)R(0)>=<R2)z (tg - |tl )/tSSQ(tS-ltl ) (8)

where 9 is the unit step function. For this particular form of the

random force we find that the correlation time t

B S

CR® D=2 (1, T)?/ Dt (7b)

(7a)
and that



In order to simulate an electrolyte solution we will
consider N cations (index +) and N anions (index -) each in
Brownian motion in a volume V. The initial distribution of velocities
was Maxwellian. The trajectéry in phase space of the system was
followed for about 104 steps. The previously reported results proved
that, without interactions between the Brownian particles, the cal-

culation simulates Langevin's equation reasonably well, {44

In order to simulate a model with interionic forces

we introduce the pair potential (21)

¥ ¥, ¥ X ® e
Ujpele) ‘E"‘ Belkey g )}i(rj”j')/r} A B R

which is part of the pair potential in a model for electrolyte solutions
which was used in the study of thermodynamic properties, Here
e is the charge, r the*Pauling ionic radiys, r:: a parameter and
the dielectric constant of the solvent. The compu‘tations were made
with the use of the Ewald methood (ZZa} to include the fields from
ions outside the cell. The volume of the cell was chosen so that the
ion number density was the same as for a 1 M solution. The charge
numbers of cations and anions were + 2 and - 2, the dielectric
constant & was 78, 54 rx_;_ and r_x equals to 1,38 A. The tins
step of the calculation was 0.8 10"13 sec, the mass of the Brownian
particles was 360 and the self diffusion coefficients of cations and

- 2 o
anions at infinite dilution equals 2,033 10 x cm sec 1. n  was

<
taken equal to 9. The complete symetry of the sy stem will conside-
rably simplify the analysis of the results and improve the statistics

of the simulation,. .
4

The total number of time steps generated was 1.4 10
one set of 8 103 and another independent of 6 103. We did not see any

noticeable discrepaqtcies between the two séts of results .

III - Thermodynamical and transport results.

Thermodynamics :

Interacting solute particles in Brownian dynamics have the behaviour
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of a canonical ensemble.

The Langevin equation is limited by the Fokker Planck
equation for a great number of particles, and the solution of the
infinite time limit4 of the Fokker Planck equation is the Gibbs dis-
tribution e-P H.

The solute particles are thermalized by the continuous
bath of solvent, exchanging energy by the means of the fluctuation-
dissipation process.

The radial distribution function g, _ (@) has a strong

pick at about 3.5 _ 4 A (Fig.l). The radial distribution functions

By (r) and g __(r) exhibit a smooth hump at 6.5 A.

i RADIAL

4, DISTRIBUTION
FUNCTION
g..(r)
3.
2.
1.
: FlG 1
0 5A 10A
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Beyond 7 A all features characteristic of the short
distance structure disappear.

The osmotic coefficient is found to be 0.63 T 0, 0l
HNC calculations were made with the same potential and the g(r)
and osmotic coefficients results were identical to our of Brownian

dynamics findings (15 I

Transport results : we have plotted the normalized velocities and

- e e o wmawam m m ——

current self correlation functions as functions of time coefficients

(figure 2) and computed the corresponding self diffusion and conduc-

1]
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|
T
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|
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01!
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i
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! CURRENT
i
o Fig 2
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tances. The interesting point is that these functions present a negative

part, more pronounced for the current function, The numerical .

values of the self diffusion coefficients of positive and negative particles

are identical as required by the equality of the friction coefficients.

The mean value of the self diffusion coefficients is 1.4ll 10-S cmz/sec.

v a B of 2.033 10'5 cmz/sec at infinite dilution.

The dispersion of the self diffusion result is very small and less than 1%,
For the conductance results the dispersion is considerably

higher and the precision on the conductance value is of 20% to 3.0% 5

The result expressed in -ﬂ-l cmbis between 74 a.nd‘ 84 Fﬂ.a.. Ne of 152.8

corresponding for example to a CsBr or KCI solution. Both variations

of A and P from infinite dilution are in a.gr%ment with available

experimental results ﬁﬁx)

e e e e e e e e e e e e e e e e e

Tentative interpretations and further comparisons can be made in
terms of a so-called chemical model in which all of the deviations from
ideality are attributed to the formation of a new chemical species, a
complex or ion pair formed from one cation and anion in this case.
In such a2 model, the degree of association & of cations and anions to form
ion pairsis ® = 2 (1 - f) = 0,74 where is the osmotic coefficient,
and the molar association constant for the formation of ion pairs is
K=& /(1 -4 )2 M where M is the stoechiometric molarity of the
salt. The standard approximation for KiI}terms of the inter ionic
potential is given by Bjerrum ('1{) (46!2 #5) is (9)

K=4FN__/ 1000)?‘ exp{- u, (x)/ kBT} #Pdr

where q = e e_ & EkBT (10)

In this case K is 204, 05 Molar as for most 2-2
electrolytes in water, but this value is considerably higher than the
value of about 11 which can be computed from the osmotic coefficient.
Such a discre pancy is not unexpected since the mean da_itance between '

the particles at 1 M concentrationis 11.8 A 1i,e. shorter than the



Bjerrum distance 14.3 A, In order to interprete the transport results
with the chemical model of pair formation/ we assume that the

only effect of the ionic interactions upon the diffusion coefficients and
the electric conductancz2 is via the formation of neutral (non

conducting) + - pairs with diffusion coefficient Dp.

we write n:n“ (l"‘*),l (11)

D = D°(l-4) + & Dp (12)
From (11) we get <M = 0.52 and if we introduce this value in
(12) we find : DP =0.8310°° crnz/sec.

If the friction coefficient of the ion pair were the sum of

the friction coefficients of the two ions, we would have D_ = 1.0l 10-5cm2/s c.

P
which is the order of magnitude of the abave value. More significant

is thedifference between J from thermodynamics (0.74) and from
transport properties (O.52). The thermodynamic concept concerning the

distance between positive and negative particles (mainly the g+- (1) pick).

Ths . transport concept of ionic association is a little
more acute, The ion pair is a definite transport entity if its life span
is longer than the characteristic time of the associated transport
phenomena. It is well understandable that the proportion of ionic
chusters moving together during the characterisfic time of the trans-
port process is smaller than that coming from the instantancons
picture of the solution. The pair concept in electrolyte solutions depends
therefore crucially on the time scale of the considered processes and the
next paragraph will be devoted to the time correlations analysis of ionic

chusters.

IV - Time correlations,

We will start with the time dependence of the radial

=

distribution function. Fig. III presents cr+ (r, t) for different time

intervals. The decay of 2. (r, t)is characterized by the peak
broadening and displacing;itse%.- The number of neighbours at the
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contact, defined by the area of the first pick, is initially between 1l and

2 and remains almost constant during 100 to 2007 t, After 300A t

(ﬁt =0.8 10-13 sec) the pair-wise structure desappears progressively,
In order to separate the displacement (self diffusion)

and the decorrelation of the ion pair, we have computed the time-span

{in percentage) of an i sulated particle, of a group of two particles of

the same sign, of a group of two particles of the opposite sign, of a

group of three particles of same sign, of a three particles cluster with two

of the same sign and one of the opposite.
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We have also plotted the results about a fdr-particles
cluster with two particles of one sign and two of the other. All the
corresponding plots are presented on figure IVa, IVb, IVe, IVd,

 The interesting result for the ion pairs is that the difference
between like similar and unlike dissimilar ion pairs occurs

only for long times where we observe a small persistenc7 of the

opposite sign ion pair,
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The triplets ++- or --+ have a time-life of the order
+

of magnitude of that for +- pairs. Even the bipairs clusters . }

contribute noticeably to the time structure of the solution.

The last test we did was devoted to the proportion of
time where a particle has n neighbours of the same sign, of the
opposite sign and of any sign. Each curve is normalized to unity. The
results plotted on figure V show that the occurence of dissimular

triplets is more frequent than that of different ion pairs.

In all these calculations the cut off distance was taken
-]

at 7.5 A since we have seen from g ++ (r), g -- (r) and g + - (r)

that much of the structure of the solution is contained in such a cell.
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V - Discussion.
All these results show that the concept of ion}-}airs
has only a geometrical and thermodynamical signification in the
analysis of the instantaneous structure of the electrolyte solution,
The transport properties, self diffusion and electrical
conductance concord in the chemical model, as regards to the pair
proportion which can be computed. The pair motion in this chamical
model is described by a well-defined self-diffusion coefficient, but
the pair proportion is considerably smaller than for the thermodyna-

mical properties. A more careful analysis of the time correlations



shows the limits of the pair concept in ionic solutions. Unlike ion
pairs don't occur significantly more often than unlike ionic triplets,
at least wich regard to the chosen system. The relatively small
density of this system corresponding to an 1M solution of a 2-2
electrolyte permits one to predict that in more concentrated, media,
solutions or molten salts, individual ion pairs are not well defined
entities.

The main conclusion of this work is therefore that
ion pairs in solutions are only a convenient langldage to describe
thermodynamical and transport properties, without any real physical
significance, except, for dilute solutions where ion pairs can be
insulated without any doubt from the surrounding ions. In other cases
the correct concept is that of fluctuating clusters depending on the special

characteristics of each solution.
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ABSTRACT

Monte Carlo techniques are derived for simulating the dynamic behavior
of solute particles in solution. Using the Langevin-Fokker-Planck mode] for
interacting Brownian particles, the interaction between -a solute particle
and the surrounding solvent is described in a statistical manner rather than
attempting to treat each solute particle-solvent particle interaction. The
methods presented in this paper allow considerable freedom in selecting the
size of the time step. App1ibation of these techniques to dilute solutions
is discussed.

This work was performed under the auspices of the Centre Europeen de Calcul
Atomique et Moleculaire, Centre National de 1a Recherche Scientifique,
France and in part by the U.S. Energy Research and Development
Administration under Contract #W-7505-ENG-48.
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1. Introduction

The Langevin model of Brownian motion has been used extensively to
describe the dynamic behavior of particles in solution under conditions of
thermodynamic equilibrium. The model describes the interaction between a
solute particle and the surrounding solvent in a statistical manner, rather
than attempting to treat each individual solute particle-solvent particle
interaction. The force on the solute particle due to the solvent is assumed
to be composed of two parts: a frictional force which is proportional to
the solute particle velocity; and a randomly fluctuating force which can be
described only in terms of its statistical properties. The Langevin
equation is obtained by using this force in Newton's equation of motion.

This' model has been used recently by Turg, et al. (1) and Ermak (2) to
study the excess properties of charged particles in solution. In these
works, the Langevin equation is extended to include the Coulomb interaction
between the solvent particles. For a system of N solute particles, there
are N equations of motion which are coupled together through the Coulomb
force. The mathematical solution of these N coupled equations is obtained
in terms of the average properties of the solute particles using Monte Carlo
simulations.

Several Monte Carlo techniques have been used to simulate the Langevin
equation. Turg, et al. (1) and Weiner and Forman (3) use a numerical
integration of the Langevin equation to simulate the solute particle
trajectories. Consequently, these methods can be used only when the time
step between successive displacements is small in comparison to the decay
time 8”! of the velocity autocorrelation function. Doll and Dion (4) have
attempted a more general approach; however, they do not include the
interdependence of the velocity change and displacement. The method used
by Ermak (2) is derived from the diffusive 1imit of the Langevin equation
and is therefore applicable only when the time step is much longer than the
decay time 87!.

The purpose of this work is to present a more general method for
simulating the N-body system of interacting Langevin particles. The method
is based upon the analytic solution of the stochastic Langevin equation for
a single particle in a constant force field. This approach allows the use
of intermediate time steps as well as time steps which are either much
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shorter or much longer than g !. The application of these techniques to
very dilute systems is also discussed.

2. Langevin Description

The system to be simulated consists of N solute particles immersed in a
solvent or heat bath of volume V. The particles are in thermodynamic
equilibrium with the solvent at temperature T. In this work only
translational motion will be considered. Designating the pair potential
between solute particles as ¢(rij)’ the force on particle "i" due to the
remaining N-1 particles is

> N
F: = = 1 v 4 (1)
B ] i iy

Generally, periodic boundary conditions are used to keep the number of
particles reasonably small while avoiding surface effects. Under this
condition, Eq. (1) must be modified to include the images (5).

The Langevin equation of motion for each solute particle is

d_\?_i - i -

where t is time, m;, 8;, and V, are the mass, friction constant, and
velocity of particle "i", and Ki is a random force. As previously
mentioned, the friction force and random force are used to approximate the
interaction of the solute particle with the solvent. The random force is
assumed to be independent of the particle velocity and to fluctuate rapidly
compared to changes in the velocity. The net random force during the time
interval t is

4 t0+t
B, (t) =f ﬁ’i(t‘)dt' (2b)
tO

e

where Bi(t) has only statistically defined properties and is independent of
the net random force on each of the other particles

(<§i(t) . Ej(t) > =03 i3j). The probability of different values of §i(t)
is governed by the distribution function

70



w(;- t) = (4nm.s.th)'3/2 exp. 'B?(t) (2c)
1’ L Im B, KTt

Together Eqs. (2a), (2b), and (2c) completely describe the dynamic behavior
of the N particles in the Langevin model.

Expressions for the velocity and position can be obtained by successive
integrations of Eq. (2a) and by restricting the size of the time step t such
that the solute-solute force F} remains essentially constant during t. In
general, this condition on the size of the time step is much less
restrictive than the condition t<<g™!. Dropping the subscripts for
convenience, the first integration of Eq. (2a) yields the equation

mg m

v(t) - '\r"(o)e'e't s . o (1 - e'st) = }-f e's(t’t')g(t')dt' (3a)

0

A second integration plus an integration by parts on the K(t) term produces
the result

Fe) - Fo) - Lok (gL o8t LEO) L L L etBYy] -
t
= f 01 - e Bt a0t at (3b)

0

Egs. (3a) and (3b) cannot be used directly to calculate the velocity
and position change due to the statistical nature of K(t). One must first
calculate the bivariate probability distribution w(?,?,t) which governs the
probability that a particle, initially located at ?6 with velocity ?6 and
experiencing the solute force ?6, will be located at ¥ with velocity V at
time t. For a random force with the properties given by Eq. (2c),
Chandrasekar (6) has shown that w(¥,V,t) is given by
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W(E0,8) = [an2(ea-2)]" Y/ exp{:isﬁgzgg_rjg;qsw_s%} -

-
-+ Vv ‘F’
where R = F--;O - E-cl (1 - e'Bt) - ﬁ% [t = l (12 e“‘Bt)]
<]
-
S gt o -gt
S=vy - Oe ﬁ (T - )

= kT -EBt
@ & o= [T = g5=F)

= KT (7 _ .=Bty2
HmB(Te)

E = KD (28t - 3 + 4e7BE | 4728

Simulation of the particle trajectories through phase space is based
entirely upon the bivariate probability distribution. Starting from an
initial phase space configuration ({Fi(o)}, {?i(c)};i = 1,N), the solute
force on each particle ({fi(o)};i = 1,N) is calculated. A new set of
velocity and position coordinates ({?i(ﬁ}}, {3}(t)} 37 = 1,N) is then
chosen for each particle in accordance with the bivariate probability
distribution. Methods for making this selection are discussed .in Sec. (4).
Using the new configuration, the process is repeated for the duration of the
simulation.

3. Fokker-Planck Description

An equivalent description of the N-body system of interacting Brownian

particles is given by the Fokker-Planck equation (7)

N
1 X . id 2
W?i AL R R oW ()

=

aW
3T T,

1 ('\}' -V—F.H+

1 L i



Here W = N({Fi}, {?i}, t) is the probability distribution function governing
the velocity and position of the N solute particles. Eg. (5) neglects
hydrodynamic interactions between solute particles as does the Langevin
equation (2a).

The equivalence of the Langevin and Fokker-Planck descriptions can be
easily shown by transforming Eq. (5) into N coupled equations. Assuming a
solution of the form

1=

W(LF 3, Vi), t) = Wy (75,75 ,t) (6)

=

one obtains N equations

3"'} . 1 4 - 2
N N 1 PRE L . = 8. . W b
= Ve o V2 Wi o F. . V= w 8 (v+. C VoW kT v wi) (7)

which are coupled together through the solute force Fi‘ If t is restricted
to be sufficiently short so that ?{ can be treated as a constant, then the
solution to Eq. (7) is readily seen to be given by Eq. (4).

Returning to Eq. (5), the steady state solution to this equation is

W(F D, (id, =) = W, exp { kP } "
N
where K = L miv12
i=1
D (r::)
Pow & 2 T é(r,.
i=1 jg3i N
W, = a constant

The total energy of the N solute particles can be defined as the sum of the
kinetic energy and the potential energy which arises from-the solute-solute
interaction. According to Eq. (8) the probability of occurrance of the
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state described by the phase space coordinates ({Fé}, {?i}) is proportional
to the negative exponential of the total energy divided by kT. The system
of solute particles can therefore be considered to be a member of a
canonical ensembie.

4. Equations of Motion

There are numerous methods by which the new phase space coordinates can
be chosen from w(¥,V,t). One method is to first select the new velocity,
irrespective of the new position, according to the distribution

wi(V,t) = fw(?-’,i’r’,t)d% (9)
This procedure is equivalent to the velocity equation
-
Wt) = V(o)e ™t + ElOL (1 _ o8ty 4 g (y) (102)

where B;(t) is a random velocity change chosen from a gaussian distribution
with the properties

-
<B1(t)> = 0

2 -
<Bi(t)> = XKL (7 . o728t (10c)

With the new velocity selected, the new position is chosen from the
distribution

Wo(Fst) = w(#.V,%) (11)

W1 (vs t)

This procedure is equivalent to the displacement equation

0y & etk e o Rl s ®) F 4
F(t) = F(o) +3 (¥(t) + (o) - 2Eoly i s e en 02)



where B,(t) is a random displacement chosen from a gaussian distribution
with the properties

<-52(t)> - <E1(t) . gg(t)> = 0 (1215)
-t

B3(t)> = KL [at - 2 L"““"TTEQ‘ (12¢)
(1 + e”B%)

Egs. (10) and (12) have a linear dependence upon ¥(o), V(o) and F(o)
with non-linear coefficients in time t. The non-linear coefficients will
not increase the computing time for problems with fixed time steps as they
will have to be calculated only once at the beginning of the simulation.
The displacement also has a linear dependence upon the new velocity.

A second set of equations can be obtained by first selecting the new
position and then the new velocity. In this case the equations are

#e) = Fo) + Ll -t Lol el 2l s By(e) (13a)

V(o) « (28te™®% - 1 + e72BY)/c(t) + a[F(t)- F(0)] (1 - e BY)2/c(t)

v(t)
¥ E%%l [at(1 - e™28) - 21 - &®H)%] /c(n) + Eé(t) (14a)

where again El(t) and §z(t) are independent random functions of time
chosen from separate gaussian distributions with the properties

<By(t)> = <Bp(t)> = <By(t) - Balt)> = 0 (13b, 14b)
‘i (t)> = K c(e) (13c)
Ba(t)> = KL rae(1 - e28Y) 201 - e Blpyc(y) (14¢)
C(t) = 28t - 3+ 4e”Bt . o728t (14d)
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Comparing Eqs. (10) and (12) with Egs. (13) and (14), there appears to
be two different sets of equations for the motion of the particles.
However, both sets of equations are equivalent in the sense that they both
select the new phase space coordinates in accordance with the bivariate
probability distribution w(¥, V, t). Therefore, the probability of a
particular velocity and position change is governed by w(¥, V, t) and Egs.
(10) and (12) and Egs. (13) and (14) are just different methods of sampling
this distribution.

In order to demonstrate the equivalence of these two methods, a number
of simulations were conducted on systems of non-interacting particles using
both methods. The statistical properties of non-interacting particles can
be calculated analytically for any length of time using Eq. (4) and compared
with the simulation results. Using the dimensionless variables:

T =8t, U= (EETJ% V, and X = B(EETJ% ¥, the analytic results for the
calculated properties are

<i(t) . U(o)> = e7°F (15a)
<[x(z) = x(0)1%> = 2(x -1+ ¢ (15b)
Allz) & [xlz) = X(0)]> = 1 «e7% (15¢)

A number of simulations were conducted using time steps ranging from .01
to 100. Both methods produced trajectories whose average properties were
equal to the analytic results. Table 1 shows the results for T = .5 and
using 100,000 trajectories to calculate the averages. The equivalence of
the two methods is formally shown in the Appendix.

5. Application to Dilute Solutions

In a Monte Carlo simulation of the N-body solute system, the time step
must be short enough to ensure accuracy and yet long enough to be within the
practical Timitation of allowable computer time. The proper choice of the
time step size is a particular problem when studying very dilute solutions.
‘A relatively long time step (and consequently long displacement) is desirable
in order to more rapidly sample configuration space. However, a long time
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step will produce very inaccurate results when two solute particles are
close together, a situation which might occur frequently if the force
between them is attractive.

This situation might be improved upon through the use of a variable
Tength time step such that a long time step is used when the particle is far
from any other particle in the system. When two particles are close
together, many short time steps (the sum of which equals the long time step)
would be used. The simulation techniques presented in the previous sections
could be readily used in this manner.

As a simple illustration, this approach is applied to a model solution
containing infinitely long charged rods, charged spheres whose charge is
opposite in sign to that of the rods, and solvent in which the two types of
ions are immersed. The dynamic behavior of the spheres is described by the
Langevin-Fokker-Planck model. The rods are immobile and are distributed
throughout the solution in a square lattice of side length L. Consequentiy,
only the trajectories of the spheres is of interest. The parameters used in
these calculations are: rod diameter = 23; sphere diameter = Zﬁ,
mass m = 65.4 x 1072%gm friction constant 8 = 3.1 x 10713 sec™!;
dielectric constant ¢ = 78.54; temperature T = 20%¢; L = 167.1 R.

For simplicity, the minimum image technique (5) is used with only one
sphere per cubic cell of side length L. Assuming a uniform surface charge
for both the rods and spheres, the force on a sphere located a distance o
from a rod is

e
F = =

(16)

mir
=
‘O |
)
o

where the product of the sphere charge and the rod charge per unit length
is -Ne2/L with e being the charge of an electron. The Manning ¢ parameter (8)
is equal to Ne2/ekTL.

The Tength of the time step t was calcualted as a function of the
sphere-rod separation distance p

=
]

INT [1 + (4750+p)/(128 + p3)] (17)

11
100 /™ (seconds)

ct
1]
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ﬁhere INT(x) equals the largest integer less thaglor equal to x and p is in
A. Thus, the time step ranged from 10" to 10"  seconds. Discrete values
of t were used so that the coefficients of time in the equations of motion
would have to be calculated only once. The time step size as a function of
the sphere-rod separation distance is shown in Table 2 for several values of
p. Also shown is the sphere root mean square displacement as a function of
time step size, <r"’-(t)=-!‘*1 = { %% [t - %-(1 - e'st)] }i.

Table 2

o(A) t (sec x 10713) 2% (f)

4 1.01 17

6 1.20 .19
10 2.33 .28
14 4.17 .39
20 8.33 57
30 16.7 81
40 33.3 1.15
50 50.0 1.01
70 100.0 2.00

Using this variable time step method, simulations were conducted with
the charge parameter N varied from 0 to 28. The sphere mean square
velocity, mean square displacement, distribution function relative to the
rods, and diffusion coefficient were calculated. These results were
compared to those from similar simulation using a constant time step of
t = 10713 sec. The results were in agreement to within the statistical
error of the calculations.

The simulations using the variable time step were significantly faster
than those using the constant time step. This is shown in Table 3 by the
parameter R defined as

R = computer time using constant time step method
computer time using variable time step method
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The maximum reduction was by a factor of 28 when N = 0. As N is increased
the spheres spend more time close to the rods. This is evident from the
decrease in the mean sphere-rod separation distance <p> and the decrease in
the sphere diffusion coefficient D.

Table 3
N Ne2/ekTL <p>(;) D(cm2/sec x 109) R
.0 66. 2.0 28.
yé +3 61. 2.0 16,
14 .6 53. 1.7 8.3
21 .9 41. 1.0 4.0
28 1.2 28. 4 2.3

These calculations were conducted only as an indicator of the potential
for reducing computer time using a variable time step method. The results
are quite favorable, indicating the possibility of significant time
reduction in more complicated problems. When using the variable time step
approach on a system with a large number of particles, a method is needed
for properly ordering the sequence in which the particle displacements are
made. Particles which are close together must undergo their many small
displacements simultaneously. Also, better methods for choosing the size of
the time step are needed. A possible approach is to use information on the
first derivative of the solute force rather than the nearest neighbor
distance.

Appendix

A third set of equations for the velocity and displacement changes can
be deduced directly from Eq. (4). The equations are

e = oyt + ol 1 - e'ﬁt) + 8y(1) (1a)
r() = Fo) + Lol (7 - o78t) +—<—l[t -2 (1= €] 4 By(t) (1)
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where B1(t) and B,(t) are random functions of time chosen from the bivariate
gaussian distribution with the properties

<El(t)> = <E2(t}> = 0 (Ic)
<-51(t) . Ez(t)> = 3H {1d)
2
<Bi(t)> = = (Ie)
2
<By(t)> = 3E (1f)

and H, G, and E are given by Eq. (4). Eq. (Id) expresses the
interdependence of the random functions §1(t) and B,(t). This set of
equations can also be obtained by keeping Eq. (10) and using it to replace
v(t) in Eq. (12) or by keeping Eq. (13) and using it to replace ¥(t) - 7(o)
in Eq. (14).
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1. Introduction

In the field of liquids, until now the method of molecular
dynamics (MD) [1] has only been applied to liquids containing not too
large molecules, such as argon [2], sodium [3], molten salts[4], water[S],
nitrogen [6], n-alkanes [7] etc. Recently, preliminary results of a
MD calculation for a small macromolecule, viz. the protein bovine
pancreatic trypsin inhibitor (BPTI) have become available [8]. This
is a promising first step towards the understanding of the behaviour
of macromolecules in terms of interactions on the atomic level. However,
‘the present methods are still not sufficiently reliable or appropriate
to simulate many of the significant macromolecular properties: the
interaction with the solvent is not yet included, the long-range
(Coulomb) interaction is treated incorrectly, and the time step
allowed in the computation is too short to permit simulation of
relatively slow events such as major conformational changes and
protein folding.

Before attacking these major problems, it should be checked
whether the algorithms that have been used in MD calculations of
simple liquids, will also produce optimum results when applied to
macromolecules. A macromolecule differs from a simple liquid by the
more complex nature of the interaction potentials and forces and by
the presence of a large number of covalent bonds. Since the latter
represent the highest components in the frequency distribution of the
molecular motion, the introduction of constraints for bond lengths
and angles is expected to increase the computational efficiency.

In this paper we investigate the following points:

1. Various algorithms are in use for integrating the equations
of motion in a MD calculation. The ones that are most frequently
used are those proposed by Verlet [9] and by Gear [10,11]. Recently,
Beeman [12] has formulated an algorithm that he claimed to be better
than those of Verlet and Gear. Our first point of investigation
concerns finding the best presently available algorithm to be used
in a MD calculation on a macromolecule. Thereby one should keep in
mind that the mathematical treatment of the numerical solution
of differential equaticns is still far from being complete, and
that the answer is partially dependent on the properties of the
physical system under consideration.

2. Our second point of investigation concerns finding the best
algorithms for dynamics in the presence of constraints. The intro-
duction of constraints in a dynamical calculation is only allowed
(i.e., will yield physically correct results) if a the frequency
components of the motion along the eliminated degrees of freedom
are well separated from the other frequencies occurring in the
system of particles, and b the coupling between both types of motion
is weak. The fulfilment of these conditions depends on the system
under consideration: we shall in this investigation assume that the
use of constraints is physically justified and evaluate the varicus
algorithms on the basis of time step, accuracy and computer efficiency.
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The algorithms for MD without and with constraints are discussed
in sections 2 and 3. In section < numerical results of the application
of these algorithms to BPTI are given. Section 5 contains a summary
and conclusions. In an appendix more elaborate data about the best

algorithms for macromolecular dynamics are presented.

Algorithms for MD without constraints

The MD method consists essentially of solving the set of coupled
second-order differential equations

2a
dri - a a -
dt2 = Fi (rl, Iy, ...,er/mi I s 2 ) - | (2.1)

that are governing the classical dynamical behaviour of a system of

N particles, in order to find the positions {Z, (t)}, velocities {¥; (t1},
etc. of the particles as a function of time t. The initial pOSltlonS

{r (t 1} and velocities {¥#, (t_1} of the particles must be specified.

In systems of interest the numbér of particles N is typically of the
order of 1000. The force on the ith particle is denoted by Fi and its

mass by m, . The force is derived from a potential V:

-

- - = a -
i(rl, Tor wee rN} = —Vi V(rl, Ty

13

?Nl I w12, .o [2.2)

For simplicity the force is taken to be conservative, i.e., only
position dependent. However, the discussion below is also valid for
non-conservative forces,

Mathematically the problem constitutes an initial wvalue problem_[lo],
which can be simply formulated:

i

y" £ (y) (2.3a)

[

y

5 y(tol, yé = y'(to} (2.3b)

where y, y', y" are 3 N-dimensional vectors and their derivatives
with respect to t.

The most appropriate mathematical approach to solving such a
problem is the use of a difference or step by step method. The solution
is approximated by its value at a sequence of discrete points called
mesh points. Normally these points are assumed to be equally spaced.

ti = ih, =0 125 = (2.4)
where h is the spacing between adjacent points. A step by step method
provides a rule or algorithm for computing the approximation y, at
point (or step) k., to y(tl) in terms of the wvalues of y at t, and
possibly at preceding points. A Kk-step algorithm uses preceélng
values of y or its subsequent derivatives up to and including

e
The existence and convergence of a solution depends on the

properties of the function f and on the specified initial values ¥,
and v'.
o



In most MD applications the function f-derived from an interaction
potential V-obeys the conditions (Lipschitz and differentiability
conditions [10]) Zor existence and convergence. When singularities

occur in the interaction potential V, special measures must be taken

in order to avoid divergence problems [5].

The next choice to be made is that between the available difference
methods. The most important types are:

1. Runge-Kutta methods

2. extrapolation methods

3. multi-value predictor-corrector methods
The most time consuming part in any method of solution is the ewvaluation
of the function £, because it involves at least in Principle a double
summation over the N particles making up the system. This feature rules
out methods 1 and 2 since they require at least several function evaluations
per step. Moreover, predictor-corrector methods can easily be applied
directly to a higher-order equation, in stead of indirectly, viz. after
converting it to a set of first-order equations. The use of a direct method
is advantageous, because the conversion of a second-order equation to two
first-order ones will roughly double the amount of information to he
processed.

In a multi-value predictor-corrector method the calculated values of y ar its
(successive)derivatives at a number of mesh points are used to aid in the
computation at later points. A k-value method uses 'k previously
calculated values of y or its (successive) derivatives. When these k-values
are calculated at 1 previous mesh points, the method is called a l-step
method. A multi-value method can be expressed using different represen-
tations. The representation is determined by the choice whether, for each
mesh point,y or y' or y" , etc. or combinations of them are used in the
algorithm. For example in the Nordsgieck [t3] or N-representation the
values

! n(k-l}/(k-l}f (2.5)

2 y k-
anhyr':!h Yl‘: /2,....,h v

are saved and used in the calculation of_yh+1, Y£+1’ etc,
But in the well-known Adams-methods [10] the values

1
ramaie s B (2.6)

are saved and used to calculate vy +q 2nd y! S

In the discussion of the exist%nq k-valﬁ; predictor-corrector algorithms
and of the connection between their different representations, the use of
a matrix notation [10,11] is very helpful.

Let us write, in the N-representation, the column wvector

- 2 k-1 (k-1) , .
gn(N)::[yn, h yﬂ, h yn/z, e ) -4 /(k=1)1] . (2.7)
The predictor step can be written as
Tnrt, (o) " 2 Zn B8

=0

where the matrix A is determined by the specific predictor that is used. The
corrector equation for a second-order differsntial equation reads:

+ a n%/21 [E(y T (2.9)

Za+1” Za+1, (p) n+1, (p)
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The second term in eq. (2.9) represents the amount by which the differential
equation (2.3a) is not satisfied locally by Tosi ) The column vector

a characterizes the specific corrector that is usé&. The corrector process
(2.9) may be repeated for a fixed number of iterations or until no

further change in Y is obtained.

Since every iteration’ of the corrector (2.9) idvelves one evaluation

of the function £, the number of corrector iterations in MD calculations

is usually taken equal to 1.

The parameters of the k-value predictor-corrector algorithm (2.8-9)
are the coefficients of the matrix A and the column vector a. Their values
characterize the algorithms. The usual choice for the predictor is an
extrapolation using a Taylor series of polynomial degree (k-1 ) that
satisfies the retained values of y, y', etc., calculated at preceding
mesh points. In that case the matrix A is equal to the Pascal triangle
(see appendix eq. (A.1)). The remaining parameters, viz. the coefficients
of a can be chosen to achieve optimum stability and accuracy. How this
is done has been described by Gear [10,11]. The resulting values for
a in the case of a second-order equation are quoted in table 1 in the
appendix. Only the last (k-2) coefficients of a (a., a., ... ) are
determined by stability requirements, so that the remaining first two
coefficients (ao, aL) are chosen to optimize the accuracy of the algorithm.

Gear [10,11] has shown that two different representations of the
same Xk-value predictor-corrector algorithm are equivalent. This means
that the one representation can be converted into the other by a (matrix)
transformation (of A and a), that does not affect its stability properties
or truncation error, but can affect both round-off error properties and
the computational efficiency .

This transformation technique is a useful tool to compare the various
existing algorithms.

For example the Beeman [12] algorithm is written in the representa-
tion
2

2
¥, (®)=ly ., ny', B°y"/2, ......, WOy /2

]T
n=k+3

(2.10)
which we call the force- or F-representation. By transforming it to the
N-representation it can be shown that it only differs from the Gear algor-
ithm in the values of (a_, a,). Beeman has used a Taylor expansion of

degree (k-1) also for the corrector. But, from test calculations we

find that the Gear coefficients (a_, a,) produce results, at least twice

as accurate asthe Beeman coefficiénts (a_, a,) do, as is indeed expected
from the optimum choice of (ao, al} by Gelr.

The algorithm of Verlet [9] consists of the formulae

2 "
Yrneg = 2 Yn—yn-l'h ¥y (2.11a)

T ™ Wy T o 20 (2.11b)

After transforming eq. (2.1la) from the representation

= 2:! T
v, @ =ly , nyv/2, v ] (2.12)
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to the N-representation, it turns out that the Verlet algorithm is
equivalent to a 3-value predictor-corrector algorithm without evaluating
the corrector.

When neglecting round-off errors, the choice of the appropriate
representation of an algorithm is determined by practical considerations.
Changing the size of the time step during a MD run is most easily done
in the N-representation, since only information of the last preceding
step is used in the algorithm. Also for changing the degree of the
algorithm (changing the k-value) the N-representation is the best one,
since in that representation only the column vector a is changing, the
predictor matrix A remaining the same. In other representations the
predictor matrix depends on the k-value of the algorithm (see appendix).

From these theoretical considerations the following conclusion can
be dmawn . The best (most stable, accurate, fast, etc.) presently available
algorithm for MD calculations (without constraints) is a k-value predictor-
corrector algorithm, written in the N-representation, with the predictor
parameters determined by a Taylor expansion and with the corrector para-
meters derived from stability and accuracy requirements as proposed by
Gear [10]. The optimum k-value and step size h are then to be determined
by the particular system under consideration.

Algorithms for MD with constraints

A MD calculation may be speeded up by a reduction of the number of
degrees of freedom. For macromolecules one may think of the elimination
of the bond stretching vibrations. Such an elimination can be realized
by applying constraint dynamics: the bond lengths are kept fixed at a
constant value during the MD run. Although the use of generalized
coordinates and the Lagrangian equation of motion is well-known for the
elimination of internal degrees of freedom, this method is highly unpractical
for application to macromolecules. It seems clear that cartesian coordi-
nates have to be used for large molecules, alsoc in the presence of
constraints.

In [14] two methods have been proposed for integrating the cartesian
equations of motion of a system of particles subject tc holonomic
constraints. The one that is appropriate for application to large systems,
such as macromolecules, is the procedure called "SHAKE". Tts essential
feature is that at each step of the MD run the constraints are satisfied
by adding displacement vectors to the position vectors of the particles
that result from a non-constraint time step. The displacement vectors are
determined such that the constraints are satisfied at the final positions.
Since all constraints may be interdependent, this resetting of the
positions of the particles by SHAKE is an interative procedure that
considers all constraints in succession. The relative accuracy tol to
which the constraints are to be satisfied must be specified. The computing
time required by SHAKE depends on tol. In the discussion below we will
denote the use of SHAKE by

SHAKE (yl, Y2’ y3J 3.1

This means that the positions Y, that result from the non-constraint step
will be reset with as result thé constrained positions Yqe The direction
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of the displacement vectors (y3-y2J is determined by the reference
positions Y-

Until now SHAKE had only been used in connection with the Verlet
algorithm, because this algorithm only makes use of positions (y_, vy —17
see eq. (2.11)), which can be reset by SHAKE. Owing to the absenfe
of a corrector step in the algorithm, the effect of the constraint
forces need not be incorporated in y". Below we propose a scheme by which
the effect of the constraint forces can be incorporated in the values
of y". This scheme opens the way to the application of arbitrary predictor-
corrector algorithms te MD with constraints. However, the algorithms must
be written in a representation containing (besides one value of y') only
values of y and/or y" at the mesh points. So constraint dynamics cannot
be performed in the N-representation. The most natural representation to
choose is the F-representation (2.10), saving present positions and
velocities and present and past forces. The predictor matrix A and the
corrector vector a most be transformed from the N-representation to the
F-representation. This is done in appendix (A.2). The resulting matrix B
and vector b are given in egs. (A. 6-7).

The computational scheme for a MD step with constraints is the
following.

1. In the predictor step we calculate from

.5.’1'1'!-1: (p) i % gn (3‘2)
values *O? Yn+1, (p) and Yn+l, (p)°

2. In eq. (2.3a) the function f represents the force. The total force
may be thought to be composed of two parts, the constraint force and
the rest of the force:

ftot T ffree T fconstr $353)
The force £ s is derived from the interaction potential, from which
the interaction along the constrained degrees of freedom is excluded.
The symbol £ Span denotes the unknown constraint forces. We cannot
directly appfy the corrector

y =y ol (y ) -y ] (3.4)

=n+l, (tot) =n+l, (p) = tot *n+1l, (p) n+l (p)
since £ is still unknown.

tot

3. But, we can use the corrector without constraints:

+13%gh2{f B ] (3.5)

¥n+l, (free) = E—Fn-i-l, (p) free{yn+1, (p))_Yn+l, (p)

This formula vyields the positions Yiied (erea) at t 17 but without
the effect of the constraint forces. '’ i



4. The latter effect can be incorporated in the obtained positions by
resetting these positions with the aid of SHAKE. So we perform

& {Yn+1, ()" Yn+l, (free)’ Yo+, (tot)) (3.6)

5. Now, the forces of constraint can be obtained from

£ (y ) = [y = 1/ (6 %h?) (3.7)
constxr “n+l, (p) n+l, (tot) “n+l, (free) o
This equation is obtained by subtracting the first row of eg. (3.5)
from that of eq. (3.4). The total force ftot is found from eq. (3.3).
6. The final step of the scheme consists of using ftot in the corrector (3.4).
In order to assure the stability of this calculational procedure

two modifications should be incorporated into the scheme.

a. In eg. (3.7) the fconstr is calculated as a difference of two positions.
The positions b A at) result from SHAKE, so they satisfy the
constraints. In ordeé %o get a correct £ we must be sure that

constr
2 "

¥2 = ¥, [p)—boah Yn+t, (p) (280
satisfies the constraints too. Therefore an extra step 2a is performed,
reading

SHAKE (yn: Yyr y3) (3.9)
The rgsulting reset positions y, are then in step 3 added to
boﬁ h ffree (yn+l, (P)} in order to get yn+1, (EEeE) °

b. When in step 6 the velocities y'+ are calculated using eqg. (3.4),
errors in the preceding y!', yﬁ_ » etc. may propagate. This source of
instability can be avoided by calculating y! from the obtained values

n g . n
Of Ynyy @94 Ynyy = foeWnyy, (p)) USing the formula

k-1
1 = =
Ynet = Byy¥oyy I, By BuB ) v, o ¢
i#l
2 n
+ (by-B,,b)4h [ftDt(yn_’_l’ (P)J W (p)]}/h (3.10)
This formula is obtained by eliminating the quantity y' from the
corrector equations R
k-1 5
Yn+t =iio Boiyn,i 2 }:’OJ’h [ftot {Yn+1, {p)) L Yn+l, (p)] (3.11a)
and
k-1 >
B Yne =i}=:o By, Yoo ¥R Do, ta? = T, ! (3211b)
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where y i denotes the i-th component of the vector y . Egs. (3.11)
are obtiified by inserting (3.2) in (3.4).

From test calculations it could be concluded that the scheme given
above for MD calculations with constraints works well. The extra computer
time that is needed compared to non-constraint MD is almost completely
determined by SHAKE. It depends directly on the value chosen for tol,
as will be seen in section 4.

From the theoretical considerations of this section the following
conclusion can be drawn. The best (most accurate, stable, fast, etc.)
presently available algorithm for MD calculations with constraints is
a k-value predictor-corrector algorithm, written in the F-representation,
with its predictor parameters determined by a Taylor expansion and with
the corrector parameters derived from stability and accuracy requirements
as proposed by Gear [10]. The constraints should be built in the algorithm
following the scheme proposed in this section. The optimum k-value and
step size h are then to be determined by the particular system under
consideration. In the next section results of calculations with and
without constraints will be compared.

Macromolecular dynamics with and without constraints-

In order to test the conclusions drawn in the former sections the
MD method was applied to a small (58 residue) protein molecule, wviz.
bovine pancreatic trypsin inhibitor (BPTI). Only one molecule in vacuum
is considered, the solvent effects being neglected.

4.1 Parameters of the calculation

When performing a MD calculation, an interaction potential V (eg. (2.2))
has to be specified. We have used an empirical interaction function
developed by Gelin and Karplus [15]. It contains contributions from beond
stretching, bond angle bending, dihedral angle twisting, hydrogen bonds,
non-bonded (Van der Waals) interactions and electrostatic (Coulomb)
interactions. The concept of "extended atoms" is used, so hydrogen atoms
are not explicitly considered, but incorporated in the heavy atoms to
which they are bound. The number of extended atoms is equal to 458
(454 in BPTI + 4 hydrogen bonded water molecules), making the number of
cartesian degrees of freedom equal to 1374. The number of possible bond
length constraints is 468 and of possible angle constraints is 626,

The comparison of the varicus algorithms has to be done for MD runs
that start from an equilibrium configuration of BPTI at a temperature of
about 300 K. An appropriate starting configuration was obtained as follows.
- A run of 100 steps was performed, starting from the X-ray structure [16]
with all velocities equal to zero. The 6-value predictor-corrector
algorithm with coefficients of Gear [10] (see appendix) was used.
The time step was taken equal to 4.889 x 10714 sec. In this run the
system reached a temperature of about 150 K.

- At this point all velocities were multiplied by a factor 1.74 and 100
more steps were taken, in which the system approached equilibrium at
about 300 K.



The final configuration and velocities of this run were used as
starting values for the runs that were used to compare the different
algorithms. In these runs the analysis was started after 10 steps were
performed, otherwise ambiquities in the starting procedures for the
different algorithms might have disturbed the analysis.,

4.2 Results

The different algorithms are compared for runs of 100 steps. Since
a comparison of the solutions of the differential equation (2.1), viz.
the trajectories, is too complex a task, we have limited ourselves to
an analysis of the root mean square fluctuation of the total energy in
relation to the root mean square fluctuation of the kinetic energy.
In addition, a least squares fit of the total energy to a linear function
of time is performed for each run in order to obtain the drift of the
total energy per step. These quantities will depend on the algorithm that
is considered, on the k-value, on the time step h and, in the case of
constraint dynamics, on the accuracy tol to which the constraints are
satisfied. Further valuable information about the algorithms is the
required computer time per step and the number of vectors(r, v, etc.)
that must be stored per step.

4.2.1. Non-constraint dynamics

In fig. 1 the results of 100 step MD calculations using the Verlet
algorithm [9] and k-value predictor-corrector algorithms with Gear
coefficients [10] are given as a function of the time step h. The Verlet
algorithm requires the storage of three vectors and consumes 1.2 sec.

CPU time on a CDC Cyber 74-16 per step. The Gear algorithms require the
storage of k+l vectors and the required CPU time amounts from 1.3 sec/step
for k=4 to 1.5 sec/step for k=8.

For h <0.02 the fluctuation in the total energy appears to be more
than a factor 100 smaller than that in the kinetic energy. Beyond h=0.02
the algorithms become successively unstable. Below hA0.03 the Gear
algorithms yield a higher accuracy than the Verlet algorithm does, whereas
above that value the Verlet algorithm does better. The latter effect can
be understood from the fact that the Verlet algorithm makes use of a
polynomial of degree 2, whereas for the Gear algorithms these values
equal 3, 4, 5, 6, 7. The higher the degree, the smaller the time step at
which the run will start to blow up. y

When looking at the accuracy for small time steps as a function of
k-value only, we note that the maximum accuracy is reached for the rather
large k-value of k=7. This means that the forces are rather predictable,
since in case of random forces one would gain no accuracy by going to a
higher degree of the algorithm. From the fact that the bond stretching
vibrations, which have by far the highest frequencies, are only weakly
damped harmonic vibrations, it can be understood that the force is
rather predictable.

The drift per step in the total energy shows roughly the same

behaviour as a function of h as the fluctuation in the total energy does.
Below h~0.02 the Gear algorithms perform better, whereas above this value
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Fig. 1 Results of 100 step MD runs for BPTI (458 extended atoms) without
constraints and using the Verlet algorithm [9] and a k-value
predictor-corrector algorithm with coefficients proposed by Gear [10].

The root mean square fluctuation of the total energy VAsf.¢ (in kcal/mole)
is plotted as a function of the time step size h (units: 4.889 x 10~ 14sec).
The symbol thﬁin denctes the root mean square fluctuation of the

kinetic energy, i.e. the average value for the different algorithms.
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w2 Results of 100 step MD runs for BPTI with bond length constraints

and using the Verlet algorithm [9]. The symbol tol denotes the

accuracy to which the constraints are satisfied. The root mean square
fluctuation of the total energy V&E%ot (in kcal/meole) and the required
CPU time per MD step (in sec on a CDC Cyber 74-16) are plotted as a
function of tel and the time step size n (units: 4.889 x 10~ sec) 97
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the Verlet algorithm shows less drift. For example at h=0.01 the drift
per step is roughly equal to 10™® kcal/mole for the Gear algorithms
and equal to 10-4 kcal/mole for the Verlet algorithm.

For macromolecular dynamics without constraints the Gear algorithm
turns out to be the best one. The optimum time step h and k-value depend
on the required accuracy. '

For simple liquids, where the motions are more heavily damped and
hence less predictable, it may have no sense to use a large k-value. Then
the Verlet algorithm may yield results comparable to those of the Gear
predictor-corrector one. The same applies to dynamic simulations in which
the forces have more noisy character due to truncatien, approximation or
tabulation errors or the use of stochastic force components.

4.2.2. Constraint dynamics

Applying constraint dynamics to a macromolecule cne may think of bond
length constraints, but in addition to this alsc of bond angle constraints.

Firstly, we discuss results of MD runs with bond length constraints.
The constrained bond lengths are taken egqual to the bond lengths for
which the bond stretching potential finds its minimum. The application
of SHAKE requires one extra vector to be stored in computer memory. The
value of tol, the accuracy by which the constraints are satisfied by SHAKE,
should be chosen such that it causes an error smaller than the truncation
error of the algorithm. In fig. 2 the fluctuation in the total energy and
the required time per step are given as a furction of tol and the time
step n. The smaller h, the smaller the value of tol beyond which no signi-
ficant change in the fluctuaticn of the total eﬁggéy is observed. For the
relevant values of h>0.01 the value tol = 10~€ is small enough; the change
in the fluctuation of the total energy is less than 1% when decreasing
the value of tol.

In fig. 3 the results of the Verlet-algorithm with constraints
(tol = 107°) are displayed. Reaching the same accuracy (fluctuation in the
total energy), the time step in constraint dynamics can be taken four times

as large as that in non-constraint dynamics. However, the required com-

puting time per step increases from 1.2 sec to about 1.6 sec; constraint
dynamics is a factor 1.3 slower per step.

When locking at the k-value predictor-corrector Gear algorithms, it
is found that larger k-values yield no improvement over the results for
k=4. For h>0.02 even the Verlet algorithm produces better results than

the Gear algorithms do. This implies that the force has-a fairly strong random

character; indeed, the harmonic high frequency bond stretching forces have
been eliminated, leaving a more unpredictable force.

When bond angle constraints are considered in addition to bond length
constraints, it turns out that SHAKE consumes very much time for making
the molecule satisfy the enlarged number of constraints. Moreover, no
increase of the time step is allowed, because the frequencies of the bond
angle vibrations are not well separated from those of the other vibrations
of the macromolecule [8].
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Results of 100 step MD runs for BPTT with bond length constraints
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Thus, from a physical and practical point of view the use of bond
angle constraints in the MD for macromolecules makes no sense. By the
introduction of bond length constraints the computer time per step is
increased by a factor 1.3 but the time step may become longer by a
factor 4. So the speed of calculation is increased by roughly a factor 3.
Because of the noisy character of the force, the Verlet algorithm performs
slightly better for larger time steps than the Gear algorithm does.

Summary and conclusions

The application of the method of molecular dynamics (MD) to macro-
molecules was investigated. As an example a small protein, viz. bovine
pancreatic trypsin inhibitor (BPTI) was considered. It was checked
whether the integration algorithms that are commonly used for MD of
simple liquids, are also the most appropriate ones for MD of macromolecules.
Besides, it was examined whether the chain structure of a macromolecule
might allow for a reduction of the computational effort by the introduction
of constraints in the dynamics of the chain.

From a theoretical point of view a multi-value (k-value) predictor-
corrector algorithm with parameters obtained from stability and accuracy
considerations as proposed by Gear [10]appears to be the best presently
available algorithm for MD calculations. In case of non-constraint dynamics
the most suitable representation of the algorithm is the N-representation,
whereas in case of constraint dynamics the F-representation is to be
used. A calculational scheme has been proposed by which constraints can
be incorporated in a multi-value predictor-corrector algorithm.

From the simulation of BPTI it can be concluded that in case of
non-constraint dynamics the most accurate results are produced by the
Gear algorithm using a rather large k-value (k-1 is the poclynomial degree
of the algorithm), viz. k7. However, if less accuracy is required,
lower k-values allow a larger time step than higher k-values.

In the case of constraint dynamics (fixed bond lengths) it turns out
that the Verlet algorithm and the k-value predictor-corrector Gear algorithms
yield comparable accuracies; for smaller time steps h the Gear algorithms
are slightly better, whereas for larger h the Verlet-algorithm is better.
Moreover, Gear with larger k-values gives no improvement over Gear with
k=4. These results can be understood from the more random character of
the force in case of constraint dynamics, since by eliminating the harmenic
high frequency bond stretching vibrations the force is becoming less
predictable. The MD calculation is speeded up by roughly a factor 3 by
the application of bond length constraints.,

The application of bond angle constraints does not pay at all, both
from a physical as well as from a computational point of view.

In practical applications of the MD method to macromolecules, one
should proceed as follows.

1. The decision to apply bond length constraints or not depends on whether
one is interested in the detailed high-£frequency motions of the macro-
molecule or not, provided the use of constraints is physically justified.



2. In MD calculations without constraints the Gear k-value predictor-
corrector algorithm is to be used. When constraints are applied,
the choice between the Gear and the Verlet algorithm depends on the
time step to be chosen, so on the desired accuracy.

3. Choose an accuracy, viz. an upper limit for the root mean square
fluctuation of the total energy.

4. In case of constraint dynamics, find from test calculations the largest
value of tol that is compatible with the chosen accuracy of the total
energy.

5. Determine the optimum size of the time step h and the optimum k-value
from test calculations.

6. With the obtained tol, h and k-values MD production runs, suitable for
analysis, can be done.

Commented copies of the FORTRAN MD and SHAKE subroutines are available
on request.
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Appendix

A.l. The k-value predictor-corrector algorithm

in the N-representation

In the N-representation the predictor matrix A is equal to the

Pascal triangle (k<8):

1 1 1 1 1 d 1 1

1 2 3 4 5 6 7

1 3 6 10 15 21

A= 1 4 10 20 35
1 5 15 35

1 6 21

9 1 7

1

i e s

(A.1)

The corrector columnvector a that assures optimum stability and accuracy
properties for the solution of a second-order differential equation (2.3)

is given in table 1 in the N-representation. The values are taken from

Gear [10] p 154.

Optimum corrector coefficients

Table 1

in the N-representation

k ao al a2 a3 a4 a5 a6 a7

4 1/6 5/6 1 1/3

5 19/120 3/4 1 1/2 1/12

5] 3/20 251/360 1 11/18 1/6 1/60

7 863/6048 665/1008 1 25/36 35/144 1/24 1/360

8 275/2016 19087/30240 1 137/180 5/16 17/240 1/120 1/2520

Values of the corrector column vector a for the Gear k-value

predictor-corrector algorithm for second-order differential equations

given in the N-representation. The are taken from Gear [10] p. 154.



A.2, The k-value predictor-corrector algorithm
in the F-representation

The predictor matrix B and the corrector vector b in the
F-representation can be obtained from the matrix A and the vector a by
performing a transformation T:

rar (a.2.a)

-

w
[l

T2 (A.2.b)

Ao
[

The transformation matrix T can be easily derived from the relation

Y (F) =Ty () (a.3)

One finds (k<8):

1 0 0 .0 0 0 Q 0
0 ¢ 0 0 0 0 0 0
0 0 1 0 0 0 0 0
_ 0 0 % -3 6 -10 15 -21
£ 0 0 1 -6 24 -80 240 672 | B4
0 0 1 -9 54 -270 1215 -5103
0 0 1 -12 96 -640 3840 -21504
0 0 1 -15 150 -1250 9375 -65625
When inverting T for different values of k, one finds for k = 4
1 0 0 0
-1 0 1 0 0
T = 0 0 1 0 (A.5.a)
0 0 1/3 =1/3
for k =5
1 0 0] 0 0
-1 0 1 0 0 0
T = 0 0 1 0 0 (A.5.b)
0 0 1/2 =2/3 1/6
0] Q 1/12 -1/6 1/12
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for

for

3

and

1

Using

for

for

0000

I
COO0O00O0O~

for

OO0 00000

k =

k

eq.

4

jw

O = O

0
0
0
0

0
1
0
0
0
0
0
0]

0

0]

1
25/36
35/144

1/24
1/360

0
0
1
137/180
5/16
17/240
1/120
1/2520

O 00O

OO0 oo

~1
-5/12
-1/20

-4/3
-13/18

-3/20

-1/90

0
0
0]
-5/3
=77/72
-71/240
-7/180
-1/504

(A.2.2) one finds for B

O O =

0
1/2
1/3
1/20

~ O 00

19/24
1/5
1/60

5
0

0
5/3

107/72
59/120
13/180

1/252

= L S~

19/12
23/6

0]

0

0
-1/9
-1/12
-1/60

-4/9

-7/18
-7/60
-1/90

0
0
0
-10/9
-13/12
-49/120
-1/15
-1/252

=1/3

-1

-5/6
-8/3

(A.5.c)

0
0
0
1/12 (A.5.4)
11/144
1/40
1/360

0] 0]

0 0

0 0
5/12 -1/15
61/144 -5/72
41/240 -7/240
11/360 -1/180

1/504 -1/2520

(A.5.e)

(A.6.a)

1/4
5/6
1 (A.6.b)



for k = 6

1 1 323/180 -22/15 53/60 -19/90
0 1 55/12 -59/12 37/12 -3/4
0 Q 4 -6 4 -1
8=lg 0 1 0 0 0 (B84}
0 0 0 1 0 0
0 0 0 0 1 0
for k = 7
1 1 1427/720 -133/60 241/120 -173/180 3/16
0 1 1901/360 =-1387/180 109/15 -637/180 251/360
0 4] 5 =10 10 -5 1
B=[0 o0 1 0 0 0 0 (A.6.d)
0 0 0 1 0 0 0
0 0 0 Q 1 0] 0
0 0 0 0 0 1 0
and for k = 8
1 1 2713/1260 -15487,5040 1172/315 -6737/2520 263/252 -863/504
0 1 4277/720 -2641/240 4991/360 -3649/360 959/240 -95/144
0 0 6 -15 20 =15 6 -1
1o o 1 0 0 0 0 0
B=lo o 0 1 0 0 0 0 (B.6.0)
0 0 0 0 1 0 0 0
0 0 0 0 0 1 (0] 0
0 0 0 0 0 0 1 0
From eq. (A.2.b) one finds for b
b. = a, i= 011:2
- I @

1

It should be noticed that the last (k-3) rows of the matrix B contain
zero's except for one 1 and that the last (k-3) coefficients of b are also
equal to zero. As has been said earlier the last (k-2) values of b result
from stability requirements [10,11]. But, fortunately they happen to be
zero (except b,=1), since otherwise the values of y" calculated at previous
steps would change at later steps. This would make the incorporation of

SHAKE in the algorithm impossible,
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I. Introduction

Although it is widely accepted that solvent has an important role in
biclegical systems, relatively little is known, at the molecular level,
about the structural and dynamical properties of water when interacting with
biochemical molecules. This is a result, in large part, of the relatively
subtle effects which are produced by most types of interactions. For
example, experimental measurements of rotational diffusion and reorientaticn
times for water near protein surfaces have been able to resolve only three
different classes of water molecules.l The mest rapidly reorienting,
which includes the bulk, has a characteristic rotational diffusion time of
about 10-11 sec. The next most rapid exhibits a rotaticnal reorientation
time {Tr) of about J_CJ_'9 sec and has been tentatively identified as involving
the water strongly bound to ionic groups. The third exhibits a T, of about
10 sec. and these are considered essentially irrotaticnally bound. It is
expected that the fastest time range will be populated by the numerous water
molecules which interact relatively more weakly with the protein. These
include molecules which form hydrogen bonds to the peptide backbone and those

which are influenced by the presence of non-polar groups, i.e., those

Loz Similarly, in X-ray

appa.r:ently contributing to the "hydrophobic" effect.
studies of protein structure, only those sites which bind water fairly strong=-
ly (e.g., through ionic or polar hydrogen bonds) show a density peak suffi-
ciently distinct to be identified.

The properties of the solvated biochemical molecule itself are also of
interest. Due to the strong infrared absorption of water, I.R. studies
are extremely difficult to perform. Some structural work has been done

using other methods,3 but interpretation of the results is complicated and

open to gquestion.
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II. System and Method

For these reasons, a molecular dynamics study of a dipeptide in water
solution was begun at the workshop. The system studied consists of an alanine
dipeptide, Figure 1, immersed in a "box" of 195 water molecules. Each of the

22 dipeptide atoms is assigned Lennard-Jones 6-12 parameters and a point charge.

Figure 1: The alanine dipeptide-atom labels and dihedral
angles are indicated. The hydrogens of the methyl
groups are not shown, for clarity, but are inclu-

ded in the calculation.

The intexrnal petential of the dipeptide consists of bond stretching, bond
angle bending, and torsional potentials, paraﬁeterized in accord with ac-
cepted values,4 as well as non-bonded interactions arising fiom the charge
and Lennard-Jones terms. A "10-12" term replaces the 6-12 term between

110

atoms OL and HR (see Figure 1) to provide an improved dipeptide internal



hydrogen bond.5 A 'Ramachandron plot of the resulting potential energies is

shown in Figure 2. | { |
—
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Figure 2: ¢, ¥ pcﬁential energy map for the alanine dipeptide,

150 240 300 EYY

camputed using rigid rotation about the dihedral an-
gles. The contour energies are indicated relative
to zero at the c?eq conformation. The relative
energies of the other important local minima in-
dicated are approximately: C-;ax, +2kcal; Cs, +6kcal;

GR’ +8kcal; extended (*), +8kcal.

The water is represented by a slightly modified version of the ST2 model
of Rahman and Stillinqer.6 In the ST2 model, each water consists of a single
Van der Waals sphere, within which are located four point charges directed
toward the vertices of a tetrahedron and representing the hydrogens and lone
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pair. The change made is to allow flexibility in each water molecule by



introducing, internally only, O-H and H-H potentials taken essentially from
the central force model for water.7 fhe lone pair charge locations are
constructed from the sum and cross product of the O-H bond vectors. This
flexible version may, or may not, be a more "realistic" model of water;
preliminary calculations on pure water indicate that the results differ
negligibly from those computed using the ST2 model. The water-water inter-
action is computed as a sum of Lennard-Jones and Coulomb terms, exactly as
in the ST2 studies.6

The water-dipeptide interaction is computed as the direct sum of the
Lennard-Jones and Coulomb terms. No explicit hydrogen bonding function is
added. Using an appropriately chosen, and reascnable, set of charges and
6-12 parameters for the peptide atoms produces interactions sufficient to
reproduce the expected rélatively strong dependence of the energy on radial
distance (r) and linearity (¢), and relatively f£lat dependence on bending
(6) (see Figure 3). The resulting optimal bond energies and geometries for
cne ST2 water with alanine dipeptide are given in Table I.
Y
Heg o=
ol
P

\\\k:::: Cﬁ?€f§=et——-— SIIE AT
/

Figure 3: Geometrical parameters important to hydrogen bond

description.
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Table I: Optimal Hydrogen Bonds

Tvpe 2 (a°) 9°  E(kcal/mole)
0 g--HN 2.9 110° =641
NH--0=C 2.8 15° 46

i < s
08 --q0, 2.85 0 6.8
0 H -—0=C 2.6 550 -7.4

W W

a) Ow' Hw and g are the water oxygen, hydrogen and
charge, respectively.

b) As defined in Figure 3; r is always the heavy atom
distance; ¢ = 0 (since ¢ = 0, O is just the acute
angle formed by drawing one line through each of

the two atom pairs given).

These results are consistent with the (somewhat diffuse) gquantum

18

mechanical and experimental results available. In particular, all the

values are fairly close to one another, and, in order of decreasing strength,

CH-0=C>0g-HO>NH-0=C>0Cg - HN. (OH and Og refer to the water
molecule.)

The dipeptide was placed in a "box" of 216 water molecules whose con-
figuration was the result of previocus equilibrium dynamics on pure water.
The water molecules with close contacts to the dipeptide were removed and
the (cubic) box edge length was adjusted from 18.62 to 18.2194& yielding
a system of 195 water molecules and one alanine dipeptide at a density of

1.004 g/cc, in accord with expe.riment.9
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In order to simulate an infinite system, periodic boundary conditions and
the method of the minimum image10 were applied during. the calculation. The
classical egquations of motion for the specified system were then numerically
integrated to simulate the dynamics.

As is common in such problems a cutoff distance for the intermolecular
potential was introcduced. The choice initially made was rather short, approxi-
mately 4.5§, with the intention of reducing the effects of the relatively
high dipeptide concentraticn (Vv.25M) on the water behavior. Although this
range excludes direct interaction with second nearest neighbor water mole-
cules in most cases, the indirect effects transferred by the preferred orienta-
tion of nearest neighbors is present. Thus one expects that the most im-
portant forces acting cn each water are still included. The introduction
of this cutoff, however, causes a large, orientation dependent discontinuity
iﬁ the potential and the system is found to heat up relatively rapidly during
the dynamics run. A pericdic readjustment of the velocities is needed to
maintain a reascnable temperature. (This heating is a distinct effect from
that related to the choice of too large a stepsize in integration.) Addi-
tional computations have been carried out with a more suitable potential
cutoff of 84. This range is still short enough to exclude direct dipep-
tide-dipeptide interaction (resulting from the periodicity), while the
water-water interaction at the cutoff distance (84) is, on the average,
essentially zero. In computing water-dipeptide interactions, the dipolar
atom pairs (C'-0, N-H) are always considered together with respect to the
potential distance cutoff, so that either both atoms, or neither, in each
pair interact with any given water molecule.

A Gear algorithnil2 has been used for the integrations, with a step-

size of 3.67 X 107!® sec. One step takes 4.5 sec. on an IBM model 360/91



;aﬁproximately 5.2 sec. on the 370/168) using a potential range of S&, and
approximately 1.3 sec. with a range of 4.58. This large difference in execu-
tion time with a change in range can be used to advantage in carrying out
the equilibration of a "new" system, i.e., one in which there are large de-
viations from an equilibrium configuration. Our calculations indicate fhat
after initial equilibration at a relatively short range, readjustments in
the system, due to increasing the range from 4.5 to 88, takes only about 500
to 1,000 steps.

The system was initially equilibrated for approximately 6,000 steps.
Two rather short additional runs have thus far been carried out; one of 0.67
psec with a 4.58 potential range and a second of 0.85 psec with an 8& poten-
tial range. The latter run has been used to compute all quantitative pro-
perties discussed below. The mean temperature of the system during these
runs was rather high. Apparently due to the short length of these runs,
various temperature estimates are not identical; the water temperature based
on an average of rotational and translational motion (385°K and 354°%, respectively)
was 370°K during the longer run. The dipeptide temperature was approximately

320°K.

III. Qualitative Solution Structure

The dipeptide, initially in an & helical conformation, passed during
the time of equilibration through.the equatorial Cg7 (C?eq) region and into
the region of a local minimum near ¢ = 180°, Y = 300° (see Figure 2).

The origin of this latter local minimum is a valley in the repulsive poten-
tigls: Coulombic repulsion, primarily, between the amide hydrogens and steric

repulsion with the methyl side chain for the peptide hydrogens and oxygen.
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In glycine this minimum is essentially missing. The bottom of this local
minimum lies (in vacuum!) approximately 8 kcal above the absolute minimum,
the CTeq conformation. The transition into this minimum initially was most
likely an artifact of the initial water configuration. However, one can
estimate the least maximum in the dipeptide (¢, Y) potential energy between
the C?eq minimum and this extended minimum by performing a series of con-
formational energy minimizations with constrained values of ¢ andyP. Along
the path observed in the dynamics, the maximum barrier occurs near (¢, U)

= (210°, 30°) with a height of approximately 1l kcal above the C7; minimum.
An alternate route, approximately 1 kcal lower, corresponds to U passing
through ¥ = 180°, into the Cs region near (130°, 180°), and having its
maximum near (180°, 240°).

It is interesting to note that recent calculations of peptide atom
solvent accessibility indicate that this extended conformation (¢ = 180°,

Y = 300°) might have a relatively high (favorable) hydration energy.ll

Figure 4 shows a history of the dihedral angles ¢, ¥ and w; (see Figure
1) in solution, and also in the absence of the water for comparison. Note
that they appear, qualitatively, to include similar high and low frequency
components in either environment. The dashed bordered regions in Figure 2
roughly indicate the (¢, ¥) region traversed in solution.

There are, at any time, several water molecules bonded tc the dipeptide.
There is a definiticnal problem in this respect, since there are a wide
ranée of possible interaction energies of a water molecule with the dipep-
tide, depending on the precise distance and angular gecmetry of association.
As a convenient operational definition, a cutoff of -2.5 kcal for the total
interaction of a water with the dipeptide will be used to define the difference

1 16 between bonded and non-bonded molecules.
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This value effectively includes the few most strongly interacting pairs, but
not the many weakly interacting molecules (see Figure 6). A stereo picture
of part of a typical configuration is shown in Figure 5. The bond lengths,
angles, and interaction energies for the six bonded water molecules are given

in Table IIa.

Figure 5: Stereoc view of a typical configuration of
dipeptide and nearest neighbor water molecules.
The numbers 1-3 label the dipeptide (N + C') and
4 - 24 the water molecules. The view of the di-

peptide is essentially that shown in Figure 1.

Note that there is a significant range of values for each geometrical and
energetic characteristic. Also there are two water molecules bonded essen-
tially perpendicularly to the carbonyl groups. These may be thought of as
corresponding to bonding to the T orbital of the C = 0 group and are physical=-

ly reasonable.



Table IIa: Water-Dipeptide Hydrcgen Bondingc

H,0% oot D E 6 g®
6 3.19/2.60 N /H -2.81 age
13 3.50/2.71 c /o, -4.05 37°
16 3.80/2.90 /0 -3.59 55°
19 3.03/2.03 N_/H, -6.33 32°
20 3.38/3.52 ¢, /o, ~2.89  110°
22 3.73/3.09 c /o, -4.26 92°

a) with reference to Figure 5
; —_— —_— —
b) angle between the vectors HO (g0 ) and CO(NH),
such that a linear bond: (8 =0) corresponds to
exactly parallel bond vectors. When ¢ = 0
(Figure 3), the.angle above reduces to pre-
cisely the angle 6 shown in Figure 3.

¢) distances in i, energies in kcal/mole.

Table IIb: Water-Water Hydrogen Bonding in the First ShellP

Hp 02 Hp 02 oo Epair
5 6 2.96 -2.60

5 23 3.19 -4.23

8 14 2.87 -4.01

8 24 2.78 -6.51

9 17 2.67 -3.67
10 19 2.99 -5.49
13 18 3.17 -2.57

a) with reference to Figure 5

b) distance in A, energy in kcal/mole. 1 1 59



In this particular configuration there are 21 water molecules with
oxygen atoms within 4A of any heavy atom of the dipeptide. This value is
typical of those observed throughout the run. The bonding among these
waters is given in Table IIb.

It is enlightening to compare this to another typical configuration
removed in time from this one (by .64 psec). There are, here, 23 water
molecules within the 4& shell. Four are bonded to the dipeptide, while
there are 16 water-water hydrogen bonds (ccmpared to 8, above) among these
23. Only one of these 16 pairs also occurs among the 8 in the earlier
configuration. The general rearrangement of bonded pairs on this time
scale is consistent with experimental evidence that the "lifetime" of a

hydrcgen bond in water is about .5 to 1 Psec,l3’14

The occurence of this
larger number of intra-shell bonds does not imply that the water in the
first shell is more significantly bonded in the latter configuration

than in the former one. If one includes bonding to molecules in the second
shell, as well as to the dipeptide, the molecules in the first shell
participate on the average, in approximately the same number of hydrogen
bonds in either configuration.

Figure 6 shows accumulated distributions of pair interaction potential
energies among the water and dipeptide molecules. In Figure 6a, the solid
line shows the distribution for water-water pairs, including all pairs in
the entire sample. This result is consistent with that found previously
for pure water.6 The dotted line shows a distribution obtained by including
only those distinct pairs which include at least one molecule in the 48 shell
around the dipeptide. This result would, in principle, reflect both the
average strength of individual water-water interactions at, for example, a
given distance apart, and, in addition, any changes in the average spatial

1 :2() distribution of other water molecules around each molecule in this shell.
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---, at least one of each pair in "hydration
shell). The solid curve is normalized to unity.

b) water-dipeptide pairs; the normalization is to the

total number of water molecules, 195.
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Now, the number of nearest neighbor water molecules is naturally reduced by
the proximity of the dipeptide for those molecules in the shell (while the
number at long distance is not). Since this essentially geometrical effect
is not of primary physical interest, the shell distribution has Lkeen approxi-
mately corrected as follows.

We know that the pairs with high (repulsive) energies are always nearest
neighbors. We first assume that the number of these repulsive neighbors is
reduced in the shell, in comparison to the bulk, simply by a constant frac-
tion. Second, we assume that the same fractional reduction applies for the
bonded (attractive) ragion. Thus, we adjust the normalization of the shell
distribution by the requirement that the average number of pairs with poten-
tial energy greater than 2.25 kcal should be the same in both distributions.
We find that this differs from simply normalizing both distributions to unity
by an increase of only approximately 8% in the shell values. The result shown
in Figure 6a is that obtained using the described approximate correction for
the number of nearest neighbors. As can be seen, the resulting shell dis-
tribution is slightly shifted toward weaker bonding in the bonding region.
Thus the dipeptide apparently has a small but noticeable overall disruptive
effect on the water-water bonding in its wvicinity. The result suggests that perhaps
the process of dissolving the dipeptide occurs in part at the expense of the
strength (as well as number) of water-water interactions. Figure €b shows
a corresponding distribution for water dipeptide pairs. The values (N) in-
clude all water molecules in the system, and thus the ordinate corresponds
to the actual number of water molecules (out of 195) contributing for each
energy. The general shape (i.2., the broad bonding regicu) is similar to
that seen in the water-water results, although the statistical noise is

necessarily much larger. By comparing results accumulated over various
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portions of the run, it would appear that the "bump" at about -5 kcal is some-~
what questicnable but that the shoulder at about -2 kcal is more likely to be
a real effect. This could result from the relatively large number of water
molecules which contact the peptide groups, but not in a particularly favor-
able gecmetry. By summing the contributions to the distribution, we £ind
that an average of 4.8 water molecules (2.5%) are bonded to the dipeptide
(pair energy f;—2.5 kcal), a result consistent with the earlier observations
of particular configurations. The sum of all those with pair energies less
than -1 kcal or greater than +.5 kecal is 21.9 molecules. Since some of the
water molecules near the non-polar groups may also be expected to contribute
in the -1 to .5 kcal range, these 21.9 molecules include some second neigh-
bors to the polar peptide groups.

The group of molecules with interaction enefgies between -.25 kcal
and +.25 kcal constitute 70% of the 195 molecules. The fact that such
a large percentage interact very weakly with the dipeptide is supportive
of our implicit assumption that the effective concentration we are using is

not unreasonably high for a useful study of this systen.

IV. Solvent Dynamics

One is particularly interested in the water molecules which have average
positions within the 42 "shell" around the dipeptide; during the current
run there are 23. Of these, 8 are separated by an average distance cf more
than 48 from any polar atom, and these constitute a "non-polar" group. In
addition, 10 of these 23 are either solely within the 4& radius around the
carbonyl oxygen or amide hydrogen atoms, or are significantly closer to these
than to any non-polar atom. These are classified as a "polar" group. The
“bulk" consists of the 172 non-"shell" water molecules. This classification
scheme seems to be a reasonable approach to isolating peculiar behavior asso- -1:2:3

ciated with particular solvent-solute interactions.



Various unequal time auto-correlation functions have been examined. We

define these functions for a property A(t) as,
C(t) = <A(0)A(t)>/<a%(0)>

where the bracket indicates an average over the simulation. If A is a vector
quantity, the ordinary product is replaced by the vector dot product in the
current applications. These functions, C(t), have been computed for each
water molecule and then averaged in groups according to the defined classes.
The increased statistical error inherent in this subdivision procedure,

due to the reduced number of water molecules involved in each average, should
be noted. The correlation functions considered are the center of mass
velocity, probing translational motion, and the total angular momentum and
dipole reorientation, probing rotational motion. We use a dipole defined

by
by = Gt - Kot * (g - Kot

where H% and H% are the two hydrogens of the water molecule 'i'; this vec-
tor has a mean magnitude of 1.2868 and fluctuates (due to intermal vibration)
relatively little.

Due to the short time interval examined, the mean square center of
mass velocities of the groups varied sufficiently (a range of 80°K) that
substantial difference in their velocity autocorrelation functions are to
be expected from temperature effects alone.6 Thus, the only conclusion
that could be drawn from these was that the differences observed could
be acccunted for solely by these temperature differences. Estimates of
rotational temperatures for these groups of water molecules were similar
(mean deviation from the mean of 8°K), and the resulting correlation func-

124 tions (for short times) are shown in Figures 7 and 8. The differences



among the angular momentum correlation functions do not seem substantial
enougﬁ to suggest large differences in rotational diffusion rates, when
compared to bulk. The characteristic frequency for the oscillatory decay
of the angular momentum also appears to be very similar for each class.

The dipole reorientation rates, as indicated by the slopes of the curves

in Figure 8 for times greater than about .1 psec, appear to be very similar.
These results, however, are not inconsistent with the possibility that

differences exist at lower temperature.

V. Dipeptide Internal Structure and Motion

In order to compare results in solution o those in vacuum, a parallel
simulation has been done in the absence of solvent Starting from a typical

configuration in the solution dynamics. This vields the results referred to

below as "vacuum."

A. Average Structure

Bond lengths and bond angles are affected very.little by the solvent.
The mean bond lengths in solution differ from those in vacuum by less than
.0055. They are all slightly smaller in solution with the exception of the
polar peptide bonds (C-0, N-H) which are slightly longer. The root mean
square fluctuation in bond lengths are about .0252 and essentially the same
in solution. Similar results apply to bond angles; they differ typically
by only about 1° between solution and vacuum and the rms fluctuations are
about 3.7° in both cases. There is somewhat more difference in dihedral
angles. Tables IIIa and IIIb Summarize the results. The mean values in
vacuum are essentially the.values at.the dipeptide potential energy minimum.
For the peptide angles w, we note that they are essentially planar in vacuum,

while there is a small but distinct non-planarity in solution. 1 :255
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Table IITa: Dihedral Angle Mean Values and Fluctuations?
Vacuum Solution
<> 187.6 174.6
<> 295.8 299.0
<wi> 180.0 169.0
<wz> 181.3 186.1
<ag?>1/? 13.0 10.3.
<ap?>1/2 12,3 10.0
<buwy 23172 12.5 8.3
<Buw, 25172 9.0 10.0
(a) A8 = (8 - <8>), in degrees.
Table IIIb: Dihedral Angle Equal Time Correlations
— got ¢ v w1 w2
0] i i & -0.573 -0.259 -0.004
i 0.005 N -0.214 0.311
w1 0.082 -0.124 I L -0.100
S ¥
s 0.309 0.033 -0.195 N
a) The values given are $40 188 j>
<&9i2>l/2<&8j2>l/2
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Since the ¢-§ potential well is relatively narrow, the fluctuations in ¢ and Y
are relatively small, and comparable in vacuum and solution. A distinct dif-
ference is seen in the equal time correlations among the angles, in particular
for the ¢, Y pair. The observation of this negative correlation could be

a result of the fact that the requisite motion (rotation of ¢ and Y in opposite
senses) can be carried out with relatively small changes in the overall posi-
tions of the two peptide groups. However, we cannot make a strong conclusion

from the limited simulation.

B. Dynamics .

Time correlation functions (computed to a maximum of .55 psec) for the
internal motions of the dipeptide have also been examined. Figures 9 through
12 show typical resulting functions and their Fourier transforms. In each
case, the vacuum result is shown as a solid line and the solution resul:t as
a dashed line. Due to the limited "sampling” time, there are significant
sidebands in the transforms. The "broadening” function, sin wT/wWT(T = .55 psec),
is shown in the insert in Figure 10b. These sidebands can be reduced by the
use of weighting function, as is done in modern NMR work, but this has not
yet been carried out. Also, relatively small differences in amplitudes
between solution and vacuum results can easily be the result of unequal
distribution of internal energy among the various modes.

As can be seen, the "hard," high fregquency, modes associated with
bonds and bond angles behave quite similarly in either environment. Each
shows evidence for very long lived oscillatory correlations. The bond angle
Ni = Cu - CR’ however, might be expected to include lower frequency motions
corresponding to the overall bending of the dipeptide about this central
angle. In solution (Fig. 1lb), the peak at about 29 psec™! (154cm™*') is

1:ZE¥ery much larger than in vacuum.
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It is quite possible that this reflects coupling to low freguency collective
translational motions seen in pure water studies,6 as well as in our own
simulations. For the representative dihedral angle, ¢, (Figure 12) the
principal component is at low frequency in vacuum, and therefore it is in-

herently difficult to see this possible effect here.

VI. Conclusion

We have found that the model proposed for simulation of this solution
gives physically reasonable bonding structures and energies. Analysis in-
dicates that the bonds break and reform fairly quickly, as expected. Analy-
sis of the water-dipeptide pair energies suggests that the system used is
net unreasonably small for an investigation of this type.

Study of the dipeptide's "hydration shell" points out the inherent
statistical problems associated with a solution as opposed to a pure liquid.
However, the described classification of the water molecules in this shell
according to the functionélity of the neighboring dipeptide atoms seems to
be a useful approach for analysis, while retain;ng scme statistical advan- !
tages.

No significant differences in the motion of these solvent molecules could
be discerned from the limited analysis that was possible. The average struc-
ture of the dipeptide, at least in the neighborhcod of the local minimum stu-
died, is quite similar in solution to that in vacuum. The most significant
difference found was in the peptide non-planarity in solution, perhaps allow-
ing greater accommodation of solvent bonding. The size of fluctuations in
internal coordinates are also quite similar in vacuum and solution.

Currently we are carrying out a longer simulation with the dipeptide

in the equatorial C7 conformation and at a temperature of approximately
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40°C. The results of the analysis presented above can be used as a very

valuable guide in this study.
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I. INTRCDUCTION

Little is known at present about the details of motions within
protein molecules. One method for exploring these motions is the solution
of the classical squations of motion for the atoms cemprising a protein
and analysis of the resulting phase-space trajectory. Here, we report
preliminary results of an application of this "molecular dynamics'
method to a small (58 residues) protein molecule, the bovine pancreatic
trypsin inhibitor (BPTI). Our calculation is for an isolated molecule
and accordingly will not incorpeorate features due to the solvent
environment.

II. METHODS

The essential component of any molecular dynamics study is the
potential function used to describe the interactions of the atoms in the
assembly of interest. Once a potential function is chosen, any of several
numerical schemes may be used to determine changes in atomic positicns
and velocities at a succession of times. The desired trajectory may be
developed from any set of initial atomic positions and velocities.

Empirical potential energy functions have been used for several
years as a tool for refinement of x-ray structures [1] and, more vecentl s
to assess the consequences of protein flexibility. [2-4] Here, we use
an empirical potential function developed by Gelin and Karplus [2] as the
basis for our molecular dynamics study of BPTI. This function is composed
of a sum of terms representing contributions from bond stretching, bond
angle bending, dihedral angle twisting, hydrogen bonds, non-bonded
(van der Waals) interactions, and electrostatic interactions. Hydrogen
atoms are not explicitly considered in this model, but are combined with
the heavy atoms to which they are bonded by a suitable adjustment of
heavy-atom parameters. This use of "extended atoms" reduces the number
of interactions which must be calculated at each point in time and also
permits larger steps in the trajectory calculation since the high fre-
quency hydrogen vibrations have been eliminated.

Integration of the equations of motion was performed by using
the Gear algorithm [5] and a time step of 9.78 x 10-16 sec. X-ray
coordinates were used for the initial positions, and the initial velo-
cities were zero. After 100 steps, the stresses in the initial structure
had relaxed and the potential energy had developed into an internal
kinetic energy corresponding to a temperature T = 140° K. At this point,
all velocities were multiplied by a factor of 1.5 and 250 more steps were
taken. The added kinetic energy was allowed to partition itself between
kinetic and potential terms during this interval, and the system achieved
an average temperature T T 295° X, Finally, 9,000 further steps were
taken for the purpose of analysis. The analysis period corresponds to
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8.8 psec. During this 9,000 step series, the total energy of the
protein was well-conserved, changing by only 0.7 kcal/mole. The 9,000
step trajectory calculation required approximately 2 hours of CPU time
on the IBM 370/168.

III. PRELIMINARY RESULTS

A, General Features of the Protein Motion

At 300° K, almost all the atoms of BPTI remain near their
average positions, performing motions of small amplitude. In a few
instances, atoms are observed to move from the region of one energy
minimum to another (e.g. the sterically unhindered rotation of small
groups of atoms). No tendency of the protein to unfold is observed.

The root-mean-square (RMS) ztomic displacement per Cartesian component

was <(x - <x>)2>¥? = 0,52 A, Considered as a set of harmenic oscillators,
the atoms move subject to apparent restoring forces with an average force
constant k = kpT/<(AX)?> = 1.7 x 10° erg/cm® (2.4 kcal/mole X2) for dis-
placements in the X,Y, or Z directions. This force constant is about two
orders of magnitude smaller than those associated with bond stretching
(e.g. X = 4,2 x 10° erg/cm?® (600 keal/mole 22) for c-C stretching).

Unusually large RMS displacements (1.5 - 3.0 R in one or more
components) are observed in the side chains of Lys 26, Arg 39, Arg u2,
Lys 46, Met 52 and in the C-terminal residue, Ala 58. All of these groups
are at the surface of the protein. Some of these mobile regions correspond
to groups of atoms which are not located or which have high temperature
factors in the x-ray diffraction work on this protein (Lys 26, Arg u42,
Lys 46, Ala 58), but there is not an exact one-to-one correspondence
between mobile atoms and atoms with high temperature factors.

Even in regions of the protein with more typical RMS coordinate
fluctuations, the atomic mobility is great enough that substantial dis-
placements occur in the internal coordinates (bond lengths, bond angles,
and dihedral angles). In Figs. 1 and 2, we show the evolution of several
internal coordinates of the Phe 22 residue, beginning with step 5,000
and continuing for about 0.5 psec.[6] Phe 22 is one of the BPTI residues
which is relatively well buried in the protein matrix. A statistical
analysis of such internal coordinate motiocns is provided in the subsequent
sections.
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Evolution of three internal coordinates of the Phe 22 backbone, starting
at step 5000 and continuing for 0.5 psec. Histories of the N-C% bond
length, the N-C%*-C bond angle, and the (rel tively stiff) dihedral
angle W are shown.
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Evolution of the relatively soft Phe 22 dihedral angles ¢, P (in the

backbone) and X!, x? (in the side chain), starting at step 5000 and
continuing for 0.5 psec.
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III. PRELIMINARY RESULTS (cont.)

B. Backbone Internal Coordinates

In this section, we present the results of a preliminary
analysis of the mobility of internal coordinates in the polypeptide
backbone. :

1) Equilibrium Correlations

Mean values and root-mean-square fluctuations for backbone
bond lengths are given in Table 1. The corresponding quantities for the
bond angles are given in Table 2, and those for torsional angles in Table 3.

TABLE 1. Backbone Bond Lengths: typical mean values and RMS flucuations.

Bond Mean Length (R) RMS FPluctuation (Z)
N-c® 1.47 - 1,48 0.02 - 0.03
c®-c 1.53 - 1.54 0.02 - 0.03
c-0 123 - 204 0.01 - 0.02
C-N 1.32 - 1.33 0.01 - 0.02

TABLE 2. Backbone Bond Angles: typical mean values and RMS fluctuations.

Bond Angle Mean Angle (deg.) RMS Fluctuation (deg.)
c-N-c% 229 - 120 i = 5
N-c*-¢ 11 - 118 4 -5
c*-c-n 118 - 116 4 -5
c%-c-0 197 - Y81 4 -5
0-C-N 192 - 153 5 -5
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TABLE 3. Backbone Torsicnal Angles: typical mean values and RMS
flucutations.

Torsicnal Angle Mean Angle (deg.) RMS Fluctuation (deg.)

(0] ‘wide variation 15 - 30
] wide variation 15 - 30
W 175 - 185 7 - 10

The RMS fluctuations of bond lengths and bond angles are fairly constant
along the backbone except for slightly (~20%) larger fluctuations in the
residues nearest the C-terminal end. The same behavior is seen in the
dihedral angle W. The softer dihedral angles ¢ and Y show markedly
greater variation; large RMS fluctuations in these angles sometimes appear
to be associated with specific interactions connecting different parts of
the polypeptide chain. Particularly large RMS fluctuations are found in
Y3s and ¢33 (near the 14-38 disulfide bond), Yuy and dys (near the back-
bone hydregen bonds NH?I"'OQS’ 021...HN45), and in several ¢,y angles at
the C-terminal end of the chain.

Examination of the time evolutions of ¢ ¢ angles with large RMS fluctua-
tions revealed several instances of concerted transitions in Vi1, ¢; pairs.
In these transitionms, ¥;_1 and ¢; rotate with opposite senses by about 180°;
the intervening amide group flips over, but backbone and side chain directions
are undisturbed. Such transitions occurred in the pairs Y,,, $a93 Vyus Pugs
and Y, , b5,. Concerted Y;_;, ¢, transitions are dramatic examples of the
correiaticn which is generally found in the flucutations of these angles
(see below). :

Backbone hydrogen bonds typically have lengths (N to O distance)
of 2.9 R to 3.1 § and RMS length fluctuations of 0.1 R o0 0.2 . Two
backbone hydrogen bonds showed marked stretching in_ our dynamical simu-
lation; they are NHig.. 5035 (RMS fluctuation = 0.7 A) and‘NH27...024
(RMS fluctuation = 0.6 A).

The polypeptide backbone of BPTI forms two major pieces of secondary
structure. Residues 18 through 24 are associated with residues 29 through
35 in an antiparallel f-sheet, and pesidues 47 through 56 form two
complete turns of a-helix at the C-terminal end of the protein. The "
average RMS length fluctuation of hydrogen bonds in the B-shest is 0.13 A,
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while the corresponding average for the a-helix is 0.22 A . Thus, the
B-sheet seems to be a more stable element of secondary structure in our

model of BPTI.

In addition to the RMS fluctuations discussed above, we have cal-
culated the equilibrium correlations of different dihedral angles.
Correlations of fluctuations in ¢33 (which is at the center of a strand
of B-sheet) with fluctuations in ¢33tk and Wssyk » k = =5, =4,..., +4, +5,
are presented in Fig. 3.

o —
e \\//\/\ AP

f 4

T (S OO R
=5 =t -3 -2 -1 o

1 I
%3 % 5 k

-0
-0
-0.6
~-0.8
=19

Fig. 3 Normalized equal-time correlations of fluctuations in b33 with

fluctuations in ¢33+k (A) and with fluctuatlon in Usask (B)
The quantity plotted in A is <&¢33A¢33+k>/<(&¢33)2 /2<(&@33 k)2 33
The quantity plott ed in B is <4¢33M0334+x>/<(Ad33)2>! 1/2 2<(AP3 a4 k)z /@
Fluctuations are measured with respect to mean values:

Ddz34k = P3z+k - <P3ag>, ete.
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Over distances which are not too great (i.e. up to k = £ 3), these
correlations follow the pattern of the dihedral angle fluctuation
correlations recently found for an isolated a-helix [7]. It seems
likely that this pattern of dihedral angle corrrelations will be

found commonly to occur in strongly conserved regions of secondary
structure in proteins. A fortiori, the highly localized correlation
<Ap;48y; ,> is found typically to be negative and of similap absolute
magnitide to <(A¢i}z> in BPTI, even outside regions of formal secondary
structure. Such correlations of A@i with ﬂwi_l censerve the general
direction of the polypeptide backbone and may be expected to occur
generally in proteins where the backbone folding is strongly conserved.

2) Time Correlations

The time correlation function for fluctuations in the length
of a bond in the polypeptide backbone (N-C* of Phe 22) is shown in
Fig. 4.

A

AV TR RO

i 1 | i
e .05 10 5 20 T (psec)
Fig. u

Time correlation function for fluctuations of the NQQ—C%Q bond length,
4 = Q
<Ab(t) Ab(0)>, in units of 10™% A2,

It is worth noting again that Phe 22 is a relatively well buried residue.
There is a partial loss of correlation in the first 0.1 psec., followed
by a long interval in which a residual small amplitude oscillation
decays very,slowly. The amplitude of the correlation function is

1.5 x 10 % A% after a time T = 0.6 psec. Such long-lived correlations
appear to be a typical feature of bond length fluctuations. The

Fourier transform of the the N22-C%2 time correlation function is shown
is Fig. 5.
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Edg. B, Fourier t“ans;orﬂ of the time correlation function for flue-
tuations of the Npy-C%, bond length, in arbitrary units. Peaks labeled
a,b,c,d occur at approximate wavenumbers of 800 ecm™%, 101C em-l, 1110 em~l,
1430 cm"l, respectively.

In addition to the four explicit peaks at wavenumbers of about 800 cm-1,
1010 em™1, 1110 cm -1, and 1430 em -1, there is probably a fifth peak near
1170 cm~l which cancels the negatlve "wing" at the right of the 1110 ecm-l
peak; these negative "wings™ are expected to occur as a result of the
truncation of the time correlation function at T T 0.6 psec. before
Fourier transforming. In addition to these peaks, the spectrum shows
relatively small contﬂlbutlons from many low frequency motioms to
fluctuations in the Nyo=C 22 bond length.

In an attempt to identify the origins of the peaks in the
Nyp 022 frequency spectrum, we performed a normal-mode analysis of the
isolated fragment CH3-CO-Phe-NH-CH,. The vibrational motions of this
fragment which involve the largest displacements in the N-C% bond ocecur
at wavenumber 1425 cm~1, 1161 cm-l, 1099 ecm~L, 952 cm~1, and 787 cm-I.
One may conclude that the } ﬁ22—C22 bond fluctuations are simply those
expected for a strongly coupled system of local oscillators which is
weakly coupled to the rest of the protein molecule.

Time correlation functions for the fluctuations of the three back-
bone dihedral angles ¢, and w of Phe 22 are shown in Fig, 6
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The dihedral angle w, which has a relatively large intrinsic restoring
force, exhibits behavicr similar to the Nyp-Cop bond. There is a
partial loss of correlation in the first 0.1 psec., followed by the
slow decay of a residual small amplitude oscillation. In the softer
dihedral angles ¢ and Y, initial correlations die out more slowly.

The Fourier transforms of these dihedral angle time correlation
functions are shown in Fig. 7. In general, it appears that the
fluctuaticns of these dihedral angles are dominated by low frequency
motions which are not localized in the Phe 22 backbone, but which are
rather collective motions of the protein matrix. Some of the structure
appearing at frequencies above 300 em~l (0.6 x 10% sec.”l) in the
spectrum of the dihedral angle w may be due to more localized normal
modes, however,

C. Side Chain Intermal Coordinates

1) Equilibrium Correlations

In the BPTI side chaigs, RMS bond length fluctuations are
typically in the range 0.02 - 0.04 A, RMS bond angle fluctuations are
typically in the range 3 - 6 deg., and RMS dihedral angle fluctuations
are typically in the range 10 - 40 deg. The time evolutions of dihedral
angles with large RMS fluctuations exhibit a number of side-chain trans-
itions from one dihedral energy minimum to another. Examples include
the side chains of Met 52 (where ¥® jumps successively from the regicns
of -60°+60° + -60°+180°+60°+180°) and Arg 39 (where x? jumps successively.
from the regions of -609+180°+60°). It should be noted that these side
chains are all at the protein surface and that the detailed dynamics
of their transitions would be altered by solvent interactions in solution.

- 2) Time Correlations

Time correlation functions for the fluctuations of side
chain bond lengths are similar to those for backbone bonds: there is
a partial loss of correlation in the first 0.l psec., followed by slow
decay of the resudual small amplitude oscillation. Fourier transforms

‘of these correlation functions are dominated by a few discrete peaks,

suggesting that bond length fluctuations are primarily those of a local
system of coupled high frequency oscillators.

The time correlation function for fluctuations of the dihedral
angle x®> (which is the rotation angle for the phenyl ring of the
relativ%iy buried residue Phe 22) is shown in Fig. 8.
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Time correlation function for fluctuations of the sidechain dihedral
angle )(22 in deg?

The correlation decays almost monotonically, with a time constant

T = 0.2 psec. The rotation of the phenyl ring is evidently strongly
coupled to collective motions of the surrcunding protein. Inertial
motions of the ring are largely damped out, though the detailed physical
mechanism of thls damping has not been determined. The Fourier trans-
form of the x time correlation function, shown in Fig. 9, is dominated
by a s:.ngTe large peak at zero frequency.
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Fig. 9
Fourier Transform of the time cor're1at.kon function for fluctuations of
the sidechain dihedral angle )(22, in arbitrary units. 151



It is reasonable to suppose that torsional motions which involve substan-
tial displacements of large groups inside proteins will generally have
this kind of collective character, while torsional motions requiring
small "free volumes" (e.g., rotation of small groups) may retain some

of their local inertial character.
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Crystal Structure of PTI

Pancreatic typsin inhibitor is a 58 amino acid residue protein. Its
crystal structure has been determined by a German group working under the
direction of Huber.l Subsequent to the initial structure determination,
the structure has been refined and 47 preferred locations of solvent (water)
molecules have been determined. Of these, four molecules are inside the
folded protein molecule, the remainder are held in certain preferred posi-
tions by hydrogen bonds to polar groups on the surface of one, or several
PTI molecules. The crystallographic R-factor at a resolution of 1.5 & is
0.23.

The crystal structure has symmetry P2,212; and Eontains four protein
molecules per unit cell of dimension 43.1x22.9x48.6 A3, (The asymmetric
unit contains a single PTI molecule.) On the basis of a typical partial
specific volume of 0.74 ml/g, we calculate that there are some 500 water
molecules in the unit cell, i.e., about 125 per PTI molecule. There are
therefore approximately 80 water molecules in the asymmetric unit which
are presumably more or less free to move in the interstices between the
protein molecules.

Objectives

We have begun a simulation of the water in the PTI crystal using
molecular dynamics calculations. The success of these calculations is
to be judged by the following criteria:

a. The time average distribution of the waters in the model should
show maxima near the positions indicated to be preferred by the crystal-
lographic work.

b. A smooth distribution should obtain in the interstices,

c. The crystallographic R-factor should be calculated on the basis
of the refined protein coordinates together with the distribution of the
water molecules obtained with molecular dynamics. This wvalue should be
low.

Also, the intensities of the low-order resflections should be well
reproduced. These are at present left out in the calculation of Fourier
sums and R-factors in protein structure work. This is so because the low
order structure factors contain much more important contributions from
the disordered solwvent than do the high order ones.

d. The correct prediction of the dynamics (rotational and transla-
tional diffusion) of water molecules in crystals as judged by relevant
spectroscopic data (e.g. nmr).
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Description of the Molecular Dvnamics System

The positions of all polar hydrogen atoms were estimated from the
published nonhydrogen coordinates. The coordinates of all symmetry related
copies of the atoms lying within the unit cell were calculated by apply-
ing the appropriate symmetry operations and lattice translations to the
coordinates of the nonhydrogen atoms and these hydrogens. The apolar
(i.e., carbon bound) hydrogens were not considered in this initial cal=-
culation. (The oxygen atoms of the four water molecules enclosed within
the PTI molecule were also subjected to this process.) This procedure led
to a total of 4x579 = 2316 atomic positions in the unit cell.

In this preliminary study the protein atoms were held in fixed posi-
tions and each atom (hydrogen included) was allotted a charge Q and Lennard-
Jones parameters ¢, €; since the ST2 model for water also is a "o, £, Q"
type model we have a very simple situation as far as the potential of inter-
action is concerned. For atom A of the PTI we will call the distance

P " : . 5
(6gpp * c%TIJ/Z the van der Waals distance" for H,Y and A.

Initial positions of 508 solvent water molecules were estimated by
superimposing the contents of the unit cell on a volume of "thermal equil-
ibrium" water, that is an instanteous configuration occurring in the
molecular dynamics study of liquid water done by Rahman and Stillinger;
their 216 molecule cell was extended by lattice translations to £ill the
unit cell volume. Water molecules whose oxygen atoms were farther than
a certain distance from the centers of all PTI atoms were considered to
be solvent molecules. The critical distance was first set at the van der
Waals distance and subsequently decreased until 508 molecules were included
in the set to be retained as solvent. This happened when the distance was
a fraction 0.69 of the van der Waals distance.

As mentioned above, the water was treated according to the ST2 model
and allowed to move. Apart from the water-water interactions according
to the ST2 model, the protein molecules provided a set of nonmoving re-
pulsive and attractive centers that constrained the motion of the water
molecules. The calculation was run for 4500 cycles, each cycle corres-
ponding to an interval in real time of 5x10-16 sec. During the first
2000 cycles the kinetic energy was adjusted to maintain a temperature of
300°K, and the results of these cycles were not retained for analysis.
The data for the subsequent 2500 cycles covering a time span of nearly
10~12 sec, was analyzed.

After the workshop the work was continued in the U.S. and upto date
a fairly long run of 10,000 more steps has been made. The description
below includes all the pertinent results and not just those obtained dur-
ing the workshop.



Analysis of Results Obtained So Far.

In Figure 1 we show maps of 1.5 & thick layers cut out of the unit
cell. The behavior of the water molecules in these cross-sections is
typical of that throughout the crystal. A number of points are worth
mentioning.

1. The frame at z=.26 contains a dynamic water molecule inside a
protein molecule. This is one of some ten misplaced waters. These tend
to remain in a very small volume and so far have not interfered with the
calculation. These molecules will be omitted in subsequent calculations.

2. The behavior of the water in the four equivalent environments
is not (yet) the same, i.e. the behavior in each slice (still) depends on
the original placement of the water molecules vis-3-vis the protein mole-
cules.

3. Some of the crystal water positions have a nearby dynamic water
molecule in nearly all configurations in all four slices, but most crystal
water positions are highly occupied by dynamic water in fewer than four
of the slices, and at some crystal water positions the occupancy is zero
in all four symmetry related equivalent positions.

4. The occupancy at the crystal water positions is not wvery high
and, worse, is not increasing perceptibly as the calculation proceeds.
In 1.5x1.5x1.5 &3 cubic volumes containing the crystal water position, the
average dynamic water occupancy is 0.19. (In liguid water the average
occupancy of this volume is 0.11.)

5. Dynamic water molecules did move into areas near the protein
molecule where they were not found at the start of the calculation.

6. The distribution of the water in each frame appears to possess
a good deal of structure. This structure is not of a kind a crystallo-
grapher would easily determine from an electron density map. There is
therefore reason to believe that the solvent structure makes a significant
contribution to the high order reflexions, and that inclusion of the com-
plete water structure in the calculation the crystallographic R-factor
will lead to considerable improvement. (For the moment, the calculated
water distribution does not appear to be an equilibrium distribution, and
calculation of an R-factor is not warranted.)

Further work

This project is being continued at Argonne Natl. Lab and the Univ.
of North Carolina.
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The long-range nonradiative electronic excitation energy
transfer between luminophores attached to the two ends of a
molecule depends on the molecular dimensions (F8rster, 1951).
From the experimental data on energy transfer, molecular
dimensions and conformations can be obtained by the methods
of theoretical conformational analysis of the systems considered
kLeclerc et al, 1977a).

Of particular interest are biological molecules since the
biological activity depends on conformation. The adrenocortico-
tropic hormeone (ACTH), a biologically active molecule, has been
extensively studied in solution by energy transfer. The efficiencies

2 and Tyr23 to Trp9 (Eisinger, 1969)

9

of energy transfer from Tyr

in the fully active fragment ACTH (1-24)° and from Trp”~ to N°-

21

dansyllysine in the same fragments but dansylated (Schiller,

1972 ; Schiller and Schwyzer, 1973) have been determined in

*
Sequence of amino-acids in ACTH (1-24):

(2) (9)
(H) -Ser-TYR-Ser-Met-Glu-His-Phe-Arg-TRP-Gly-Lys-Pro
(23) (21)

|
a

1

(OH) =Pro-TYR-Val-Lys-Val-Pro-Arg-Arg-Lys-Lys-Gly-

!
(2HS)
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various solvents, in particular in water.

These latter studies as well as the dialysis studies of Craig

et al. (1965) indicate that the behavior of ACTH in solution

"is best explained by some type of mobile equilibrium involving
many different shapes". In these conditions, it seems appropriate
to use a statistical approach to describe the various conformations
in order to reproduce the experimental efficiencies of energy
transfer and to obtain molecular dimensions consistent with these
data.

The results of such a study are reported here. A set of
chains have been generated by the Monte Carlo method of Prémilat
and Maigret (1976) which is derived from that of Metropolis et al.
(1953) . Interactions between all the atoms are taken into account
and the conformational energy is calculated from semiempirical
potential functions,

The chain is constructed from standard geometrical parameters
of amino-acids (Scheraga, 1968). The number of degrees of freedom
has been reduced by replacing some of the side chains By a
composite atom with a van der Waals radius of 1.75 i (Pletnev et al.,
1974) . The important conformational features of amino-acids
having a methylene group in their side chain are correctly
simulated by this simplified model (Flory, 1969). The exact
representation of a number of other amino-acids (Gly, Pro, Tyr,
Trp, Phe, Lys=-(Dns)) was required either by specific conformational
features (Gly and Pro) or by the importance of mutual orientations

of the aromatic rings for the transfer (Leclerc et al., 1977 a)
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and for the attractive interactions ‘between them (stacking)
(Leclerc et al., 1977 b). The geometrical parameters of the
dansyl luminophore (Fig. 1) have been obtained from X-ray data
of related compounds, naphthalene (Cruickshank, 1957) and
sulfanylamide (O'Connell and Maslen, 1967). It has been assumed
that the S-N® bond. has a double-bond character as in sulfanylamide
and that it is trans with respect to the C®-N% and s-C bonds.
The other features of the tridimensional structure of the

dansyl group, in particular the tetragonal hybridization of N in
N(CH3)2 and the values for the angle of rotation around the S-C
bond, limited to + 120°, are imposed by steric factors.

The direction of the transition moments of the luminophores
(Leclerc et al., 1977 a and Fig. 1) has been determined by quantum
mechanical calculations (Oth, 1977).

The effect of the solvent (water) has been introduced into
the model by distinguishing between hydrophobic and hydrophilic

amino-acids (Prémilat and Maigret, 1976). Hydrophobic amino-acids

CHy

~,

™,
™,
C»H;h“:;\ »

Fiagw 1.

€
Gans The dansyl-NH part

ad

e .
of N-dansyllysine.
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have been underlined in the footnote on page 1. The attractive

part of interatomic interactions between two hydrophilic or a
hydrophilicand a hydrophobic amino-acid has been replaced by zero,
because of the shielding effect of the surrounding water molecules.
On the contrary, for two hydrophobic amino-acids the overall effect
of the attractive part is predominant. Apart from this solvent
effect, all the interactions have been represented by the potential
functions of Scheraga (1968). Partial charges associated with the

atoms contribute to the electrostatic interactions. The distribution

of charges of Poland and Scheraga.(1967) has been used in
c&njunction with a dielectric constant ¢ equal to 3.5, which
is considered as a "mean value" of the effective dielectric
constant depending on the distance between atoms. The full charges
of those side chains which are ionized at neutral pH (Glu, His,
Lys and Arg) have been decreased by half, because of the above-
mentioned low value of e. The charge distribution on the dansyl
group has been computed by an INDO quantum-mechanical program,
obtained from the "Institut de Biologie Physico-Chimique", Paris.
The calculated mean dimensions of the various segments of

the chain are shown in Table I.

Table I - Various moments of the distribution f£(r) in

Tyrz-Trpg,(a); Trpg-Tyr23,{b) and Trpg-Dnszl,(c).
<r> <r2>l/2 <r-6>""l/6

(a) 10.6 11.9 6.5

(b) 24,3 26.7 8.0

(c) 23 7 24.0 649



Only the segments 2-9, 9-23 and 9-21 (Dns) have been considered

in the calculations. The distribution function £(r) of the
distances r between the luminophores Trp 9 and Tyr 23 is shown

in Fig. 2, together with the associated mean energies E(F + 0.5 i),
where £ = i A. The maxima of the distribution apparent at short
distances are due to the stacking between the aromatic rings of

Trp 9 and Tyr 23. It is shown that these short distances

correspond to the lowest mean energies.

Kead

|
=
(Lt | |
os| | ] ]
| E
]
0 L ! ! 1 g I o)
10 Zo. 3o 40 S9.
<(R)
Pig. 2. The distribution function f£(r) (heavy line) of

23

the distances r between Trpg_and Tyxr and the associated

mean energy E(r). 1
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The transfer efficiency (Dale and Eisinger, 1974) is

given for the static regime by the expression:

R 6/r6
<T>s = < 2 z z > (1)
1+ Ry /T
and for the dynamic limit by
<RO°/r6>
Bt Npll=ry e e
1+{R "/T"2

where Ry is a parameter depending on the spectroscopic
properties of the luminophores and of the solvent, and on
the relative orientations of the luminophores.

The averaging regime is static (dynamic) when the
transfer time is short (long) as compared with the lifetime
of a conformation. If the distances between the luminophores
do not change during the transfer time but the luminophores
rotate rapidly and isotropically the transfer efficiency is
still given by (1), but Ros must be replaced by its average
value, which is a constant. The symbol <T>g,1s used for this
type of regime, which is dynamic only with respect to the
rotations of the luminophores.

The transfer éfficiencies as calculated from the present
model are compared with the experimental values in Table II.
The agreement between calculated and experimental values is
very satisfactory if the averaging regime corresponding to
the experimental conditions is "static" with respect to the
distances between the luminophores. Although a truly static

regime is obtained only in highly viscous solvents, it can



be argued that in molecules with a considerable numher of
internal rotation angles the regime is always nearly static.
It is indeed reasonable to assume that only a very small
fraction of the total amount of molecules undergoes a
conformational change which leads to a noticeable variation
of interluminophore separation during the transfer time of
electronic excitation energy. If, however, the regime were
purely dynamic, there would be no agreement between the

experimental and calculated transfer efficiencies.

Table II
Luminophores Experimental Calculated efficiencies
implied in the efficiencies
transfer* <RO> <T> <T>S <T>s. <T>d
Tyr?-Trp? 9.8 0.5%0.15 0.48 0.55  0.90
Tyr?3-rrp? 11.0  0.15%0.10 0.18  0.20  0.84
Trp -Dns?? 19.4  0.45 0.39  0.44  0.98

The above considerations relative to the type of averaging
regime raise the following question: what is the lifetime of a
conformation and how does it depend on the number of monomers
in an oligomer ? Of course, it could depend on the sequence
as well. The answer could be given by molecular dynamics

studies of the systems of interest. However, experimental

*The results are almost identical for the two transition moments

of Trp (Leclerc et al, 1977a).
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evidence already available supports strongly the idea that,
at least in ACTH, the purely dynamic limit is never attained.
As a matter of fact, the results of dialysis experiments by
Craig et al (1965) imply some kind of conformational stability.
As regards the conformational calculations discussed
above, it should be added that the dimensions of the segments
(9-23) and (9-21) decrease considerably if all the side chains
are treated as electrically neutral, because of the actual
presence of six or five positive charges in these segments in
neutral water. As expected there is in this case no agreement
between calculated and experimental values of the efficiency
in the segment (9-23) ; for the dansylated segment (9-21) the
computed value of the efficiency without charges on the side
chains agrees rather well with the experimental value for.

the protected (uncharged) peptide in water: <T xp=0-64, while

>
exp
<T>s, calc.=0'57'
The program used in this work has been written by
Prémilat, Maigret and one of us (M.L.). The calculations were
performed on the IBM 370/168 computer at Orsay during the
Workshop on Models for Protein Dynamics and took approximately

170 minutes for a chain consisting of 16 units.
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The possibility of obtaining the distribution functions
f(r) of the end-to-end distances r in flexible biopolymers
from experimental data on electronic excitation energy transfer
by FOrster mechanism (F8rster, 1948) has been suggested by
Cantor & Pechukas, 1971, and by Grinvald et al, 1972. The
excitation energy in these experiments is transferred from the
donor to the acceptor luminophore attached to the two ends of
the bicpolymer. The experimental data provide a set of wvalues
of a property X(r,a), averaged over the whole spectrum of the
distances r present in solution, and depending each on a
particular value of the parameter @, equal either to the
spectroscopic constant Ry (FSrster, 1948) either to the time t.
The comparison of the experimental values of <X(a)> with the
values calculated from theoretical distribution functions
enables one thus to select the distribution functions which are
in agreement with experiment.

Haas et al, 1975, have reported experimental data of the
decay of the intensity of fluorescence with time, I(t), in
oligopeptides with N°-(2-Hydroxyethyl)-L-glutamine (Q) as the
repeating unit and the luminophores dansyl (Dns) and naphthyl

(Nph) attached to the two ends of the molecules.
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The number of repeating units was 4,5,6,7,8 and 9. In these
experiments the lifetime of a conformation does not vary
during the transfer time (about 10-'9 sec) since the measurements
were performed in a viscous solvent. The data were analysed in
terms of four different analytical distribution functions £ (r)
assuming a fast and isotropic movement of the transition dipole
moments of the luminophores.

In order to avoid the above assumption and to take the
correlation between the distances r and the orientations of
the transition dipole moments (Dale and Eisinger, 1976) into
account, we have started a study of a theoretical model
representing the oligopeptides Dns(G)anh with the aim of
reproducing the experimental data. The theoretical distribution
functions and a description of the conformations of the
oligopeptides are derived from the model by the methods of
theoretical conformational analysis (Leclerc et al, 1977).
The calculations are based on semi-empirical potential functions
commonly described in the literature (Scheraga, 1968). The
representative set of chains are generated by a Monte Carlo
method as described by Prémilat and Maigret, 1976. Long-range
interactions are taken into account in the calculations.

The amino-acid residues are constructed according to
standard geometrical parameters (Scheraga, 1968) but the side
chain is represented by a composite atom with a van der Waals

=]
radius of 1.75 A (Pletnev et al, 1974). The geometrical



parameters of the dansyl have been obtained as described in
the companion report (Leclerc and Englert, 1976) and those of
naphthyl from the relevant X-ray data (Cruishank, 1957).

The interactions with the polar solvent have been taken
into consideration in a simplified manner through the interaction
potential between the atoms of the chain, following Prémilat and
Maigret, 1976. It has been assumed that the presence of solvent
cancels the attractive part of the potential for hydrophilic
groups. The repeating unit G is considered as hydrophilic while
the aromatic rings of the luminophores are hydrophobic. The
attractive interactions between the aromatic rings (stacking)
tend to decrease the chain dimensions. The electrostatic
interactions are represented through partial charges associated
with the atoms (Poland and Scheraga, 1967), those on the dansyl
and naphthyl have been célculated by an INDO quantum-mechanical
program obtained from the "Institut de Biologie Physico-Chimique",
Paris. The dielectric constant was taken to be 3.5 (Scheraga,
1968) . The transition dipole moments of the luminophores have
been obtained by quantum mechanical calculations (Oth, 1977).

We have performed calculations on chains with n equal to 4 and
8. All the figures show the results for the latter oligopeptide.
The dimensions of the chain Dns(G)4Nph and Dns(G}aNph as

represented by its various moments are shown in Table I.
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Table I

Mean dimensions of the oligopeptides Dns(G)anh

Il <r> <r2>1/2
4 151 16.6
8 24.1 25.9

The distribution function £(r) is shown in Fig.l, together
with the associated average values of the conformational energy

of the chain.

; {x) 2o
T

.0 1 1 | ! )
lo, 20 Jo. Ho.

z(A)

Pig. T The distribution function f£(r) (heavy line) of
the distances r between luminophores in Dns(G)aNph and the

associated mean energies E(r).



The interesting feature of these distributions is the
presence of two maxima, destroying the symmetry. The maximum
at the short distance arises from the stacking between the
arcomatic rings of the luminophores.

The orientation of the transition moments of the
luminophores is represented by the orientation factor Kz, defined
in the literature (see for ex. Dale and Eisinger, 1974). The
distribution of K2 shown in Fig.2 does not differ significantly
from that corresponding to a hypothetical completely random

orientation in space (Guillard and Englert, 1976).

Kl
A
Fig. 2.  Distribution function £ (K2)
20k
(heavy iine) of the ©Orientation factor K2
in Dns(G)szh and in a hypothetical case of
or a completely random orientation in space of
transition dipole moments.
Jdof—
051
0.
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The experimental and theoretical decay curves, I(t), given

by the expression (Grinvald et al, 1972)

© 4 2 _E £ . S08.2 2
I(o) f fg £(K%,r)exp [ =i (=) K ] dK® dr (1)

I(t)

where Sng is equal to the spectroscopic factor Rg, are shown
3.

(=]
in Fig. The spectroscopic factor R, was taken equal to 23 3,
a value corresponding to the experimental conditions of Haas

et al, 1975, for <K%> equal to 0.667.

/0

75

Jo

Fig. 3. The experimental {——) and calculated (---)

decay curves I(t) in Dns (G) gNph.



The agreement between the experimental and calculated
curves I(t) is not satisfactory. The mean dimensions obtained
here are also larger than those calculated by Haas et al, 1975.
We are trying at present to modify the interatomic potential
between the side chains in order to get a better agreement
between the model and the experimental. It is also essential
to reduce the computer time required for these calculations
(85 minutes for the chain Dns(G)SNph on the IBM 370/168
at Orsay). The program was written in collaboration with

Prémilat and Maigret.
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The helix-coil transitions in polypeptides have been
studied theoretically mostly by the methods of statistical
mechanics, in terms of the one~-dimensional Ising model
(for a review, see Poland and Scheraga, 1970). However some
of the equilibrium properties related to the description of
the transition on the molecular level are still being
investigated. The present report is concerned with the
fluctuations of the torsion angles ¢ and ¥ in a chain
composed of both a=-helical and random-coil sections, in
particular at the junction between the two sections. In
previous calculations the distribution of torsion angles in
helical chains (Skvortsov et al., 1971; Skvortsov et al.,
1972; Birshtein et al., 1976; GO and GS , 1976) and in
randomly coiled chains (Prémilat and Hermans, 1973 and
Prémilat and Maigret, 1976) has been derived considering
each of them separately. A model of a partly helical chain
should also be useful for the interpretation of the frequency
of occurrenceof various amino-acids at the helical ends as
observed in proteins (Chou and Fasman, 1974) and for the
interpretation. of spectroscopic observations, such as the
broadening of the infra-amide bands (Chirgadre, 1976).

Some preliminary calculations have been rperformed at
the workshop on "Models for Protein Dynamics". Only the
randomly coiled section at the junction with a rigid helical
section has been considered so far. The coordinates of the
atoms have been obtained from standard geometrical parameters
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of polypeptides (Scheraga, 1968). The conformational

energy, assumed to be equal to the sum of pairwise interactions
between all the atoms, has been computed from semiempirical
potential functions of Scheraga, 1968. The model has therefore
the important feature of including long-range interactions.
The computations are performed on a set of N chains, generated
by a Monte Carlo method of Metropolis et al., 1953, adapted

to problems of chain configurations by Prémilat and Maigret,
1976. The solvent (water) is not considered explicitly, but

is included in the model through the potential functions. The
van der Waals attractions, dominant over the repulsions, lead
the chain to adopt compact structures and thus minimise the
contact between the hydrophopic chain and the polar solvent
(Prémilat and Maigret, 1976). The dielectric constant has

been taken equal to 3.5 (Scheraga, 1968) and the hydrogen bond
is described by the potential of Poland and Scheraga, 1967.
The side chain of the amino-acid residue is represented by

a single composite atom with a van der Waals radius of 1.75 i.
The parameters for the potential functions of this atom have
been given by Pletnev et al., 1974. This atom reproduces
correctly the most important conformational features of any

of the amino-acids with a methylene group in the side chain,
but we shall refer to the model as the poly-L-alanine model.

The torsion angles ¢,y accessible to each amino-acid
residue are chosen among those of an independent peptide unit
of L-alanine by varying each of them in steps of 20° starting
with the wvalues of ¢:,w; (-48°, -57°, Rnaell and Scott, 1971)
of a perfectly ordered a-helix and neglecting the states with
energies higher than 3,5 kcal, above the absolute minimum.

The average conformational energy map of a residue in

a completely random chain can be assimilated to the "matrix

of success" representing the number of residues among the
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total in the N generated chains having a particular value

of the set of (4,y) torsion angles. In our calculations N
was equal to 10 000 and each chain was composed of 11
residues. The matrix of success for a randomly coiled poly-L-
alanine is shown in the Appendix. It is of interest to
compare the frequencies of occurrence near the a-helical
states {¢; + 207, ¢: + 20°) in this map and in the dipeptide
map. While in the latter this frequency is extremely small
(0,8%), in the former it amounts to 12%.

The observed increase in the frequency is not the
result of hydrogen-bond formation but is mainly due to
hydrophobic interactions.

The partly helical chains were composed of six amino-
acid residues in a fixed perfectly ordered a-helical state
and of a random-coil part, adjoining the C-terminal end of
the helix, composed of four or five residues.

The percentage of a-helical states is greatly enhanced
in the random-coil section adjoining the a-helix (Table I).
The reason for this appears from the comparison of the
matrices of success for the residues 6 to 11, shQWn in the
Appendix. In those representing the state of residues 7 and 8
adjoining the last helical residue 6, a great number of states
in the left upper part of the matrix have zero frequences,
apparently because of steric conflicts with atoms in the
helical section.

Relaxing the constraintin the ¢;,¢: angles in the
helical section may change qualitatively the wvalues obtained.
However, the observed alteration of the conformation at the
random chain in the vicinity of the helix can be important
for the dynamics of the helical growth and should influence
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Table I
The frequencies of occurrence of « helical states in randomly
coiled sections adjoining the C terminal end of the helix

computed from the chain (Ala}shelical-(Ala)n random.

total res. 7 res. 8 res. 9 res. 10 res. 11

Eﬂ
% a P B 9. 8. 0.2
% af20° 26.2 38. 36. 14, 5.
n=5
% a 10.7 3%. 5a s 2 :
$ aX20v 25.1 54, 25, 26. 15, 6.

the value of the Zimm and Bragg cooperativity factor o

for helix initiation (Zimm and Bragg, 1959).

The program was written in collaboration with Prémilat
and Maigret. The calculations took 36 minutes for a partly
helical chain composed of 11 Ala residues, on the IBM

370/168 at Orsay.
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Matrix of success

4384 3798
3402 2036
613 1704
652 717
370 585
208 1286
0 155

0 0

0 0

0 0

0 0
4311 1834
0 0

0 0

0 0

0 0

0 0
1373 1430
Origin at

APPENDIX

of a randomly coiled chain

2763 1025

1935 696

811 735

692 546

303 415

539 1913

508 1403

111 865

0 0

0 0

0 0

427 . 801

0 0

0 0

0 0

0 0

0 0

531 :680
¢= —-168°,

583 2448
1267 1583
1689 4704
3198 4919
3315 2565

906 0
1090 0

127 0

0 0

462 524
2334 3817

996 2749

0 0
0 0
0 0
0 0
0 0

742 225

v=-177° ;

604 0
1085 43
787 1161
2070 161
0 0

0 0

0 0

0 0

0 0
130 0
3982 92
2523 206
0 0

0 0

0 0

0 0

0 0

1 0

Ap=0y=20°.
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Primary Structure Translating System

What I have been working on for recent years (Nagano, 1973,
1974, 1976a, b; Nagano & Hasegawa, 1975) 1s to create an artifi-
cial intelligence, which translates a primary sequence of protein
spelled by a string of alphabets into a teftiary structure repre-
sented by a set of atomic co-ordinates as shown schematically in

the following.

PRIMARY SEQUENCE (MKIVYW....KIANI)
\U, translation

TERTIARY FOLD

Here, an alphabet represents a type of amino acid. This is a kind
of language translator. An arbitrary combination of alphabets does
not necessarily correspond to a unique tertiary structure, because

some peptide sequences are known to be structureless in agqueous
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solution. This 1s quite similar to the case of human languages, in
which an arbitrary string of alphabets and blanks very often does
not make any sense at all. For this reason my primary structure
translating system is, at present, oriented mainly for treating the
sequences naturally found.

This system has been designed as a type of learning machine.
It behaves 1tself obeying the rules of a kind of molecular dynamics,
but does not assume a priori potential functions. I think that a
good artificial intelligence must not consumé a lot of computer
time. Then, how can we save computer-time in estimating the inter-

actions between atoms of amino acid residues?
Measure of Stability caused by the Short-range Interactions

In the case of the short-range interactions, the problem can
be compafed to a rain-umbrella relationship. When we have a thick
window in a room and cannot see how much it rains outside, we Just
count how many umbrellas are open and directing upwards. Statisti-
cal treatment of such a number could provide us with a measure of
how heavily it rains within a limited range. Similarly, the inter-

actlions between the side chains as well as the
e main chain of, say, V and L residues separated
fzzi by m residues in a helix might be inferred by
(Egl ¥ a statistical quantity representing how the

* region of the doublet d = (V,L;m) is signifi-

cantly predicted as a helix, though the confor-

mation type of the region would be perturbed by the combination of
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other residues around the doublet, or under the influence of long-
range interactions, Here, V and L denote valine and leuciné resid-
ues, respectively, in a conventional one-letter-code notation.

When the total number of residue pairs separated by m residues,
N(m), the total number of such pairs found in a helix, le, the
total number of a doublet (residue pair) d, Nd’ the total number
of d found in a helix; ngps are given, the over-all proportion,
Dn1s and the local proportion; 47> aTre obtained as

U1 = Fn1/ Wiy (1)
and A47 = ng;/Vy - (2)
Those proportions are considered to be some kinds of probabilities.
If the difference between 947 and 901 is very large, a region of 4
on a primary sequence will be predicted as a helix., The distribut-
ion of 941 is binomial and is known to approach to the gausian

type when N(

) increases. Its standard deviation can be given by

Oz = Yap7(1 - D (3)

ml U1
Accordingly, a statistical quantity
= - 2 2
241 = (@g1 = Qn1?/ 7y - Qg &
is a normalized measure of the statistical significance of the
prediction when Nd and ng; are large enough, and when 91 is neither

very close to 0 nor to 1.

If Nd is not very large, the following quantity

- (G gt = Qg )
ay; = (qz; - qmljﬁ/r m1 m1l (5)
Nd

is used to test the over-all statistical significance of a hypo-

2

thesis in the x*-test. However, the quantity a, does not converge

_ 1
to a certain value when N,m) increases. Accordingly,
L]
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By = Ay Ry ¥ g o Gogd T grierg, g TV

(Bo/B VY 2 (6)
was used as a measure of the statistical significance of the pre-
diction by Nagano (1973), but, recently,

Vg = /B YV N (7)
has been adopted to reduce the difference in the statistical wei-
ghts {NdI/N(m)}lfz of bdl between doublets composed of Ile, Met,
Phe etec. and those composed of Ala, Gly, Leu, Lys, Ser and Val,
because the value of N(m) has exceeded 6500. Besides, a similar
quantity y,., has been introduced due to triplet information, which
represents the helical wheel effect (Schiffer & Edmundson, 1967).
The doublet analyses aré also applied to the prediction of loops
(or B-turns) and B-structures (Nagano, 1973, 1976b).

The most important assumption ts, in this context, that the
statistical quantity Ya1 is proportional to a thermodynamical quan-
€ity, though it might not be energy or free énergy itself, repre-
senting how much the helical conformation of the region of d can
be stabilized by the interactions of the side-chains of the resi-
due pair as well as of the main chain. The stability of a confor-
mation type of the region around a residue ¢ of pth protein due to
the short-range interactions. can be approximately estimated as a
linear combination of many conceivable interactions in the short-

range, and expressed as a prediction function in the following

form.
all

4
3 Patd = - & Bty T Y gig F B Enyd”zl
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and 2,40 all g
- z 8. . i & y (8)
mym'=0, 2 g ¢l

The coefficients, e z g and Cpa1 (= cgol), were adjusted so as

mi® “m

to get the success of the helix prediction as good as possible.
Similar calculations were also made for loops and B-structure. The
values of the coefficients are presented in Nagano (1976b). The
percentages of residues correct for the predictions of helices,

locps and B-structures are 78.9%, 7Q.7% and 80.8%, respectively,

with a suitable set of threshold values (Nagano. 1976b),
Angle Probability Calculation Applied to the Monte-Carlo Simulation

The helix, B-structure and loop prediction functions,-glﬁp,i),
g3*(p,i) and g?(p,iz, are also used to calculate the dihedral angle
probability in the Monte-Carlo simulation of polypeptide conforma-
tion made by Drs. S. Premilat and B. Maigret in the present work-

shop. The respective probabilities are obtained as follows.

B, = 82/ (a2 + P 4 e’] for helical angle (9)

Pﬁ = eB/Cea + e8 + e')] for 8-structural angle (10)

PY = eV/(e? + e® & e') for B-turn angle (11)
Here,

@ = g,(p,t) or a = A,lg,(p,t) - Ay} (12)

B = gi*(p,t) or B = B {g3*(p,i) - By} ik

Y £ g?[p,i) or y = Cz{gﬁﬁp,i) - 02}. (14)

The parameters Ak’ Bk and Ck

be 1 for Xk = 1 and 0 for k = 2, but might be modified in future

(k = 1, 2), are at present assumed to

to enhance the success of the Monte-Carlo simulation.
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In order to'make the Monte-Carlo simulation more successful,
the choice of starting structure as well as the introduction of
long-range forces should be essential. It is found that the impor-
tant long-range interactions occur among the regions having both
hellical and B-structural potentials, which are defined by the
negative values of the respective prediction functions (Nagano,

1974; Nagano & Hasegawa, 1975).
Prediction of Super-secondary Structure

As the extention of the secondary structure prediction, the
super-secondary structures of many proteins of known sequence seem
also predictable (Nagano, 1976a). Super-seccndary structures are
typical bullding blocks, such as mono-nucleotide binding folds,
B-rich structures and helix-rich structures., It is also noticed
that a B-strand-o-helix-f-strand unit (BaB-unit) of a mono-nucleo-
Cide binding fold has a preference of a right-handed sense. Fig.

1 summarizes the findings of Nagano (1976a), which is based on the
statistical predictabilities. The circles represent B-strands,
while the hexagons represent helices flanking the B-sheets. The
numbers written in circles represent B-structural strength orders
of the B-strands, while those in hexagons_helical strength orders
of the helices. The strength orders are defined by a couple of
numbers such as 2% to show the ranking of the potential (the sum
of the values of the prediction function concerned over 5 residues
around a central résidue) at a region by the upper number over a

whole range of the polypeptide chain and by the lower number over
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the whole ranges of representative 36 proteins used in the analy-
sis. Fig. 1 also shows that strong B-strands and strong helices
come close together. Furthermore, when we concentrate our atten-
tion on the regions of such strong B-strands and helices, which
are close enough, the handedness of the BaB-unit is uniquely right-
handed. This provides us with the theoretical basis for the compu-
Ter simulation of possible combinations of such BaB-units by a
program called PLAYGAME.

The program defines a kind of chessboard, made of 3 X 11

boxes as shown in Fig. 2. The 11 boxes of the second row are the

1 2 3 L 5 6 T 8 g 10 Ik
Helix il
B-Strand 2
Helix 3

Fig. 2 Board for the sites of B-strands and helices

sites of the strong B-strands (consisting of 5 residues each) to
occupy, while the upper or lower row is provided for the accompa-

nying helices. An example of B-sheet barrel of triose phosphate

[

2 3 & &5 & 7 & © 1o 11

Helix 241 220 182 148 112 81 54 24 241 1

B-Strand 6 228 207 160 124 89 59 38 6 228 2

Helix 3
Fig. 3 An example of TIM barrel (See Fig. 1)
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isomerase (abbreviated as TIM) (Banner et al., 1975) predicted by

the present method can be represented as shown in Fig. 3. The num-
bers in the respective boxes represent residue numbers of the cen-
tral residue of individual 5 residues picked up as candidates for

B-strands and helices.

When the program finds out a strong a-candidate (helix) in a
given sequence data, it searches fairly strong B-candidates in its
neighbourhood successively, and combines them with each other as a
BaB-unit. Besides, it also starts searching for neighbouring a-
and B-candidates from a strong R-candidate. There are some occasi-
ons of having no appropriate a-candidate between two B=candidates
Oor no appropriate B-candidate on one side of a B-candidate. The BaB
candidate can generally take three types of conformations as shown
in Fig. 4, where ¢ and » represenﬁ the central residue numbers of
the two B-candidates, B the central residue number of the interve-
ning a-candidate, and * a vacant site between two occupied sites

of B-strands. Accordingly, it can easily be understood that the

Helix B B B
B~-Strand b a b # a b #® * a
(a) (b) (e)

Fig. 4 The most probable 3 conformations of a BaB-unit

total number of the possible combinations of such BaB-units soon

exceeds 'several hundreds. So, the program tries to calculate the
score of each BaBf candidate and put the best one in the centre of

the board. It searches a strong helix or a strong BaB candidate
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outside the regions already used on the board, and tries to simu-
late the propagation of the nuclei; This strategy seems to work
quite well (Nagano, manuscript in preparation). In this way, we

can still have a hope that the Monte-Carlo simulation or the energy
minimization procedure would be very successful if the starting set
will be taken from the one presented by the program PLAYGAME. In
conclusion, we can say that the statistical aspects of protein
structures reflect their dynamic characters, and that the protein
sequence 1tself tells us how a complex protein organises its fold-

ing.
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Presently about 80 protein structures are known by X-rays, but nobody
is able to explain satisfactorily how a one dimengional information, the
genetic code, can drive a polypeptide chain towards a unique tridimensional
configuration. Hence, the state of this problem is such that we have a gocd
sample of experimental data, but only poor theoretical tools to analyse it and
make predictions. Nethertheless, from the pioneering ideas of Chantrenne (1) or
Phillips (2), many works have been done. Recent papers (3) summarized well the
matter. Several approaches exist to tackle theoretical solution to protein fol-
ding problems :

. Search for statistical correlations between amino-acid sequences
and secondary structures. Using the known tridimentional structures as a sample,

many prediction algorithms are used (4).

. Conformational energy calculations (5). A stereochemical confor-
mational code is often used to reduce the cost of the search in the whole con-
formational space. This method supposes that the number of intramolecular energy
minima is more and more restricted as the peptide chain growths unit by unit (6).

. Levitt (7) introduced a new and interesting method for the simu-
lation of the folding of polypeptide chains. This promising work uses global

potentials, virtual Ca-—(Da bonds and thermalisation effects.

. Tanaka and Scheraga (8) separated interactions in the polymer
between short-range, medium range and long-range effects, and recently simulated

the chain folding using Monte-Carlo procedure.

As a contribution to the general problem of protein folding, we
proposed to develop during the workshop a method of simulation. This algorithm is
based on a Monte-Carlo technique and has firstly been applied on small chains
of 5 to 20 amino-acid residues. As we obtained fairly good results with these
small chains, we planed to .extend the method to a complete protein chain. The
P.T.I. molecule (Bovine Pancreatic Trypsin Inhibitor) was choosen because of

its size and of the existence of good X-ray coordinates for its native structure(9).

METHCDS OF CALCULATICN

The Metropolis method (10) used in the present work is outlined slse—

where (11) and can be summerized as followed
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» an arbitrary chain conformation defined by a set of ( D, ) angles;
taken at random in a giver. list,is built. This step is done n, times and corres-~
ponds to the starting of the samples. By repetition of this stage conformations
taken In the complete conformational space can be choosen with equal probabili-

ties.

Starting from each of the ny conformations, one or several pairs of
( @, §y) angles, randomly choosen in the sequence of the chain,are given other
arbitrary values. The perturbation introduced can be more or less important
depending on the number of (¢, § ) angle pairs changed and on the magnitude of
the variations on each angle value . This perturbation is done n, times and

corresponds to the improvement of the samples.

The main difficulty encountered for the transposition of the Metropolis
method from small oligopeptides to proteins concerns the way to cbtain represen-
tative samples for these long chains.

In our previous calculations, we choosed the (o, § ) angles at

random in the allowed area of the well-know "dipeptide" conformational maps.

In this case, samples of 10.000 chains give fairly good results. But in the
calculations performed on longer polymeric chains, the amount of the rotational
( P, ¥ ) angles is very much increased. Then the preoability to obtain struc-
tures of low energies among all the possible chain conformations is pcor. In
order to limit in a reascnable good space the search for tertiary structure,
one can drive the process using constraints coming from informations on the
secondary structures of proteins. The ( ¢ ¢ ) values for each reg¢idue in the
chain can thus be choosen according to the predictabilities obtained for this

particular residue in the field of its neighbours.

In this way we inducted the system to converge more rapidly. But
the signification of the final states obtained is not clear: At least these
states are of high probabilities, but do they correspond to the native structure
of proteins ? To analyse this point we compared, during the calculations, the
conformational energies of the computed structures and of the native one. More-
over, the root-mean-square (R.M.S.) X deviation on the C% coordinates were

calculated to measure "the distance" between the structures.

N
A
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As we were not presently interested to obtain accurate results in
the simulation of P.T.I.folding, only the Alanyl, Glycyl and Prolyl amino-acid
residues were used (the Alanyl residue is used for all aminc—acids with side-

chain).

Hence our work was ccmposed of the following stages

. Tit of a chain of standard amino-acid geocmetry to the available
X-ray data of P.T.I. This chain had to correspond to a low conformational energy
and to a small R.M.S value: This structure was taken as a reference conforma-
tional state for all the other chain conformations computed in the course of

this work.
. Monte-Carlo calculations : the procedure was starded using several
different choices for the (,y ) angles :
(1) The (¢,y ) angles of the reference conformation.

(29 a completely random selection of the ( g,y ) angles in the
allowed conformational area of the 'dipeptide' map of each kind of residue.

(3) A biased selection of the (¢,y ) angles according to

Nagano's predictabilities (12).
RESULTS

1) Determination of the (9,4 ) angles of the reference conformation

Many algorithms exist to compute tridimentional protein chain models
close to X-ray data. But our aim is'not to refine the atomic coordinates obtained
previously by the cristallographers. This has already been done for P.T.I. for
which accurate refined coordinates exist. In our calculations this set of coor—

dinates was used as the native conformation of the protein.

But as our building program'needs as input data the (@,y ) angle
values and uses standard amino-acid geometry we calculated the (p,¢ ) values
which give a good fit between the computed and '"native" ¢ coordinates.
This has been realised using several minimisation procedures (13) working on
the energy or the R.M.S. The (¢,§y ) angle-values corresponding to a good fit
and a low conformational energy are given in table I.
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Initial values (X-rays) Final values(reference)

PHI  PSI  -fo. 152.00 gt 2 E?i;&“nh f%?-ii
PHI  PSI  -61.00 -30,nn LI PS "2 e
gl ST i o B b oo
PHI PSI -65.00 =-17.00 i Bay Ebozé 'Q'h;
PHI  PSI  -82.00  =5.00 Sy B ThepET Inuen
PHI  PS!  -75.00 147,00 s e
FHT PSI “En 15? Uf' bt il | PS =il 1 2»-.)
PHI  PSI  -Bn. 155 00 PHI PSI  <60.0 162,50
- L] -z n : ._{’
PEI PSI  =126,00 L0F.00 Al S
BHI PS5 70,00 =41.00 : : (A 2k s :
PHI  PSI -0 . —7.69 BET -BSL =610 =53..09
PEI  PSI  -89.00 1G6%.00 PE @RSl 1petaazn. olBg. 7t
PHI PSI  -127.00 32.00 a0
! : PHI PSI  -91.09 (84,02

PHI PsSI =77.0n 172,00
PH1 PSI =134.00 §8.00
PEI PS| =125.0n 112,600
PEiI PRSI -24.0n 118,00
PH1  PSI' =-126.00 172.00

o age (BEL PSTE celR 68 FLl.21
PHl BS1 =126,87 Ll4.B9
PHI PSl <7577 120, bLe
PEY PSS =431.05 L7L.21

PHI PSI =110.00 14G.0N L a i T VG
PHI PSI -129.00 15].00 ey i e
PHI  PS! -8¢.nn 130,00 Eg, ;ET -Izl'zg léé';ﬁ
PHI  PSI =110.00 104,00 ofey , pE “Eear  itr
PH! PSI =-65.00 =28.00 PLl PS| -20.73 -39 £a
PHI PSS!  =67.00 =34.00 BB =S paA e e s
PR pgl =93.00 =20.00 rLI P;I “on az 79
PHI  PSI gL.00 15,00 P el -lBAL LR IR 9
PHI PS! =159.00 175.n0 P Plae g A a2
PHI PSS!  =-98.00 146.00 Pt PRl —lan Ll EE 18
PHI PS1 <133,00 161,00 Bvl pSt | o706 3 i1 At
PHI PSS! -83.00 150,00 pLUI PS | -lFS.E; 160 27
PHI PS! <IL4E.00 ° LE6,0N St e ~100. €4 04 53
PHl PSS!  =9§.00 120,00 UL PRl wgR nm  [oF £
PHI  PS1 =1BC0.ND 134,00 SHEEE | Anliemn imm i B 75
PHI  PSI  =73.00 -11.00 PHI PSI  121.5%  In.3a
el PSS 1es.00 0.0 P%-'I PSI  =173.22 15;:'5.}&'»
PHl  PS! =-146,00 151,00 Ul P | §5i 0 asoam
PHI  PSI 61.00 - un, 00 BUi BSl | <ot £3 ke bl
PHT PS!  =61.00 152.00 PUil PRI Tesh. 0 Bpa ss
EHT RS =ifi5. 00 L8e.Do el pol _55'35 e
PH: . RS =R85.00 -2e,n0 LI po | -71 1f 79 hn
BHE BS) | =77.00 . 474,00 BoT a1 Sien T RE s,
PRI PS!  =-166.00 107.00 . SevELt e
v PHIL PSi| v~ 1208 174,35
PH1 P8I -~ =129,00 15¢.00 BU1 PSI  -(RQ. 18 =i 7
PEI  PSI  -g88.nn  -7,00 FEI PSI  -160.a1 (Gk. ae
PRI PSI =154,00 162.00 PLI PSI  =90.3% =17.0f
e BSH 287,00 =54.00 PHI PS|  =£8.1C =4h 9]
PHI  PSI  -f9.0n =42,0n PUI FSI.  —FS.Lp =37 c7
PEI PSI  -55.00 -50.00 PII BST | JES.BE -8 .U
PHI  PSI  =71.0n =-32.0n B (PRI ot sl s i A
PRI« P8I =63.00 ~-42,00 PHI PS| =1nk €  -75 pq
PHI  PSI  =7R.00 -4E,00 piel pst  ehn wn | BE. [
PHI  PSI =106.00  =-4,00 b By L B
PHI  PSI  =78.00 =14, nn CHNIR - non
PHI  PSI 0.0 0.0 = Y 4 4
TABLE I

X-ray and reference conformations.(®, ¥ ) angle values



2) Stability of the reference conformation

Starting from the structure defined above, the energy and R.M.S.. have’

been modifiied during the n, improvement steps (n_1 is here fixed to 1) and their

variations during the pertﬁrbations of the chain are depicted in figures 1,2.
Results are unsatisfactory because of the great differences between
the reference conformation and the final ones. Qur reference state does not
correspond to a real minimum of conformational energy. This result is obtained
with different sets of potential functions (the classical ones and also poten-
tials modifiied to take irnp account the hydrophobic or hydrophylic behaviour: of

the amino—acids in the sequence).

3) Convergence of random conformations

When the chain conformations choosen to initialize the Monte-Carlo
computation are selected at random, the procedure drives the chain towards low
energy conformations but the R.M.S. is increased drastically (fig.1,2). Nether—
theless, no conformation is reached with a lower conformational energy than those

obtained when starting from the reference conformation.
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FIGURE 1

Variation of the R.M.S. during the n, improvement loop. The R.M.S. of the

2
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reference conformation (1.57 A) is taken as zero.
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4) Use of Nagano's predictability

When we use Nagano's predictabilities for each residue of the P.T.I.
molecule (table II) conformations of low energies are more easily obtained during

the n, improvement steps, but the R.M.S. is still increased (figures 1,2).
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FIGURE 2

Variation of the conformational energy during the n, improvement loop. The

energy of the reference conformation (0.2 Kcal/mole x residue ) is taken as
zero.

DISCUSSICN

Up to now we are not able to realize the convergency of the poly-
peptide chain towards conformations which simultaneously correspond to low ener-—
gies et small R.M.S.We tried to improve the movements of the chain towards the

"native conformation'" by changing the potential functions. This was done in order



o Turn 8
Residue Predicta- Predicta- Predicta-
bility bility bility
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Nagano's predictabilities for all the residues of P.T.I.



to take account of the different behaviours presented by the twenty amino-acids
when in contact with water. It seems that the modifications introduced on the
potential functions (suppression of the attractive parts of Van der Waals '"6-12"
potentials for instance) .are to crude and more work is necessary to define on a
computational level the hydrophobic effects.

Besides, it fems that when informations on secondary structurelis used
as constraints for choices of chain conformations, the chains adopt more easily
better tertiary structures. Hopefully, this kind of results obtained with our
Monte-Carlo methéﬁbﬁfﬁ%i%%?y soon valuable indications on the problem of poly-
peptide chains folding.
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OF PANCREATIC TRYPSIN INHIBITOR.
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Simplified representations of polypeptide chains, intro@uced several
years ago by Levitt and Warshel (1975), enable the energy and conformations
of proteins to be computed very efficiently. In the past, these
representations have been used to simulate protein folding by
changing the molecular conformation so as t0 minimize the simplified
energy of the system (Levitt & Warshel, 1975; Levitt, 19T6; Warshel &
Levitt, 1976; Kuntz et al., 1976). In such a minimization, the
randomizing of effect of temperature has been introduced artificially
either by thermalization between minimization runs or by artificial
"pushing potentials" that force the conformation out of local energy
minima.

A more rigorous way to simulate the conformational changes of the
simplified protein chain is the method of molecular dynamics. This
methed, which simply involves applying Newton's third law relating
force and acceleration to the system, is extremely powerful in that
the way the conformation changes with time. (a2 trajectory) is an accurate
representation of real dynamic behaviour.

We have applied molecular dynamics to two different starting
conformations of a small protein, pancreatic trypsin inhibitor (abbreviated
as PTI). One conformation, the native X-ray conformation, was used to
investigate the modes of vibration, deformations, and stability of a
native protein. The other conformation, a fully extended chain, was
used to investigate protein folding dynemics and the motion of denatured
protein chains.
Methods

First, I will describe the molecular representation used here.
The protein structure, which consists of a sequence of 58 amino acids
each consisting of between T and 20 atoms, was simplified to a chain of
58 spherical groups. Each group was placed at the centroid of the atoms
of the side chain it represented and assigned van der Weals and solvent
interaction potentials typical of the amino acid (we used set C parameters

taken from Levitt, 1976).
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(b)

Fig. la. Showing the simplified geometry used here. The amino acid side

chains represented as shaded or clear spheres to indicate their different
solvent affinities are bonded together to form a simple chain.

Fig. 1b. Showing a simplified drawing of Pancreatic Trypsin inhibitor in
which a single atom of each amino acid (the C*) are connected by a ribbon.
There are SS bonds between residues 5:55, 1L:38 and 30:51.

This representation is simpler than that used previously (Warshel &
Levitt, 1975), where each amino acid was represented by three groups.
Another difference is that here the groups are given all degrees of
freedom in a Cartesian space, whereas previously only the chain torsion
angles were allowed as degrees of freedom. Additional energy functions
must, therefore, be used to allow bond stretching, bond angle bending

and bond twisting (torsion). The bond energy is taken as E =I Kb('bi-—bo)e

E
BOND

where the force constant Kb was Lo kcalfmole-ﬁz, and the i=th atl ibonds

bond length value constrained to remain close to its initial value bo'

> (0,-6_)2
all angles ‘

The bond-angle energy is taken as EBOND ANGIE = Kg
where K9=h0 kcal/mole-ﬁg. The torsion energy
was calculated as before (Levitt, 1976), but now the angle a is defined
by residue centroids not a-carbon positions. There are bonds and bond
angles between all groups adjacent along the amino acid sequence. In
addition, groups representing half-cystine residues known to be connected

by S-S bonds in the native protein were also sometimes connected by a bond.
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With this analytical energy function, it is an easy matter to
calculate the energy value, E, and -its gradient, the forces F, at
any point in Cartesian space. These quantities were used to
calculate how the conformation evolved with time using an algorithm
recommended by Beeman (1976) for its simplicity, stebility, and
convenience.

an = Fn /Ih

"

2
=r, * VAt + (ba -a )AL7/6

n+|
= T o=
vn+l In * (2an+l+5§n an_l)At/ﬁ
Because the new position vector L depends on the velocity Vn it is
easy to heat or cool the system by increasing or decreasing Vn. " The

only adjustable parameter in these equations is the time interval At

at which the energy and forces are calculated. For computational
efficiency, At must be as large as possible yet still allow perfect

(say 0.1%/1000 cycles) energy conservation. This maximum value of

At is related to the period of the most rapid vibration of the system,

but its value is usually found by trial and error. t is very

convenient to use special units in these caleculations in which energy

is measured in kcal/mole, distance in Angstrom units, and mass in gms/mole.
When this is done, one unit of time becomes 4.86 x J.O_l]"L seconds. Here,
the optimum value of At was 0.5 in these natural units (about 2.5 x J.O-lh
seconds). In conventional molecular dynamics calculations that use
atoms rather than the much heavier groups of atoms At is between one

and two orders of magnitude smaller.

Hy

In the calculations, extensive use was made of the facility to

=y

control the kinetic energy and hence temperature of the system,. When
folding from an open chain, the potential energy drops considerably and
energy must be removed if the molecule is ever to become compact. When
studying the dynamics of the native protein, the system must first be
cooled to dissipate the high initial potential energy due to bad van der
Waals contacts, and then later slowly heated up to study the dynamics

of denaturation.
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Results

Because of the limited time available ard the incomplete state
of the work, these results are necessarily preliminary. First,
I report on the studies of the native protein conformation. In this
test, the molecular dynamics trajectory was started with each group
at the centroid of the corresponding amino acid in the X-ray conformatiocn,
and the native SS bridges were bonded together. Initially, there are a
few bad van der Waals contacts that give a very high starting potential
energy. As a result, the kinetic energy rises very rapidly and the
protein denatures within about 100 steps (2.5 x T sees). To
prevent this, rapid cooling was applied for the first 1000 steps until
the energy remained constant and the temperature was about 100°K.
The temperature was then increased by 20° k every 1000 cycles and the
trajectory recorded on magnetic tape for subsequent analysis. The
analysis, which is still incomplete, shows several things.

The simplified model stays within 42 root mean squared deviation
of native PTI throughout the simulation of 10,000 steps (2.5 x 107 C
seconds), during which the temperature had reached 290°K. This
deviation calculated as described before (Levitt, 1976) is comparable
to the deviations of about 3% obtained for the near-native energy
minima previously, especially when cne considers that the present
gecmetry is simpler.

The amplitude of vibration of the simplified model is small st
about 1% r.m.s., and the distribution of vibration along the chain

(Fig. 2) is reasonable.
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Note how the ends of the chain and the exposed corners vibrate much
more than the buried parts, which are generally involved in secondary
structure.

The vibration seems to be surprisingly harmonic and the lowest
frequency extremely low. Fig. 3 shows the motion of the 10 degrees
of freedom that have the largest mean amplitudes. The largest motion,
which is the X motion of the first group, also has the lowest frequency.

This degree of freedom completes half a vibration period in the lO-lO

seconds shown. This corresponds to a frequency of only l/6 cm—l.

The figure also shows how many of these large amplitude motions are
correlated with one another. When this is quantified by calculating
correlation coefficients of these 10 vibrations, many correlate to

more than TO%. This suggests that there are a few low frequency normal
modes (about 3) that woulld explain all these motions. Further work is
being done to decompose the motions found by the dynamics trajectory
into the full set of normal modes. One way to do this is to calculate
the full correlation matrix for all degrees of freedom, and diagonalize

it to get the 'nmormal modes' and their amplitudes (from which the

frequency can easily be calculated). ternatively, the motion of
each coordinate can be subjected to Fourier analysis. Both these
approaches are being tried. Even if the decomposition into normal

modes is not perfect, following the trajectory in these transformed
coordinates should show deviations from pure harmonié behaviour very
clearly.

In the second test, the dynamics trajectory started at a fully
extended conformation of PTI. Initial runs showed that such a chain
showed no tendency to become very compact even if the temperatufe was
kept below about 330°K by artificial cooling. It seems that even
though compact conformations do have lower energies, a considerable
volume of conformation space must be searched before molecular dynamics
can find such conformations. This result is very interesting in itself
and must be studied further. Here, the chain was forced artificially
to become compact by adding an artificial potential energy term that
attracted each group towards the molecular centroid. With this extra

potential, the chain folded rapidly (within 2000 cycles or 5 x 10 -+



seconds) to within 62 r.m.s. of the native PTI structure. This
deviation is comparable to that obtained using energy minimization.

In the above trajectory, kinetic energy had to be removed to
keep the temperature below 330°K. When this was not done, the
temperature rose until it settled at TOO°X. The chain did not
become compact but assumed a labile open structure. The movements
of this denatured protein chain were still slow as it took about

10-10 seconds for the tails of the molecule to swing through about

180°.
Conclusions

Simplified representations can be used to study the dynamics
of protein chains. The main advantages of the representation is

increased computatiocnal efficiency in that for the same amount of
real time one can simulate about 1000 times more trajectory time.

9

This allows one %o study events on time scales of about lO- seconds.
Another advantage is the smaller number of coordinates (for PTI there
are 174 simplified coordinates and about 13T4 detailed ones) allowing
detailed analysis of correlation matrices, toc normal modes, etc.

The big disadvantage of the representation is that one cannot
know how trustworthy such a representation will be. I feel that
the technique will ,be useful to studying the dynamics of open chain
conformations as well as partially denatured native conformations.
The detailed all-atom representation seems better suited to studies
of the dynamics of the native protein, though it will be very interesting
to compare the average residue amplitudes of motion in Figure 2 with
those obtained by McCammon on the detailed model of PTI. Another way
to get more reliable dynamics is to use effective energy terms derived

as time averages from the more detailed treatment.
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INTRODUCTICN

I present here a model that describes the
stereochemical rules which gevern how ] -helices pack
onto ;%—pleated sheets to form the three-dimensional
(tertiary) structure cf certain protein molecules.

The model was developed empirically: a priori, mocdels
were checked and refined by a detg&}ed enalysis of the
residue to residue contacts that occur between the

o' -helices and F%—sheets in four prcteins.

THE CETERMINING PRINCIPLES

Two principles have a dominating influence on the

way in which secondary structures associate:

1) Residues that become buried in the interior of a

protein close pack: they occupy a volume similar to

that which they occupy in crystals of their amino acid2’3.

2) Associated secondary structures retain a conformetion

close to the minimum free energy cornformation of the

isolated sccordary structures?r18,

These two principles imply that secondary structures

interact to form a protein molecule in a manner that

maximizes the van der Waals energy without inducing
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appreciable steric strain. The rules described below
for secondary structure associations arise from these
two principles and from the intrinsic geometrical

properties of polyperptides.

HELIX-SHEEET PACKING

The model for packing an o) -helix cnto a parallel
""-v...,;_
or anti-parzllel }B-pleated sheetl is illustrated in

Figure 1.

There are two general features cf‘IB—pleated sheets
that are impcrtant for this model: the first is the
pracking tetween neighbcuring residues within & sheet and
the second, its tendency to have a right-hard twist.

If we consider the Cy, atoms on the same side of a sheet
the distance between neighbours along the strands is
na?i and ketween those in adjacent strands it is Afsi.
Side chain volumes average n410033 and vary between

2533 (ala) and 1?033 (trp)s. This means that most side
chaine in a fi—sheet will be in contact with their
neighbcurs so the surface will not have ridges and
grocves but can be considered as flat with, usually,

only small irregular holes and prcotuberances.

Both parallel and anti-parallel FB—pleated sheets

in globular proteins have & right-hand twist when viewed
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along the polypeptide chain7. The effect of this twist

is that neighbouring chains wind around each other
whilst remaining a constant distance apart. The same
thing happens to the ropes in a rope ladder if a far
rung is given a right-hand twist relative to a near
rung. For a typical B-pleated shéet the right-handed
twist about an axis perallel to the chain directior is

observed to be about -5° per A.

Now let us consider an o[ -helix. The residue pairs
(i, i+1), (i+4, i+3), (i+8, i+9) ... wind rcund the
helix with a right-hand twist (Fig. 1). For a regular
S ~helix this twist is about -5° per i. Also, given
suitable side chain size and ccnformation, these
residues can form a flattened, though irregular, surface.
For rcasons that will become apparen£ Jjust below we will

call these residues the "normal contact residues".

In its simplest form our mcdel for o -helix
fB—sheet packing can be stated as follows: an £ -helix
will pack onto a P -pleated sheet with its axis parallel

tce the strands of the sheet becavse, in this orientetion,

the rnormel cortact residuves form a surface complementary
to that of the sheet. Such a model wculd predict that
helix residues in contact with the sheet will be i, i+1,

i+4, i+3, i+8, i+9 ..., and that the engle between the
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Figure 1: The model for helix-sheet packing: a and b
show how the helical residues, i, i+1;, i+4, i+5, 1+8 ...
form a surface with a right-hand twist. The right-hand
twist of a ﬁB—pleated sheet is shown by (c), the C

atoms from part of the sheet in carboxypeptidase a, and
(d) a threoc stranded schematic shcet. (e) shows sections
perrendicular o an idealised helixzsheet interface for

differcent valucs of L1 (sec text).
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helix axis and the strands in the sheet (L )* will be

Zero.

On a more detailed level we can see that the twist
of the ft -sheet mecans that orientations of the helix away
from the parallel position (S = 0°) are more likely to
occur in the negative (clockwise) direction (the hkelix is
assumeé tc ke above the sheet). In this orientation
(LL < C°) though the exposed ends of the helix move away

from the shect, its centre is still able to close pack.

Footnote:

*We use SL  to describe the relative crientation of two
pieces of seccndary structure in contact.{- is defined
as the angle between the/S strands anc/or helix axcs
when grcjected onto their plane cof ccntact. We ignore
the direction of individual helices anc the strands
0of 2-sheets sc SL is defined between -90 znd +90
rather thar -180 and +180. The angle is negative

(0 = -8C°) if the rear helix or strand is rotated ir a
clockwise direction relative to the far strard. If this

rotation is anti-clockwise the &angle is positive (0° — +90°).
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In the oppcsite crientation (£:Y 0) the two ends of
the helix will pack onto the sheet but they lift its
centre cff the shect and so create an internal cavity
in the prctein. Using the same argument we can show
that helices packed on sheets with a large twist will

have negative {. values.

A domirant structural feature of the proteins
flavedoxin, carbexypeptidase, subtilisin and triose
phosphate isomerase ia 2 large central ;B-Sheet flanked
by & -helices. We have examined the ccntacts that occur
between the residues in these proteins and have found
that they contain 19 helices that heve four or mcre
residues in contect with the face of a PB-sheet. In
total, the 18 helices have 129 residues in contact with
the ﬁ -sheets of which 112 (87%) are what we defined

above as "normal contact residues" for sheet-helix

packing. In Figure 2 we show for flavodoxin the heliczal

- residues that are contact with the central (&—sheet. We

also show in Figure 2 the values of the angle between the
axes oy these helices and the strands of their }3-sheet
(LL ). All these angles are in reasonable agreement with
our mcdel. Thirteen have values in the range -10° + 10°

and the distribution is skewed towerds negative values.
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Figure 2: The observed helix-sheet packing.

(2) Histogram of the angles otserved between helix axes
and B -strands (£L ). The values are for the 19 helices
in cartoxypeptidase a, flavodoxin, triose rheosphate
isomerese and subtilisin which have four or more residues

in ccntact with a /3 sheet. The helix is on top of its sheet.
(b) The normal contact residues (see text) are shown as
filled circles in a flattened projection of a helix

(¢) The helical residues in contact with the }3 -sheet

(filled circles) in flavccéoxin.
L
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Stereo Picture of the BPTI-Trypsin complex taken from
the Tektronix CRT at CIRCE.

Onle C& and the amino acid centroids are shown. The straight lines

are part of the psewdo bond system used to simulate the rigid body

motion.

active site.
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Introduction

A large number of studies have been directed towards elucidating
the laws which govern protein structure and protein folding. Empirical
energy functions have been used to "refine" protein structures starting
from x-ray coordinates and to survey their conformational space.

A major obstacle in these studies lies in the complexity of the molecular
systems examined. The number of degrees of freedom for a given protein
is large and the forces involved depend on the nature of the atoms in the

protein as well as on the properties of the surrounding solvent:

There has been a developping interest in using extremely simplified
models to predict the structure of small globular protein (Levitt and
Warshel, 1975; Ptytsyn and Rashin, 1975; Burgess and Scheraga, 1975;

Kuntz et al., 1976). In these models, the protein backbone and side—
chains are replaced by one or two interactions centers per amino acid
representing a time averaged local structure. Approximate empirical
potential functions are used for the steric and energetic requirements of
the peptide backbone and for selected long range interactions of the amino
acid side-chains. As a result, the number of degrees of freedom as well

as the roughness of the conformational space are greatly reduced.

The studies by Levitt and Warshel (1975), Levitt (1976) and Kuntz et al.
(1976) which use such a simplified model show that a number of compact
structures can be obtained starting from an extended chain, and that these
compare moderately well with the known crystal structure. These results
are very encouraging given the drastic approximationsused. It remains true,
however, that a complete systematic survey of the conformational space is
still computationally prohibitive, the reliability of the simplified models
is not yet established in so far as it is not known what percentage of the
minimum energy conformations generated actually correspond to physically
meanigful siructures or how dependent these minimum conformations are on
the amino acid sequence.

The phenomenon of protein association is wide spread in biological
systems. Proteins aggregate to form larger structures whose thermodynamic
properties regulate many vital functions of the living cell. Several such
aggregates have been thoroughly studied and their three dimensional
structure determined to high resolution by x-ray crystallography.

Often however, the size or geometry of the aggregate precludes studies at



high resolution, which can then be performed only on the individual protein
building blocks. It would thus be very instrumental to learn the essential
facts about protein association and to be able to predict the pos—
sible modes of interaction from the 3 dimensional structure of the individual
proteins. In addition, the study of protein association would be extremely
well suited for testing the validity of simplified models of the protein
surface as well as_fpr$Systematic evaluation of the different ways used to
map conformational space.

- The interaction between two proteins is generally governed by the over-
all rotation and translation of the molecules as well as by the degrees of
freedom of the individual side-chains, mostly on the surface of the protein.
Protein association can also be viewed as the last step of protein folding
when two or more prefolded lobes come together. In which case the rigid

body movements are governed by thé i:grses of fieedom conveyed by the

. flexible hinge.

From x-ray crystallography studies it is known that many of the side chains
on the surface of proteins are free to rotate. Hence the notion of a time

- averaged side—chain for these amino acids seems as appropriate here as in
the case of a flexible chain. One should therefore be zble o generate all
possible modes of interaction between two proteins as a function of six
degrees of freedom only, by using a simplified represéntation for fhe protein
surface. Moreover, as a given protein-protein interace contains only a

small number of amino acids (20 or 30 at most), a representation with full
atomic detail can be used to evaluate the physical chemical characteristics
of the structure and a comparison with the simplified model can be made

at any stage.

Studies by Cothia (1974), Cothia and Janin (1975) show that the large
loss of translational and rotational entropy which occurs upon protein
association is balanced by the hydrophobic free energy due to smaller
accessible surface area to solvent. While the coniribution of the polar
interactions (h-bond, salt bfidges} to the energy of association is small
compared to that of the hydrophobocity, since similar interactions can be
formed with the solvent in the free protein. The ability to form close
packed interfaces with the polar atoms properly positioned to form h-bond
Plays an essential role in the complementarity and specificity of the inter-
action. We chose ta study in this workshop the association of the enzyme
trypsin with the Bovine Pancreatic Trypsin. Inhibitor (BPTI). The two proteins
form a very tight complex; K dissociationn~1.4 10-11, In addition, the three
dimensional structurs of the complex (called here for convenience, "native"

o
contact ) is known from an X-ray crystallography study at 1.94 resolution,

Huber et al. (1974). By generating all the possible modes of interaction

243



244

of Trypsin  with BPTI we hope to be able to test the protein association
"rules" cited above as well as determine the effectiveness of the simplified
representation in determining the known interface of the Trypsin- =BPTI
complex. We will also be able as a result of such a sure y to learn about
the properties of the protein surface (i.e. : which regions have a propencity
to aggregate) and about the energy barriers involved in the search for
favourables modes of association.

During the 8 weeks of the workshop, we have been able to carry out a
complete survey of all the modes of interactions of the BPTT molecule
with the active site of Trypsin using the simplified rigid amino acid
representation as derived by Levitt(1976), where each amino acid side-
chain is represented by one ball and has no freedom of movement. Over 2300
protein-protein contacts were generated.For each of these contacts the
identity of the participating amino-acids, the number of interactions and
the interaction energy were computed. A rough screening allows one to single
out about 50 contacts for beeing as "extensive" as the observed native
contact. These correspond to well defined regions on the surface of the
BPTI molecule and can be correlated to the geomeirical properties of the
surface at these regions. Additional criteria such as 2 detailed ""packing"
test based on the averzged representation indicate that only very few of
these "extensive" contacts consist of well packed interfaces. Whether this
is due to the use of the simplified representation or is a physically
meaningful fact related to the specificity of the association remains to be
determined. As a step towards a more sophisticated evaluation of the
generated interfaces in terms of their burried surface area and the detailed
packing, we have also carried out mnergy refinement on the "extensive"
contacts in the averaged representation. Some of the results of these
refinements will be reported here. Further work on this and other studies
using a detailed atomic representation of selected interfaces are now in

progress.



The gimplilicd moded .

In the simplilicd protein model used in this work, each amino acid was
replaced by onc effective interaction cecnter whose steric properties are as
in Levitt (1976). The crystallographic CA and CB positions were used to
define the direction along which the interaction center of a given amino
acid was to be palced. The position of the center along this direction

differed according to the amino acid considered (see Table 1).

The potential function.

The potential function representing the pairwise interactions of the
locally averaged amino acids was as derived by Levitt (1976). This potential
contains iwo contributions : a non-bonded contribution and a contribution

due to solvent interactions. The non-bonded contribution is of the from :
8 5}
] a = a
Von bonded 6{3(1' /r) 4(r°/r)

Where r? is: the equilibrium distance of the interaction and £ is the
depth at the minimum of V non bonded. This is a 6-8 Lennard—Jones type
potential which is less steeply repulsive than the usual 6-12 function.
The parameters used ars listed in Table 1.

The solvent coniribution was again taken from Levitt (1976). It is of

the form :
Vorvens = BytS:)s uley )
g :
Where g(rij) =1-% (TK2 WL gt 5X6 - Xg)
X = r;./r with r having a fixed value of 9E .
1§ “max max

The function g(riﬁ) represents the fraction of water lost from atom i due
to the approach of atom j. It is a simple sigmoidal function. Its first and
second derivatives are zero at X = 1 making the change to z(rij) = O
continuous.

Each side chain is assigned a solvent interaction energy S (see Table 1)
mostly estimated from the solubilities of amino-zcids in water and ethanol
(Nozaki and Tanford, 1971), and the energy due to the interaction of residue i
and residue j is (Si+sj).g(rij). Thus the number of nearest neighbour

contacts is used here to estimate the burried surface area and the resuliing
free energy gzin. We are well aware that the correlation between the number
of coniazcts and the surface area might e weak. Preliminary tesis showed
however, that excluding the solvent term altogether made the native contact

more unstable. We intend to explore ways of improving the solvent term in the

future. ' 2 4 5



THE PARAMETERS OF THE SIMPLIFIED MODEL*.

Amino acid

Side-chain  CA-R (4) r° (A) € Kcal/mol S Kcal/mol
Ala Q.77 4.6 0.05 ")
Val 1.49 5.8 0.16 -1.5
Leu 2.08 6.3 0.21 1 :8
Tle 1.83 6.2 0.21 -1.8
Cys 1.38 i) 0.10 -1.0
Met 2.34 6.2 0.21 =1.3
Pro 1.42 250 0.16 -1.4
Phe 2.97 6.8 0.39 2335
Tyr 3.36 6.9 0.45 -2.3
Trp 3.58 7.2 0.56 -3.4
isp 1.99 5.6 0.21 2.5
Asn 1.98 SeT 0.21 0.2
Glu 2.63 6.1 0.27 2.5
Gln 2.58 6.1 0.27 0.2
His 2.76 6.2 0.33 <0.5
Ser 1.28 4.8 0.10 0.3
Thr 1.43 5.6 0.10 -0.4
Arg 3.72 6.8 0.39 3.0
Lys 2.94 6.3 0,27 3.0
Gly 0.0 3.8 0.025 0.0

CA-R is the distance of the side chain centroid from the Ca atom.
r°ij is the equilibrium distance calculated from the expression
) = ) o\l
05 5 (ri. rj}§
ij is the depth of the potential function at the minimum,
i =iBn 8T
lJ - (l * J)
S 1is the solvent interaction energy.

% These correspond the rigid side chain geometry and to set C of Leviti

(1976).
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The total potential function calculated was thus :

vtot=4-3£{ ‘)-4(:-0 ; é(5+3)g(r

Given that the protein moieties were considered as rigid bodies, only
the pairs that contributed to the intermolecular interaction were included
in the energy calculations. The evaluation of the averaged potential functlon,.
(Vv tot)’ and its derivatives was incorporated into the Protein Manipulation
Package. This is a package of computer programs written at Columbia
University (Levinthal et al., 1975), and which allows the manipulation of
protein molecular models. Using these programs one can evaluate and
minimize the internal energy of a protein or any part of it. The programs
have interactive capabilities with an option fo obtain graphic output on
a CRT screen. ' They - were modified to run on the 370/168 - IBM
computer/Tektronix CRT, at the CIRCE Compuier Center at the onset of the

workshop.

Refinement tests using the native conformation of the complex.

In order to find out if the averaged potential functions could be used
in the study of the association of trypsin amd BPTI, several tests were
performed starting from the native conformation of the enzyme-inhibitor
complex.

The native conformation was refined by minimizing the expression of vtot
as a function of the six degrees of freedom which govern the rigid body motion
of the molecules.

The refinement lead to structures which had an rms deviation of 2.3 to
351 A from the native conformation when the full potential function described
in the previous section was used. The lower rms value, 2.3 A was obtained
when a pulling potential of the form k(rij—r;j) was used during the first 10
iferations of the refinement. i and J are atoms at the trypsin -BPTI
interface and rgj are the distances between thefe atoms in the native
structure. The higher rms values : 3.0 and 3.1 A were obtained without
pulling potentials but with restrictions on the meximum angular change for
each step of the energy minimization procedure. Next, the native structure
was refined using only the solvent term. This led to rms values greafer than
15 E. While refinement of the native structure using only the non-bvonded
term of the potential function led to a conformaflon with an rms difference
from the native complex of 6 A and in which the two proteins were drawn apart.

The complete averaged potential function : the non-bonded term and the
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solvent term were therefore used throughout this study.



The coordinate system.

In order to generate all possible idtcrmolccular intcractions betwenn
the trypsine molecule and BPTI, one had to define the relative position of the
molecules as a function of six independent variables, namely the rigid body
rotational and translational degrees of freedom. For that purpose, one can
consider the position of the trypsin molecule as fixed in space and move
the BPTI molecule about it. Such an arrangement is illustrated in Figure 1.
The longitude ©, and the latitude §>i in the frame of the trypsin molecule
(molecule 1) determines the direction along which the center of BPTI is
placed. Then the longitude €92 and latituder?% determines the orientation
of the molecular center of Trypsin in the local frame of BPTI or, in other
words, the direction of line joining the molecular center in the frame of
molecule 2. JC is the rotation of molecule 2 about that line, it determines
the relative "spin" of the two molecules and ‘f’ is the center to center
distance.

In the study we report here 81 andC?1 were kept fixed.at the native

position. This amounts to studying all the possible associations of the active site
of trypsin with the BPTI molecule. The systematic generation of inter-
molecular contacts was obtained as a function of 92,C?2 and XC at regular

-]
intervals representing a movement on the surface of the BPTI of about 4.5 A,

FIGURE 1

The coordinate system defining the relative positions of trypsin and BPTI.
The arrangement shown corresponds to the native position, or the complex
conformation found in the crystal structure. The values of the parameters

whose definition is given in the text are:

691,= 75.4° Corresponds to a rotation about the Y axis of molecule 1.
(P1= 63.9° It a -y i Z axis " " R
O, = 830 " " " " Zaxis in molecule 2.
CP‘_ = 250 it 2 " Y axis in molecule 2.
X = =74° Is the rotation about the line of centers

F = 25.77 A Is the center to center distance.
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At each point a one dimensional search for the optimal "docking" distance

was performed in the following manner : the two molecules were brought
together in constant steps until their interaction energy exceeded a certain
test value which was taken to be 70 kcal/mole. This was the intermolecular
potential energy as calculated for the crystal structure of the complex

when the side-chain atoms were replaced by the averaged centroids as
described above. The equilibrium intermolecular distance was taken %o be

0.25 A longer than the distance at which the interaction energy first
exceeded the test value. At the outset of the distance optimization procedure,
the maximum interaction energy encountered, and the corresponding number of
interacting amino acid pairs, as well as the equilibrium distance, the
equilibrium interaction energy and interacting amino-acid pairs were recorded.
This information was then used to check the success of the "docking" process

and to evaluate the interface.

Mg,

‘The results of the 3 dimensional search for the best contacts of the BPTI
molecule with the active site of trypsin' are shown in Figure 2. This figure
represents the enraveled surface of BPTI. As BPﬂIlis moved about, the center
to center line crosses a different point on the surface of the molecule.

At each such point we optimized the intermolecular distance and plotted the
number of amino acid pairs in which one member of the pair on one molecule
is within 10 i of at least one amino acid on the other molecule. The number
of amino acid pairs evaluated in this way is taken here as a rough measure
of the total surface area burried in the interface. The values actually
plotted correspond to the most extensive intermolecular contact as obtained
by varying the spin T a full 360° in 30°intervals.

From this plot it is péssible to single out the regions of BPTL which
would fit, at least to a first approximation, to the active site of trypsin .
Such regions are, for example : the binding loop which appears as a narrow
well defined peak, then a region a full 180° away inlongitude and spreading
rather broadly over a large range of latitude with well defined peaks, some
higher than the native structure. Indeed, BPTI is an elongated molecule with
a shape roughly that of a football, its long axis being of a length of 30 4
approximately. Thus, opposite the binding loop which is at one end of the
long axis, there should be another region with a similar surface curvature

which one would expect to ‘realize a good rough fit to the active site.
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Further analysis of the rough fit found here and the corresponding surface
features of the molecule such as curvature and roughness is now in progress.
If curvature complementarity seems to be a promising handle %o
matching two proteins, the specific interactions involved must be further
characterized and examined in greater detail before one could hope to single

out the correct mode of association.

The enraveled surface of BPTI is shown. Oh regular intervals on this surface
are plotted the number of amino acid pairs which are responsible for the
interaction with trypsin when a particular region is brought into close
contact with the active site of the enzyme ( see text ). The molecular Z axis
points upward and can be considered as the '"nortih pole"‘of BPTI. The +Z- =2
line corresponds to the longitude of the native interface in the molecular
frame of BPTI. It is taken as the referénce longitude for the plot, with the =X
direction being " Greenwich".

The limits of the plot are 180° away from the native longitude
on the left hand side, and 360° degrees away from the native poistion on the
right hand side corresponding to a total length at the equator of 371 R where

R is taken to be 15 A.
The native position on this plot appears at a longitude of
+ 83° ( counted from the -X direction ), and a latitude of +25° ( along the
+Z -Z line ).
The correspondence between the number code and the number of

amino acid pairs is as follows:

0 =—— interfaces with less than 100 amino acid pairs.
1 — u with amino acid pairs between 100 and 125
2 e M i 125 and 150
} — ” A 150 !and 175
4 — " & 1T5iand 200
5" —— " with amino acid pairs exceeding 200
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Towards a more detailed examination of the generated interfaces.

All the interfaces which had more than 150 amino acid pairs were refined
using a procedure (Flet¢her and Powell,1963 ) which minimizes the expression
of Vtot as a function of all six degrees of freedom. Out of 50 refinements
only 22 lead to structures with an rms deviation of less than 3.0 A from
the starting grid pointQ Most of the refined structures with rms values greater
than 3 A correspond to a dissociated complex or to an interaction with
trypsin. further away from the active site. The interpretation of these
results in terms of the stability of the interfaces has to be postponed
until more and better refinement tests are performed.

Histograms of the number of contacts that the amino acids in BPTI
meke with trypsin' in a given interface was computed for about 300 non
refined intermolecular interactions. It was found that extremely few inter-
faces had at least one amino acid on BPTI with more than 6 contacts with
trypsin . The native contact was one of these interfaces. When similar histo-
grams were computed for the interfaces which were first energy refined, only
the refined native contact had an amino acid (1ys-15') that had 10 contacts
trypsin' . Most other interfaces had no amino acid with more than 6 contacts
with trypsine.

The correlation of these results with detailed calculations of packing
and accessible surface arez to solvent seems possible and is to be desired
since the latter are expensive computationally and could not be performed

on a great number of interfaces. Work in that direction is in progress.
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Introduction

As much of the work dome during this workshop has shown, the
recent advances of mathematical methods (function minimization, Mon
te Carlo techniques, molecular dynamics) and of computing facilities
offer concrete possibilities to the simulation of the behaviour of
‘proteins. This progress makes even more crucial the ability to cal-
culate the molecular potential energy surface with good accuracy.
Theoretical approaches to determine energy and structure of large
flexible molecules can be divided into three types: empirical, semi-
empirical quantum mechanical and ab initio quantum mechanical methods.
The empirical or force field method comsists in the partitioning of
the molecular energy into additive terms, such as dispersiom, repul-
sion and coulombic interactions between non-bonded atoms, hydrogen-
-bond energy, torsional barriers, etc. This method was first used by
Liquori and coworkers i for synthetic polymers, and it has heen
extensively applied to polypeptide chains, mainly by Scheraga's
group 2’3. The parameters that enter in the expression of the mole-
cular energy are in part derived by fitting experimental data, in
part based on theoretical estimates. '
Semiempirical molecular orbital methods, such as EHM 4, CNDO 5,
PCILO 6, have been applied to model compunds and in some instances
directly to the study of the stable conformations of polymers, nota-
bly by Pullman and his group on polypeptides and other biopolymers.
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Semiempirical methods have been used also to derive some parameters
needed in the empirical approach (partial charges, hydrogen=bond
potentials). However no author, to my knowledge, has attempted to
express the results of semiempirical calculations in the form of a
set of analytical potential functions, suitable for example for
energy refinement or molecular dynamics of proteins.

Ab initio computatioms, in the SCF-LCAQO-MQ approximation, have been
used by Clementi and coworkers . to derive analytical interatomic
potentials for the interaction between water and aminoacids. It is
likely that complete sets of ab initio interatomic potentials for
the study of proteins will be available in the near future.

In this appendix we shall deal only with the empirical method,
confining ourselves to the potential fumctions for the atoms commonly
found in proteins, i.e. carbon, hydrogen, nitrogen, oxygen and sul-
fur. Also, this is far from being a complete review of force fields
used so far in the conformational analysis of polypeptides. I have
selected five sets of functions among thé most recent ones that have
been proposed and applied to proteins by the various groups of workers
in this field. A general survey of the force-field method is presented
in the recent article by Allinger 8. Information about other force
fields can be found in the reviews by Ramachandran and Sasisekharan 9,
by Venkatachalam and Ramachandran & and by Scheraga P 3,and in the
book by Hopfinger 1l

Molecular energy

The expression of the potential energy of a protein molecul&used
by most authors can be written in the general form:
= +
Eintra Ebonded Enonbonded

(L)

= + F
Ebonded Estr ¥ Ebend ntors

i ]
Enonbonded & tors EVDW * Eel * EHB



Also the interaction between two or more molecules is usually re-
presented by the sum of terms analogous to the last three terms of

the intramolecular nonbonded energy:

(2) Einter = EVDW * Eel g EHB

This expression may well include the case of interactions between

1
macromolecule and solvent; some authors 2513

» however, have
attempted to represent the average interactiom with solvent by means
of an effective free energy term to be added to equation (2).

The Ebonded contribution to the intermolecular energy arises from
deformations of bond lengths (Estr)’ bond angles (Ebend) and torsio=
nal angles (Etors) around double bonds or from similar distorsions
of highly rigid groups of atoms. This term is obviously included

only by those authors k3515519

» Wwho allow other degrees of freedom
besides the torsional angles around single bonds. Recent results kil
indicate that the calculated structure of a globular protein may be
significantly affected by not releasing at least some degrees of
freedom, such as the peptide bond dihedral angle w or the bond
angles at the c® atom.

For some homologous series of compounds, e.g. the saturated hydro-
carbons, sophisticated force fields have been proposed 18’19’20,
which reproduce structures and thermodynamical data with good accura-
cy. These force fields are similar to those (e.g. Urey-Bradley's
force field) earlier proposed by spectroscopists to reproduce vi-
brational frequencies, but their parameters have been derived by
fitting a great deal of structural and thermodynamical data as well
as spectroscopic data. For systems containing hetercatoms, as the
peptides, less abundant information is available and simpler poten-
tials, of the valencé-force-fiéld type, havé been used so far. Here
Ebondad is expressed by quadratic functions corresponding to stret-
ching, bending and torsional deformations with respect to the ideal

geometry:
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2
Estr *Zd K£ (4 go)

2
(3) =71} Ky (8—80)

Ebend
2
Eops =2 4 Ry x=X,)

The summation for the torsional energy is carried over those dihedral
angles X showing a large barrier to rotation, say > 20 Kcal/mole, and
includes also terms représenting out-of-plane deformations of planar
groups. Values of the force constants Kz, KS’ K, and of the ideal
parameters 20, 60 and xohave been select?g by Levitt 15; simil§z
values have been used by Hermans et. al. °. Levitt and Lifson i
Winkler and Dunitz 4L and Ramachandran et. al. 22 have proposed po-
tentials for the distortion from planarity of the peptide bond.

At the present time it seems that these "bonded potentials",
although they may be too crude approximations for other purpcses,

; ; 41 GO ; i .
can be applied satisfactorily Aconformational analysis of proteins.

Nonbonded energy

The torsional contribution E't to the nonbonded energy is

ors
given by

(4) Eitors Taa vo {l_cos[ n(quo)] }

where the summation is carried over torsional angles around single
bonds,
This term must be included in the expression of the nonbonded energy
because the van der Waals (and electrostatic) energy alone predicts
much lower rotational barriers than the values observed in small mo-
lecules.

Therefore the values of Vo are chosen so that the sum of all terms

12,23

best fit the spectroscopic data. Some authors , however, have

omitted the van der Waals interactions between atoms separated by



three bonds, taking the values of Vo equal to the observed barriers.
Selected values of Vo,n and X, can be found in the works of Scheraga
2’24. In general, due to the just mentioned procedure to determine VO,
the torsional term is not the source of major discrepancies between

the various sets of nonbonded potentials.

The van der Waals energy, which accounts for steric repulsions at
short interatomic distances and for the attractive dispersion forces
at larger separations, is commonly expressed in the form of sums of
interatomic interactions, pairwise additivity being assumed. Lennard-
-Jones (6-12) or Buckingham (6-exp) potentials are usually chosen to
represent each interaction as a function of the interatomic distance.
We can combine these two forms of potentials by using the expression
(5) U.. = =-aA r?? +B 0 exp (=B «r,.)

1] ij 1j ij
where rij is the distance between atoms i and j, and the parameters
A,B,B and n depend on the chemical types of two atoms. The total van

der Waals energy is then given by

(6) E = I

where the summation is extended to pairs of atoms separated by at
least three bonds. From the summation interactions are excluded
between the hydrogen and the acceptor atoms of hydrogen bonds, which
are treated with special potentials; however the interaction between
the donor (i.e. the atom covalently bonded to H) and the acceptor

is usually calculated with normal nonbonded potentials. As mentioned
above some authors omit interactions between atoms separated by three
bonds, while others use a different set of potentials for these in-

teractions; we shall return to this point later on.
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In the recent years authors havé made more and more use of
information available from known crystal structures of model
compounds to calibrate potential functions for conformational studies
of polypeptides. Here we shall examine five sets of potentials obtained
by relying in various degrees on crystal structure data. Among several
other potentials not taken into consideration for obvious limitations,
here I shall simply quote the set of functions used by De Santis and
Liquori 25, somewhat similar to set III selected by Giglio, and the
functions used by Warshel and Levitt 23, related to set IV proposed
by Lifson's group.

Karplus' group adopts Lennard-Jones potentials o (set V), obtained
by the method first used by Scott and Scheraga 27. The coefficients
Aij of the attractive part of equation (5) are calculated from the

Slater-Kirkwood expression of the dispersion energy:

(3/2)eth/m?) 20,

(7) Aij = 7 =
(a; /N,) ﬁ@j/nj)

where e is the electronic charge, m the electronic mass, o, and aj
the atomic polarizabilities, and Ni and Nj are effective numbers of
electrons for atoms i and j. Crystal structure data are utilized
indirectly in the determination of the repulsive parameters of the
potentials, which are obtained by requiring that Uij be a2 minimum at
the distance rzj equal to the sum of the van der Waals radii. This
Procedure presents the problem that the interatomic contacts observed
in the crystals, generally used to determine the van der Waals radii,
are actually significantly shorter than the distance r of minimum
energy, due to the compressing net effect of the other interactions.
For example, Scott and Scheraga's potentials lead to unacceptably low
values of the calculated lattice constants 28; these potentials,
however, have been applied successfully in several intramolecular
energy calculations. The above procedure has been used to calculate
only the coefficients Aii and Bii of set V; for interactions between

unlike chemical types the following averaging rules have been assumed:

o] 0 Q
(8) T;.= (rii = rjj)/z
3

5i_j= (31]‘_ ¢ EJJ)



where -¢ indicates the minimum energy and r° the ¢orresponding distance.
Giglio o has analyzed various nombonded potentials propo-

sed in the literature by calculating the minimum energy structure

of several crystals in which a specific interatomic interaction is

predominant. By comparison of calculated and observed lattice con-

stants he has selected a set of "best'" potentials, including set III

shown here as well as functions for halogenic atoms.

25 R s have utilized crystal structure data in a

Other authors
more systematic manner; they have obtained comnsistent force fields
by fitting simultaneously structures and lattice energies of several
crystals. These force fields include electrostatic and H-bond terms
as well as the van der Waals energy; all these terms should be used
consistenly. The various derivations of these force fields differ
in the choice of the crystals used in the fitting, in the a priori
assumption of some parameters of the force field, and in the avera-
ging of interactions between different chemical types.
In the Lennard-Jomespotentials given by Scheraga and ccwcrker524’31
(set I), the attractive coefficients are calculated from Slater-
-Kirkwood's equation (7), while no use is made of equations relating
the lattice energy to the heat of sublimation. The electrostatic term
is calculated on the basis of point charges obtained by the CNDO/2(0ON)
method. For hydrogen-acceptor interactions of H-bonds the 6-12 poten—
tials are replaced by (10-12)potentials, whose attractive coefficients
are also derived from CNDO calculations. The following averaging rules

are applied:

0 ) )

(9) rij (rii + rjj)fz
S WAL 2 (rc.,.)6
1] 1] 1]

where Aij is obtained from équation (7). Therefore only the Bii
(including those of 10-12 potentials) are the independent best-fitted

parameters.
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Ferro and Hermans 30 derived A's and B's of Lennard-Jones poten-
tials from crystal structures of non hydrogen-bonded organic molecules;
available heats of sublimation were equated to the calculated lattice
energies, since equilibrium conditions alone were not sufficient to
determine the magnitude of the interactions. Mixed coefficients Aij
and Bij were calculated as geometric averages, while the atomic
charges for the electrostatic term were obtained with the Del Re-
~Pullman method previously used by Poland and Scheraga 33. These
potentials, combined with Poland and Scheraga's H-bond potential
gave satisfactory results in the calculation of crystal structures
of dipeptides 28, but proved to be unsuitable for intramolecular
energy calculations. Nelson and Hermans o corrected these functions
in order to account for the thermal expansion, obtaining a less
repulsive set of potentials to be used with macromolecular systems
(set II).

Hagler et al. 34 have derived an intermolecular force field for
amides by a least-squares fitting of heats of sublimationm, dipole
moments and unit cell vectors of nine crystals, The van der Waals
potentials are either Lennard-Jones (set IV considered here) or 6-9
functions, geometric averages being assumed for Aij and Bij coeffi-
cients in both cases. The atomic charges were not taken from quantum
mechanical calculations, but were obtained by the least-squares
fitting. These authors found that hydrogen bonding could be accounted
for by using the van der Waals and electrostatic terms only and omitting
the nonbonded interactions for amide hydrogens HN'

The coefficients of the five sets of potentials, for atom pairs of
the same type, are given in Table I. For convenience of the reader
also the mixed type coefficients are given in Tables IE; IIL and IV
for sets I, III and V of functions respectively. Coefficients involving
the sulfur atom are not listed in Tables II and IV, since the availa-
ble values of g and Ns for equation (7) seem inconsistént with the
given Ass'

The parameters of the potentials obtained by fitting to experi-

mental data are highly correlated. Therefore each force field should
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TABLE TIII

Parameters of mixed interactions for set III of nonbonded potential

functions

Atom pair A Bx10 > n 8
C..H 125.0 44.8 6 2.04
C..N 340.0 340.0 12 0
C..0 342.3 278.7 12 0
cC..8 684.0 255.4 6 1.811
H..N 132.0 52.1 6 2.04
H..O 1327 42.0 6 2.04
H..S 265.2 40,5 0 3.851
N0 356.0 316.2 12 0]
N..S 711.5 288.6 6 1.811
0..8 715.5 2392 6 1.811

TABLE IV

Parameters of mixed interactions for set V of 6-12 nonbonded potential

functions

Atom pair A E.xllfJ-3
C..H 49.0 29.83
C..N 342.3 2441
Caul) 359.9 224.9
H..N 40.9 15.61
H..0 42.4 13.97
N..O 301.3 118.2
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be considered (and utilized) as a whole. Keeping this fact in mind,
it seems useful, nevertheless, to analyze common features or striking
differénces in Figures 1-7, where the various functions for atom
pairs of the same type are plotted versus the interatomic distance.

As more data have become available and have been utilized in the
parametrization of force fields, several authors have begun to
distinguish interatomic pcténtials according to the valence state,
the charge or the chemical enviromnment of the atoms. A more rigorous,
but similar, criterium is being used in deriving ab initio potencials?
Figures 1 and 2 show that in sets I, II and IV, where different po-~
tentials are given for saturated and unsaturated carbons, the latter
present much deeper minima and shorter r° distances. This fact may
be due to the larger mobility of T electrons; it is significant that
larger values of A for unsaturated carboms than for aliphatic carbons
occur in sets II and IV, obtained without use of atomic polarizabilities.
The carbon-carbon functions of sets III and V are rather similar to
those for unmsaturated carbons of the other sets.

Only Scheraga has distinguished different types of hydrogen atoms,
finding less repulsive potentials for hydrogens of polar bonds than
for the similar potentials of aliphatic and aromatic hydrocarbon
hydrogens (Figure 3). The H-H functions of sets II, III and IV were
essentially derived from hydrocarbonstggd are rather close to Schera-
ga's potentials., We also observe that)\distance of minimum energy is
in all cases significantly larger than twice Pauling's van der Waals
radius of 1.2 A, Finally we note that the H-H potential of set V is
unusually shallow due to the very small value assumed for Oy (Figure 4).

Large discrepancies are observed in Figure 5 among the various N-N
potentials. The differences may be partially explained (and balanced,
in the applications) by the different treatments of the electrostatic
and H-bond terms. The very deep minimum of potential II probably de-
pends on having been derived mainly from heterocyclic molecules having
aromatic character. Further work appears necessary, possibly comnsi-

dering more than one type of nitrogen, as done by Scheraga.
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FIGURE 1
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@

N
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3 4 5 r(A) 6

Fig. 1  Nonbonded potentials for the carbon-carbon interaction
plotted versus the interatomic distance: functioms for
saturated carbons of sets I,II and IV, together wich the
only one type of carbon potential for sets III and V.

The aromatic carbon potential of set I is shown for compa

rison.
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FICURE 2

wW
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U Kcal/mole

n
I

Nonbonded interatomic potentials for the carbon-carbon
interaction: functions for unsaturated carbocns of sets I,
II and IV, together with the aliphatic carbon potential

of set II shown for comparison.
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Nonbonded interatomic potentials for the hydrogen-hydrogen

interaction: the functions of set I. The potential for H2

has been omitted because almost identical with Hl'



FIGURE &
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Fig. 4 Nonbonded interatomic potentials for the hydrogen-hydrogen

interaction; the H, function is shown for set I.
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FIGURE 5
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Nonbonded interatomic potentials for the nitrogen-nitrogen

Fig. 5

interaction.
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Fig. 6 Nonbonded interatomic potentials for the oxygen-oxygen

interaction.
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Fig. 7

Nonbonded interatomic potentials for the sulfur-sulfur
interaction.



The various oxygen-oxygen potentials show a good agreement in the
position of the minimum, while the values of € vary considerably.
Again potential II shows the deepest minimum, due partially to the
significant temperature correction and perhaps again to the compounds
used in the fitting. The function of set I for the carbonyl oxygen
is less repulsive than that for -O- atoms, in agreement with the
previous -arguments on unsaturated systems.

Finally, the similar sulfur-sulfur potentials of sets I and V,
based on quite small values of @ » appear unable to account for the
heat of sublimation of elemental sulfur. On the other hand the attracti
ve coefficient of potential II may have been affected (i.e. increased)
by the truncation of the lattice sum I r-s in the fitting of the heat

of sublimation.

Electrostatic and hydrogen-bond energy

Most authors include an electrostatic term in the expression of
the nonbonded energy. This term is usually calculated by using the

monopole approximation:

- b T

(e Ee2 iy B or
where the q's are point charges, normally located at the positions
of the atoms, and the D is an effective dielectric constant. The
atomic charges are either fitted to experimental data or obtained

by means of semiempirical or ab initio quantum-mechanical methods.
Here we shall consider only the charge distributions used in connec-
tion with the five sets of van der Waals potentials.,

Giglio “3 considers the electrostatic term only in the presence
of ionic groups and of hydrogen-bonds, in the latter case in the
form of point dipole-dipole interactions. The point charges used by
the other authors for a glycyl peptide unit are listed as an example

in Table V. The dipole moment U of the rigid peptide unit (from
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o ; ; ; !
C? to Ci+i’ not including the contributions of other atoms bonded

(s3 ; : . ;
to the C's) calculated with the respective charges is also given,

together with the angle 6 formed by ﬁ with the C? - C?+i’ direc-
tion.
TABLE V
Atomic charges for the glyeyl peptide unit?®

Set c® g* c' 0 N H u 8

19 -.008  .055  .450  -.384  -.344  .176  3.61  74.0°
o2 g .000 .051 .318 -.422 -,202 . 204 3,70 88.3°
wd  -.200 .100 380 -.380  -.280 .280 3.58 100.6°
ve .070 .008 433 -.6428 -.274 .183 3.61 116.5°

a. . i : . b
Charges in electron units, dipole moments in Debye. Reference 24,

cReference 33, dReference 324 eReference 26.

We observe that, while there are large differences in some single
atomic charges, the resultant dipole moments show very close absolute
values. Notice that charges V were obtained as least-squares para-
meters together with the van der Waals coefficients.

Much confusion still exists with regard to the value of the dielec-
tric comstant to be used in equation (10). The authors of sets II, IV
and V take D=1, while Scheraga #t uses D=2. Values of 3 or 4 have been
used in the past (of course, apart from the effects of polar solvents),
on the basis of experimental values of the macroscopic dielectric con-
stant €. The parameter D should account for the fact that in the

expression of the nonbonded energy we neglect polarization terms zp4

use fixed atomic charges calculated for isolated molecules. I would

like to quote two results, which argue in favour of a value of D



close to 1. In a precise work on Monte Carlo simulation of liquid
water, Lie et al. L used a pair potential fitted to the results of
ab initio computations. The potential includes a coulombic term based
on D=1 and on point charges (determined by the energy best fitting)
that yield a dipole moment for water even larger than the experimen-
tal value. In the application of their force field (I) to amino-
acid crystal structures, Scheraga and coworkers 36, using D=2, cal-
culate a binding energy of -26 Kcal/mole for a-glycine. This value
appears to be far too low when compared to the sum of the reported
heat of sublimation (31 Kcal/mole) and the estimated proton transfer
37,38)'

The first hydrogen—-bond potential for the calculation of poly-
39

energy (from 60 to 100 Kcal/mole
peptide conformations was proposed by De Santis et al. , who used

the Stockmayer relation for the interaction between polar molecules.
This potential, which includes a 6-12 function and one electrostatic
term in the form of a dipole-dipole interaction, is still used by
Giglio. Scott and Scheraga o adopted the potential of Lippincott and
Schroeder, but since Poland and Scheraga 33, most authors have used
simpler expressions, in which a properly modified van der Waals term
for the interaction between hydrogen and acceptor allows the closer
approaching of the two atoms and most of the H-bond energy is
accounted for by the coulombic term.

Hermans et al. +6 still use Poland and Scheraga's (6-12) potential,
slightly adjusted to set II of functions, while Scheraga a4 has pro-
posed (10-12) functions to be used with set I; these functions are
taken also by Karplus' group for set V of potentials. The coefficients
for a few hydrogen-bond potentials of this type are listed in Table VI.
As we have mentioned earlier, Lifson's group has found that nc hydro-

gen—acceptor potential is needed in set IV,
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TABLE VI

Coefficients for (m~12) potentials for the hydrogen—acceptor interac-

tion
Set Atom pair m A B
I Hye .0, 10 12,040 4014
I Ha"°1 10 13,344 5783
I Hy. N 10 32,897 8244
IT Hz..Ol 6 40 1600

Interaction between two molecules of formyl-tri-glycyl amide

A more meaningful comparison of the force fields examined above
can be obtained by applying them to the study of some model system.
I have chosen to calculate the interaction between two molecules of
formyl-tri-glycyl amide (FTGA) in a few relative configurations. The
purpose of these calculations is not to test the suitability of the
various sets of functions for protein conformational studies, but
rather to see whether it is possible to characterize the behaviour
of each force field as a whole. The FTGA molecule is drawn in Figure
8 in its planar fully-extended conformation: the heavy atoms lie in
the xy plane, with the two-fold screw axis (of the infinite chain)
coinciding with y. Two groups of calculations were performed in which
one FIGA molecule was kept fixed at the positionm of Figure 8 and an
identical copy, respectively parallel and antiparallel to the first
one in the two cases, was translated along the three cartesian axes.
The coniigurations of minimum energy are listed im Tables VII, VIII
and IX,



FIGURE 8

Fig. 8 Schematic representation of a molecule of formyl-tri-glycyl

amide in the fully extended conformation.
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TABLE VII

Interaction between two parallel FTGA molecules. Minima of E and

EVDW with respect to Az and with respect to Ax

Ax = Ay = 0 - Ay = Az = 0
Set Az E Az EVDW Ax E Ax EVDW
I 4.12 -Sulz 4009 -6|81 SIIB _7153 5021 _5-03
II 3.90 -4,20 |3.81 -9.15 4,89 -16.46 |5.06 -6.41
IIT - = 3.94 =6,54 —— v e .
Iv 4,05 =-6.52 [3.98 -10.26 5.12 -14.28 |5.28 -6.08
v 3.92 -1.68 |3,78 =5.79 4.79 -13.45 |4,98 =-4.22
TABLE VIII

Interaction between two parallel FTGA molecules. Energy minima with

respect to Ay and Az for Ax = 0

Set Ay Az E Ay Az EVDW
I 3.53 3.58 -8,60 ¢ 3.36 3.60 -8.88
I 1.97 3.66 -8.31 1.72 3.65 =950
II 3.65 3.31 -12.45 3.40 3.36 <11.51
IT not found 1.58 3.38 -12.87
III s - - 3452 3.45 -9.06
11T = _= = 1.66 3.50 =9.79
IV 3.56 3.66 =11.74 not found
v not found 1.46 3.74 ==l 172

3.69 3.24 =-7.42 3.50 3.26 -7.78
not found 1.58 3.28 -8.86
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Figure 9 shows the intermolecular energy curves for two molecules
sitting one on top of the other. If we comsider only the van der Waals
term (Figure 9b), we can classify the potentials according to their
repulsive character, i.e. the equilibrium intermolecular separation
(VA I < III ~ IV < I), and according to the magnitude of the attrac-
tive interactions at larger separations (V < III < I = II < IV). Since
this molecular arrangement is largely unfavoured by coulombic interac-
tions, the addition of Eeg (Figure 9a) shifts the position of minima
V and II close to the minimum of set III (which neglects the electro-
static term), while minimum IV is shifted toward the minimum of set I
(which uses dielectric constant 2). If the upper molecule is now
translated along the chain axis by about one peptide unit length (i.e.
approximately the most favourable Ay value), positive and negative
coulombic terms almost balance each other. The plot of E versus Az
(Figure 10) again shows the features of Figure 9b, with the exception
of a more repulsive character of potentials IV with respect to set I.

The energy profiles obtained when the two parallel molecules are
shifted along the chain axis at a constant separation Az, are shown
in Figure 1l. The five EVDW curves (part b) have a rather parallel
behaviour, although the less repulsive potentials present shallower
minima; the magnitude of the interactions still follows the same
order as in Eigure 9b. The electrostatic interactions move the minima
to Ay ~ 3.6 A, except in the case I owing to the high dielectric com-
stant (part a). When the intermolecular enérgy is minimized simultaneously
with respect to Ay and Az (see Table VIII), two minima are generally
found, whose relative stability is reversed by omitting the electro-
static term.

The same behaviour of EVDW is still observed in Figure 12, where
the interaction energies between two adjacent parallel FTCA molecules
are plotted versus the distance between the axes. Sets II,IV and V show
remarkably close curves of the electrostatic energy, while in case I the
magnitude of Ee2 is considerably smaller than simply ome half of the values

given by the other potentials. Notice that in all cases the minima
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E VDW Kcal/mole

O E Kcal/moi

d: 5 FIGURE 9 6 ﬁz (x) %

Fig. 9 Interaction between two parallel FTGA molecules plotted

versus the separation between the molecular planes, for
4x = Ay =0

a) total intermolecular energy, b) van der Waals contribution.
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FIGURE 10

w

E Kcal/mole

5 6 AZR)

Fig.1l0 Interaction between two parallel FTGA molecules versus the

separation between the molecular planes, for A x = 0 and 4y =
=]

= 3.6 A-Q
1 i-]
The net electrostatic contribution is quite small for Az >4.5 A
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Fig.1ll Interaction between two parallel FTGA molecules versus the
a
relative shift along the chain axis, for Ax = 0 and Az =4 A;

a) total energy, b) van der Waals contribution.
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FIGURE 12
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Fig.12 Interaction between two parallel FTGA molecules versus the

distance Ax between the chain axes, for Ay = Az = O:

a) total energy, b) electrostatic contribution.
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with respect to Ax and Ay are not hydrogen-bonded structures, because
of the CH2 repulsion.

Finally we come to analyze the interaction between two antiparallel
FTGA molecules. The configurations of two coplanar molecules, obtained
by energy minimization with respect to Ax and Ay, are listed in Table
IX. For simplicity set III, wich treats hydrogen bonds with the

Stockmayer potential, was not considered here.

TABLE IX

Energy minima for the interaction between two coplanar antiparallel
FIGA molecules

Set Ax Ay r(O..HN) E

I 4.74 -0.41 1.97 -16.06
11 4.61 -0.54 1.87 -28.10
v 4.78 -0.31 1.98 =24,20
v 4,57 =058 1.85 -22.72

The more repulsive character of potentials I and IV is expressed by
larger Ax values and longer H-bonds. Also the curves of the interac-
tion energy plotted versus the relative shift along the chain axis
(Figures 13 and 14) show somewhat narrower minima in cases I and IV.
The order in the magnitude of the Evou is not the usual one, the
reason being that the curves are drawn at a separazion Ax where re-
pulsion is important. The differences in the electrostatic term
(Figure 14 b) between sets II, IV and V appear larger than in previous
molecular arrangements, contributing significantly to the diffe-

rences between the total energy minima.
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Fig.13

E Kcal /mole
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FIGURE 13

Interaction between two antiparallel FTGA molecules. The total
intermolecular energy E is plotted versus the relative shift
along the chain axis. The two molecules are coplanar, at an
axial separation of 4.74 ;- Ay = O corresponds to hydrogen
bonds 0. HY normal to the y axis, while negative shifts corre-
spond to O atoms of one molecule lying between ﬂ,\I and ¢ of

the opposite molecule.
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Fig.14 Interaction between two antiparallel FTGA molecules. Plot of
the van der Waals (a) and electrostatic (b) components of the
preceding figure. Here EVDW contains also the hydrogen-bond

contribution.
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Conclusions

The discrepancies between the potentials examined here are in
general not as large as those observed in past reviews. The potentials
for N-N and S-S interactions seem the ones for which further work to
clear the present disagreement is most needed.

Considering the foreseeable effects on the calculated protein
structures of minimum energy, the varying repulsive character of the
van der Waals potentials appears to be the most serious source of
disagreement. If we look in particular at sets I and II of poten-
tials, we observe that they give very close curves at large separa-
tioms, while_se: I, derived directly from the analysis of crystals .
of small molecules, yields equilibrium distances larger by 0.1-0.2 A
than set II, and therefore also less deep minima. The difference is
mainly due to the thermal correction applied by Nelson and Herman534
to the functions originally derived from crystal structure analysis.
Scheraga and coworkers 24 account for the thermal vibrations by multi-
Plying " by a factor 0.5 the B coefficients of set Iz only for 1-4
interactions, leaving unchanged the functions for atoms separated
by more than three bonds. Future calculations will indicate which
procedure is correct. Considering that potentials derived from
crystals lead to a certain shrink of the structure, it may turn out
that a third intermediate set of functions is preferable for use with
macromolecular systems.

Less serious effects on the calculated structures should come from
differences between the various potentials as far as the absolute ma-
gnitude of the van der Waals energy is concerned. In fact these diffe-
rences are rather uniform in the different molecular arrangements
considered, and they may lead to different minima only if the van der
Waals energy is strongly counter-balanced by other terms.

Finally we have seen that the use of a large dielectric constant
in the calculation of the electrostatic energy has much more signi-
ficant effects than the differences between the charge distributions

currently assumed by the various authors.
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IV.2

THE ELECTROSTATIC INTERACTION

H.J.C.Berendsen

University of Groningen, Laboratory of Physical Chemistry,
Zernikelaan, Groningen (Pays Bas).
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Interaction functions in proteins involve electrostatic interactions
between partial charges and dipole-moments on individual atoms or molecular
groups. For computational reasons it is customary to include interactions
up to a given cut-off radius. Atomic polarisability is not often included
although a homogeneous polarisability is sometimes accounted for by the
use of an-effective dielectric constant. The influence of a highly polarizable
solvent (water) outside the macromolecule on the internal fields is generally
ignored. Thus, as most investigators will undoubtedly realize, the usual
computation of electrical interactions in proteins is inaccurate. The following
discussion is intended to estimate the importance of the errors inherent in
the usual methods and to discuss possible improvements. We will not discuss
the inaccuracies that result from the use of CNDO charges ignoring the
contribution of bond and orbital dipole moments, nor shall we discuss the
problem that improvement of electrical interactions calls for the formidable
task of readjustment of other contributions to empirical interaction functions.

A. The use of a esut-off radius

With Coulombic interactions, the use of a cut-off radius is in general
not allowed, because the potential may not converge with increasing radius.
In globally neutral charge distributions to which we may limit our
considerations, the convergence will depend on the characteristics of the
charge distribution. An unbounded random distribution of charges in vacuum
leads to divergence of the Coulombic potential; it is well-known that
electrostatic interactions in ionic ligquids or plasmas can only be treated
by infinite summation methods. .

The situation in a protein is slightly more favourable than in ionic
ligquids, because atomic charges are locally neutralized due to the invariant
covalent structure of the molecule. This means that the Coulombic convergence
is that of a collection of dipoles, the dipole being the lowest non-zero
moment of the charge distribution of neutral molecular groups. For a
collection of randomly oriented dipoles u, the r.m.s. potential due to

dipoles at distances between r, and r, is equal to

(S w4 daT
pE% 3T TRy TS
where h is the separation of the dipoles (taken on a grid). This indeed

converges with r, but very slowly. Thus the validity of the use of a cut-off
radius remains questicnable, even in the case of random distributions.

When spatial correlations exist between dipole orientations, such as

frequently occurs in biopolymers (e.g. in helical structures), one has
to exercise particular prudence.
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Fig.

1 The electrical potential in vacuum on the axis of a line of
homogenecus dipole density of 10

0 length, at a distance z from its end.
The dipole density is 8.06 x 10

Cm/m, representing a a-helix., The drawn
line A gives the exact potential; the broken line B gives the potential
using 6 g cut-off radius.

The followingexample may illustrate this point. In fig.l the
potential is plotted outside a line of constant dipole density 8.06

x 10~20 Cm/m, representing an a-helix of 1.2 x 10~2% cnm per residue. The
potential is calculated in vacuum on the extension of the dipcle axig
at a distance z from its end. The length of the line is taken as 10 &,
corresponding to about two turns of a helix with about 7 residues. It
is observed that the use of a cut-off radius of 6 & produces severe
errors, also in the field used for force calculations, given in Fig.2.
The actual fields are quite large: at 7.5 A distance the field is as
large as 10° Vm . In this field a water dipgle of 6.13 x 10-30 cm has
an electrostatic energy of 1.5 kT. With a 6 A cut-off such interactions
are entirely ignored.



E/10°Vm-!
S

Fig. 2. The electric field calculated for the same case as in fig: 1

.

B. Influence of the reaction field

A protein molecule is surrounded by a medium (water) with a high dielectric
constant (80), while the dielectric constant inside the protein arises from
atomic polarizability and can be taken to be about 2. The ocutside medium
produces a reaction field inside the protein, modifying the Coulombic interaction.

For a simple case the effect of the outside medium can be calculated. Assume
a charge of +qg is located inside a sphere with € = 2 in a medium with & = 80.
We take the position of the charge arbitrarily at a distance of half the radius
from the centre. The reaction field can be approximatediwith high accuracy by
the field of an image charge outside the sphere at a distance of twice the radius
from the centre, of magnitude -(78/41)g, with both charge and image charge in
a medium of € = 2. Fig.3 shows the simple Coulombic and the real potential of
this charge along the radius through the charge (and image charge). No cut-off
radius has been used. The errors obtained by neglect of the reaction £field are
severe. Only when the distance to the charge (or dipole) is small compared to
the distance to the outer surface of the macro-molecule are the eslectrical
interactions somewhat reliable. The incorporation of the reaction field seems
to be essential for molecular dynamics and energy minimization procedures.
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Fig. 3. The potential of a charge + g situated halfway the radius of a
sphere with internal dielectric constant €,=2, which is embedded in a
continuous medium with dielectric constant c.. A: normal Coulomb
potential disregarding the reaction potentia%. B: Coulomb potential
including the reaction potential for 52=80.

C. Methods to improve the calculation of electrostatic interactions

There are two different ways to compute electrostatic interactions
without the disadvantages resulting from cut-off radius and reaction field.
The first is the use of periodic boundary conditions, as is usual practice
for simulation of liquids, combined with infinite summation methods, such
as the often applied,Ewald summation or the Fourier methods developed by
Hockney and Eastwocod , referred to as the PPPM method, for solving
Poisson's equation with periodic conditions. For proteins in water these
methods have the serious disadvantage that water molecules (or at least
reorienting dipoles) have to be individually specified throughout a cubic
or rectangular volume of sufficient size that the protein molecule does
not interact significantly with its images. This requires the computation
of details in the aqueous solvent that are not relevant for the macromolecular
behaviour and thus can be considered as a waste of computing effort. Moreover,
the periodic conditions do not guarantee a proper treatment of the reaction
field urless the periodic box is very large.
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The second way in which the reaction field can be taken into account
is to solve the Poisson potential equation for the macromolecule embedded
in a continuous medium with high dielectric constant..The problem can be
formulated as follows.

Given a macromolecule M with irregular surface S, with a given internal
distribution of charges p (r,) and an internal dielectric constant & . The
macromolecule is embedded in a homogeneous medium with dielectric constant
€,y and (if applicable) an ionic strength I = % Ecizi2 due to concentrations
c; of ions with charge z;e.

S

& ,d

The assumption is made that, both inside and outside M, the polarisability
is homogeneous and non-saturating. If this assumption is not expected to be
valid, a limited number of water molecules have to be included specifically.

The differential equations for the potential § are:

inside M : 72 @ (51) = -p(;l)/el
: 2 :
outside M: v 9(52) = -p (523/32 , with
p(x,) =0 in a non-electrolyte, or

—eziﬁ/kT

plr,) = Ne Lc,z;e for electrolytes,

where N is Avecgadro's number. The latter equation can be raduced in the
Debye-Hickel limit of e@ << kT to:
2

_ 2Ne I
p{_z) = - —EET—'G(rz}

The boundary conditions are:
at the surface S:

a) @ is continucus: lim Q{rl) = lim G(rz}

r, - r r., = r
1 s 2 s

b) e(V@.n) is continuous (n is the normal to the surface) :
¢, Ln[yd(z).n] = e, Lin[Y@(z,) .0 ]

r, +zr r, > r
1 S 2 s

at r, > =: ﬁ(;‘z) + 0 and _V_’E}‘(;2J + 0
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An elegant treatment of the electrostatic interaction of a molecule
with its polarisable surroundings has been given by Huron and Claverie %,
In their theory the potentials inside and outside a molecule of irregular
shape are expanded in series of harmonic functions using a least squares
criterion for the fulfilment of the boundary conditions. The outside
potential is expanded on a multicentered basis, using the positions of the
internal charges as centers. Unfortunately, for a macromolecule with
hundreds of charges, the number of harmonic functiecns to be included
becomes very large and the required matrix inversion becomes completely
impractical.

Thus far, a satisfactory solution has not been worked out. We are at
present developing such a solution, involving the specification of a
limited number of water molecules and determining the reaction field in
part by using image charges and in part by using a series harmonic
expansion.
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