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Abstract

The pathways of the conformational transitions in flexible molecular systems were studied by the DDRP (Dynamically Determined
Reaction Path) method implemented in TINKER molecular modelling package. Our first model systems were conformational transitions in

small organic molecules (determination of rotational transitions, boat

-chair transitions, etc.). The method was found to be very effective in

finding such transitions and the location of the transition state. In comparison with other methods (modified Elber and Czerminski (EC)
method implemented also in TINKER), similar results were obtained. For the conformational change of di- and small peptide fragments also
acceptable paths and barriers were obtained. To determine the conformational transition in large peptides (i.e. folding), the effectivity of the

procedure demands further studies.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

To find the stationary points (equilibrium geometries and
transition states) on the potential energy surface (PES) is a
central problem in the theoretical study of chemical
reactions. It is also important to know the reaction paths
(RPs) between the reactant(s) and product(s) through one
(or more) transition states. In some cases, there are
possibilities for the formation of several products in
different pathways. The RP, therefore, is a sequence of
steepest descent paths (SDP) that joins the minima
pertaining to the stable states of reactants and products
through saddle points (SPs). Fukui introduced the concept
of the intrinsic reaction coordinate (IRC), which is an SDP
in mass-weighted Cartesian coordinates, assuming that the
transitions from reactant to the product(s) take place
infinitely slowly [1]. Though the indirect or global methods
e.g. the Elber-Karplus (EK) method [2] and its improve-
ments [3-7] and the ‘dynamically defined reaction path’
(DDRP) method [8-18] to find RP(s) are expensive related
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to local RP following methods, their use may have adequate
ground because exploring the network of reaction routes,
connecting points and coupling branches of various
ramifying RPs can be successful only by global methods.
The stability of global methods is also an important aspect
in their use. DDRP method [8-18] was proved to be stable
not only in small molecular systems [15-18] but for larger
systems [19], too. We investigated the possibility of the
determination of transition paths at small and large flexible
systems with energy functions determined by molecular
mechanics (MM) procedures.

Throughout this paper we focus on calculations of
Fukui type RPs [1] in conformational transitions of
flexible molecules. Given a system Aj,...,Ay of atoms,
and denoting by U(xy, Y1, Zi.----XN> YN» ZN) LS energy by
Born—Oppenheimer approximation, when the atoms A, are
located at the points with Cartesian coordinates (XY 26)»
(k=1, 2,...,N), respectively, a piecewise differentiable
curve ¢: [0,1]——>R3N is called a RP for the system
(Ay,...,An) if the starting and end points (c(0), respectively,
¢(1)) are locations of minima of the function U and the
differential vector dc(s)/ds is parallel to the mass weighted
gradient VU(c(s)) at every point c(s) of differentiability of ¢
while we have stationary points (SPs or local minima or
maxima) at the breaking points of c. It is a remarkable fact
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[14] that the flow F of the vector field of the (mass weighted)
negative gradient —VU governs almost every piecewise
analytic curve (polygons in particular) in some reaction
paths under rather weak and realistic mathematical
conditions on the function U. By the flow F of —VU, we
mean the mapping F(, X1, Y1, Zts- - XN YNs zn) = [solution of
dx(r)/dr= —VU(x(r)) with initial value x(0)=(x;, i,
Z1s-. 2 XN: VN> Zn) at time 7=1].

This theoretical observation can be utilized in the
following idealized algorithm. Starting from a polygon p:
[O,l]—>R3N (a set of consecutive line segments in the
3N-dimensional space parametrized with the values
between 0 and 1), compute the curves

¢ =F,p(s) (=20,0=2s<1)

and form their arc-length proportional reparametrizations
¢ [0,1]——*R3N . The uniform limit of the curves results a
RP. There is a RP ¢*: [0,1]—R>" of (4,,...,Ax) such that

cf—>ctast— o

Also, generally, curves of the type C?(s) = F(o(t,5),p(s))
converge to a RP if ¢ is smooth and ¢(¢,5) — o for fixed s as
-0,

The idealized procedure described, provides correct RPs
between two predescribed local minima of U (corre-
sponding to reactants and products of the reactions), even
if there is no so-called minimum energy RP (a path passing
through ‘valley bottoms’ of the graph of U) between
reactants and products.

The ideal algorithm was realized in computer calculations
as follows. Usually we are given good approximations x0=
@, 79, 20, ... %, m%, () and x' = (&1, m}, L - s ER i E)
for the coordinates of reactants and products. Then for the
starting polygon p: [0,11-R* we take the straight line
segment

pls) =1 — s)xo +s5x!

During the procedure we shall represent curves simply by a
sequence of its points according to the ordering by
parametrization such that consecutive points should be
approximately in a given distance e>0. A curve [0,1]—-R*
can be represented by any sequence y¢ = (&%, 7%, L5, ... £,
n’f\,, C'I‘V) (k=1,...,m) such that there exist parameters 0=s'<
<. <" lT<cm=1 and y*=c(s5") (k=1,...,m) and disty
6L ¥ (€2, €) (k=2,...,m). disty stands for the standard
mass-weighted distance of points in the configuration space
R*N. Any sequences of points %, eR* obtained were
homogenized by means of the following procedure. This
homogenization begins with a root mean square (RMS) fitting
of the consecutive points. We find the translate # of x*
being the closest in disty, 10 x'. Then we find the translate ¥
of x> being the closest in disty, to x* and so on up to
establishing the translate # of x* as the closest point in disty
to x*~!. Having constructed the RMS-fit sequence
# =x! #,...,#, by inserting new points between % and

1 f disty, (7, #71) > 2¢ and by deleting # if disty, (&1,
)+ disty, (&, #*1) < ¢ we finally construct an admissible
RMS-fit sequence y',....y” which stands close tox',....x" and
consist of interpolates of points from x',...x° with the
e-distance homogenity property disty (xk'— Lxkye(ef2,¢)
(k=2,...,m). Both ¢ distance homogenity and RMS-fitting
are of high practical importance in case of large molecules.
There are widely used algorithms where curves as tentative
approximations of reaction paths are represented by a given
number of nearly equidistant points in the configuration space
R3M. However, if the number of atoms is large, we cannot
predict easily the number representing the points for a true
approximation. If it is too small, e.g. smaller than the number
of stationary points the real RP passes through, then the result
obtained may be completely irrelevant even if the correspond-
ing energy diagram is seemingly credible. The final conditions
or optimal parameters for £ and o are difficult to set
automatically. We suggest these parameters should be chosen
on the basis by experience on systems with different number of
atoms. This is an unavoidable numerical problem for all
pathway finding algorithms if no specific information is
available on the potential energy surface (PES).

For a given admissible (and RMS fit) representation y, =
c(sy) (k=1,...,m,) of the curve ¢/ in the ideal procedure,
we apply the simple DDRP-shift with time step o> 0

x* =yeV UG *k=1,...m)

Some examples of the conformational transitions in
small (3D) chemical systems and the successful application
of DDRP are reported first time in this article.

2. Calculations

DDRP algorithm was implemented into TINKER
version 4.0 molecular modelling package [20]. The
implementation ensured the calculations with all of the
force fields and solvation models available in the package.
The conformations were built up by PCMODEL [21] and
optimized by the Newton-Raphson method contained in
TINKER using a 0.001kcal mol™' A™" convergence
criteria using the force field of path calculations. In some
cases, we used implicit solvation model GB/SA [22] to
compare our resulis obtained in gas-phase and in solute. The
optimized geometries of the two conformations were used
as input for the further calculations. The energies of the
points on the RP obtained were depicted against the
reaction coordinates (RC). The latter values were
obtained for the kth point of the last RP sequence by the
expression 2{-‘(2]'-" ((x;: - x]‘:_l)2 + (y} - y}_])2 + (z} - ng_l)z)/
M2 normalized by = SF(EN(Gd— X))+ 0f = 1)
+(z§ - z§_1)2)/N)1/2, where N is the number of atoms and n
is the number of points on the curve of the last RP. The
calculated RPs obtained by the DDRP method is compared
with those of the EC method {3] which is a modified version
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of the original EK method {2]. This algorithm has been
implemented in the program PATH in TINKER and the
results are also described. In the calculation with PATH 50
points were generated with a tolerance of 0.001 kcal/mol/A.

3. Results and discussion

Some examples of the calculations performed by the
DDRP method and the PATH calculations are described.
By these calculations we show the RPs between stable
conformers as between anti- and gauche butanes, anti- and
gauche-2,2,5,5-tetramethyl-hexanes, between chair and
twist cyclohexane, between Cy,, and Cz.y of Ac-Ala-
NHCH,; and between extended and a-helical Ac—(Ala)s—
NHCH; The calculation of the transition between two
conformations of these small molecules supports the
effectiveness of the DDRP method.

3.1. Conformational transition between anti-
and gauche butanes

The minima of anti- and gauche conformations of butane
was minimized in gas phase. The energies were 3.1 and
3.9 keal/mol applied MM3 force field in gas phase. o and ¢
values in DDRP were 0.01 and 0.01, respectively. The
results after 1000 iterations were depicted in Fig. la
(conformations of the molecule in point 1, 35, 60 and 79
on the path) and b. The results obtained by using DDRP
method is very similar to that of EC method.
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Fig. 1. (a) Conformational transition between anti- and gauche butanes
(Points 1 (a), 35 (b), 60 () and 79 (d) on the intrinsic reaction path). (b)
Energy profile of the conformational transition between anti- and gauche
butanes (line with legend x: EC method, line with @: DDRP method).
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Fig. 2. (a) Conformational transition between anti- and gauche-2,2,5,5-
tetramethyl-hexanes (Points 1 (a), 15 (b) and 30 (¢) on the intrinsic reaction
path). (b) Energy profile of the conformational transition between anti- and
gauche-2,2,5,5-tetramethyl-hexanes (line with legend x: EC method, line
with @: DDRP method).

3.2. Conformational transition between anti-
and gauche-2,2,5,5-tetramethyl-hexanes

The minima of anti- and gauche conformations of
2,2.5,5-tetramethyl-hexane was minimized in gas phase.
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Fig. 3. (a) Conformational transition between two conformations of
cyclohexane (chair to twist) (Points 1 (a), 21 (b) and 46 (c) on the intrinsic
reaction path). (b) Energy profile of the conformational transition between
two conformations of cyclohexane (chair to twist) (line with legend x: EC
method, line with @: DDRP method).
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The energies were 14.1 and 22.5 kcal/mol applied MM3
force field in gas phase. ¢ and & values in DDRP were
0.005 and 0.025, respectively. 1000 iteration steps were
chosen. At larger iteration steps, the character of the
energy profile did not changed, they are fitted to each
other. The change in geometry is described in Fig. 2a
(Point 1, 15 and 30). The energy profile of the reaction
path and the structures in the minima and maxima is
depicted in Fig. 2b. A barrier height of 23.1 kcal/mol was
obtained by means of the path calculations using both
DDRP and EC method.

3.3. Transition between two conformations of cyclohexane
(chair to twist)

The minima of the chair and twist conformation of
cyclohexane were calculated by using MM3 force field
(8.0 and 13.8 kcal/mol). ¢ and ¢ values were 0.01 and
0.01, respectively, the number of iterations was 1000.
The conformations on the reaction paths (points 1, 21
and 46 at DDRP) and the energy profiles obtained by
DDRP and EC methods are described in Fig. 3a and b.
The results of the two methods were found to be
practically the same.

3.4. Transition between two conformations of Cz,y
and Cy.q of Ac-Ala-NHCHj

MM3PRO force field was applied in the calculation of the
paths between C,, and C,, of Ac-Ala-NHCHj3. The initial
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Fig. 4. (a) Conformational transition between two conformations of Cygy
and Creq of Ac—Ala-NHCH; (Points 1 (a), 50 (b), 100 (c.) and 159 (d) on
the intrinsic reaction path). (b) Energy profile of the conformational
transition between two conformations of two conformations of Cray and
Creq of Ac—Ala-NHCH;3 (line with legend x: EC method, line with @:
DDRP method).

energies of the reactant and product were 7.0 and 5.5 kcal/mol
(in gas phase). ¢ and ¢ values were 0.1 and 0.02, respectively,
the number of iterations was 5000. The largest barrier height
was found at the 35th point (13.8 kcal/mol). The results
obtained by DDRP and EC methods were different. The
calculations were repeated by GB/SA solvation model, too,
where the energies of the reactant and product were 9.8 and
8.4 kcal/mol, respectively. Structures obtained by DDRP in
points 0, 50, 100 and 159 are described in Fig. 4a. The energy
profiles obtained by DDRP and EC are depicted in Fig. 4b.
As it can be seen, DDRP and EC results are different. EC
method predicts path only with some breaks, the curve
obtained by DDRP is continuous.

3.5. Transition between extended and helical structure
of Ac~(Ala)4~NHCH;

AMBER94 force field with GB/SA implicit solvation
model was applied in the calculation of the path between
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Fig. 5. (a) Conformational fransition between extended and helical structure
of Ac—(Ala)~NHCH; (Points 1 (a), 30 (b), 60 (c) and 94 (d) on the intrinsic
reaction path). (b) Energy profile of the conformational transition between
extended and helical structure of Ac—~(Ala),~NHCH; (line with legend x:
EC method, line with @: DDRP method).
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extended and a-helical structure of Ac—(Ala),~NHCH;. ¢
and ¢ values were 0.1 and 0.1, respectively, the number of
iteration was 50,000. The conformations on the reaction
paths (points 0, 30, 60 and 94 at DDRP—where points 0 and
89 are the initial structures) and the energy profiles
(obtained by the two methods) are described in Fig. 5a
and b, respectively. The result of EC calculations shows
some break on the curve, the curve obtained by DDRP is
continuous.

4. Conclusion

DDRP algorithm was applied for conformational
changes in small molecular systems and the results
were compared to that of obtained by EC method
implemented in TINKER. Results of the calculations
support that the conformation change of small molecules
are similar in EC and DDRP methods. At slightly larger
and more flexible small molecules (e.g. small peptide
models) with more rotational degree of freedom, the RPs
obtained by these methods are different and one or more
breaks were found at the results of EC method. DDRP
RPs are continous.
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