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A refined grid of a conformational potential energy surface (PES) and a conformational entropy surface for
glycine diamide was generated b initio molecular computations. The possible network of reaction paths
was recognized in terms of the linear combinations of internal coordinates corresponding to conrotatory and
disrotatory modes of motions. Such a Woodwaktbffmann-like path selection principle was detected for

the folding of this peptide from extended to some virtually cyclic structure. It seemed reasonable to assume
that this principle (or its generalized form) might be applicable to protein folding. A reaction path network
was projected on the potential energy, and a continuous entropy surface was constructed under the condition
of reduced dimensionality. The low entropy of the folded conformation indicated an information accumulation
between 326% and 1414% with respect to the fully extended or unfolded structure. It is found that the location
of existing and ‘latent’ critical points on the surface is revealed by the extrema and inflection points of the
entropy curve.

Introduction Ho o] HooH
o % g %
On the conformational potential energy functions of hydro- N7V 22/ g N, 1 Zz/

carbon$ or simple substituted hydrocarbdrike reaction paths
are close to the unperturbed motions of single rotors. However,
geminal substituents very often interact extensively. For ex-
ample, vibrational modes could be coupled into symmetric and
asymmetric modes. Also, their internal rotations may be coupled
into conrotatory and disrotatory modes as illustrated in the upper
part of Figure 1If the geminal subst.ltuents are |dent|ca}l (i.e., Disrotatory Conrotatory
Z; = Z5), then the conrotatory path involves the vectorial sum w-0) . (w+o)
(v + ¢) and the disrotatory path involves the vectorial difference

(y — ¢) of the basis vectors of internal rotationg: and ¢
(Figure 1 central part). These combined modes of internal
rotations also play an important role in describing the thermal
intramolecular rearrangements of pericyclic reactions, as speci- vy | e | Bo | &
fied by the Woodware Hoffmann selection rulé Accordingly,

4n z-electron systems are allowed to undergo thermal electro-
cyclic reactiongia a conrotatory mode of motion, whilen4t-
2m-electron systems are allowed to proceed, thermally, through 0 g“ 360

low barriersvia a disrotatory mode of motioh® . ) . )
. . Figure 1. Top: The conrotatory and disrotatory modes of motions
If the two functional groups, denoted by Znd 2% (Figure for molecules containing a geminally substituted carbon atom. The
1), are not identical, the conrotatory and disrotatory linear directions of conrotatory and disrotatory modes of motions are clearly
combinations are somewhat distorted. This is the case for peptideindicated. Bottom: Topology of the PES of peptide diamide conforma-
residues such as glycine diamide (central part of Figure 1). Thetions. The conrotatory and disrotatory modes of motions for glycine
conformational PES of glycine diamide exhibits five stable diamide are clearly indicated as linear combinationg(df2,3,4) and

conformers out of the possible nine structures as shown in theW(2'3‘4’5)'

lower part of Figure 1. Thus, in accordance with the lower part , fo|ded proteins are only “latent” minima here, since they are
of Figure 1, thes, y, andd conformers are manifested minima. not manifested on the PES at this level of theory.
In contrast to that, the ande folded structures, which do occur It might be of casual interest to look, at le@gt tangentem

into the rather loose analogy that may exist between the

~ *To whom correspondence should be addressed. E-mail: viskolcz@ pericyclic ring closure and the folding of the extended form

ngyd“.szeg?id'h?'s d PoL of the simplest peptide (lower part of Figure 1) into its
E Uﬂ:&g{ilg %heﬁ:}gg Laboratories. hydrogen-bonded cyclic conformetg (andyp). In accordance

8 University of Toronto. with the Woodware-Hoffmann rule, 1@-electron conjugated
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TABLE 1: Geometrical Parameters of Zeroth- and
First-Order Critical Points of Glycine Diamide PES?2

/ 1 \ E;'::,r]‘:l:iti];l @® Y wo w1 Rn-—H--——0
2
4 BoL 180.00  180.00 180.00  180.00 5.16
AN Z Yo 80.34 —68.67 178.12 174.76 2.06
YL —80.34 68.67 —178.12 —174.76 2.06
.......................... A dp 119.64 -—20.42 174.27 —169.71 3.53
R y oL —119.64 20.42 —174.27 169.71  3.53
Sk ornEates et i N - TSI 94.73 —123.37 —172.56 172.63 3.44
) Heoml oy T TSL —94.73 123.37 172.56-172.63  3.44
D B Digtatatory |~ # i~y Gl TS2% =TS 0.00 0.00 180.00 180.00 1.77
a6 Folding & { Diamide 1S3 49.34 11125 171.41-177.99  4.98
W An—p (W) TS3 —111.25 —-49.34 —-171.41 177.99 4.98
o=< 7 - TS4 110.63 —25.54 175.56 —168.76  3.23
(2m N, H TS4 —110.63 25.54 —175.56 168.76 3.23
BDL - a2 Angles in degrees; distances in angstroms.
ZH energy hypersurfacek = f(¢, «, ¥). Corresponding to the
H—N idealized conrotatory direction dfgt[g*]lg™} < {alald —

{g7[g7]1g7}, a somewhat distorted path, but with a general
conrotatory direction, on a 2D cross-section of the hypersurface
has been exemplified recenfly.

It has been shown, in a previous publicatichat in the case
of the conformational change in n-butane, the entropy calculated
in the AN — 7 reduced dimensionality was lowered systemati-
cally from anti to gaucheto synconformations. This entropy
lowering corresponded to an information accumulation of 16%

21787

A

B and 42%, respectively. If the van der Waals interaction of two

methyl groups resulted in such a noticeable information ac-

TS1 TS3 cumulation, one may assume that peptide folding will show a
Disrotatory Conrotatory considerably larger change. The present paper examines the

folding of glycine diamide from this point of view.
Figure 2. Woodward-Hoffmann principle for an electrocyclic reaction The potential energy surface (PES) of glycine diamide has
of glycine diamide folding. The Gly residue contains sbelectrons, been studied previousk/i! However, the conformational

and with the associated peptide bonds it containg-Electrons. Both .
of them correspond to a 4+ 2) m-electron system. After the network on thermodynamic surfaces has never been explored.

cyclization reactions, the Xconjugated electrons are converted to
two non-overlapping #-electron systems. Methods

According to the method described previouskthe normal
coordinate analyses for each geometry were carried out involv-
ing all internal coordinates, which were at their minima, except
the internal rotation about the-NC* (¢) and C—CO (i) bonds.

All G3MP2B3" computations were carried out with the
Gaussian-03 program packayander tight optimization condi-
tions. Theg andy dihedral angles were varied in 16teps to
construct the continuous energy and entropy surfaces. Conse-
quently, these surfaces were computed at a reduced dimension-
ality, containing 3 — 8 internal degrees of freedom. At the
energy minima and at the first-order saddle points, the thermo-
dynamic functions were also calculated classically, with
structure, of yo (i.e., g'g* — aa— g*g-), held together in 3N_— 6 andsfligl -7 int(_ernal degr_ees of freedom, re_spectively.

a cyclic form by an intramolecular hydrogen bond. In this cyclic Using IRC™¢ calculations starting from the transition states
found on the surface, a network of the paths was established,

structure the Chl moiety is out of plane; therefore, two ) . ) o
-electrons are removed from the system since hyperconjugationWh'Ch connects the corresponding Oth and first order critical

is not possible anymore. Thus, these conformers have two setdPonts with each other.

of four w-electrons which are not in a conjugative relationship Results and Discussion

although they may interact to a small extent through spéce

the hydrogen-bonded ring closure. The optimized geometrical parameters for the Oth and first
Thus, the analogy amounts to nothing more than thata (4 order critical points are summarized in Table 1. The-N—O

+ 2) = 10 m-electron-containingo-peptide unit is folded atom distance indicates the strefdtiof the intramolecular

preferentially (i.e.via lower conformational barrier) along the interaction during the rotational motion. The computed ther-

disrotatory mode, while the conrotatory mode had a somewhat modynamic functions (Table 2) for the various critical points

higher barrier. It might be of passing interest to note that of the conformational PES of glycine diamide are strongly

pB-peptides, H-CH,—CH,—CONH-— (consisting of not 10 but  dependent on this interaction. Three-dimensional representations

12 m-electrons per peptide residue), seemed to be folded of the Ramachandran type potential energy surface and associ-

preferentially along a nearly conrotatory path on the 3D potential ated entropy surface for the conformational folding of glycine

systems may undergo thermal cyclizatioia the disrotatory
mode of motion with a low barrier height. One pair of
m-electrons is removed from the system during the ring closure
process; thus, eight-electrons remain conjugated. &xbond

is formed during the ring closure (Figure 2 top). The analogy
of the previously stated WoodwartHoffmann selection rule
for the peptide folding process suggests that due to the
hyperconjugative interaction of the Glmoiety, in the extended

or fpL conformation, glycine diamide may be regarded to
contain 10 (i.e., 4 + 2) w-electrons (central part of Figure 2).
The low barrier of folding is along the disrotatory mode of
motion, which converts the extended chafiiay, to a cyclic
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TABLE 2: Relative Energies, Enthalpies, and Free Energies (in kcal moft), Absolute as Well as Relative Entropies (in cal
mol~1K 1), and Relative Informational (l,,) Content for the Glycine Folding of Selected Characteristic Points of Conformational
Changes, Taking into Account 3 — 6 and 3\ — 8 Degrees of Freedom, Respectively

AH AH AG AG St St St AS AS L= lylg
contE AE (3N—6) (3N —-8) (3N—6) (3N—-8) (3N -6) (3N—-7) (3N—8) (3N—6) AS (3N-8) (3N-8)
BoL 0.00  0.00 0.00 0.00 0.00 89.698 — 79585  0.00 — 0.00 1.00
TSP 204  1.87 2.47 4.13 323 - 82112 77.012 - -759 —2.57 3.66
y.  —050 —0.03  —0.05 1.58 0.81 84316 — 76.715 —538 — —2.87 4.26
TS®» 576 568 6.27 7.91 736 - 82191 75924 — —-751 —3.66 6.35
yo  —050 —0.03  —0.05 1.58 0.81 84316 — 76.715 —538 — —2.87 4.26
TS# 204 168 2.27 3.99 201 - 81.94 77432 — -7.76  —2.15 2.96
5o 201 223 2.23 2.97 2.86 87.221 — 77.45 —2.48 -2.13 2.93
TS 726  6.70 7.29 8.42 753 - 83.905 78.779 — -5.79 —0.80 1.50
BoL 0.00  0.00 0.00 0.00 0.00 89.698 — 79585  0.00 — 0.00 1.00

2 Since thea-carbon of glycine is a prochiral center, therefore, the= yp andd. = dp degeneracy is observetiFor TSs instead ofI8 — 6,
3N — 7 internal coordinates were used. For TS1 and TS2 the omitted coordinate was taken along the disrotatory mode of motion, and for TS3 and
TS4 the omitted coordinate was along the conrotatory mode of motion; these modes with imaginary frequencies correspond to the reaction coordinate
according to the transition state theory. For consistency, all values shown are calculated with the B3LYP/6-31G(d) level of theory. The G3MP2B3
energy results do not alter the overall trends.

TAS ~ 1 kcal mol-

Figure 3. Three-dimensional representations of the Ramachandran type potential energy surface (A) and associated entropy surface (B) for the
conformation folding of glycine diamide as functions pfand .

diamide are shown in Figure 3A and Figure 3B, respectively. Such an arrangement leads to “Enantiotopic Reaction Coordi-
All Oth and first order critical points found are shown on the nates” (Figure 5). On the basis of the reaction kinetic principle,
PES associated with the folding of glycine diamide (Figurg.4A in a multistep reaction the lower barrier must precede the higher
The square of solid lines at the lower left-hand side shows the barrier along the reaction coordinate for a kinetically favored

IUPAC cut of the Ramachandran PES fronl8C° to +180C° mechanism. These enantiotopic energy profiles are shown at
along both¢ andy. The broken line square, covering the area the left- and right-hand side of Figure 5.
from 0° to +360° along bothp andy, represents the traditional Figure 4B shows the entropy surface of glycine diamide. The

cut of the Ramachandran map. The network of conformational network marked on this map is the same as that used in Figure
changes clearly involves virtually infinite long major paths along 4A. Viewing along the various paths of the network one can
the disrotatory mode of motion placed in every 360a nearly see the entropy change associated with the various conforma-
parallel fashion. In contrast to that, along the conrotatory tional changes.

direction, a path only connects three adjacent disrotatory paths. In a very general sense, the entropy surface illustrates the
Thus, folding along the conrotatory mode of motion for an extent of any attractive or repulsive intramolecular interactions.
infinitely long path must involve the utilization of a short Such interactions alter the vibrational state of the molecule,
distance fo. — yL or foL — yp) along the disrotatory path.  which in turn results in altered intrinsic entropy. According to
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Figure 4. (A) Potential energy surface (in kcal mé) of glycine diamide. The solid square at the lower left-hand side represents the IUPAC
recommended cut from-180C° to +18C° of both ¢ andy. The broken square at the center represents the traditional cut from 0 to 360 @f both
andy. (B) Entropy surface [in cal (mol K}] of glycine diamide computed forN8 — 8 degrees of freedom.

0 ST Sl o Ts2

Disrotatory Conrotatory In order to see the energy as well as entropy change along
. the folding routes it is necessary to plot these quantities
. D / ; . !
/[3 along the conrotatory and disrotatory reaction coordinates. In
\ both of these two reaction coordinates the central point is
81) the fpL conformer, as these two paths cross each other at
/ YI: that geometry ¢ = 180¢° and y» = 18(C°). Such plots are

. shown in Figure 6. The two energy profiles clearly indicate

o that the barriers are lower along the disrotatory path than

\ O s along the conrotatory path ((A) and (B) of Figure 6). The two

/ entropy profiles ((C) and (D) in Figure 6) are directly under-
e st /ﬁD o4 Tt neath the energy prof_iles. This arrgngement makes it possible

to compare the location of the critical points on the energy

TV & Ba Vo \W profile with the location of the critical points on the entropy

profile.

. From (A) and (B) of Figure 6, one can see that fhey

transition (TS1) is thermodynamically favored along the dis-
;. o rotatory mode of motion, and the energy barriers along the
O conrotatory mode of motion are considerably higher (TS3). The
/ / ~ geometries of TS1 and TS3 are shown schematically in Figure
, ~ 2 (lower part). Interestingly, the favored path has a much

/ D . ; . .

Commmry/ /ﬁ \ Disrotatory _smoother entropy profile than the co_nrotatory path as shgwn
in C and D of Figure 6. Along the disrotatory path, starting
from theBp. conformer, the intrinsic entropy of the molecule

T decreases more or less monotonically all the way to the vicinity

of the y conformer.

o / It should be noted that the energy difference between the
L unfoldedfp. and foldedy, andyp conformation is relatively
5 folded d foldedy, andy li ion is relativel
/ small (—0.5 kcal /mol). In contrast to that, the entropy difference
B between the unfoldeqsf) and folded ¢ andyp) structures
DL . . .
is relatively large (almost 3 entropy units) even on the reduced
3N — 8 internal coordinates and considerably larger (over 5
entropy units) on the full 8 — 6 freedom of motion. This
implies that relative energy hides, at least to some degree, while
the topology of the entropy surface, stronger attractive or entropy reveals the extent of folding in a more pronounced way.
repulsive interactions result in a lower intrinsic entropy. In other words, while the energy change cannot, the intrinsic

Figure 5. “Hysteresis loops” or “enantiotopic reaction coordinates”
for the forward and reverse reaction paths along the conrotatory mode
of motion.
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disrotatory mode of motion
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Figure 6. Energy and entropy variations along the conrotatory and disrotatory modes of motion (left column is the conrotatory, right column is
the disrotatory mode. (A) and (B) are energy, (C) and (D) are entropy, (E) and (F) are the derivative of entropy).

entropy change can, in fact, be used as a diagnostic measure 0c6CHEME 1
the extent of folding. H

The computed relative entropy can be used to calculate the
HH H H H
H
@\—% ®:F H@F
Hy H H

information contentIf) of a given conformation (x) as the
Ix 1 H
Ix = l/)’ eXp(—AS/R) or In E =\— ﬁ AS (1) syn (TS) syn (TS) anti (TS)

/Z
&O

multiple of the information contentlf) of the reference
conformation: Sp.
X: H, Me, F F-CH,-OH Planar Gly Residue (TS2)

These values, calculated for thH 3- 8 reduced dimensional-
ity, are summarized in the last column of Table 2. It is
noteworthy that they. andyp conformers have

100(4.26— 1.00)= 326%

compare (A) with (C) and (B) with (D) in Figure 6. In contrast
to this, it is not immediately obvious in the case of glycine
diamide what the specific appearance of the transition states of
the energy profiles ((A) and (B) of Figure 6) would be in the
entropy profiles ((C) and (D) of Figure 6). The small inset in
(C) suggests that the actual nonsymmetric energy transition
states are manifested as inflection points on the entropy function.
In that case they. and yp conformers have 1414% more  The only exception to that rule is TS2 where point symmetry,
information than the referengi,. conformer. This information 514 the continuation of the dS/dx function along the periodic
accumqlathn is caused by the formation of a rlng-.llke.structure, disrotatory mode, demands thaBdx = 0. In fact previous
shown in Figure 2. Clearly, the hydrogen bonding in the oy herience suggests that for symmetric transition states of the
andyp conformations, which leads to a cyclic structure, lowers oo 0y orofile, the entropy profile has a minimum value, so its
the entropy substantially. This in turn means an accumulation derivative would be zero as exemplified in Scheme 1.
of a considerably larger amount of information than the weak i . o N

In this way, all existing minima and transition states may be

van der Waals interaction of two methyl groups in tham ) . h S
identified on the (&dx) functions ((E), and (F) in Figure 6).

arrangement in n-butarfeéThe variation of the log of relative ) ] /. ;
information, Inl/14], with respect taASis shown in Figure 7 Another interesting critical point labeled as M3 was found on

for glycine diamide as well as other simple organic compounds the PES, which is expected to haves(dk) = 0 by symmetry.
specified in Scheme 1. This third-order critical point with three imaginary frequencies
It has been found previoudh2that the entropy function has ~ (445i, 112i, and 29i cm) is in an energy maximum along three
a maximum where the energy function is at its minimum and internal coordinates. However, only one of the three is related
the energy transition states turned out to be close to entropyto the conformational spadep,i}; the other two motions are
minima in the case of these simple compounds. For the glycine related to the pyramidal inversion of the N-atoms. This point
diamide, most of the maxima of the entropy curves along the seems to be a crossing between two surfaces of different
reaction path network are found in the close vicinity of fiag, electronic state® No reaction path is associated with this
YL, ¥ps OL, anddp stable conformers, as may be seen as we critical point. In (F) of Figure 6 the crossings of thexis along

(2)

more information than the referen@g_ conformer. Similar
calculations can be made on the full dimensionality Nf-3 6.
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function. These might be called “latent” critical points in
agreement with an earlier observatidin the case of FCH
OH. Some of these nonmanifested conformers, namglyp,

€L, €L, as well as an approximate location for M3 have been
identified in (E) and (F) of Figure 6.

All'in all, it appears that the entropy surface, or its equivalent
information surface calculated according to eq 1, keeps all the
information of the potential energy surface topology. In other
words, all the information is present, permanently, about all
minima and transition states, irrespective of whether they are
latent or manifested, and these may be observed on the entropy
surface cross-sections along the paths of conformational changes
which are forming a network on the PES. Perhaps, this new
observation may be important in the process of deciphering the
law that governs protein folding.

Conclusion

After the position of the minima and transitions on the
conformational potential energy surface (PES) has been deter-
mined, paths for conformational changes emerged. The com-
puted energy values revealed that along the disrotatory mode
of motion the barrier heights are lower than along the disrotatory
path. This suggests a WoodwarHoffmann-like principle in
path selection of thermal conformational changes for the-4
2 = 10 m-electron system of glycine diamide.

The continuous entropy surfac¢,i) on the whole PES
was calculated using reduced dimensionality (3 8) sincey
and ¢ were fixed at each of the grid points. We have shown
that the 3D entropy surface is an excellent diagnostic tool for
the analysis of the folding even of such a small system as glycine
diamide. It is also shown that the entropy surface, when
combined with the possible reaction paths from the underlying
PES, holds information about the location of manifested minima
and transition states on the surface, and it is assumed that these
entropy curves also show the approximate location of ‘latent’
minima and transition states, which may be manifested for
example in larger peptide conformations.

According to the topology of the continuous entropy surface,
substantial information accumulation was detected for the folded
conformers compared to the stretchiied structure. The folded
structure can hold more than 4 times more information as the
unfolded one. This can be interpreted as structural information
showing the extent of intramolecular interactions. It remains to
be seen to what extent information accumulation plays an
important role for the folding of all biopolimers such as proteins,
RNA, and DNA.
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the reaction coordinate for M3 appear to be at about 0.2 and
0.8.

The change in curvature of the PES is changing the vibrations
which define the intrinsic entropys| of the molecule. Conse-
quently, the derivative @dx) helps us to locate these changes
and therefore the “manifested” minima and transition states.
Even higher order critical points may be easily identified on
the (d5dx) function. However, it appears that the critical points (1) Peterson, M. R.; Csizmadia, I. G. Am. Chem. Sod.97§ 100,
not manifested on the PES may also show up on tis&ixl 6911.
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