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Theoretical Study of the Hydration Effects on the Conformation of N-pivaloyl-L-
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To investigate the hydration effects on the conformational changes of N-pivalolyl-L-prolyl-N-methyl-N’—isopropyl-
L-alaninamide (PPMIA), the conformational free energy changes have been calculated by using an empirical potential
function varying all the independent degrees of freedom of PPMIA backbones. It is found that cis conformers are folded
by a strong intramolecular hydrogen bond involving both terminal CO and NH groups whereas trans conformers accommo-
date the open conformation. Conformers in the free state are proved to be less stable than in the hydrated state. The free
energy changes of cis and rrans PPMIA due to the hydration are —50.5 and — 39.8 keal/mole, their conformational energy
changes are —52.3 and —41.0 kcal/mole, and their conformational entropy changes are —5.9 and —4.0 e.u., respectively.
The free energy changes of ¢/s PPMIA to trans PPMIA in the free and hydrated states are 5.3 and 16.0 keal/mole, their
conformational energy changes are 7.6 and 18.8 kcal/mole, and the entrapy changes due to the conformational transitions
correspond to 7.5 and 9.4 e.u., respectively. From these results, it is found that the bound water molecules play an important

role in stabilizing the conformation of PPMIA.,

Introduction

N-methylated peptides deserve to be considered because
many peptides of well known biological importance contain
N-methylated amino acid residues..2 Moreover the introduc-
tion of tertiary amide function in a peptide chain results in
the two following point:2 (1} suppression of a proton donating
NH group able to participate in hydrogen bonding systems;
(2) occurrence of nearly equally probable c¢is and trans con-
formations of the amide link. For a peptide N-pivaloyl-L~
prolyl-N-Methyl-N’-Isopropyl-L-Alaninamide (PPMIA)
in the free and hydrated states, the conformational free energy
changes are calculated by vsing an empirical potential func-
tion, -8 To recognize the factor involved in the stability of a
given conformation and in the change of one conformation
to another, the configurational entropies of cis and rrans
conformers in the both states, and the water molecules bound
to them are evaluated. In addition, the conformational chan-
ges of cis and rrans conformers due to the hydrogen bonding
effects and a ring opening of hydrogen bond are investigated.

A. Potential Fucntions

Interaction energies have been calculated using the empiri-
cal potential function by Kang and Jhon.*-¢ These are com-
posed of the electrostatic energy E., polarization energy
E, nonbonded energy E, torsional energy E,,, and
hydrogen bond energy Ey,; The total energy is given by the
following expression:

Elol = E (Ee]+ Epo] + Enb) + E E!or+ Z: Ehh (])
ob pair torsian hb pair
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Atomic partial charges have been used for the calculation of
the electrostatic and polarization energies using the Del-Re
method® 1! for ¢ charges and the Hickel method?2 for =z
charges. In the case of the free (vacuum) state, a dielectric
constant of 1.0 was used, For the hydrated state, a distance—
dependent dielectric constant, &(r;;), was used as follows;-¢

E(rl'i) = (30_ 1 [(fij_rcon) / (refi_—rcon) 7+1 (2)

Where at the contact distance r.,,, is ¢(r;;) = 1.0 and at
some particular interaction distance r.y, the dielectric con-
stant e(r;;) = g, the bulk dielectric constant of the system.
Only in the region r.,, <r;; < rar, &(r;;) is considered to be
a function of r;;,

Boundary conditions such as e(SA) = 1.0 and s(?A) =40
were taken from the work of Hopfinger.!? The nonbonded
energy was approximated using the Lennard-Fones type, in
which the disperision coefficient was calculated by the London
formula!® and the equilibrium distance was assigned to be a
distance approximately 0.2 A greater than the sum of the van
der waals radii of the interacting atom.!¢

The atomic static polarizabilities used in the polarization
and nonbonded terms were taken from the work of Kang and
Jhon.'® The torsional potential was composed of usual perio-
dic function.!® Potential parameters of hydrogen bond were
obtained, which was fitted to the results of ab initio computa-
tion, Details of the nature of potential energy functions and
various parameters used are in ref, 6,

B. Conformational Entropy

(1) Conformational Energy of Biomolecule. 1f the joint
probability distribution function for each set of torsion
angles of biomolecules satisfies a normalized multivariate
Gaussian distribution function,}? the conformational entropy
at the ith minimum is given by

S =ZnR+LR In[ (27)70] (3)
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where n is the number of degree of freedom in a set of torsion
angles and ¢ is the determinant of the covariance mairix
at i th minimum.

Hence the entropy difference associated with the conforma-
tional change of biomolecules is given by

A8 gi1p =" (0 /5 ) )

where ¢ and ¢ are the determinants of the covariance
matrix at the 7th and jth minima, respectively. Karplus ¢f
al 1899 Obtained the elements of the covariance matrix from
the harmonic analysis results for each conformation at the
local mininum, Here, we used a new method®-2 for the evalua-
tion of the conformational entropy of biomolecules with the
covariance matrix by analyzing the potential energy surface,

The element of the covariance matrix at the ith minimum is

Oa P =y P, P g, O (5)
where ¢, and ¢;% are standard deviations of the A th and /th
torsion angles, respectively, and p,; is the correlation coeffici-
ent between them. Each standard deviation for each torsion
angle was obtained while the other torsion angles were fixed
at the minimum value. The detailed procedure for the evalu-
tion of the covariance is in ref. 6.

(2) Configurational Entropy of Bound Water Molecules, The
coordinates of water molecule bound to the biomolecule can
be expressed with six external variables in Figure 1. If it is
assumed that the joint probability distribution function for
the external variables of a water molecule follows the muli-
variated Gaugsian distribution function, the configurational
entropy of a water molecule is approximately given by

S"":_‘IZ"HR'{_%R Inl (2z)"a ¥] (6)
where n is the external degree of freedom of a water molecule
and ¢, * is the determinant of the covariance matrix which is a
dimensionless quantity; standard deviations of each external
variable must be reduced approximately. The potential barri-
ers of the external variables can be approximately classified
into the following three cases; the very high, low, and inter-
mediate barrier. For very high barrier, the motion eventually
approximates to a harmonic oscillation of small amplitude.

For the very fow barrier, the concept of the free rotation is
adopted and the torsional motion with the intermediate po-
tential barrier can be treated approximately as the hindered
rotation.

To reduce elements of the determinant for various potential
barriers of the external variables, harmonic oscillator and
hindered rotation approximations were used. Theoretical
derivations of the two methods are minutely presented in
refs. 6 and 8.

C. Model Compounds

We have considered the PPMIA (cis PPMIA and trans
PPMIA} which consists of four amino acid residues: pivaloyl,
prolyl, isopropyl, and L-alaninamide: (the geometrical de-
finition of PPMIA refer to ref. 2). Especialy, the molecules
are folded by a short and almost linzar intramolecular hy-
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drogen bond involving the NH4 and COV site.

The geoietrical definitions are shown in Figures 2 and 3
Comparing experimenta!l values with caleulaied ones in this
work, it appears that the N--Mcihylation of the middic amide
function introduces considerable conformational changes
concerning the internal rotational angles, ws. ., and ¢
(see Table ).

Both the mode! molecule in this work and experimental
molecule are hence folded by an intramolecular M- H4- OV =
C™ hydrogen bond; the N+ O distance 2.90 A in the theoreti-
cal calenlation is in good agreement with the experimenial
value.? Since our attention was centered on the conforma-
tionat changes of PPMIA duc to the hydration and a ring
opening of hydrogen bond, the computations are carried out
on the backbone of PPMIA; the proyl region is frozen and
the conformational changes of side chain is only considered.

D. Determination of Conformational Energy and Entropy

The sum of the total conformational energy is

EtoI:Einlra+Einlnr (?)

where E,, ., is the internal conformational energy of PPMIA
and E; .. is the interaction energy between PPMIA and
water molecules. For the hydrated system, a hydrogen bond
energy was additionally included in E,,..

The torsion angles of PPMIA were allowed to move during
minimization by using a Quasi Newton method developed
by Fletcher®® with a convergence criterion of 0.005 kcal/mole
and with a step length of 2 degrees for all the torsion angles.
The number of iterations was limited to 100 cycles.

In order to generate the coordinates of the ¢is and #rans
PPMIA, seven independent torsion angles are nezded for cfs
and rrans PPMIA, respectively. Crystaliographic results of
cis PPMIA were used as the prelintinary geometries of mini-
mization. This starting points for minimization of the total
energy of cach conformation were then determinated by the
refinement of those geometries varying each torsion angle of
the backbond one after another,

For the hydrated system, the hydration schemes were obta-
ined from the optimization of water molecules bound to the
system, and then the conformations of ¢is and trans PPMIA
were minimized once more.

This procedure was repeated until the difference of each
torsion angles obtained from the previous and later iterations
remains 1 degree. Each water molecule bound to the system
was described by the six external variables, d, 6;, s, ¢, ¢,
and ¢; depicted in Figure I. This optimization step lengths
were all 0.01A for distances and 2 degrees for all the angles.
The total entropy of the compound through the hydration
was e¢stimated as

dStot:ASsub+ JSV (8)

where 45, is the conformational entropy change of the
substrate and 48, is the cdnfigurational entropy change of
water molecules bound to the cis and frans PPMIA.

Tt is assumed that 45, is the difference between the entropy
of liquid water at room temperature and the conformational
entropy of the optimized water molecules. Hence, 45, is
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represented as

48,=8.—nS,° )]

where .S, is the sum of the configurational entropy S,, given
by eq. (6), n is the number of bound water molecules, and
S,° is the entropy of liquid water at the room temperature
(16.72 e.u at 298.15 °K)2,

Resuits and Discussion

A, The Optimized Geometry of PPMIA

The optimized torsion angles for PPMITA are listed in Table

" .

The notation for torsion angles of PPMIA is illustrated in
Figures 2 and 3. Three kinds of torsion angles are compared
with each other: the first column corresponds to the result
of calculation with a dielectric constant ¢=1.0, the second to
those of the hydrated compound with a distance—dependent
dielectric constant described previously, and the third to
X-Ray crystallographic results in ref, 2. For rans PPMIA,
experimental torsional angles are not available from X-Ray
¢rystallography. One sees that torsion angles of hydrated
PPMIA are closer to those of X-Ray crystallographic results
than those of nonhydrated PPMIA.

B. Hydration of c¢is and frans PPMIA

To investigate the stability of cis and trans PPMIA, it is
necessary to calculate the intérnal conformational entropy
of cis and trans PPMIA themselves as well as the conforma-
tional entropy of cis and trans PPMIA, and water molecules
bound to them. The conformation of cis and rrans was initi-
aily minimized using the data of X-Ray crysiallographic
study in Table 1 without considering the hydration. However,
the hydrated cis and frans PPMIA are optimized using the
same initial geometry with the distance dependent dielectric
constant. Since the water molecules in the first hydration shell
are mainly responsible for the hydration structure of
solute,?%: 23 the directly bound water molecules to ¢is and
trans PPMTA are considered in this calculation. Whereas

¢,
é, ¢
Sy === )--¢-H 3
% RN
53~ Sz ’

Figure 1. Geometrical parameters for water molecule.

TABLE 1: Backbone Torsion Angles of PPMIA

Torsion cis frans
Angles Free Hyvdrated Exp Free Hydrated
<an —193 189 —178 —200 —199
& 3 —65 —62  —66 —67
oy 141 122 135 148 147
s 0 =2 —13  —161 166
O3 -113 =112 —119 145 145
i 2 s @ 143 141
ws —-1717 =176 —~176 180 180
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four water molecules were optimized around cis and trans
PPMIA, respectively. In ¢/s PPMIA, two water molecules
are bound to oxygen of L-alanyl and proyl, respectively.
In frans PPMIA, one water molecule is bouad to oxygen
of pivaloyl, proyl, L-alanyl and nitrogen of N-isopropyl.
respectively.

The optimum and binding energics of water molecules are

Figure 2. Model compound of ¢is—-PPMIA and definition of
torsion angles. For clarity. hydrogen atoms are not shown, Each
atom is designated as follows; carbon @, oxygen &, niirogen (),

b

Figure 3. Model compound of rans-PPMIA and definition of

torsion angles. For clarity, hydrogen atoms are nct shown. Each
atom is designated as follows; carbon @. oxygen (5, nitrogen (.
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summarized in Table 2 and the hydration scheme is shown in
Figures 4 and 5. The interaction energies of water molecules
bound to oxygen are on the average — 4.8 kcal/mole, and
the interaction to nitrogen is —7.97 kcal/mole.
Configurjational entropies of water molecules bound to
PPMIA are on the average 16.0 e.n, which is shown in
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free and hydrated states are summarized in Table 3.

The internal conformational energies of c¢is and frans
PPMIA in the free state are —9.65 kcal/mole, and —2.09
kcal/mole compared to —7.29 kcal and —0.96 kcal/mole
in the hydrated state respectively. This difference between
those energies in the free and hydrate state, is due to the

Table 2. loss of internal conformational energies through the
C. The Stability of cis and ¢{rans PPMIA due to the hydration. And the difference between configuration energies
Hydration of cis and trans PPMIA is caused by the molecular geometric

The interaction energies for the minimized PPMIA in the structures due to a ring opening of hydrogen bond.

TABLE 2: Optimum Geometry, Interaction Encrgy and Configurational Entropy of Water Molecules Bound to N-Pivaloyl-prolyl-N-methyl-
N’-isopropy-L-alaninamide *

Water Reference Atoms Optimum  geometry
molecule s, 5 Ss 4 8 02 & $2 b3 4E Sw 4F
cis W, 29 13 30 1.74 184 171 235 4 174 —12.75 14.46 17.06
W, 42 41 43 1.74 147 180 13 6 330 —13.34 18.77 —18.94
W3 29 13 30 1.78 94 172 284 262 206 —16.97 12.25 —19.90
W, 42 41 43 1.95 94 185 111 214 335 — 982 16.64 —14.78
trany . Wy i5 14 1 1.71 127 170 125 a8 158 —1841 1891 —24.05
W, 29 13 30 1.68 242 171 299 2719 177 —14.72 16.63 —19.68
W, 42 41 43 1.77 231 177 331 148 230 —17.61 15.99 —22.38
W, 44 43 41 243 170 27 228 187 148 -~ 797 14.31 —12.24
2 Each number of reference atoms is shown in Figures 2 and 3.
TABLE 3: Intramolecular Interaction Energy of N-pivaloyl-L-prolyl-N-methyl-N’—isopropyl-L-alaninamide
cis trans
Free Hydrated AE;pyn Free Hydrated AE i
E, —4.97 —2.383 2.14 —16.83 —15.57 1.26
Eoa —~5.86 —5.88 —0,02 —6.16 —6.37 —0.21
Eon 1518 15.50 0.32 14.50 15.65 115
Erar 5.56 448 —0.68 6.40 533 ~1.07
Epy -19.56 —19.59 —0.03 - — —
Eoe —9.65 —7.92 1.73 -2.09 —0.96 113

Figure 8. Structure of hydrated trans—PPMIA.

Figure 4. Structure of hydrated ¢/is—PPMIA,
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TABLE 4: Intermolecular Interaction Energy of N-pivaloyl-L-prolyl-N'-isopropyt-L-alaninamide ¢

cis

irans
E!.w Ew.w dEir.‘er Es,w E\\-,w dEinfm‘
£y 48.53 -1.26 46.97 5745 3.96 61.41
Eou -3.50 0.46 —-3.04 —2.31 1.76 —0.55
Eun =296 0.43 —2.53 —3.00 —-0.14 -3.14
Fhp —~95.40 00! —-95.39 ~92.79 —0.03 —99.84
E —53.63 —~0.36 —53.99 —47.65 5.54 —42,12

¢ E, .« and E. , oave the interaction energies for the substrate-bound water molecyles and the bound water molccules, respectively.

TABLE 5: Interaction Energy Changes due to the Hydration

cis trans

AEiulra AEiner AE:D: AE AEinler AEm
JEy 2.14 46.97 48.11 1.26 61.41 62.47
4E 4 —0.02 —3.04 —3.06 —0.21 —~0.55 ~—-0.76
AE,; 0.32 —2.53 -~2.21 1.15 —-3.14 —1.99
4E ., —0.68 —_ —0.68 —1.07 — —1.07
A4Ey, —0.03 —95.39 —95.42 —_ —99.84 —99.84
AF 5 1.73 —353.99 52.26 1.13 —42.12 -40,99

Thre intermolecular interaction energies of the hydrated
PPMIA are shown in Table 4. The total energies of them are
- 53.63 kcal/mole and —47.65 kcal/mole, respectively, in
which the interaction energies between PPMIA and water
molecules bound to them are the major factors. However,
PPMIA becomes stable due to the hydrogen bond between
PPMIA and water molecules bound to it,

The configurational eniropy changes of PPMIA through
the hydration is evaluated and cis PPMIA is --1.13e.u com-
pared to —2.99 e.u in trans PPMIA.

The interaction energies for PPMIA due to the hydration
are summarized in Table 5. The total entropy changes and
the total free energy changes through the hydration between
cis and trans are iHustrated in Figure 6.

These values are —5.87 e.u, —350.51 keal/mole, --4¢.01
€., —39.79 kcal/mole, 7.49 e.u, 5.34 kecal/mole, 9.35 e.u,
and 16.04 kcal/mole, respectively. It is clear that since the
entropy changes are caused by the conformational entropy
changes of PPMIA, we can not neglect 1he contribution
of conformational entropy of conformer to the total free
energy changes of PPMIA. The decrcase of the conforma-
tional entropies of PPMIA is caused by the reduction of
flexibility of PPMIA by means of hydration. The confor-
mational changes for the free and hydration state of
PPMIA are shown in Figures 4 and 5.

Conclusions

The hydration schemes of c¢is and trans PPMIA are
obtained from the conformational analysis of cis and rrans
PPMITA by using an empirical potential function and are in
good agreement with the results of X-Ray crystallography
study, From these results, it is found that the hydration
effect is essential to the stability of PPMIA. In cis PPMIA,
this bend is stabilized by strong intramolecular interaction
between the terminal CO and NH bonds.

AE = 7.57 Kcd/mole
£5=T749 e.y.
AF =5.34 Keal /mole

LEF&G TFAHS

AE = -40.99Kcl ' mole
AS =-4.0e.u.
AF = - 59.79 Kenl/mole

l Free Cis

AE = -52,26 Kcal/mole
AS=-5.87 e.u.
AF = - 50.51 Kcal/mole

_ Hydra’ted Cis I

Hydrabad Trans

AE =18.83 Kcal/mole
45 = 9.38 &, .
AF = 16.54 Keal/mcle

Figure 8. The overall free energy changes among crs—PPMIA
and trans—PPMIA in the free and hydrated state.

The minor #rans conformer adopts an opening conforma-
tion. The change of configurational entropy decreases due
to the hydration and a ring opening. The resuit has shown
that the environment effect including the hydration and a
ring opening is important in determining the conformation of
PPMIA.
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Sz2 Reaction on Silicon-Carbon Bond in the Photoreactions of 2, 3-Benzo-1, 1-
diphenyl(or dimethyl)-1-sila~-2-cyclobutene with Carbonyl Compounds
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The photoreaction of 2, 3-benzo-1, 1-diphenyl (or dimethyl)-1-sila-2-cyclobutene (9 or 10) with an aldehyde or
ketone results in 1:1 cycloadduct of [4+2] type. In the reactions of 2, 3-benzo-1, 1-dimethyl-1-sila~2-cyclobutene
(10) with acetone and butanone, another 1:1 adducts (13) were also formed, respectively. The following facts indicate
that the formation of adduct involves an attack of a triplet carbonyl compound on the silicon of the benzosilacyclo-
butene, an Sy2 process. (I) Even when the reaction of 9 with acetophenone was carried out under conditions such
that more than 99 % of incident light was absorbed only by acetophenone using the filter solution of aq. cupric
sulfate, the same adduct was still formed. (2) When the reaction of ¢ with acetone was carried out under oxygen
atmosphere, onfy trace amount of adduct was formed.

Introduction

In recent years, much attention has been paid to the che-
mistry of multiple bonds involving silicon.! In the course of
study on the chemistry of o~quinonoid compounds,? we
became more interested in the properties of o-silaquinone

methide (2) which is unknown yet.

2 SiR,

1 2

Benzocyclobutene and its heteroatom-substituted analogs
(3) undergo thermal and photochemical ring opening to give



