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The changes in the free energy and hydration free energy of N-acetyl-N-methylalaninamide in the unhydrated and
hydrated states were calculated with ECEPP/2 and the hydration shell model. The configurational entropy change
of each conformation in both states were computed by a harmonic method. To understand the hydration structure
of each hydrated conformation, the hydration-shell coordination numbers of functional groups of the molecule were
estimated from water-accessible volumes, and the contributions of water-accessible volume and polarization of each
group to the hydration free enérgy were analyzed. The results show a reasonable agreement with those of recent

theoretical studies and experiments.

Introduction

Hydration is an important factor determining the confor-
mation and thermodynamic properties of peptides and pro-
teins in aqeous solution.' * The hydration shell model has
been developed to introduce hydration into conformational
energy calculations of small organic molecules, peptides, and
proteins® ™ In a recent paper, Kang et al® improved the
hydration shell model by the exact computation of the water-
accessible volume of each group in a molecule and by the
explicit consideration of the conformational flexibility of the
solutes. An alternative method with the surface area exposed
1o water has been used to compute the hydration free ener-
gies of peptides™™ and nucleotides."” Free energy perturba-
tion methods were developed to evaluate the hydration pro-
perties of basic biological and organic molecules using mole-
cular dynamics and Monte Carlo simulations.” Also, a me-
thod based on the extended RISM formulation of Ornstein-
Zernike type integral equation theories was applied to calcu-
late the hydration free energy of alanine dipeptide.'® To esti-
mate the configurational entropy contribution to the free
energy of biomelecules, harmonic approximations were em-
ployed'™ ' and quasi-harmonic treatments through computer
simulations were proposed.®®

In this paper, we report the computation of free energy
change for conformational transitions and the hydration of
N-acetyl-N'-methylalaninamide (Ac-Ala-NHMe), which is of-
ten used as a model system for the polypeptide. To obtain
more detailed understanding of the conformation and ther-
modynamics for this molecule in the unhydrated and hydra-
ted states, the configurational entropy, as well as the confor-
mational energy and hydration free energy, is evaluated for
each low-energy conformation by a harmonic method.'®%

Methods

The nomenclature and conventions used follow the recom-
mendations of the IUPAC-IUB Commission on Biochemical
Nomenclature.?? Backbone conformations are denoted by the
letter codes of Zimmerman ef /., % because all the low-energy
conformations of Ac-Ala-NHMe are studied herein.®

The conformational energy computations were carried out
with ECEPP/2® The hydration shell model improved recen-
tly® was used to compute the hydration free energy of each
conformation of Ac-Ala-NHMe in the hydrated state, where
the hydration free energy was obtained as the sum of two
contributions from water-accessible volume and polarization.
A quasi-Newton algorithm SUMSL (Secant-type Unconstrai-
ned Minimization problem SoLver)® was used for energy
minimization. All the dihedral angles of the peptide back-
bone, side chain, and end groups were allowed to vary du-
ring minimization. For the hydrated Ac-Ala-NHMe, the total
free energy (ie, the sum of the conformational energy and
hydration free energy) of each conformation was minimized.
Seven low-energy conformations of Vasquez et al.¥* were
used as starting points for energy minimization of Ac-Ala-
NHMe in the unhydrated and hydrated states.®

At each energy minimum in both states, the configurational
entropy was evaluated by a harmonic method.'®" The ele-
ments of a hessian matrix of second derivatives at each mi-
nimum were numerically computed.” The seven- and five-
point formulas were employed for the calculation of off-dia-
gonal and diagonal elemental, respectively, with the step size
of each variable equal to 1°. All the thermodynamic quanti-
ties have been calculated for T=25C,

Results and Discussion

Conformational energy contour maps for Ac-Ala-NHMe in
the unhydrated and hydrated states are drawn in parts a
and b of Figure 1, respectively. The revised version of
ECEPP gave us some different features in conformational
energy surface of the unhydrated Ac-Ala-NHMe from the
earlier results.” Hades ¢t al.” employed the earlier versions
of ECEPP and the hydration shell modei. Thus, the results
presented here is not compared to those of Hodes ¢f al.

The steep boundaries of the low-energy regions coincide
on the maps of both states. Inside the low-energy regions,
slight shifts of individual contour lines occur through the
hydration. The noticeable alterations occur between regions
E and D and between regions F and C. The relative energies
of these regions are lowered due to the hydration, and this
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Figure 1. Conformational energy {or free energy) contour maps
of N-acetyl-N'-methylalaninamide in the unhydrated (a) and hy-
drated (b) states. Energies were calculated at 10° intervals of
¢ and v, for fixed values of x'=60° and other dihedral angles
equal to 180°. Contour lines are drawn at 1 kcal/mo! intervals
and are labeled with energy in kcal/mol above the minimized
energy of conformation C in each state.

may come from the fact that the extended conformations
favor the hydration more than the folded ones and that the
hydration free energy changes computed by the hydration
shell mode! are not so large for conformational transitions.
Also the hydration makes the region D narrower (around
¢=—150° and w=60°) and lowers the relative energy of
the “bridge region” (near y=0°). The overall free energy
contour maps of the hydrated Ac-Ala-NHMe is similar to
that of Ooi ef al'? (see Figure 1 of ref. 12), in which they
used ECEPP/2 to compute the conformational energy, but
a different approach was employed to evaluate the hydration
free energy. The major difference in contour maps of two
works is in regions E and D, and in inter-region of them.

The computed minimum-energy conformations of Ac-Ala-
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Table 1. Calculated Thermodynamic Quantities for Ac-Ala-
NHMe**

C E A D F G A*

Unhydrated
AE 000 971 081 11} 112 174 237
—TAS 000 —060 —055 —075 —127 —005—003

AA, 000 011 026 036 —0.15 169 234
Hydrated
AE 000 071 081 111 113 173 237
—TAS 000 —1.09 —104 —-073 —141 —054 —051
AAys 000 —034 063 028 020 006 074
AAuf 000 —072 040 066 —0.08 125 260
00 —-04 1.3 —05 0.6

0.0 - 03+ 09 02+ 06

*Energies are in kcal/mol. * Entropic and free energetic contribu-
tions are calculated at 7=25C. “The values of A4,, in the se-
cond and third rows are taken from refs. 15 and 21, respectively.

NHMe in the unhydrated and hydrated states generally are
similar to those obtained by Vasquez ¢! al” Although all
the dihedral angles were allowed to vary during minimization
here, there are only small changes in all the torsion angles
within about * 0.5° in both states. Therefore, the minimum-
energy geometries are not listed here. It is particularly nota-
ble that the values of (¢, y) for conformations F and A* are
changed slightly through the hydration from (—76°, 139°)
to (—78° 137°) and from (54°, 48°) to (55°, 45°), respecti-
vely (see Figure 1).

The calculated thermodynamic quantities for the selected
conformations of Ac-Ala-NHMe, relative to conformation C,
are shown in Table 1. In our results, the calculated confor-
mational energies in both states show almost the same va-
lues as those of Vasquez ef al.”’ hecduse of very small ch-
anges in the conformations, as noted previously.

In the unhydrated state, the entropic contribution (ie,
— TAS) lowers in general the relative free energies of low-
energy confromations, but the similar trends of stability are
still conserved whether the entropic contribution is included
or not. However, conformation F has a somewhat larger en-
tropic contribution than other conformations and this is cau-
sed from the flat potential energy surface in region F, as
described in ref. 27,

The hydrated Ac-Ala-NHMe has a similar trend in the
entropic contribution to free energy changes for conforma-
tional transitions. The relative magnitude of entropic contri-
bution for each conformation is increased about twice than
that of the unhydrated state except for conformations D and
F, and this tells us that the potential energy surface becomes
generally flatter through the hydration. The flatness of re-
gion F still gives —TAS to be the most negative value. The
free energy of hydration for Ac-Ala-NHMe is not largely
changed from conformational transitions and thus the hydra-
tion does not alter the conformations considerably. The inte-
raction of water molecules with the CO and NH groups of
peptide backbone results in that conformation E is most fa-
vorable than other conformations, espectally than conforma-
tion C.

Our results where possible with those obtained by the
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Table 2. Configurational Entropy Differences for Ac-Ala-
NHMe=*
AS
System
. This work Ref, 20b Ref. 21

EGenh) to Clunh) —2.02 —178 -10+13

AGenh) to Clunh) —1.84 -11+16

Flunh) to Clunh) —4.26 —16+12

Clunh) to Clhyd) —-167 —141

Alunh) to Alhyd) —-0.02

F(unh) to Flihyd) —-1.19

Fihyd) to Alhyd) —1.25 --1.51

Flhyd) to Clhyd) —4.74 -1.60

“Entropies are in cal/(mol K). *Unh and hyd refer to the unhyd-
rated and hydrated states, respectively.

extended RISM* and Monte Carlo®® methods on the hydra-
ted Ac-Ala-NHMe are compared in Table 1. Since the hydra-
tion shell model can not give the entropic and energetic
contributions to the hydration free energy separately, only
the total free energy changes for conformational transitions
from conformation C are compared each other. The present
study yields the free energy changes from conformation C
to conformations A and F to be 04 and —0.1 kcal/mol, res-
pectively, whereas the extended RISM method yietded 1.3
and —05 kcal/mol and Monte Carlo yielded 0.3+ 0.9 and
0.2+ 0.6 kcal/mol, respectively. Also, our study yields —0.7
and 2.6 kcal/mol for conformational transitions from confor-
mation C to conformations E and A* whereas the extended
RISM method® yielded —0.4 and 0.6 kcal/mol, respectively.
Although different potential functions and entropy expres-
sions are used in each study, the computed results are in
good agreement with each other. The largest discrepancy
is found for the transition from conformatton C to conforma-
tion A* and this can be easily understood if we compare
the free energy contour maps of both studies {see Figure
1 of this work and Figure 4 of ref. 15).

Table 2 contains the calculated entropy changes associated
with the conformational transitions in the unhydrated and
hydrated states, and between both states. The large negative
value for the conformational transition of conformation F
to conformation C in both states is expected to come from
the flat potential energy surface of region F. The small en-
tropy change of conformation A through the hydration tells
us that the hydration does not have an effect on the potential
surface of region A. Our results show the same trends as
those obtained by molecular dynamics® and Monte Carlo”
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simulations, although dihedral angles are considered only
as variables in this work and the correlations of the dihedral
angles with other internal coordinates seem to be important
as noted by Karplus e alV

To ‘explore the hydration structure of the hydrated Ac-Ala-
NHMe in detail, the calculated hydration-shell coordination
numbers of the CHs, CO, and NH groups for seven confor-
mations are listed in Table 3. Water-accessible volume of
the a-CH group of the peptide backbone of each conforma-
tion keeps constant and thus their values are not included
in Tables 3 and 4. Each coordination number was cakculated
from AV,, divided by 30.0 &% where AV, is the relative
water-accessible volume of each group to that of conforma-
tion C and the effective volume of a water molecule is assig-
ned to be 30.0 A® from the density of liquid water at 25C.%
For conformations A and A* (i, a-helical conformatiens) re-
lative to conformation C, there is a decrease of about 1.5
waler molecules, whereas other conformations have 1.2 to
3.0 water molecules more than conformation C. There is a
large discrepancy between our results for conformations E,
A, and F, and those of Monte Carlo study by Mezei et ol
This may he caused from the difference in the way in which
conformations and coordination numbers™ are defined in
two studies.® The present results show that the major con-
tributions to the total coordination numbers come from those
of the CO and NH groups for conformation E and of the
NH group only for conformation F, whereas the contributions
from the CH; and NH groups for conformation A are signifi-
cantly important. The large values of coordination numbers
of the CO and NH groups for conformation E tellis us that
the interaction of water molecules with these groups may
be most favorable for the extended confromation E.

To aid in further analysis of the contributions to the hy-
dration free energy, the decomposed free energies due to
the water-accessible volume and polarization are listed in
Table 4. The polarization free energies of conformations ex-
cept conformation E relative to conformation C show positi-
vely large values and this may be caused by the destabiliza-
tion of water molecules hetween polar groups as noted in
ref. 8b. The total hydration free energies purely coming fron
the water-accessible volumes are compensated by the corres-
ponding polarization free energies and thus al! the conforma-
tions studies herein except conformation E are destabilized
through the hydration. However, conformation E has the
most negative hydration free energy because of the largest
water-accessible volume contributions and the smallest pola-
rization contributions. The most important part for conforma-
tion E is the hydration of the NH group. Polarization free
energies of the CO and NH groups largely contribute the

Table 3. Caiculated Hydration-Shell Coordination Numbers for Ac-Ala-NHMe*

C E A D F G A*
CH, 0.0(0.0) 0.1(—2.3) —0.5(—2.0} 0.1 04(—1.0) —-01 —06
CcO 0.0(0.0) 12( 0.7) —02( 06) 14 —03 12) 1.6 -10
NH 0.0(0.0) 17C 0.1) —-07( 0.0 —0.2 11( 0.1) 0.0 —0.1
Total 0.0(0.0) 3.0(—1.5) —14(—14) 1.3 1.2¢ 0.3) 1.5 -17

“Coordination numbers are calculated from AV,/30.0, where AV,, ia the relative water-accessible volume of each group to that
of conformation C and the effective volume of a water molecule is taken as 30.0 A* from the density of liquid water at 25C (ref.

30). *The values in parentheses are taken from ref. 3la
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Table 4. Calculated Hydration Free Energies for Ac-Ala-NHMe*
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C E A D F G A*
Water-accessible Volumel
CH; 0.00 0.00 —0.02 0.01 0.02 —001 —0.03
CO 0.00 ~0.12 0.02 —-0.17 0.06 —0.19 0.13
NH ¢.00 —-0.24 0.09 0.06 -0.20 0.03 —0.02
Total 0.00 -0.36 0.09 —0.10 —-0.12 —-0.17 0.08
Polarization
CH; .00 0.00 0.00 0.00 0.00 0.00 0.00
CO .00 007 0.52 0.58 0.08 0.50 0.56
NH 0.00 --0.05 0.02 —0.20 0.24 —-0.27 0.10
Total 0.00 0.02 0.54 0.38 0.32 0.23 0.66
Total
CH, 0.00 0.00 —0.02 0.01 0.02 —0.01 —0.03
CO 0.00 ~0.05 0.54 041 0.14 .31 0.69
NH 0.00 —0.29 0.11 —0.14 0.04 —0.24 0.08
Total 0.00 ~(.34 0.63 0.28 0.20 .06 0.74
0.0 —4.1 —99 —~114 —104
0.0 —36 —-32

“Free energies are in kcal/mol. *Total hydration free energy of each group is calculated as the sum of water-accessible volume
and polarization contributions, as noted in the text. “The value in the second and third rows are taken from refs. 15 and 21.

destabilization of conformations A and F, respectively. We
can compare our results with those from the éxtended RISM
method of Pettitt e al.'® and from Monte Carlo simulation
of Ravishanker ef al.*' The extended RISM method gave the
negatively large values of hydration free energies within —4.1
to — 114 kcal/mol, and Monte Carlo simulation yielded —3.6
and —3.2 kcal/mol for conformations A and F from confor-
mation C, respectively. Although the changes of hydration
free energy for the conformational transitions in the latter
two simulations are large in magnitude, the total free energy
changes associated with the transitions are relatively small
in magnitude since the conformational energy changes are
also large (see Table 1 of refs. 15 and 21). As a result, their
calculated total free energy changes for the transitions are
generally similar to ours as shown in Table 1.

It was found from the CD and NMR experiments® that
the probable conformations of Ac-Ala-NHMe are conforma-
tions C, E, A, and F in the nonpolar and polar solvents,
and that some conformation C in the nonpolar solvents is
replaced by conformations A and F in aqueous solution. Qur
results indicate that the free energies of the four conforma-
tions are very similar and thus these conformations are rea-
sonably expected to be thermally populated at ambient tem-
peratures, although the distinctive transitions of conformation
C to conformations A and F were not predicted due to the
hydration.

The approach used in this work may have the advantage
to estimate the free energy for large biomolecules of interest
in ageous solution over other methods based on simulations.
The sufficient data on the structure and thermodynamics
of the systems will provide as further validity of the present
approach.
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EPR spectra of the high 7, superconductor YBa,Cu;0;., (YBCO) doped with Pd?' or Zn®" have been measured
at several temperatures and dopant concentrations. The spectral intensity of YBax(Cu,-.Pd, )0, ., is proportional ta
the dopant concentration. The behavior of YBax(Cu,-,Zn,):0:_, is quite different: the spectral intensity remains almost
constant up to x=0.10 and then increases rapidly above x=0.10. The results are interpreted in terms of localized
and antiferromagnetically spin-paired d holes in both CuQ chain and planes. The Pd?* ion substitutes on the CuQ
chain consisting of “CuOCu dimers”, and a Cu?~ ion with an unpaired spin is generated for each Pd?' ion substituted.
On the other hand, Zn?* substitutes on the CuO planes, and all or most of the spins in the two-dimensional plane
manage to pair up in the region of low dopant concentration. When the dopant concentration exceeds a certain
limit, it becomes more difficult for the spins to find partners, and the number of unpaired spins increases rapidly
with increasing dopant concentration. The Zn?* ion is more effective than the Pd?* ion in suppressing the supercon-
ductivity of YBCO. This is attributed to the fact that Zn®* substitutes on the CuO planes which are mainly responsible
for the superconductivity, while Pd>~ substitutes on the CuO chain which is of secondary importance in the supercan-

ductivity.

Introduction

Various experimental techniques have been used to study

the high 7T, superconductor YBa;Cu30;.., (YBCQ) first prepa-
red by Wu ¢f al! We are using electron paramagnetic reso-
nance (EPR) spectroscopy to study high 7, superconductors.



