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bDepartment of Chemistry, Rutgers, The State Unï ersity of New Jersey, 610 Taylor Road, Piscataway, NJ 08854-8087, USA

Received 9 June 1998; received in revised form 20 July 1998; accepted 20 July 1998

Abstract

We have determined the apparent molar volumes and the apparent molar adiabatic compressibilities at 258C of 10
X]Gly]Gly and Gly]Gly]X tripeptides in which X represents a residue with a non-polar side chain. We also have
determined the changes in volume and compressibility which accompany neutralization of the amino and carboxyl
termini in these tripeptides. The mutual influence of the non-polar side chain of the X residue and the terminal
amino and carboxyl groups on the hydration of each other depends on the chemical nature of the side chain and the
state of ionization of the termini. We interpret our data in terms of the hydration of the component aliphatic,
aromatic, and charged atomic groups, as well as the mutual interactions between these groups. Q 1998 Elsevier
Science B.V. All rights reserved.
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1. Introduction

Volume and compressibility are among the most
sensitive and informative thermodynamic charac-

w xteristics that reflect solute hydration 1]6 . These
two volumetric observables have been used exten-
sively to characterize the hydration properties of
proteins in their native and denatured conforma-

w xtional states 7]20 . Perhaps, the biggest chal-
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lenge in these studies is to interpret the macros-
copic experimental data in terms of microscopic
results. In this respect, it is still a matter of
controversy whether the patterns of hydration of
surface atomic groups of proteins and small
molecules are similar. In other words, it is not
clear to what extent small molecule data can be
used to rationalize volumetric results obtained for

w xproteins. In our recent work 17 , we have pro-
posed that the hydration properties of hy-
drophobic and polar uncharged groups of pro-
teins may differ significantly from those of small
molecules. By contrast, the hydration properties
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of charged groups in proteins, as reflected by
their volumetric observables, are similar to those
of small molecules. Consequently, small molecules
make good models for protein charged groups.

In recognition of this fact, many low molecular
weight model compounds with ionizable amino
and carboxyl groups, such as short oligopeptides,
have been investigated by means of volumetric

w xmethods 21]30 . In spite of the wealth of infor-
mation provided by these investigations, there are
important questions yet to be addressed. In par-
ticular, we still have only limited understanding of
the effects of different side chains on the hydra-
tion properties of adjacent ionizable groups in
their charged and neutralized states.

To this end, in this paper, we report systematic
data on the partial molar volume, V8, and the
partial molar adiabatic compressibility, k8 , of 10S

Ž .diglycyl tripeptides Gly]Gly]X or X]Gly]Gly
with aliphatic and aromatic side chains. In addi-
tion, we report the changes in V8 and k8 accom-S
panying neutralization of the amino and carboxyl
termini of these tripeptides. We interpret our
results in terms of hydration properties of the
charged and uncharged termini as a function of
the proximity and chemical composition of the
adjacent non-polar side chains.

ŽDiglycyl tripeptides Gly]Gly]X or X]
.Gly]Gly are good models for such studies as

Ž .non-polar side chains adjacent to one of the
terminus are distantly located from the respective
other terminus. Therefore in these tripeptides,

Ž .the side chain X should not interact strongly
with the non-adjacent terminus. In addition, our
previous volumetric study of the hydration

w xproperties of oligoglycines 21 has revealed that
the oppositely charged amino and carboxyl termini
in triglycine and longer homologs do not interact
with each other. In other words, our volumetric

w xresults 21 suggest that, in triglycine and longer
homologs, turn like conformations in which the
termini are brought into close proximity to each
other are sparsely populated. By extension, it is
reasonable to assume that, in diglycyl tripeptides
too, the amino and carboxyl termini do not inter-
act with each other and, consequently, may be
considered to be independently hydrated. Hence,
the microscopic interpretation of the experimen-

tal volumetric data on Gly]Gly]X and
X]Gly]Gly tripeptides should not be compli-
cated by the need to account for intercharge
interactions between the termini andror interac-
tions between the side chain and the non-ad-
jacent terminus.

Also, it is pertinent to note that in all probabil-
ity there will be differences in the preferred back-
bone conformations of the diglycyl tripeptides
studied here. However, for molecules as small as
tripeptides, entropic factors should strongly favor
only those ensembles of conformational states in
which all constituent atomic groups are fully ex-
posed to the solvent. Consequently, the hydration
properties of the constituent atomic groups of a
tripeptide should not depend significantly on its
conformational state. Therefore below, when ana-
lyzing our volumetric data, we will ignore possible
differences in the distribution of conformational
states of the tripeptides.

2. Materials and methods

ŽAll 10 tripeptides Gly]Gly]Gly, Ala]Gly]Gly,
Val]Gly]Gly, Leu]Gly]Gly, Phe]Gly]Gly,
Gly]Gly]Ala, Gly]Gly]Val, Gly]Gly]Leu,

.Gly]Gly]Ile, Gly]Gly]Phe were purchased from
Ž .Sigma Chemical St Louis, MO and were of the

highest purity commercially available. The stan-
dard 1 M HCl and 1 M KOH solutions were

Ž .obtained from J.T. Baker Inc. Phillipsburg, NJ .
Solutions of the tripeptides were prepared us-

ing triply-distilled, degassed water. The concen-
trations of the samples were defined by weighing
15]20 mg of each tripeptide material with a pre-
cision "0.03 mg, and then dissolving the material
in a known amount of water. Before weighing, all
tripeptides were dried for 72 h under vacuum in
the presence of phosphorus pentoxide.

All the densimetric and ultrasonic measure-
ments reported here were conducted at 258C.
Solution sound velocities, U, and absorptions per
wavelength, al, were measured at a frequency of
7.5 MHz using a previously described resonator

w xmethod 31]33 . The accuracy of all the relative
sound velocity measurements achieved with this
design is approx. "10y4 %, while the accuracy of
the relative sound absorption measurements is
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w x"2% 34]36 . The differences between the sound
velocities in the solvent and in the solution were
measured, thereby allowing determination of the

w xrelative molar increments of sound velocity, U ,
Ž . Ž .which is equal to UyU r U C , where C is the0 0

molar concentration of a solute; and U and U0
are the sound velocities in the solution and the
solvent, respectively.

All densities were measured with a precision of
"1.5?10y6 g cmy3 using a vibrating tube den-

Ž .simeter DMA-60, Anton Paar, Austria . The ap-
parent molar volumes, fV, of the tripeptides
were calculated from the following well-known

w xrelationship 37 :

Ž . Ž . Ž .fVsMrry ryr r rr m 10 0

where M is the molecular weight of a solute
Ž .tripeptide ; r and r are the densities of the0

Ž .solution and the solvent pure water , respec-
tively; and m is the molal concentration of the
solute.

Acoustic and densimetric titration experiments
were performed according to the previously de-
scribed protocols by adding equal aliquots of 1 M
HCl or 1 M KOH solutions to the same volume
of the tripeptide solution and water in sample and

w xreference cells, respectively 15,16 .
The relative molar sound velocity increment

determined as described above, was used in con-
junction with the apparent molar volume data to
calculate the apparent molar adiabatic compress-
ibility, fk , of the tripeptides using the relation-S

w xship 38,39 :

Ž w x . Ž .fk sb 2fVy2 U yMrr 2S S0 0

where b is the coefficient of adiabatic com-S0
Ž .pressibility of the solvent water . The value of

w xb was calculated from data on the density 40S0
w xand sound velocity 41 of water using the well-

Ž 2 .y1known Laplace expression b s r U .S0 0 0
Ž .Differentiating Eq. 2 yields the expression

Ž w x. Ž .Dk s2b DVyD U 3S S0

w xwhere DV and D U are, respectively, the changes
in the volume and in the relative molar sound

velocity increment of a tripeptide upon neutral-
ization of its carboxyl or amino terminus. This
relationship allows one to calculate the change in
adiabatic compressibility, Dk , accompanyingS
neutralization of the carboxyl or the amino termi-
nus in a tripeptide.

w xFor each evaluation of U , fV, fk , DV, andS
Dk , three to five independent measurementsS
were carried out within the concentration range
2]3 mg mly1 for each of the tripeptides studied.

3. Results

Table 1 lists the relative molar sound velocity
w xincrements, U , the apparent molar volumes, fV,

and the apparent molar adiabatic compressibili-
ties, fk , of the tripeptides at 258C that we haveS
measured or calculated along with the available
literature values given in parentheses. Note that
our data are in good agreement with the available
literature values. The errors indicated include
contributions from the determination of solute
concentration, from instrumental limitations, as
well as from any temperature variability in the
measuring cells.

Previous studies have shown that, for short
w xpeptides, the apparent molar volumes 24,26,27

and the apparent molar adiabatic compressibili-
w xties 22,28,29 do not depend strongly on concen-

tration. For example, the estimated difference
between the apparent molar volumes, fV, mea-

Žsured in this study where solute concentrations
y1 .fall in the range of 2]3 mg ml and the corre-

sponding partial molar volumes, V8, obtained by
extrapolation to infinite dilution does not exceed
0.1]0.2 cm3 moly1, a variance that falls well
within the experimental error. The estimated dif-
ference between the apparent molar adiabatic
compressibilities, fk , of the tripeptides at theS
concentrations used in this study and the partial
molar adiabatic compressibilities, k8 , is -S
0.1]0.2 10y4 cm3 moly1 bary1 , which also falls
well within the experimental error. These esti-
mates show that any solute]solute interactions
that may exist at our concentrations should not
appreciably affect the measured volumetric
properties of the tripeptides. Thus, hereafter, we
will not discriminate between the apparent molar
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Table 1
w xThe relative molar sound velocity increments, U , the apparent molar volumes, fV, and the apparent molar adiabatic

compressibilities, fk , of the tripeptidesS

w xU fV fkS
3 y1 3 y1 y4 3Ž . Ž . Žcm mol cm mol 10 cm

y1 y1.mol bar

q y a a aGly]Gly]Gly 67.5"0.3 112.1"0.3 y45.0"0.5
q yAla]Gly]Gly 71.5"0.3 130.0"0.3 y38.9"0.5

c db cŽ . Ž .130.16 ; 129.9 y39.0 ; y39.1
q yVal]Gly]Gly 90.0"0.4 161.3"0.4 y40.0"0.7

c cŽ . Ž .161.1 y40.3
q yLeu]Gly]Gly 101.4"0.4 178.2"0.4 y41.4"0.7

c cŽ . Ž .178.5 y40.7
q yPhe]Gly]Gly 100.8"0.4 192.0"0.4 y43.8"0.7
q yGly]Gly]Ala 75.6"0.3 129.6"0.3 y42.9"0.5

c db cŽ . Ž .128.79 ; 129.2 y43.2 ; y44.6
q yGly]Gly]Val 92.7"0.3 161.2"0.3 y42.5"0.5

c cŽ . Ž .160.5 y42.5
q yGly]Gly]Leu 104.8"0.5 177.8"0.5 y44.8"0.9
q yGly]Gly]Ile 102.0"0.3 176.5"0.4 y43.4"0.6
q yGly]Gly]Phe 100.7"0.3 191.2"0.3 y44.4"0.5

a w xChalikian et al. 21 .
b w xHedwig 24 .
c w xNikitin 25 .
d w xHedwig and Høiland 23 .

and partial molar characteristics of the tripep-
tides.

Fig. 1a,b show the pH dependences of the
w xrelative molar sound velocity increment, U , for

triglycine in the acidic and alkaline pH regions.
w xThe pH dependences of U for all other tripep-

tides studied here have similar shapes and, there-
w xfore, are not shown. Previously 42,43 , it has been

w xdemonstrated that changes in U with pH can be
rationalized if one takes into account two effects:
Ž .i the hydration changes in the solvent which
occur as a result of neutralization of the amino or

Ž .carboxyl group; and ii the relaxation process
caused by periodic shifts in chemical equilibria of
the proton-transfer reactions due to changes in
temperature and pressure in the ultrasonic wave
field. In the absence of the relaxation contribu-

w x Žtion to U when only the hydration changes
. w xcontribute , the pH dependence of U can be

described by a symmetrical S-shaped function
w x42,43 . In this paper, we consider only the hydra-
tion contribution by subtracting the relaxation

w xcontribution from the measured values of U .
The relaxation contributions were determined

from our measured data on the ultrasonic absorp-
Ž .tion not shown according to standard procedure

w xdescribed previously 43 .
w xTables 2 and 3 present the changes in U , V8,

and k8 accompanying neutralization of theS
]NHq and ]COOy termini, respectively, for the3
10 tripeptides studied here. As far as we know, no
such data are reported in the literature so our
results cannot be compared directly with pub-
lished data.

4. Discussion

4.1. Partial molar ¨olumes of zwitterionic tripeptides

Ž .As shown below in Eq. 4 , the partial molar
volume, V8, of a solute can be considered to be

w xthe sum of four terms 44,45 :

Ž .V8sV qV qV qb RT 4M T I T 0

where V is the geometric volume occupied byM
the solute molecule itself; V is the volume of theT
void space surrounding the solute molecule, which
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Fig. 1. The pH dependence of the relative molar sound veloc-
w x Ž . Ž .ity increment, U , of triglycine: a at alkaline pH range; b

at acidic pH range.

results from the mutual thermal motion of solute
and solvent molecules; V is the ‘interactionI
volume’, which accounts for solvent contraction
under the influence of polar and charged groups
of the solute; b is the coefficient of isothermalT 0
compressibility of the solvent; R is the universal
gas constant; and T is the absolute temperature.

Ž .The final term in Eq. 4 , b RT , describes theT 0
volume effect of the ideal part of solute dissolu-
tion and is equal to 1.1 cm3 moly1 at 258C.

For low molecular weight substances, the value
of V can be approximated by the van der WaalsM
volume, V . We have calculated V for the 10W W
tripeptides using the group contribution data of

w xBondi 46 . To derive the interaction volume, V ,I
which is determined by the solute]solvent inter-

Table 2
The changes in the relative molar sound velocity increment,

w xD U , volume, DV, and adiabatic compressibility, Dk , accom-S
panying neutralization of the amino terminus in the tripep-
tides at 258C

4w xD U DV k =10S
3 3 3 y1Ž Ž Žcm cm cm mol
y1 y1 y1. . .mol mol bar

Gly]Gly]Gly y49.0"0.5 26.5"0.5 67.5"0.9
Ala]Gly]Gly y42.2"0.5 26.3"0.5 61.3"0.9
Val]Gly]Gly y41.5"0.5 26.4"0.5 60.8"0.9
Leu]Gly]Gly y42.1"0.5 26.2"0.5 61.2"0.9
Phe]Gly]Gly y46.1"0.5 26.4"0.5 64.9"0.9
Gly]Gly]Ala y46.8"0.5 26.5"0.5 65.6"0.9
Gly]Gly]Val y46.1"0.5 25.4"0.5 64.1"0.9
Gly]Gly]Leu y46.0"0.5 25.0"0.5 63.6"0.9
Gly]Gly]Ile y46.3"0.5 25.3"0.5 64.1"0.9
Gly]Gly]Phe y46.6"0.5 25.8"0.5 64.8"0.9

actions, one needs to estimate the thermal volume,
V . As previously discussed, the thermal volume,T
V , is proportional to S , the solvent accessibleT A
surface area of a solute molecule. For low molec-
ular weight compounds, S can be approximatedA

w xby S , the van der Waals surface area 44,45,47 .W
Hence, we find:

Ž .V sAS qB 5T W

where the coefficients A and B are the same for
a homologous series of solutes, but, in general,
can differ for different classes of substances.

Table 3
The changes in the relative molar sound velocity increment,

w xD U , volume, DV, and adiabatic compressibility, Dk , accom-S
panying neutralization of the carboxyl terminus in the tripep-
tides at 258C

4w xD U DV Dk =10S
3 3 3 y1Ž Ž Žcm cm cm mol
y1 y1 y1. . .mol mol bar

Gly]Gly]Gly y10.0"0.5 10.5"0.5 18.4"0.9
Ala]Gly]Gly y8.8"0.5 10.2"0.5 17.0"0.9
Val]Gly]Gly y9.0"0.5 10.0"0.5 17.0"0.9
Leu]Gly]Gly y9.2"0.5 10.5"0.5 17.6"0.9
Phe]Gly]Gly y9.4"0.5 9.6"0.5 17.0"0.9
Gly]Gly]Ala y11.9"0.5 11.5"0.5 21.0"0.9
Gly]Gly]Val y14.0"0.5 12.3"0.5 23.6"0.9
Gly]Gly]Leu y16.9"0.5 12.7"0.5 26.5"0.9
Gly]Gly]Ile y14.5"0.5 13.5"0.5 25.1"0.9
Gly]Gly]Phe y11.0"0.5 12.4"0.5 21.0"0.9
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Ž .The coefficients A and B in Eq. 5 serve to
take into account the shape of a solute molecule
since solutes with the same van der Waals surface
areas, S , but different shapes may have differ-W
ent thermal volumes, V . However, it is reason-T
able to assume that the closely related X]Gly]Gly
and Gly]Gly]X tripeptide isomers have similar

w xthermal volume, V . In a previous study 47 , weT
have proposed that the value of the coefficient B

Ž .in Eq. 5 does not strongly depend on the type of
solute and estimated its value to be 0.6 cm3

moly1 at 258C.
Ž .The coefficient A in Eq. 5 can be determined

using an approach previously described for ho-
w xmologous series of a-amino 44 and a ,v-

w xaminocarboxylic acids 47 . In this treatment, the
contribution of non-polar groups to the interac-

w xtion volume, V , is assumed to be negligible 44,45 .I
With these assumptions and estimates, inspection

Ž .of Eq. 4 reveals that any two homologues which
are distinct with respect to the size of their non-

Ž .polar domains will have V8yV values whichW
differ only by the difference between the thermal

Ž . Ž .volumes, V . By combining Eq. 4 with Eq. 5 ,T
Ž .the coefficient A in Eq. 5 can be derived from

Ž .the slope of a D V8yV vs. DS plot. Fig. 2W W
shows such a plot for the tripeptides studied here.
Note that this dependence is practically linear.

Ž .From the slope, D V8yV rDS , of this straightW W

Fig. 2. Difference between the partial molar volume, V8, of
the tripeptides and their van der Waals volume, V , vs. theW

Ž .van der Waals surface area, S ; X]Gly]Gly ` , Gly]Gly]XW
Ž .v .

Ž .line, the coefficient A in Eq. 5 can be estimated
to be 4.2=10y9 cm. This value is in good agree-
ment with 4.05=10y9 cm, our previous estimate
of the coefficient A for a ,v-aminocarboxylic acids
w x47 .

Armed with the value of A, we can now use
Ž . Ž .Eqs. 4 and 5 to calculate the interaction

volumes, V , for the tripeptides. The resultingI
data listed in Table 4 reveal that, on average, for
the diglycyl tripeptides with a non-polar side chain
at the either end, V is equal to y47.2"0.6 cm3

I
moly1, while for triglycine with no side chain, VI
is equal to y49.0 cm3 moly1. Thus, the interac-
tions between the non-polar side chains and the
adjacent charged amino or carboxyl terminus re-
sult in a decrease in V by 1.8 cm3 moly1. NoteI
that this decrease does not depend on the size or

Ž .chemical nature aromatic or aliphatic of the
side chain as well as on the type of termini
Ž .amino or carboxyl to which the non-polar side
chain is adjacent.

4.2. Partial molar adiabatic compressibilities of
zwitterionic tripeptides

Inspection of the data presented in Table 1
reveals that the pairs of tripeptide isomers
Ž .X]Gly]Gly and Gly]Gly]X with the same
non-polar side chain exhibit essentially different
partial molar adiabatic compressibilities, k8 . ThisS
observation suggests that differential interactions
exist between the non-polar side chain and the
adjacent ]NHq and ]COOy termini and that3

Table 4
3 y1Ž .The interaction volume, V cm mol , for the tripeptides inI

zwitterionic and neutralized forms

Zwitterionic Neutralized

Gly]Gly]Gly y49.0 y33.8
Ala]Gly]Gly y47.0 y32.2
Val]Gly]Gly y47.5 y32.7
Leu]Gly]Gly y46.4 y31.5
Phe]Gly]Gly y46.5 y32.3
Gly]Gly]Ala y47.4 y31.1
Gly]Gly]Val y47.6 y31.6
Gly]Gly]Leu y46.8 y30.9
Gly]Gly]Ile y48.1 y31.1
Gly]Gly]Phe y47.3 y30.9
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the compressibility observable is more sensitive to
these differential interactions than the volume
observable. In general, as can be seen from Table
1, tripeptides with non-polar side chains located
adjacent to the N-terminus exhibit greater partial
molar adiabatic compressibility, k8 , than isomersS
with non-polar side chains located adjacent to the
C-terminus.

w xAs previously shown 48 , partial molar adia-
batic compressibility data can be interpreted in
terms of hydration by using the following rela-
tionship:

Ž . Ž .k8 sk qDk sk qn k8 yk8 6S M Sh M h Sh S0

where k is the intrinsic compressibility of aM
solute; Dk8 is the compressibility effect of hy-Sh
dration; k8 and k8 are the partial molar adia-S0 Sh
batic compressibilities of water in the bulk state
and in the hydration shell of a solute, respec-
tively; and n is the ‘hydration number’, whichh
refers to the number of water molecules in the
hydration shell of a solute.

For small molecules, such as tripeptides, the
Ž .intrinsic compressibility term, k , in Eq. 8 canM

be neglected as it is determined primarily by the
small compressibility of covalent bonds and exter-

w xnal electron shells 1,6,49 . Thus, the partial molar
adiabatic compressibility of low molecular weight
substances can be considered to primarily reflect
solvent hydration changes:

Ž . Ž .k8 sDk sn k8 yk8 7S Sh h Sh S0

As, usually, the solute surface is not homoge-
Ž .neous, a more complete form of Eq. 7 is the

following:

Ž .Dk sÝn k8 yk8 sÝn k8 yn k8Sh hi Shi S0 hi Shi h S0

Ž .8

where n is the hydration number for the i-thhi
Žsolvent exposed atomic group of a solute Ýn shi

.n ; and k8 is the partial molar adiabatic com-h Shi
pressibility of water molecules solvating the i-th
atomic group.

4.2.1. Tripeptides with side chains adjacent to the
amino terminus

The data presented in Table 1 suggest that the
presence of a methyl group in the b-position of
the Ala]Gly]Gly tripeptide leads to a 15% in-

w Ž . y6 3 y1 y1 xcrease by 6.1"1 =10 cm mol bar in
k8 relative to triglycine. There are two reasonsS
for such large increase in k8 . First, as discussedS

w xby Hedwig and Høiland 50 , the solvent accessi-
bility of the positively charged amino terminus
may be reduced by the adjacent b-methyl group.

Ž .This reduction in solvent accessibility ‘shielding’
should result in a decrease in n , the total num-hi

ber of waters solvating the amino terminus,
thereby increasing the negative Dk term in Eqs.h
Ž . Ž .6 and 7 . Second, the inductive effect of the
methyl group can reduce the effective charge on
the adjacent amino terminus, thereby decreasing
electrostatic solute]solvent interactions.

Further inspection of the data in Table 1 re-
veals that the increase in the number of carbon
atoms in the aliphatic side chain beyond the

Žb-position going from Ala ]Gly]Gly to
.Val]Gly]Gly and further to Leu]Gly]Gly leads

to a steady decrease in the value of k8 . Fig. 3S

shows the dependence of k8 for the tripeptidesS
with the non-polar side chains adjacent to the

Ž .amino terminus ` on the van der Waals surface
area, S , of the side chain. Note that k8 de-W S
creases almost linearly with increasing van der
Waals surface area of the side chain. The slope,
Dk8 rDS , of y0.6=10y13 cm bary1 corre-S W

sponds to a k8 change of y0.8=10y4 cm3 moly1
S

bary1 per aliphatic carbon atom. This value is
Ž .almost twice as high less negative as the com-

pressibility contribution of an independently hy-
drated methylene group in the long aliphatic chain

Ž y4 3of a ,v-aminocarboxylic acids y1.6=10 cm
y1 y1 . w xmol bar per aliphatic carbon atom 47 or

Žthe aliphatic side chain of a-amino acids y1.9=
y4 3 y1 y1 .10 cm mol bar per aliphatic carbon atom

w x49 . This disparity suggests that the aliphatic side
chains in the X]Gly]Gly tripeptides may not be
hydrated independently and may interact with the
rest of the molecule.

Inspection of Fig. 3 reveals that Phe]Gly]Gly
deviates by y2.5=10y4 cm3 moly1 bary1 from



( )T.V. Chalikian et al. r Biophysical Chemistry 75 1998 57]7164

Fig. 3. The partial molar adiabatic compressibility, k8 , of theS
tripeptides vs. the van der Waals surface area, S : X]Gly]GlyW
Ž . Ž .` , Gly]Gly]X v .

the straight line which passes through the points
corresponding to the Ala]Gly]Gly, Val]Gly]Gly,
and Leu]Gly]Gly tripeptides. This observation
suggests that the compressibility contribution of
the benzene ring in the Phe]Gly]Gly tripeptide
is more negative than that of aliphatic groups of
equivalent surface area, a conclusion consistent
with the compressibility data on a-amino acids
w x49 . However, this generalization should be
viewed with caution as the benzene ring in the
Phe]Gly]Gly tripeptide with its negative cloud of
p-electrons may diminish the inductive effect of
the adjacent b-methylene group thereby enhanc-
ing the hydration of the positively charged amino
terminus. In addition, water molecules which are
exposed simultaneously to the positively charged
amino group and the negative cloud of the ben-
zene p-electrons may become additionally ori-
ented, and, as a result, may manifest reduced

w xmobility and compressibility 6 . Finally, because
of electrostatic attraction between the negative
cloud of the p-electrons and the positively charged
amino group, the benzene ring may become
polarized, thereby exhibiting greater hydration.

4.2.2. Tripeptides with side chains adjacent to the
carboxyl terminus

Further inspection of the data in Table 1 re-
veals that, relative to triglycine, the presence of a

methyl group in Gly]Gly]Ala causes an increase
Ž . y4 3 y1 y1of 2.1"1 =10 cm mol bar in k8 . ThisS

increase is three times as small as 6.1=10y4 cm3

moly1 bary1 , the corresponding increase in the
value of k8 caused by a methyl group adjacent toS
the amino terminus in Ala]Gly]Gly. As dis-

w xcussed previously by Hedwig and Høiland 50 ,
this disparity suggests that the influence of a
methyl group on the hydration of an adjacent
negatively charged carboxyl terminus is weaker
than its influence on the hydration of the adja-
cent positively charged amino terminus. In part,
this observation may be accounted for by the
greater solvent accessible surface area of the car-

Ž .boxyl terminus by approx. 55% relative to the
w xamino terminus 51 which means that the relative

Ž .reduction in solvent exposure ‘shielding’ of the
amino terminus in Ala]Gly]Gly should be higher
than that of the carboxyl terminus in

Ž .Gly]Gly]Ala. Alternatively or in addition the
inductive effect of the methyl group may result in
an increase in the effective charge of the adjacent
carboxyl terminus, thereby partially neutralizing
the effect of the ‘shielding’.

Note that the value of k8 for Gly]Gly]Val isS
Žsomewhat higher than that for Gly]Gly]Ala see

.Table 1 , despite the negative compressibility con-
tribution of independently hydrated aliphatic

w xgroups 6,47,49 . This observation suggests that, in
Gly]Gly]Val, the interactions between the car-
boxyl terminus and the methylene groups in the
g-position persist. By contrast, in Gly]Gly]Leu
and Gly]Gly]Ile, the methylene or methyl

Ž .group s in the d-position are hydrated indepen-
dently. We draw this conclusion based on the
comparison between the values of k8 corre-S

Ž .sponding to Gly]Gly]Leu Gly]Gly]Ile and
Gly]Gly]Val. As can be seen from Fig. 3, the
slope, Dk8 rDS , of the straight line passingS W
through the points corresponding to Gly]Gly]

Ž .Val, Gly]Gly]Leu, and Gly]Gly]Ile v is equal
to y1.2=10y13 cmy1 bary1. This slope corre-
sponds to a k8 change of y1.6=10y4 cm3 moly1

S
bary1 per aliphatic carbon which coincides with
the compressibility contribution of an indepen-
dently hydrated methylene group in a ,v-amino-

w xcarboxylic acids 47 .
It should be noted that y1.5=10y4 cm3 moly1
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bary1 , the difference between the k8 values cor-S
responding to Gly]Gly]Phe and Gly]Gly]Ala is

Ž .substantially higher less negative than the corre-
sponding differences between the tripeptides

Ž y4Phe]Gly]Gly and Ala]Gly]Gly y4.9=10
3 y1 y1.cm mol bar or a-amino acids phenylala-

Ž y4 3 y1 y1.nine and alanine y8.6=10 cm mol bar
w x49 . As discussed above, this discrepancy may be
related to the hydration enhancement due to the
interactions between the positively charged amino
terminus and the closely located aromatic ring.

4.3. Neutralization of the amino terminus

Neutralization of the positively charged amino
terminus at alkaline pH follows the reaction:

yOOC]R]NH q
3

y y Ž .qOH s OOC]R]NH qH O 92 2

Consequently, the measured changes in volume,
DV, and adiabatic compressibility, Dk , accompa-S
nying neutralization of the amino terminus can be
presented as follows:

q Ž y. Ž .DVsd V qV8 yV8 OH 100

q Ž y. Ž .Dk sdk qk8 yk8 OH 11S S S0 S

where d Vq is the difference between the partial
molar volumes of species with the neutralized
Ž . Ž q. q]NH and charged ]NH amino termini; dk2 3 S
is the difference between the partial molar adia-
batic compressibilities of species with the neutral-
ized and charged amino termini; V8 s18.07 cm3

0
moly1 and k8 s8.09=10y4 cm3 moly1 bary1

S0
are, respectively, the partial molar volume and
the partial molar adiabatic compressibility of wa-

Ž y. Ž y.ter; V8 OH and k8 OH are, respectively,S
the partial molar volume and the partial molar
adiabatic compressibility of a hydroxyl ion. At

Ž y.258C, the average values of V8 OH and
Ž y. 3 y1k8 OH are equal to 1.2"0.6 cm mol andS
Ž . y4 3 y1 y1y 51.8"0.5 =10 cm mol bar , respec-

w xtively 43 .
Inspection of Table 2 reveals that neutraliza-

tion of the independently hydrated amino termi-
nus of triglycine causes increases in volume, DV,

and adiabatic compressibility, Dk , equal to 26.5S
3 y1 Ž . y4 3"0.5 cm mol and 67.5"0.9 =10 cm

y1 y1 Ž .mol bar , respectively. From Eqs. 10 and
Ž .11 , we calculate for the independently hydrated
amino terminus of triglycine values of d Vq and
dkq equal to 9.6 cm3 moly1 and 7.6=10y4 cm3

S
moly1 bary1 , respectively.

As can be seen from Table 2, the presence of
the aliphatic side chain adjacent to the amino
terminus does not strongly affect the value of DV
relative to triglycine but results in a decrease in
Dk , which, on average, is equal to 6.4"0.3=S
10y4 cm3 moly1 bary1. This value is close to
6.1=10y4 cm3 moly1 bary1 , the difference in
k8 values between triglycine and Ala]Gly]Gly.S
This similarity suggests that the difference, DDk ,S
between the compressibility changes, Dk , ac-S
companying the neutralization of the amino
terminus in triglycine and Ala]Gly]Gly, is pre-
dominantly determined by the differential hydra-
tion of the terminus in its charged rather than its
neutralized state.

Within the experimental error, the values of
D k for Ala]Gly]Gly, Val]Gly]Gly, andS
Leu]Gly]Gly are, practically, the same suggest-
ing that only the alkyl group in the b-position
interacts with the charged amino terminus. Inter-
estingly, the presence of the aromatic ring in

ŽPhe]Gly]Gly causes an increase in Dk by 3.6S
. y4 3 y1 y1"1.8 =10 cm mol bar as compared to

Ala]Gly]Gly. This observation further supports
our assumption that interactions between the aro-
matic ring and the positively charged amino
terminus enhance the Phe]Gly]Gly hydration.

4.4. Neutralization of the carboxyl terminus

Neutralization of the negatively charged car-
boxyl terminus at acidic pH follows the reaction:

yOOC]R]NH q qH qsHOOC]R]NH q
3 3

Ž .12

Consequently, the measured changes in volume,
DV, and adiabatic compressibility, Dk , accompa-S
nying neutralization of the carboxyl terminus can
be presented as follows:
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y Ž q. Ž .DVsd V yV8 H 13
y Ž q. Ž .Dk sdk yk8 H 14S S S

where d Vy is the difference in the partial molar
Ž .volumes of the species with neutralized ]COOH

Ž y. yand charged ]COO carboxyl termini; dk isS
the difference in the partial molar adiabatic com-
pressibilities of the species with neutralized and

Ž q. Ž q.charged carboxyl group; V8 H and k8 H are,S
respectively, the partial molar volume and the
partial molar adiabatic compressibility of a pro-

Ž q.ton. At 258C, the average values of V8 H and
Ž q. 3 y1k8 H are equal to y5.2"0.6 cm mol andS

Ž . y4 3 y1 y18.6"0.5 =10 cm mol bar , respectively
w x43 .

Inspection of Table 3 reveals that neutraliza-
tion of the independently hydrated carboxyl
terminus of triglycine causes increases in volume,
DV, and compressibility, Dk , equal to 10.5"0.5S

3 y1 Ž . y4 3 y1cm mol and 18.4"0.9 =10 cm mol
bary1 , respectively. For the independently hy-
drated carboxyl terminus of triglycine, we calcu-

Ž . Ž . ylate, from Eqs. 13 , 14 , and values of d V and
dky equal to 5.3 cm3 moly1 and 27.0=10y4 cm3

S
moly1 bary1 , respectively.

Further inspection of Table 3 reveals that the
changes in volume, DV, and adiabatic compress-
ibility, Dk , accompanying neutralization of theS
carboxyl terminus increase when the adjacent

waliphatic side chain becomes bulkier going from
Ž .xtriglycine to Gly]Gly]Leu Ile . In fact, as can be

seen from Fig. 4a,b, the DV and Dk valuesS
increase almost linearly with the increase in the
number of carbon atoms in the aliphatic side
chain. This observation cannot be explained by
either the shielding of the carboxyl terminus by
the adjacent non-polar side chain or the inductive
effect of the side chains. Shielding should cause
diminution in the measured values of DV and
Dk when the non-polar side chain increases inS
size. On the other hand, the inductive effect
should not strongly depend on the size of the
aliphatic side chain. Further systematic studies
are required to account for this intriguing obser-
vation which probably reflects differential interac-
tions between the aliphatic side chain and the
adjacent carboxyl terminus in its charged and
uncharged states.

Ž .Fig. 4. a Dependence of the change in volume, DV, accom-
panying neutralization of the carboxyl terminus of the tripep-
tides with the aliphatic side chain adjacent to the carboxyl

Ž .terminus on the number of carbon atmos in the side chain; b
dependence of the change in adiabatic compressibility, Dk ,S
accompanying neutralization of the carboxyl terminus of the
tripeptides with the aliphatic side chain adjacent to the car-
boxyl terminus on the number of carbon atoms in the side
chain.

Finally, note that, within the experimental er-
ror, the values of DV and Dk for Gly]Gly]PheS

Žcoincide with those for Gly]Gly]Ala see Table
.3 suggesting that the aromatic ring in

Gly]Gly]Phe does not interact with the adjacent
carboxyl terminus.

4.5. Indï idual hydration properties of constituent
groups

4.5.1. Uncharged amino and carboxyl termini
Ž .The partial molar volume, V8 neut , of the



( )T.V. Chalikian et al. r Biophysical Chemistry 75 1998 57]71 67

tripeptides with the neutralized amino and car-
boxyl termini can be calculated as follows:

Ž . Ž . Ž .V8 neut sV8qDV carboxyl qDV amino

Ž . Ž .qDV8 ion 15

where V8 is the partial molar volume of zwitteri-
Ž . Ž .onic tripeptides; DV amino and DV carboxyl are

the volume changes that accompany neutraliza-
tion of the amino and the carboxyl termini, re-

Ž .spectively; and DV8 ion is the volume change for
the ionization of water:

Ž . Ž q. Ž y. Ž .DV8 ion sV8 H qV8 OH yV8 160

Ž . 3 y1At 258C, DV8 ion is equal to y21.7 cm mol
w x52 .

Analogously, the partial molar adiabatic com-
Ž .pressibility, k8 neut , of the tripeptides with theS

neutralized amino and carboxyl termini equals:

Ž . Ž . Ž .k8 neut sk8 qDk carboxyl qDk aminoS S S S

Ž . Ž .qDk8 ion 17S

where k8 is the partial molar adiabatic com-S
Ž .pressibility of zwitterionic tripeptides; Dk aminoS

Ž .and Dk carboxyl are the compressibility changesS
accompanying neutralization of the amino and

Ž .the carboxyl termini, respectively; Dk8 ion isS
the compressibility change for the ionization of
water:

Ž . Ž q. Ž y. Ž .Dk8 ion sk8 H qk8 OH yk8 18S S S S0

Ž . y4 3At 258C, Dk8 ion is equal to y49.1=10 cmS
y1 y1 w xmol bar 52 .

Ž .Table 5 lists the calculated values V8 neut and
Ž .k8 neut for the tripeptides with neutralizedS

amino and carboxyl termini. Comparison between
the data presented in Tables 1 and 5 reveals that
the neutralization of the termini in triglycine
brings about an increase in V8 and k8 of 15.2"S

3 y1 Ž . y4 3 y11.0 cm mol and 36.8"1.8 =10 cm mol
bary1 , respectively. These values correspond to
the volume and compressibility contributions of
the net ‘pure electrostriction’ of the indepen-
dently hydrated charged amino and carboxyl
termini.

Table 5
Ž .The partial molar volumes, V8 neut , and the partial molar
Ž .adiabatic compressibilities, k8 neut , of the tripeptides withS

the neutralized termini

V8 k8S
3 y1 y4 3Ž . Žcm mol 10 cm

y1 y1.mol bar

Gly]Gly]Gly 127.4"1.3 y8.2"2.3
Ala]Gly]Gly 144.8"1.3 y9.7"2.3
Val]Gly]Gly 176.0"1.4 y11.3"2.5
Leu]Gly]Gly 193.2"1.5 y11.7"2.7
Phe]Gly]Gly 206.3"1.4 y11.0"2.5
Gly]Gly]Ala 145.9"1.5 y5.4"2.5
Gly]Gly]Val 177.2"1.3 y3.9"2.3
Gly]Gly]Leu 193.8"1.5 y3.8"2.7
Gly]Gly]Ile 193.6"1.5 y3.3"2.7
Gly]Gly]Phe 207.7"1.3 y7.7"2.3

The net contribution of the independently hy-
drated charged amino and carboxyl termini to the
interaction volume, V , was estimated to be y26I

3 y1 w xcm mol 47 . The difference between this value
and y15.2 cm3 moly1, the above estimated net
volume contribution of pure electrostriction, is
equal to y10.8 cm3 moly1, which represents the
sum of the interaction volumes, V , for the un-I

Ž . Ž .charged amino ]NH and carboxyl ]COOH2
termini.

Ž . Ž .Application of Eqs. 4 and 5 to the volume
data presented in Table 5 yields the interaction
volumes, V , for the tripeptides with the un-I
charged termini. The results of these calculations
are presented in the third column of Table 4.
Triglycine with its independently hydrated un-
charged amino and carboxyl termini is character-
ized by the interaction volume, V , of y33.8 cm3

I
moly1. If there is any non-polar side chain adja-
cent to the amino terminus of the X]Gly]Gly
tripeptide, the interaction volume, V , becomesI
equal to y32.4"0.5 cm3 moly1. Thus, the inter-
actions between the non-polar side chains and the
adjacent uncharged amino terminus result in an
increase of 1.4 cm3 moly1 in the interaction
volume, V . If there is a non-polar side chainI
adjacent to the carboxyl terminus of the
Gly]Gly]X tripeptide, the interaction volume,
V , becomes equal to y31.1"0.3 cm3 moly1.I
Thus, the interactions between the non-polar side
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chain and the adjacent uncharged carboxyl termi-
nus result in an increase of 2.7 cm3 moly1 in the
interaction volume, V .I

One can use an additive approach and present
the partial molar adiabatic compressibility of

Ž . Ž .triglycine, k8 neut , see Table 5 with its neu-S
tralized termini as the sum of the contributions of
the constituent atomic groups:

Ž . Ž . Ž .k8 neut sk8 NH qk8 CHS S 2 S 2

Ž . Ž .q2k8 CONHCH qk8 COOHS 2 S

Ž .19

Ž . y4 3Substituting k CH s y1.6 = 10 cmS 2
y1 y1 w x Ž .mol bar 31 and k CONHCH sy1.1=S 2

y4 3 y1 y1 w x Ž .10 cm mol bar 21 in Eq. 19 , one
obtains the net compressibility contribution of the
independently hydrated uncharged amino and

w Ž . Ž .xcarboxyl termini, k NH qk COOH , equalS 2 S
to y4.4"2.3=10y4 cm3 moly1 bary1.

As is seen from Table 5, the presence of a
non-polar side chain at the amino end causes a

Ž .decrease in k8 neut consistent with the negativeS
compressibility contributions of independently hy-
drated hydrophobic groups. By contrast, the pres-
ence of a non-polar side chain at the carboxyl end

Ž .causes an increase in k8 neut relative toS
triglycine. This increase may suggest that the
aliphatic side chain in the Gly]Gly]X tripeptides
reduces solvent accessibility of the adjacent un-
charged carboxyl terminus thereby decreasing its
hydration. Based on this observation, we conclude
that the compressibility contribution of the un-
charged carboxyl terminus should be a negative
non-zero value.

Unfortunately, the large uncertainty of the cal-
Ž .culated values of k8 neut does not permit us toS

perform a more detailed analysis. However, it
should be noted that, in contrast to zwitterionic
species, the X]Gly]Gly tripeptides with the un-
charged termini have lower compressibility than
the Gly]Gly]X tripeptides.

4.5.2. Methyl group and hydrogen atom
At 258C, the compressibility contributions of a

methyl group and an aliphatic hydrogen atom
have been previously estimated to be y3.1=10y4

cm3 moly1 bary1 and y1.1=10y4 cm3 moly1

y1 w xbar , respectively 49 . The volume contributions
Ž .of methyl group, V8 CH , and hydrogen atom,3

Ž . Ž .V8 H , can be calculated from Eq. 5 . Specifi-
Ž .cally, according to Eq. 5 , the volume contribu-

tion of methyl group can be presented as follows:

Ž . Ž . Ž . Ž .V8 CH sAS CH qV CH 203 W 3 W 3

Ž .where S CH , the van der Waals surface areaW 3
of a methyl group, is equal to 2.12=109 cm2

y1 Ž .mol ; V CH , the van der Waals volume of aW 3
3 y1 w xmethyl group, is equal to 17.12 cm mol 46 .

Ž . Ž .From Eq. 20 , we calculate V8 CH of 26.03
cm3 moly1. This value is in good agreement with

3 y1 Ž .25.2 cm mol , the value of V8 CH previously3
w xestimated by Kharakoz 45 . The volume contribu-

tion of an aliphatic hydrogen atom can be calcu-
Ž .lated as the difference between V8 CH and3

Ž .V8 CH , the volume contribution of the methy-2
lene group:

Ž . Ž . Ž . Ž .V8 H sV8 CH yV8 CH 213 2

Ž . 3 y1 w xwhere V8 CH is equal to 15.7 cm mol 47 .2
Ž . Ž .From Eq. 21 , we calculate V8 H equal 10.3

cm3 moly1. It should be noted that Makhatadze
w x Ž .et al. 53 have derived a similar value for V8 H

from the comparison of the partial molar volumes
of methanol, triglycine, and the tripeptide
Gly]Ser]Gly.

4.5.3. Aromatic ring
Our data can be used to evaluate the volume,
Ž . Ž .V8 arom , and the compressibility, k8 arom ,S

contributions of the aromatic ring in two different
Ž .ways: i by subtracting V8 or k8 of Ala]Gly]GlyS

Ž .from those of Phe]Gly]Gly; and ii by subtract-
ing V8 or k8 of Gly]Gly]Ala from those ofS
Gly]Gly]Phe. In both cases, the volume and the
compressibility contributions of hydrogen atom
should be taken into account:

Ž . Ž . Ž . Ž .V8 arom sV8 R]Phe yV8 R]Ala qV8 H
Ž .22

Ž . Ž . Ž .k8 arom sk8 R]Phe yk8 R]AlaS S S

Ž . Ž .qk8 H 23S
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where the compressibility contribution of hydro-
gen atom is equal to y1.1=10y4 cm3 moly1

y1 w xbar 49 , and the volume contribution of hydro-
gen atom is equal to 10.3 cm3 moly1.

ŽFor the tripeptides with uncharged termini see
.Table 5 , the two ways just described yield similar

Ž . Ž .values of V8 arom and k8 arom . On average,S
Ž . 3 y1V8 arom is equal to 72.0 cm mol , while
Ž . y4 3 y1k8 arom is equal to y2.9=10 cm molS

bary1.
Analogous calculations performed for zwitteri-

Ž .onic tripeptides using the data in Table 1 and
w xfor amino acids alanine and phenylalanine 44

Ž . 3yield close values for V8 arom , equal to 72.6 cm
moly1 and 71.6 cm3 moly1, respectively.

The value of y2.9=10y4 cm3 moly1 bary1 we
Ž .calculate for k8 arom from the data on theS

tripeptides with the uncharged termini is in close
agreement with y2.6=10y4 cm3 moly1 bary1 ,
the value which can be calculated from the k8S
data on the zwitterionic Gly]Gly]Ala and
Gly]Gly]Phe tripeptides. By contrast, calcula-
tions performed using the k8 data on the zwitte-S
rionic Ala]Gly]Gly and Phe]Gly]Gly tripep-
tides yield more negative value of y6=10y4 cm3

y1 y1 Ž .mol bar for k8 arom . An even more nega-S
tive value of y9.7=10y4 cm3 moly1 bary1 can

Ž .be calculated for k8 arom from the partial molarS
adiabatic compressibilities, k8 , of zwitterionicS

w xamino acids alanine and phenylalanine 49 . These
Ždifferences further support the assumption see

.Section 4.2.1 that interactions exist between the
charged amino terminus and the adjacent aro-
matic benzene ring of the phenylalanine side chain
and that these interactions influence the solute
hydration.

5. Concluding remarks

We report the partial molar volumes, V8, and
the partial molar adiabatic compressibilities, k8 ,S
of the Gly]Gly]Gly, Ala]Gly]Gly, Val]Gly]Gly,
Leu]Gly]Gly, Phe]Gly]Gly, Gly]Gly]Ala,
Gly]Gly]Val, Gly]Gly]Leu, Gly]Gly]Ile, and
Gly]Gly]Phe tripeptides at 258C. In addition, we
have determined the changes in volume and com-
pressibility accompanying neutralization of the
amino and the carboxyl termini of these tripep-

tides. Based on these data, the following results
have been obtained:

1. The net contribution to the interaction
volume, V , of the independently hydratedI

neutralized amino and carboxyl termini is
equal to y10.8 cm3 moly1.

2. The net contribution to the partial molar
adiabatic compressibility, k8 , of the inde-S

pendently hydrated neutralized amino and
carboxyl termini is equal to y4.4=10y4

cm3 moly1 bary1.
3. Volume changes associated with neutraliza-

tion of the independently hydrated amino
and carboxyl termini are equal to 9.6 cm3

moly1 and 5.3 cm3 moly1, respectively.
4. Compressibility changes associated with

neutralization of the independently hydrated
amino and carboxyl termini are equal to
7.6=10y4 cm3 moly1 bary1 and 27.0=10y4

cm3 moly1 bary1 , respectively.
5. The volume and compressibility contribu-

tions of the independently hydrated benzene
ring are equal to 72.0 cm3 moly1 and y2.9
=10y4 cm3 moly1 bary1 , respectively.

6. The volume contributions of methyl group
and aliphatic hydrogen atom are equal to
26.0 cm3 moly1 and 10.3 cm3 moly1, respec-
tively,

7. In tripeptides with the charged termini, the
presence of a non-polar side chain adjacent
to the amino or carboxyl termini results in
an increase in the interaction volume, V , byI
1.8 cm3 moly1.

8. In the X]Gly]Gly tripeptides, only a methy-
Ž .lene methyl group in the b-position inter-

acts with the adjacent positively charged
amino terminus which causes an increase in
the partial molar adiabatic compressibility,
k8 , by 6.1=10y4 cm3 moly1 bary1.S

9. In the Gly]Gly]X tripeptides, methylene
Ž .methyl groups in the b- and g-positions of
the aliphatic side chain interact with the
adjacent negatively charged carboxyl termi-
nus. The interaction between the b-methyl-

Ž .ene methyl group and the charged carboxyl
terminus causes an increase of 2.1=10y4
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cm3 moly1 bary1 in the partial molar adia-
batic compressibility, k8 .S

10. The benzene ring of the phenylalanine side
chain of Phe]Gly]Gly interacts with the
adjacent positively charged amino terminus
which enhances the solute hydration as can
be judged from compressibility data.

In the aggregate, our results suggest that care
must be exercised when the hydration properties
of complex molecules, such as proteins, are mod-
eled based on additive calculations using low
molecular weight model compound data.
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