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Abstract: This paper reports the first characterization of the hydration properties of some amino acids and
oligoglycines, low molecular weight analogues of proteins, y©DSpecifically, the partial molar volumes,

Ve, and adiabatic compressibilitiek;s, of five a-amino acids and five oligoglycines have been determined

in D,O at 25°C. The resulting data have been used to estimate the volume and compressibility contributions
of the component nonpolar (methylene group), polar (peptide group), and charged (oppositely charged amino
and carboxyl terminal groups) chemical groups. It was found that the volume and compressibility contributions
of these charged, polar, and nonpolar groups ¥ ire “measurably” distinct from those in8. This
distinction, in principle, may allow one to develop a method by which differential volumetric measurements
of proteins in DO and HO can be used to gain insight into the nature of the solvent-exposed protein groups
in the absence of detailed structural information.

Introduction straightforward and always model-dependent. However, despite
the difficulties in interpreting the volumetric data for systems
as complex as proteins, experiments of this type have begun to
provide important data against which different models of protein
hydration can be evaluat@g?!

The microscopic interpretation of the measured volumetric

properties in terms of protein hydration is usually performed
metric characteristics of substances (e.g., the partial molari? conjunction with structural data on the surface atomic
volume and adiabatic compressibility) have proven to be groups:'****Unfortunately, such structural data are not always
reflective of and sensitive to solutsolvent interaction&-10 available, especially for the denatured states of proteins which
Hence, volumetric properties represent useful observablesiNclude molten globule and unfolded states. Consequently, the
for studying the hydration properties of proteins. In recognition Microscopic interpretation of the volumetric properties of
of this fact, several laboratories have investigated the volumetric d€natured protein states remains highly speculative and subjec-
properties of proteins in aqueous solutions and have proposediVe in naturex*~*79 This limitation is serious and prevents

different approaches for interpreting these macroscopic data inPuPlished results from being used with confidence for analysis
terms of protein hydratiof1° Such interpretations are not ©f the hydration features of proteins as a function of their

Hydration is widely acknowledged to be one of the major
forces driving protein recognition events, in particular, protein
folding/unfolding transitiond=2 Consequently, hydration prop-
erties of globular proteins in their native and denatured states
have been under intensive scrutiny using various experimental
and computational techniqués’ In this connection, the volu-
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conformational states.

One potential way to derive information on the solvent-
exposed atomic groups of a protein in solution in the absence
of structural data is to conduct differential measurements of the
partial molar volumey®, and partial molar adiabatic compress-
ibility, K°s, in light (H2O) and heavy (BO) water. Note that
the physicochemical properties obO are not very different
from those of HO. Consequently, the substitution of® with
D,0 should cause only a very small perturbation of the structural
preferences of a solute.

A differential solvent-isotope approach may prove viable if
the volumetric contributions of the water-accessible atomic
groups of different chemical nature (charged, polar, and non-
polar) in DO are distinct from those in #D. To this end, a
systematic library of the hydration properties of charged, polar,
and nonpolar groups in 4 and DO should be established.
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Hydration of Amino Acids and Oligoglycines

As a first step toward this goal, this paper reports the partial
molar volumesy®, and adiabatic compressibilitids’s, for two
homologous series inJ® at 25°C: amino acids with aliphatic
side chains (glycine, alanine;-aminobutyric acid, norvaline,
and norleucine) and oligoglycines (glycine, diglycine, triglycine,

J. Am. Chem. Soc., Vol. 121, No. 6, 19%

PKs= o (29V — 2[U] — M/py) @)
where U] = (U — Ug)/(UoC) is the relative molar sound velocity
incrementU andUo are the sound velocities in the solution and solvent,
respectively, anghs is the coefficient of adiabatic compressibility of

tetraglycine, and pentaglycine). The corresponding values of the solvent. The value dfso, equal to 46.2< 10°® bar* at 25°C, was

the partial molar volume and adiabatic compressibility of the
amino acids and oligoglycines in,B have been reported
previously?2-28

Both homologous series consist of component chemical

calculated from data on the densftgnd sound velocifi of D,O using
the expressioiBso = (poUo?) .

Using a differential devicé based on the resonator methidd®
ultrasonic velocities in the solutions of the amino acids and oligogly-
cines were measured at a frequency of about 7.5 MHz with a relative

groups identical to those that can be found in proteins. accyracyt10-49% at 25°C. These sound velocity measurements were
Specifically, at neutral pH, the amino acids studied here consist performed as previously describ&?

of a zwitterionic skeleton of oppositely charged amino and
carboxyl termini and a nonbranched chain of aliphatic groups.
Oligoglycines contain oppositely charged amino and carboxyl

For each evaluation oV or ¢Ks, three to five independent
measurements were carried out within the concentration range #f 3
mg/mL for each of the amino acids and oligoglycines studied, with

terminal groups, one or more polar peptide groups, and aliphaticthe exception of pentaglycine. For this longer homologue, concentrations

—CH,— groups. The main objective of this study is to

characterize the hydration properties of the component chemical

groups of amino acids and oligoglycines in@and compare

of about 1 mg/mL were used because of its low solubility.

Results

these values to those previously reported for the same groups The relative molar sound velocity incrementd] [apparent

in H.0.

Materials and Methods

All chemicals used in this study were of the highest purity
commercially available and were used without further purification.
Specifically, the oligoglycines studied here (diglycine, triglycine,

molar volumes$V, and apparent molar adiabatic compress-
ibilities, ¢Ks, at 25°C for the amino acids and oligoglycines
are shown in Tables 1 and 2, respectively. The reported errors
include contributions from the solute concentration and ap-
paratus limitation, as well as any temperature variability in the
measuring cells. Previous studies have shown that, for amino

tetraglycine, and pentaglycine) were purchased from Fluka (Switzer- acids and oligoglycines in ¥, the apparent molar volumes

land), and thex-amino acids (glycine, alaninge,-aminobutyric acid,
norvaline, and norleucine) and:O (99.9%) were obtained from Sigma
Chemical (St. Louis, MO). All of the amino acids were of the
L-stereisomeric form.

Prior to the densimetric and ultrasonic velocimetric experiments, the
amino acids and oligoglycines were dissolved yOand lyophilized

to exchange labile protons for deutrons. The concentrations of the

samples were determined by weighing—D mg of solute with a
precision+0.03 mg, and then dissolving the material in a known amount
of D,0O. Before being weighed, amino acids glycine, alanon@mi-
nobutyric acid, norvaline, and norleucine were dried at 4@ @or 24
h, while oligoglycines diglycine, triglycine, tetraglycine, and penta-
glycine were dried for 72 h under vacuum at room temperature in the
presence of phosphorus pentoxide.

Densities were measured at 25 with a precisiont1.5 x 106 g
cm 2 using a vibrating tube densimeter (DMA-60, Anton Paar, Austria).

and the apparent molar adiabatic compressibilities do not depend
strongly on concentratio#?:23:2627 By extension, one may
assume that in BD also the concentration dependenceg\éf
and¢Ks are weak. In other words, the apparent molar volumes,
¢V, and adiabatic compressibilitiegKs, of the amino acids
and oligoglycines determined in the concentration range-@f 1
mg/mL can be assumed to coincide with the partial molar
volumes,V°, and adiabatic compressibilitielsys, obtained by
extrapolation to infinite dilution. Consequently, below, the
apparent molar and partial molar characteristics of the amino
acids and oligoglycines will be treated as equivalent.

Discussion

Partial Molar Volume. Theoretical Considerations. It is

These density values were used to calculate the apparent molar volumeg€onvenient to consider the dissolution of a solute as consisting

¢V, using the well-known equatiéh

@V =Mlp — (o = po)l(popm) @
whereM is the solute molecular weighty is the molal concentration,
andp andpo are the densities of the solution and solvent, respectively.
The requisite value for the density of,O, po, equal to 1.104449 g
cm2 at 25°C, was taken from Keff?

The apparent molar adiabatic compressibilifis, was calculated
from the densimetric and ultrasonic data using the expre¥sibn
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of two steps: (i) the creation of a cavity in the solvent large

enough to enclose the solute molecule; and (ii) the introduction
into the cavity of a solute molecule that can interact with the

solvent. Consequently, the partial molar volume of a solute at
infinite dilution, V°, represents contributions from each 4fef?

®3)

Ve =

Vy + Vy +V, + BrRT

where Vy, is the geometric volume occupied by the solute
molecule itselfVr is the “thermal” volume (the volume of the
void space surrounding the solute molecule), which is due to
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Table 1. Molecular WeightsM, Relative Molar Sound Velocity — 3
Increments, ], Partial Molar Volumesy®, and Partial Molar Ve = 82.0580Hc/agRT + 70, "N, /6 )

Adiabatic CompressibilitieK°s, of the Amino Acids in RO at 25

°C whereay is the volume coefficient of thermal expansion of the
K solvent;Na is Avogadro’s numbertl, is the effective diameter
(U] Ve (1(r4f:m3 of the solute molecule; andc is the partial molar enthalpy of
M (cm®mold) (cmPmolY) moltbar?) the cavity formation which is given by the relationship
glycine 78.09 39.3:0.3 (jé.%:it 0.4 (_222'.3;& 0.6 He = agRT[BBYI(L — y)° + 36CY(1 — y)° + yi(1 — )]
alanine 92.11 48.30.3 60.2+0.4 —27.5+0.6 (5)
(60.4) —(25.1p
aminobutyric acid 106.12 6380.3  77.2+ 0.4 -31.3+0.6 wherey = 7d;3Na/(6V°0) is the packing density of the solvent;
_ (75.57 (=27.1y d; is the effective hard-sphere diameter of the solvent molecules;
norvaline 12012 76.803 (313'72; 0.4 (:gg'é)jf 0.6 V° is the partial molar volume of the solver;= 2(d12/d;)2
norleucine 13422 89203 1103:04 —372+06  — G1dthi C= (dio/d)? = diafch + 0.25; anddi, = (dy + dp)/2.

(107.9% (—31.1p Edward and Farref have proposed a model in which the
thermal volume Vr, is considered as consisting of a layer of
“empty” volume of a thicknesA surrounding a solute molecule.

a Partial molar volumesy®, of the amino acids in bD at 25°C are
from ref 23.° Partial molar adiabatic compressibilitié&s, of the amino

acids in HO at 25°C are from ref 25. On the basis of this model, the following expression for the
partial molar volumeyc, of the cavity enclosing the solute can
Table 2. Molecular WeightsM, Relative Molar Sound Velocity be derived: Ve = aiNa(d2 + 2A)%6. Consequently, for a

Increments, ], Partial Molar Volumesy®, and Partial Molar

Adiabatic Compressibilities{®s, of the Amino Acids in DO at 25 spherical solute, the value & can be calculated as follows:
°C

o A = 0.5[(6V/nN,) ™ — d,] (6)
o 4
M (Cms[Lanlorl) (Cnﬁvmorl) m%gl b(;njl) R Irr}pilri]cittihn thislmoldel is O;[he azsumptioqlthat me :nicknezs,
- , of the thermal volume depends primarily on the thermody-
glycine 7809 39.303 (j??'%ai 0.4 (:gg'g; 0.6 namic and structural characteristics of the solvent (such as the
diglycine 136.1 62.2-03 766404 —43.6406 coefficient of isothermal compressibilitgro, and the packing
(76.2% (—40.8y density,y) while only secondarily depending on the diameter,
triglycine 1942  76.4-06 111.9405 —484+1.0 dp, of the solute molecule. This assumption can be used to
_ (112.1% (—45.97 evaluate the effective hard-sphere diametgrof the solvent
tetraglycine  252.2 92.30.7 (lli’g'g;f 0.6 (:ig'é;t 1.2 molecule from eqs 46. More specifically, if the optimum value
pentaglycine 310.2 10821.0 1915+1.0 -52.9+18 of d; is used, then the calculations performed using eg6 4
(186.9% (—47.2y should result in the weakest dependenceAobn the solute

diameterd,. Such calculations revealed that, for botfCHand
D,0, the optimum value ofl; is 2.74 A, in good agreement
with previous estimate$:46-4’Figure 1 shows the dependencies
of A ond, in H,O and DO, calculated from eqs-46 by using
ad; value of 2.74 A. As can be seen in Figure 1, for any value
of dy, the thicknessA, in D,O is slightly larger than in bD.

For solutes with a diameteds, of 2 A and larger, the values of
A in D;O and HO are equal to 0.56 and 0.55 A, respectively.
the volume effect related to the kinetic contribution to the Figure 2.a shows hqw the partial molar volume of the gavny,
pressure of a solute molecule due to translational degrees ofVc: €nclosing a spherical solute depends on the solute diameter,
freedom?! For D;O at 25°C, the ideal term@roRT, in eq 3 is dz, in DO (A) and HO (), respe_ctlvely. Inspection of F|gure
equal to 1.15 cihmol~* compared to 1.12 cimol- for H,0. 2a reveals that the values % in D20 and HO are quite

Note that the surVy + Vi in eq 3 represents the partial molar similar. To illustrate this point at a greater resolution, Figure
volume of the cavityVe, enclosing the solute. 2b shows the differenc&\Vc, between the values &fc for a

Scaled particle theor§?4244by employing simple statistical spheri_cal _solute in ED_and HO as afunction OWc. As can be
mechanical and geometric arguments to describe the dissolutio een in Flg_ure 2bVe in D_ZO is slightly larger than in bPl
of a solute, allows one to evaluate the intrinsic and thermal ore.speuflcally, wr_lervc Increases from 0 to 500 (TnOI '
contributions of a spherical solute to the partial molar volume, the d|f_ference,A_VC_, Increases from 0 to 2 C?”.mOI ) Note_
V°. A characteristic feature of scaled particle theory is that it that, since the intrinsic volume/,M, of a sol_ute is the same in
considers dissolution thermodynamics in terms of geometric D.ZO anq HO, the valug OfAVc is determined solely by the
properties of the solute and thermodynamic properties of the d|fferent|all value ofVr in DO and HO. Consequently,iflor
solvent. Scaled particle theory has often been used to calculateSOIU_teS with a value oWc between 50 and 200 chmol
the partial molar volume$/°, of nonpolar solutes (such as gases (Wh_'Ch ro_ughly cor_respon_ds to the_ range of value¥@bf the
and hydrocarbons) in agueous solutiét&lt is worthy to note amino acids and oligoglycines studied here), the theml?' volume,
that remarkably good quantitative agreement has been observed™ |n'D20 IS larger thaq II’I'IzD by 0.3 to 1.0 C'.ﬁ mol=.
between the calculated and experimental valueg°dP42 Amino Acids. The intrinsic vqum_e,\/M, of a simple solute
On the basis of the concepts of scaled particle theory, the \Tolt?l_c#Ie cl;'m be_approiq:\;at_ed by |tshva3_f?er Waatl)s volume,
cavity volume, Ve, of a spherical solute is given by the “W- 'NUYS, y setting/u = Vw in eq 3, the difference between
expressioff-42 (45) Edward, J. T.; Farrell, P. Gan. J. Chem1975 53, 2965-2970.

(46) Philip, P. R.; Jolicouer Cl. Solution Chem1975 4, 105-125.
(44) Reiss, HAdv. Chem. Phys1965 9, 1-84. (47) Desrosiers, N.; Lucas, M. Phys. Chem1974 78, 2367-2369.

a Partial molar volumesy®, and partial molar adiabatic compress-
ibilities, K°s, of the oligoglycines in HO at 25°C are from ref 28.

the thermal motion of solute and solvent molecuMsis the
volume change associated with solus®lvent interactions, the
“interaction” volume; 1o is the coefficient of isothermal
compressibility of the solvenR is the universal gas constant;
andT is the absolute temperature. The tefmRT describes
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Figure 2. (a) The dependence of the partial molar voluMg, of the
cavity enclosing a spherical solute on its diametierjn D,O (A) and
H20 (¥); (b) The differenceAV, in the partial molar volumeéyc, of

the cavity enclosing a spherical solute inand HO as a function

of Ve.

the partial molar volume of a solute and its van der Waals
volume, §/° — W), becomes equal to the suriit(+ V| +
B1oRT), which reflects the volume effect of solutsolvent
interactions. The requisite values Wy for the amino acids
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Figure 3. The difference between the partial molar volurk@, and

the van der Waals volum&jy, for the amino acids as a function of
the number of carbon atoms in the side chain.

studied here can be calculated using the additive approach of
Bondi*® However, it should be noted that the choice of a specific
scheme to divide the solution volume into the solute and solvent
components (e.g., if one uses excluded volume instead of van
der Waals volume) may affect the interpretation of the origin
of volume changes associated with various biomolecular
processeé? 51

Figure 3 shows how the difference between the partial molar
volume,V°, and van der Waals volum¥yy, of the amino acids
depends on the number of carbon atoms in the side chain. Note
that the plot in Figure 3 is linear. This observation can be
interpreted to mean that each methylene group added to the
molecule causes the same alteration in the volume effect of
hydration. Thus, the partial molar volume observable does not
detect interactions, if any, between the aliphatic side chain and
the zwitterionic skeleton of the amino acid molecules.

On the basis of the above discussion, the volume contribution
of an independently hydrated methylene groéH.), can be
estimated from the data presented in the fourth column of Table
1 as the average increment of the partial molar volume per
—CH,— group in alanineg-aminobutyric acid, norvaline, and
norleucine. This estimate yields a valuew§CHy,) in D,O equal
to 16.74 0.3 cn? mol~! which is somewhat higher than the
value of V(CHy) in H,O, 15.9+ 0.4 cn? mol~1.23.243%Recall
that, for nonpolar methylene groups, the volume contribution,
V(CHy), is the sum of its intrinsic volume/y, and the thermal
volume, V7, with the interaction volumey,, being negligibly
small. The intrinsic volumeYy, of the —CH,— group is the
same in RO and HO. Consequently, a small positive difference
in theV(CH,) values in BO and HBO suggests that the thermal
volume, Vy, in D,O may be slightly higher than that in,8.

This experiment-based conclusion is in qualitative agreement
with the theoretical results presented in Figure 2b. For the
methylene group with the value & on the order of 1620

cm?® mol™1, the calculated thermal volum¥s, in DO is about

0.2 cn? mol™! larger than in HO (see Figure 2b).

Differentiating eq 3 results in the following relationship for
the difference AV°, between the partial molar volumes of the
amino acids in PO and HBO:

(48) Bondi, A.J. Phys. Chem1964 68, 441-451.

(49) Paci E.; Marchi MProc. Natl. Acad. Sci. U.S.A996 93, 11609~
11614.

(50) Paci E.; Velikson BBiopolymers1997, 41, 785-797.

(51) Murphy L. R.; Matubayasi N.; Payne V. A.; Levy R. Molding
Des.1998 3, 105-118.
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AV°® = AV, + AV + AV, + A(B,RT) @) 35 T —T : T : T - .

The Vv and1oRT components of the partial molar volume %
of the amino acids are similar in,D and HO. Inspection of
the data in Table 1 reveals that the partial molar volusiepf
glycine in DO practically coincides with that in ¥ (AV°® =
—0.34 0.5 cn? mol™1). Furthermore, the thermal voluméy,
of glycine in DO is only 0.3 cm mol~! larger than in HO
(see Figure 2b). Hence, as is seen from eq 7, within our
experimental errorAV° ~ AV, ~ 0. We conclude that, within
+0.5 cn? mol~1, the interaction volumey,, of glycine in DO
is similar to that in HO. The interaction voluméy, of glycine
reflects the water contraction due to electrostatic selatdvent
interactions in the vicinity of the zwitterionic skeleton of the ) . | . L . . . !
molecule?* Such a contraction of water in the vicinity of charged 0 1 2 3
groups is usually referred to as electrostriction. Thus, i®D Number of Peptide Bonds
the oppositely charged amino and carboxyl termini of the amino Figure 4. The difference between the partial molar volurk, and

acids cause a contraction of water which is very close to that in the van der Waals volum&, for the oligoglycines as a function of
H>0. the number of peptide bonds.

In a-amino acids, the closely located charged termini interact
with each other via overlapping hydration shéfg#2528.39
Therefore, the value atV, determined above may not represent
the true difference in the electrostriction of independently
hydrated oppositely charged amino and carboxyl groups@® D
and HO. In this respect, long oligoglycines represent a better
model for determining the electrostriction of independently
hydrated amino and carboxyl termini.

Oligoglycines. Figure 4 shows how the difference between
the partial molar volumey®, and the van der Waals volume,
Vw, of the oligoglycines depends on the number of peptide
bonds in the molecules. Note that two pronounced breaks are |
observed at points corresponding to diglycine and triglycine.

After triglycine, the plot in Figure 4 becomes linear. Similar

observation has been made for the partial molar volurgs, -5

of oligoglycines in HO .28 This observation has been interpreted

as indicating that, in glycine and diglycine, the oppositely ) )

charged amino and carboxyl termini interact via overlapping Fi9uré 5. The difference AV®, between the partial molar volumes,

hydration shellg® Significantly, the degree of overlap should V*, of the oligoglycines in BO and HO as a function of the number
L . . . . of peptide bonds. The partial molar volum&s, of the oligoglycines

be smaller in diglycine than in glycine, which accounts for the H,0 are from ref 28.

break point corresponding to diglycine. The amino and carboxyl

termini in triglycine, tetraglycine, and pentaglycine cease to  peptide groups contain two polar entitie€O— and—NH—

interact and become independently hydrated as reflected by theor —ND—). These polar entities are capable of forming

constant slope of the line in Figure 4 after triglycine. This hydrogen bonds with adjacent water molecules thereby causing

interpretation implies that, in “long” oligoglycines, the glycyl  solvent contraction (which is reflected in the value\gy. In

units, —CH,COND—, begin to exert an independent and our previous pape’ﬁ the value ofv, per peptide group in }O

significant influence on the characteristics of the adjacent water yas estimated to be equal +610.5+ 0.5 cn® mol~2, with this

molecules. Hence, any incremental increase in the partial molaryalue being temperature-independent. On average, each of the

volumes,V°, of these “long” oligoglycines reflects the contribu-  polar groups £ CO— or —NH—) of a peptide moiety in kD,

tion of independently hydratedt CH,COND— atomic group. s characterized by an interaction volume\gf= —5.3 + 0.3

25 b

20 4

W,cm3mol-1

Ve -V

»
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The volume contribution of a single CH,COND— group cm® mol~1.28 In D,0, the value ol of a peptide group is equal
can be determined from the data presented in the fourth columnto —10.5+ 1.5= —9.0+ 1.1 cn? mol~%. On average, each of
of Table 2 as the increment of the partial molar volundg, the polar groups-{CO— or —ND—) of a peptide moiety in

per glycyl unit in triglycine, tetraglycine, and pentaglycine. This D0 is characterized by an interaction volume\of= 0.5(—
estimate yields a value for the volume contribution of the glycyl 9.0+ 1.1)= —4.5+ 0.5 cn? mol~1. Note that the contraction

unit, V(CH,COND), in D;O equal to 39.8t 0.8 cn¥ mol~L. of water caused by polar groups in®, as reflected in the
The volume contribution of the peptide grooffCOND), can values ofV,, is about 15% smaller than in,B.

be calculated by subtracting the value\{fCH,) from that of Figure 5 shows the difference, in partial molar volum&¥;,
V(CH,COND): V(COND)= 39.8— 16.7= 23.1+ 1.1 cn?¥ of the oligoglycines in RO and HO plotted against the number
mol~1. This value is 1.5 cfhmol~* larger than 21.6 cémol, of peptide bonds in the molecule. In fact, the valuesAsf

the estimate for the volume contribution of the peptide group, represent the volume change of transferring the oligoglycines
V(CONH), in H,0.28 The difference between V(COND) and from H,O to D,O. These data can be discussed in the framework
V(CONH) can be ascribed solely to the difference between the of eq 7. The intrinsic volumevy, of the oligoglycines and the
interaction volumesy,, of the polar peptide group indD® and ideal term,S1oRT, in D,O and HO are similar. Furthermore,
H->0. for oligoglycines, the thermal volum¥y, in DO is higher than
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in H,0 by less than 1 cAmol~! (see Figure 2b) which is within

the experimental uncertainty of the data in Figure 5. Conse-
quently, for the oligoglycines the value afv° predominantly
reflects the difference in the interaction volunvg,in D,O and

H,O: AV°® =V, (see eq 7).

Inspection of Figure 5 reveals a pronounced break at the point
corresponding to triglycine. Before triglycinAV° practically
remains constant and close to zero as the number of peptide
bonds increases. By contrast, after triglycide/° increases
proportional to the number of peptide bonds. The break point
in Figure 5 indicates the different character of the sehs@lvent
interactions “before and beyond” triglycine. Specifically, as
discussed above, in glycine, diglycine, and triglycine, the
hydration shell is predominantly determined by electrostatic
solute-solvent interactions. Furthermore, due to a decrease of

the overlapping hydration shells of the amino and carboxyl Number of Carbon Atoms in Side Chains

termini from glycine _to triglycine, the eﬁec_tlve hydration of Figure 6. The partial molar adiabatic compressibilikfs, of the amino
Fhe charged groups InCreases. However, since Charggd 9rouPgcids in RO (©) and HO (@) as a function of the number of carbon
in D20 and HO exhibit similarV, (as observed above in the  3toms in the side chain. The partial molar adiabatic compressibilities,
case of glycine), the value &V° for the oligoglycines does ke, of the amino acids in bD are from ref 25.
not change and remains close to zero when the intercharge
distance increases from glycine to triglycine. As noted above, (®) plotted against the number of aliphatic carbons in the side
in triglycine and longer homologues, the charged termini cease chain. As can be seen in Figure 6, there is a pronounced break
to interact with each other, and the hydration of the peptide at the point corresponding to alanine in both plots. After alanine,
groups begins to influence the partial molar volurv@, As the plot in Figure 6 becomes linear. This observation can be
the Vv, of a glycyl unit CH,COND-) in D,O is higher (less interpreted to mean that only the alkyl group in fvposition
negative) than in D, after triglycine,AV° increases as the interacts with the zwitterionic skeleton of the molecule, perhaps,
number of peptide bonds increases. via overlapping hydration shells. After alanine (traminobu-

To a first approximation, the value @fv° corresponding to  tyric acid, norvaline, and norleucine), each methylene group
triglycine can be viewed as a measure of the difference in the added to the molecule is independently hydrated and, conse-
electrostriction of an independently hydrated pair of the op- quently, contributes to the same extent to the amino acid

T T T T T T
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positely charged amino and carboxyl groups ODand HO.

As is seen from Figure 5, this difference is negligibly small
(—0.2 & 0.8 cn? mol™1). Therefore, one may reasonably
conclude that the electrostriction of an independently hydrated
pair of the oppositely charged amino and carboxyl groups in
D,0 is, within£0.8 cn® mol~1, similar to that in HO. In H,O,

the electrostriction of an independently hydrated pair of the

compressibility. This result should be viewed with caution when
applied to the amino acids in proteins which are branched at
the 5-carbon, such as valine, isoleucine, and threonine. Such
pB-branched compounds, whose bulk side chains beyond the
pB-carbon are quite close to the main chain, and therefore their
hydration shells might well overlap those of the adjacent
backbone regions.

charged amino and carboxyl groups has been estimated to be The compressibility contribution of an independently hydrated

—26.0 cn? mol~13° Consequently, electrostriction of the
independently hydrated amino and carboxyl termini g©Ds
—26.0+ 0.8 cn? mol™™.

Partial Molar Adiabatic Compressibilities. The partial
molar adiabatic compressibilityK°s, of a solute can be
represented as the sum of intrinsic and hydration contribdflons

K°s= Ky + AK, =K, + n(K%, — K®) 8)

whereKy, is the intrinsic compressibility of the solute molecules;
AKj is the compressibility effect of hydratioK;°o andK®y, are

the partial molar adiabatic compressibilities of water in the bulk
state and in the hydration shell of the solute, respectively; and
ny, the “hydration number”, is the number of water molecules
within the hydration shell of a solute.

For low molecular weight substances, the intrinsic compress-
ibility term, Ky, in eq 8, is negligibly small since it is determined
by the compressibilities of covalent bonds and external electron
shells, which are close to zetdThus, the partial molar adiabatic
compressibility, K°s, of low molecular weight substances
primarily reflects solvent hydration changes as reflected by the
reduced form of eq 8

Ks = ny(K®, — K%) 9)

Amino Acids. Figure 6 shows the partial molar adiabatic

compressibility K°s, of the amino acids in gD (O) and HO

methylene group(CHy), can be determined as the increment
of the partial molar adiabatic compressibility pe€H,— group
in alanine a-aminobutyric acid, norvaline, and norleucine. This
estimate yields a value d{(CH,) in D,O equal to—(3.2 +
0.4) x 10~* cm?® mol~t bar® which is significantly smaller
(more negative) thar-1.9 x 10~ cm® mol~* bar?, the value
of K(CHy) in H0.25 Thus, at 25°C, aliphatic groups in BD
cause a decrease in the solvent compressibility which is about
60% larger than in bD.

The compressibility contribution of a methylene group #OH
is known to be strongly dependent on temperature: it is negative
at low temperatures but becomes positive at high temperatures
passing through zero at 3C. It is reasonable to expect that
K(CHy) in D,O exhibits an equally strong temperature depen-
dence. Therefore, one cannot rule out the possibility that the
relationship between the valueskfCH,) in D,O and BHO at
other temperatures may be qualitativedyd quantitatively
different from that observed at 2%&. Clearly, further temper-
ature-dependent studies are required to address this important
issue.

Further inspection of Figure 6 reveals that the partial molar
adiabatic compressibilityK°s, of glycine in D,O is (2.7+ 0.8)
x 1074 cm?® mol~1 bar! more negative than in . Since the
hydration properties of glycine are dominated by electrostatic
solute-solvent interactions, one may reasonably suggest that
the compressibility contribution of charged groups igCDis
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Figure 7. The partial molar adiabatic compressibiliti’s, of the
oligoglycines in BO (O) and HO (®) as a function of the number of
peptide bonds. The partial molar adiabatic compressibilit&s, of
the oligoglycines in HO are from ref 28.

lower (more negative) than inJ@. This is in agreement with
the previous data on the partial molar adiabatic compressibility,
Kes, of salts in HO and DO.*” Specifically, Desrosiers and
Lucag’ found that the partial molar adiabatic compressibilities,
K°s, of 1—1 electrolytes NaCl, KCI, CsCl, and NaF inO are
smaller than those in 0 by 4.4 x 1074, 2.8 x 1074, 1.7 x
1074, and 5.5x 1074 cm® mol~1 bar?, respectively.
Oligoglycines.Figure 7 shows how the partial molar adiabatic
compressibility K°s, of the oligoglycines depends inD (O)

Likhodi and Chalikian
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Figure 8. The difference AK®s, between the partial molar volumes,
K°s, of the oligoglycines in BO and HO as a function of the number
of peptide bonds. The partial molar adiabatic compressibilit&s,
of the oligoglycines in HO are from ref 28.

independently hydrated pair of the charged amino and carboxyl
groups has been estimated to 584.0 x 104 cm® mol™?!
bar1.3° Consequently, the compressibility contribution of the
independently hydrated amino and carboxyl termini jOzan

be calculated to be-34.0 x 107% — 3.4 x 10* = —(37.4+

1.0) x 10~*cm® mol~ bar ™. Note that charged groups in,O
cause a decrease in solvent compressibility which is by about
10% larger than in ED.

and HO (@) on the number of peptide bonds in the molecule. concluding Remarks

As discussed above, the charged termini do not interact with
each other in triglycine and longer homologues. Consequently,

the compressibility contribution of an independently hydrated
—CH,COND— group can be determined as the increment of
the partial molar adiabatic compressibilig/s, per glycy! unit

This paper presents the first study of the hydration properties
of amino acids and oligoglycines in,D. Specifically, the partial
molar volumesy?®, and partial molar adiabatic compressibilities,
K°s, of five amino acids and five oligoglycines have been

in triglycine, tetraglycine, and pentaglycine. The estimated value determined in RO at 25°C. The resulting data have been used

of K(CH,COND) in D,O is equal to {2.24 0.5) x 1074 cm?®
mol~! bar! which is somewhat smaller (more negative) than
(—1.1£0.5) x 104 cm® mol~* bar?, a value ofK(CH,CONH)

in H,0.28 The compressibility contribution of the peptide group,
K(COND), in D,O can be calculated by subtractiK¢CH,) from
K(CH,COND): K(COND) = —2.2 x 104+ 3.2x 10% =
(1.0% 1.0) x 1074 cm?® mol~1 bar L. This value is somewhat
larger than (0.5 0.8) x 10~ cm® mol~! bar1, our previous
estimate for the compressibility contribution of the peptide
group,K(CONH), in H0O.28 Unfortunately, the large experimental/
computational uncertainty does not allow us to determine
whether the observed differential compressibility contribution
of the peptide group is statistically significant.

Figure 8 shows the dependence of the difference in partial
molar adiabatic compressibilithK°s, of the oligoglycines in
D,0 and BO on the number of peptide bonds in the molecule.
In fact, the values ofAK°s represent the adiabatic compress-
ibility change of transferring the oligoglycines from®Ito D,O.

to estimate the volume and compressibility contributions of the
component nonpolar (methylene group), polar (peptide group),
and charged (oppositely charged amino and carboxyl termini)
chemical groups.

The volume contribution of a nonpolar methylene group,
V(CH,), in D,O is equal to 16.7Z 0.3 cn? mol~%. This value
is slightly higher than 15.9+ 0.4 cn? mol~%, the volume
contribution of a methylene group in,B. The compressibility
contribution of a methylene grou(CH), in D20 is equal to
—(3.24 0.4) x 1074 cm?® mol~! bar! which is significantly
smaller (more negative) than1.9 x 10~ cm® mol~! bar?,
the value ofK(CH,) in H,0.

The volume contribution of a polar peptide groMCOND),
in D0 is equal to 23.1 1.1 cn? mol~L. This value is 1.5 cth
mol~?! larger than 21.6 cfmol™1, the volume contribution,
V(CONH), of a peptide group in #D. This difference suggests
that hydrogen bonding between polar groups of a solute and
solvent molecules brings about a slightly weaker contraction

Inspection of Figure 8 reveals a pronounced break at the pointof water in DO than in HO. The compressibility contribution

corresponding to triglycine. In the context of the foregoing
discussion, this break is related to the fact that, in triglycine

of the peptide groug{(COND), in D;O has been calculated to
be (1.04 1.0) x 104 cm® mol~! bar! which is somewhat

and longer homologues, the charged termini cease to interacthigher than (0.5t 0.8) x 104 cm® mol~* bar %, the compress-

with each other. As a first approximation, the valueAi°s
corresponding to triglycine;-(3.4 & 1.0) x 1074 cn?® mol™?!

ibility contribution, K(CONH), of the peptide group in .
The electrostriction of an independently hydrated pair of

barl, can be considered to be the difference between the amino and carboxyl termini in £D practically coincides with
compressibility contributions of an independently hydrated pair the corresponding value in,® and has been estimated to be

of the oppositely charged amino and carboxyl groups i@ D
and HO. In HO, the compressibility contribution of an

—26 4 0.8 cn? mol~%. The compressibility contribution of an
independently hydrated pair of amino and carboxyl termini in
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D,0 is equal to—(37.4=+ 1.0) x 10~* cm® mol~ bar* which Finally, this work raises fundamental questions about the
@s 10% smaller (more negative) than the corresponding value molecular nature of the differential hydration properties of
in H2O. charged, polar, and nonpolar groups igand HO. Further

Inthe aggregate, the volume and compressibility contributions experimental and theoretical studies are required to answer these
of charged, polar, and nonpolar groups igCare “measurably” questions.
distinct from those in KO. This distinction, in principle, may
allow one to apply differential volumetric measurements to
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