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Protein stability is enhanced by the addition of osmolytes, such as sugars and polyols and inert
crowders, such as polyethylene glycols. This stability enhancement has been quantified by the
preferential hydration parameter which can be determined by experiments. To understand the
mechanism of protein stability enhancement, we present a statistical mechanical analysis of the
preferential hydration parameter based upon Kirkwood—Buff theory. Previously, the preferential
hydration parameter was interpreted in terms of the number of hydration waters, as well as the
cosolvent exclusion volume. It was not clear how accurate these interpretations were, nor what the
relationship is between the two. By using the Kirkwood—Buff theory and experimental data, we
conclude that the contribution from the cosolvent exclusion dominantly determines the preferential
hydration parameters for crowders. For osmolytes, although the cosolvent exclusion largely
determines the preferential hydration parameters, the contribution from hydration may not be
negligible. © 2004 American Institute of Physic§DOI: 10.1063/1.1759615
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I. INTRODUCTION am,
V21:(

5-( o
The stability of proteins is modulated by the addition of Im P.Tug

cosolvents:? Some cosolvents, such as sugars and polyols.
act as protein stabilisers, whereas others, including urea anség " ) 80— :
addition of a protein molecule under constant™” This

guanidine hydrochloride denature protefOrganisms liv- s that th terential hvdrati er is related
ing under extreme conditions, in order to protect proteinssugges s that the preterential hydration parameter is refate

from denaturation, accumulate protein stabilizers in thet0 thg ?}g‘{‘j‘“re of the agueous solution which surrounds the
rotein?***Indeed, assuming that water and cosolvent mol-

cell 25 Furthermore, it has been realised that the effect of s bind iitively to th el ¢ Tanfird
other biomolecules present in the cell affects the foIdingeCLI €s bind competitively 1o the proteéin surtace, tantord,

stability and function of the proteirisnolecular crowding®’ Timasheff; Eisenberd,” and Schellmatf have shown that

Inert cosolvents, such as polyethylene gly¢BEG), have the preferential hydration parameter is expressed as
been used to model such crowding effétts. m

How do cosolvents stabilize proteins? Measurement of  »3,=NJ,— —1N2"3, ©)
the preferential hydration parameter is indispensable in pro- Ms

viding an answer to this question. The addition of cosolven(,\,here,\lgw1 andNJ, are the numbers of water and cosolvent
molecules to a protein solution is accompanied by a changg,glecules bound to the protein surface. Upon biochemical

of water activity. The preferential hydration paramete},, reaction, the preferential hydration change
expresses the influence of water’s chemical potential

nifies the number of water molecules which accompany

upon the chemical potential of the protein as®® m
I (%) (1)  Is related to the change of solvent bindidg\5; and ANJ.
2 Iy p'TYmZ’ What is the dominant contribution to the preferential hy-

dration parameter? Timasheff and co-workel§ have

shown that the preferential hydration parameters of proteins
wherem; is the molality of specie$, andP and T are the in aqueous polyethylene glycdPEG solutions can be ex-
pressure and temperature of the systém. plained from the steric exclusion of PEGs from protein sur-

The preferential hydration parameter can be measurefhces. This analysis agrees with the molecular crowding

by densitometry, involving dialysis equilibriufhas well as  analysis which asserts that the large volume from which the
by analytical ultracentrifugatioh. This parameter, when re- crowders are excluded was shown to be the dominant factor
written using Wyman'’s relationshif of the modulation of biochemical equilibria by crowders,
such as PEGS’ Furthermore, the exclusion of cosolvents
aTelephone:+44-1904-328281; Fax:44-1904-328266. Electronic mail: Was demonstrated to account for the preferential hydration
shimizu@ysbl.york.ac.uk behavior of osmolytes, such as sugars and pof/oi®.
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Others interpreted the preferential hydration parameters  V,= —V,;Ny;—V3Nys+k Tk, (6)
via protein hydratiort?=?2Parsegian and co-workers, in their
“osmotic stress” analysi$®~?'argued that the dominant fac-
tor of the preferential hydration parameter change upon bio
chemical reaction is the change in hydratl8/?>The under-
lying assumption is: Osmolytes and crowders do not bin
proteins, because they are excluded from protei
surfaces22 Therefore, it follows that\N3;=0 and A v5;
= AN} .29 Record and co-worketsdeveloped a sophis- N2i:niNAJ drgzi(r)—1], )
ticated thermodynamic model called the local-bulk partition-
ing model (LBPM) to clarify the condition upon which By solving Eqs.(5) and (7), Ny and N, can be deter-

Av3 = AN} is accurate. They have shown thgl= N3, ap- ined 1 - ental val I doi ental
plies for cosolvents which are completely excluded from the"in€d from experimental values. In so doing, experimenta

hydration shell of proteins. However, only very strongly ex- values Ofvﬁl andV; ata gllverl; set ofiy ";‘%‘%”63 F?r.e nttecetisary,
cluded osmolytes, such as betaine, are close to satisfying thfp Was shown previously by one o - rriorto these
papers, there was no way to determig and N, directly

condition? q b v 1 g
Are preferential hydration parameters determined by co? l\llmam |gutousfytv\;om e?psrltr_ne :I'h first tributi
solvent exclusion or protein hydration? Steric exclu§idh | 2i CONSISIS O ,O_ contributions. The first contribution
is due to the solvents’ inaccessibility to the protein core, and

and molecular crowding analy$€st’*8support the former, " dis due to solvent a5 -5To extract
whereas osmotic stré€s?! and LBPM? support the latter. - c S€cond 1S dué to solvent réorganization. 1o extrac
e latter, the excluded volum¥¢, i.e., the sum of intrinsic

Are these interpretations equivalent? Osmotic stres%h
analysi®®-2! and LBPM? suggest the equivalence of the core volumeV, and thermal volum&/+3223should be cal-
ulated from protein structure data. Therefore,

two, whereas molecular crowding analysis suggests that the
former interpretation is erroneofid.1t is imperative, there- N2 =Ny +n;Vg, (8)
fore, to clarify the true origin of the preferential hydration
parameters.

Recent papers by one of 33€° have developed a theo-
retical foundation of preferential hydration and cosolvent-

wherev; andn; are the chemical potential and dendiiyo-
larity) of the species, andN,; are the excess solvation num-
ber of species around the proteinN,; is defined in terms of
&he correlation functiorg,;(r) between the components 2
r151ndi as:

whereN, is Avogadro’s number.

gives the statistical mechanical generalisation of “the num-
ber of bound solvent molecules’®?® N, does not signify
the number of solvent molecules coordinating the protein.

induced modulation of biochemical equilibria. This is basedNéi expresses.the constrlbutl.on of excess solvat|9n number

upon a rigorous statistical thermodynamic theory develope om the solvation s_heﬁ. In th.'s theory, no assumption upon

by Kirkwood and Buff (KB).2’-3! It was clarified that the '€ range of solvation shell is necessary.

exclusion of cosolvents is not equivalent to zero binding:

The zero binding approach to cosolvent exclusion wad3- Processing of the experimental data

shown to lead to an overestimation of hydration chaﬁ@es. As outlined in the previous subsection, the calculation of

Furthermore, it was also shown tr_]at excess soIvauoq numy ;. and NJ, requires thermodynamic and structural data, in

bers can be calculated from experiments by the Comb'nat'oﬁarticular, partial molar volumes/(, V,, andVs) preferen-

of preferential hydration and volumetric measureméntS. i hydration parameter,; in molarity scale, densitiea,
However, the mechanism of preferential hydration is fargng ns, and excluded volum&. Here we explain how

from being clarified. Can the preferential hydration param-hese values were calculated from data available in literature.

eter be interpreted by cosolvent exclusion or hydration? Are  The partial molar volume®/;, V,, andV; were ob-

they equivalent? Does LBPM give an accurate description ofained as follows. Firsty, is taken from the apparent molar

preferential hydration? These questions remain unansweregolume of proteins in the limit of infinite protein dilution

In this paper, we will answer the above questions by apply{v3:3P%  Although, at finite protein concentrations, partial

ing KB theory to preferential hydration and volumetric data mgjar and apparent molar volumes are different, these two

taken from the literature. volumes become identical at the limit of infinite protein
dilution.®® The restV; andV; were calculated from density

IIl. THEORY AND METHODS data measured as a function of the concentration of species 3,

A. Kirkwood—Buff theory by using a well-established meth&t"38

v,1S are usually found in the experimental literature in

Consider a solution consisting of water=(1), protein the molality—molality unit. This is unsuitable for Ed5)

(i=2), and cosolventi(=3) molecules, where the protein is which requires a molarity—molarity unit. The conversion was
infinitely dilute. Kirkwood—Buff theorg’-! gives the fol- q y y unt.

L . _ ) . carried out by a well-known equation derived at infinite pro-
lowing rigorous relationship on the preferential hydration pa-, .. = 41 .39
tein dilution:
rameter,v,,:

[ Om2
V1= —

ny
) V1= m, vt NiVs. 9
1) 1 pn,

ny
:NZl_n_NZSr 5
3

The estimation oV requires detailed information on
and a rigorous relationship on partial molar volume of pro-protein structure in the presence of cosolvents. We have used
tein V, crystallographic data for the calculation\é . Slight shrink-
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FIG. 1. Preferential hydration of bovine serum albur®8A) analyzed by ~ FIG. 2. Preferential hydration of BSA in aqueous PEG solutions analyzed
LBPM. »1, (filled circle), N, (squarg, —(m, /mg)ND, (diamond, andNf, by LBPM. »3} (filled circle), N3y (squaré, —(m; /m3)Nz; (diamond, and
(dashed lingare plotted in the presence of 6 cosolvents, which are, from theN3; (dashed lingare plotted from the right to left for PEG 200, 400, 600,
left to right, betaine, proline, trimethylamine N-oxyde, trehalose, pottasium1000, 2000, 4000, and 6000. PEG concentration was at 10% v/w for 200—
glutamate, and glycerol. The experimental data are taken from Ref. 22, i2000, and at 4% v/w for 2000—6000. Experimental dataufir(20C, pH
which K™ and v3} are tabulated. =7.0) were taken from Ref. 16.

ing of native structures in the presence of protein stabilizing K™=0) the osmolyte is, the closer the preferential hydra-
cosolventé?* have not been taking into account in this pa-tion parameters}); becomes to the number of water mol-
per, due to the unavailability of precise structural informationecules in the shelNg“l.22 Can this model be applied to crow-
of such structures. ders, such as PEGs, which are known also to be excluded
Ve for Ribonuclease A was taken from Chalikiahal®*  from protein surfaces? As shown in Fig. 2, the larger the
Ve for Bovine serum albumiiBSA) was calculated by the PEG’s molecular weight becomes, the more negative the
method outlined by Chalikiaet al3? from the structure cal- local-bulk partitioning coefficientKk™ becomes. However,
culated by homology modeling, due to the unavailability of negativeK™ is unphysical. This shows that the basic assump-

structural dat4? tions of LBPM are not realistic for crowders.

LBPM is based upon the assumption that the hydration
Ill. PREFERENTIAL HYDRATION IN THE PRESENCE shell, i.e., the domain of the solution whose structure is dif-
OF OSMOLYTES AND CROWDERS ferent from the bulk, is confined within the first hydration
A. Local-bulk partitioning model layer®? However, mounting evidence suggests that the range

o of this alteration is beyond the first hydration lay&f*3°
Local-bulk partitioning mode(LBPM) of Record and  Taken together, the unphysical interpretation of LBPM for

co-workers?is the most sophisticated thermodynamic modelgrowders suggests that the long-range nature of the hydration
proposed thus far for the interpretation of the effect of cosolshell must be taken into account.
vents on protein stability.
It employs Eq(3) as its foundation, which is rewritten in B. Kirkwood—Buff approach to crowders

the following form?? '
mom Here we apply KB theory to elucidate the origin of pref-
L Nm[ 1— N23/N21]. (10) erential hydration in the presence of crowders.

2 mg/m; Figure 3 shows the KB interpretation of the preferential

The local-bulk partitioning coefficierk™ is defined a&

NN 10000 —r—T— 20000
e ay [ '
s _ K 1 15000
which leads to g L
PI=ND(1—K™). (12) >§ 5000 N 10000
Record and co-workers assumed thgt is not affected by i 1 5000
osmolytes excluded from protein surfaces. Assuming further F Oege e .
that N3} is proportional to solvent-accessible surface area 0 e A é) """ b
(SASA) of the protein K™ was shown to be calculated from 0 500 1000 000~ 4000 6000
experimentab}; .? It is noteworthy thak ™=0, since all the Mol. wt. of PEG (g/mol)

iti he right-hand si f H4D) ar itive. )
quantities on the right-ha d side o E(q' ) are positive FIG. 3. Preferential hydration of BSA in aqueous PEG solutions. The same

Figure 1 shows the preferential hydration of bovine Se<,; as Fig. 2 were interpreted by KB theary, (filled circle), Ny, (square,
rum albumin(BSA) in the presence of various osmolytes at 1l.jlr,d,(nl/n3),\|é3 (diamond. v,; andV, were taken from Ref. 16/, and

molal concentration. LBPM shows that the more excludedv; were calculated from Refs. 50 and 51.
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PEG solutions interpreted by KB theony; (filled circle), N, (squarg, and
—(ny/n3)N2; (diamond. v,; andV, were taken from Ref. 16y; andV,
were calculated from Refs. 50 and 51. 0 [, 8-oed -
20 -15  -10 -5 0
K

hydraﬁon of BSAiin aqueous PEG solutions, which was in'FIG. 5. Preferential hydration of BSA in aqueous PEG solutions. The same
terpreted by LBPM in Fig. 2. It is observed that the majority data as Figs. 2 and 3 were interpreted by KB theory and plotted against the
of the preferential hydration parametes;, comes from the partition coefficienK as defined by Eq(13). v, (filled circle), N3, (squarg,
—(n1/n3)Njg term. This suggests thdg) Nj, is negative — and—(ni/n3)Na; (diamond.

and (b) the contribution ofN/, is secondary inv,;. These

features are observed also for other proteins, in particular foéndN’ now signify excess solvation numbers in the shell
23 '

fibonuclease A as _sho_wn i_n Fig. 4. which can be positive or negative. If one defines the “parti-
A further investigation into the featuréa) and (b) ob- tion coefficient” K by,

served in Figs. 3 and 4 is necessary to further our under-
standing of the mechanism of crowder action. With regards _ N2a/ N,
to (a), the negativeN ), indicates that PEGs are strongly ex- "~ ng/ng’ (13
cluded from protein surfaces. This is rationalized by Combm_negative values foK will be allowed in this definition(lt is
ing Egs. (7) and (8), yielding N,=n3(NJdr r—1 o
+§\]/E)q Tﬁe)refore( )thg nega%ive? sﬁguﬁjf arggezsf‘rc))m t]he noteworthy thai is introduced here only to understand the
. ’ 23 : H ’ ’

contributions of regions wherg,5(r)<1. Since the exclu- relationship be_tweehl21 andNaq anq _tha!lK does not rela_te_
sion of PEGs from protein surfaces loweys at the surface, to th_e conventional concept of_partltlor!lng. By thus defining
the cosolvent exclusion may cause the negaliye. K, Fig. 5 presents.the redrawing of Fig. 2 based upon KB

With regards tdb), osmotic stress analysis assumed tha heory. By comparison, LBI.DM captures the _feature thqt for
the preferential hydration parameter is determined by protei rge. crqwders, the excluspn of croyvders IS the,domlnant
hydration'®~?! However, as shown in Figs. 3 and 4, the con-¢ontribution to the preferential hydration. In Fig. i85, , an
tribution from hydration is secondary for preferential hydra_exclesshlydratlpnh nufmgégm Ell_}? shell, depeﬂdiégﬁ Onhf[hﬁ
tion in PEG. The contribution from hydration becomes in-"o‘€cuiar welgm to S. This agrees wit » Whic
creasingly small as the molecular weight of PEG increases.a}ss“meOI thaii;, is constant over c_osolvent concentrations.
Therefore, Figs. 3 and 4 support the steric excluSidhand However, there are fundamental difference between the two
molecular, croWding analyséd:1718 preferential hydration theories: The former is the result of an analysis using a rig-
parameters for crowders are mainly determined by the exclu?"0YS .KB th,e o, dwr)er_eai thfe latter mvzlves heu”St'T as-
sion of crowders from protein surfaces. Figures 3 and 4 hz‘;tvﬁ?urm)t'ons'NZl andNyg In the former are the excess solva-

: e
also demonstrated clearly that there is no correlation betweelP" NUmbers in the shell, wheredls; andN; in the latter
hydration and cosolvent exclusion. represents the coordination number of the solvents. Note that

Now we compare our KB approach to LBPM. Although the KB treatment is_free from the arbitrarines_s of_a boundary
LBPM obtained unphysicas in Fig. 2, the observed domi- between the. k_lydratlon shell apd t.he bulk, which is necessary
nance of—(m;/mz)N3}; in the preferential hydration param- for the def!nmon of the coprdmaﬂon numbers. , 19-21
eter for high molecular weight PEGs is qualitatively consis-  OSMOtiC stress analysis proposed thab,=ANp,; .=
tent with the KB analysis. In LBPMND, and N7, were Howev_er, for crowders gsed often in this _anaIyS|s, the
assumed to be coordination numbers of water and cosolvel’;T\tXCIUS'On of crowders is dominant. In this casey

~ — ! 1 1 -
molecules in the hydration shell. However, prior to the ap-— _(11/N3)Nz3. This suggests that by using strongly ex
plication of KB theory?>2628the real physical meaning of cluded cosolvents, osmotic stress analysis estimates the

N, and N3 was unknown, in fact, Timashéff® suggested ﬁhgngg 02]:-,'4?0Wder exclusion rather than the change of
they have no real physical meaning. At the tifid; andNZ, ydration:

were assumed to conform to a single equafigg. (3)] and

were thus considered to be indetermin&ftsHowever,NJ}
and NJ; were replaced by well-defined physical quantites  Here we turn to low molecular weight cosolvents known
N2, andNj; when KB theory was appliefsee Eq(5)]. N5;  commonly as osmolytes.

C. Osmolytes
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K

FIG. 6. Preferential hydration of ribonuclease A in aqueous osmolyte squ] : : : :
o ! ) onger straightforward, in contrast to the simple correlation
tions interpreted by LBPMvY; (filled circle), N3, (square, —(my /mg)NJy 9 9 P

(diamond, and NJ (dashed ling are plotted from the left to the right for in Fig. 6. ThIS SuggeStS that there is .no S|m_ple relationship
trehalose, glycerol, sucrose, glucosd, at my=1 molal were calculated D€tweenN;; andNy; as was assumed in previous thermody-
from experimental datéRefs. 52—55 namic models.

. . . ] D. Interpretation via covolumes
Figure 6 shows the preferential hydration of ribonu-

clease A in the presence of trehalose, sucrose, glucose and 1he role of cosolvents on preferential hydrr;ltign has been

glycerol interpreted by LBPM. The preferential hydration pa-2nalyzed by molecular crowding approacfiés” Here |

rameter v} (in the molality scalg is the sum of a large present a comparison between molecular crowding and the

positive contribution fronN{, and a large negative contribu- KB @pproaches. _

tion from — (m, /mz)Nf. In Fig. 7, the same set of systems At low cosolvent concentratiorfs

is analyzed by KB theory, where the preferential hydration n, 0 0

parameter(in the molarity scalgis shown to be a sum of (— n_3N23) :nlNAf dr[1—gx4(r)] (14)

positive contributions fromN5, and —(n;/n3)Nj;. The

positive sign of the latter, again, suggests that the osmolytederived from Eq.(7). This quantity is proportional to the

are excluded from protein surfaces. However, in contrast t§econd virial cross coefficient

the case of crowder®EGS$, the contribution from osmolyte

exclusion is not dominant. The contribution from hydration B,s= NAJ dr[l—ggs(r)]. (15

cannot be ignored in the preferential hydration parameter for

low molecular weight osmolytes as seen in Fig. 7. ThereforeB23 is determined mainly by protein-cosolvent covolume de-

molecular crowding, steric exclusion, osmotic stress andined in molecular crowding analysis:'"*%4° Protein-

LBPM approaches do not give an accurate description of th€osolvent covolume is the volume around the protein in

preferentia| hydration in the presence of osm0|ytes_ which the cosolvents are not accessible. Molecular crowding
Previously, Timasheff and co-workéfs*® attributed the ~analysis shows that this covolume determinds,;

preferential hydration parameters in the presence of sugafminantly>’+"-*#4*This B, in molecular crowding analy-

and polyols to the change in binding of these osmolytes t&iS is the dominant contribution to preferential hydration

proteins. This analysis assumed that protein hydration doe@arametef. This means

not change when the osmolytes are added. The validity of V01:n1823! (16)

this assumption is examined in Fig. 7 which suggests that

hydration has a minor dependence on the chemical nature #fhich, in the framework of KB theory, can be generalized

the osmolytes. More importantly, Fig. 7 illustrates that theinto finite cosolvent concentration as

correlation betweerk and the preferential hydration is no Vo= —nN;Gos, (17)

where G,3=Ny3/n5 is called the KB parameter, which at

n;—0 satisfiesG ;= — Bys.
roor T Figures 8 and 9 compare the preferential hydration pa-
£ ] rameter with the contribution from th@,; in the presence of
“g e Bp- ] PEGs. These figures show that the larger the PEG is at a
% ~~~~~~~~~~~~~ G- ] given w/v concentration, the more dominantn;G,; be-
05 - 53 comes in the preferential hydration parameter. It is not clear,
K however, why this approximatidreq. (17)] works better for

FIG. 7. Preferential hydration of ribonuclease@. Fig. 6 interpreted vi ribonuclease A than BSA. Further studies involving simula-
. (. Preterential nydration of rioonucleas . FIg. Interpretead via . . . . _
KB theory, plotted against the partition coefficisqtlefined by Eq(13). vy tions will b_e necessary to address this questloq. For IOW_ mo
(filled circle), N3, (squarg, and —(n, /nz)Njs (diamond. Ve were taken I?CUIar weight osmolytes, Fig. 10 S.hOWS that this approxima-
from Ref. 32. tion [Eq. (17)] grossly overestimates the preferential
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20000 ——T—— reasonable reparameterization of the excluded volume, be-
i 1 cause its contribution to the preferential hydration parameter
is shown to be small for large crowders.
The change of preferential hydration parameter has often
[ 1 been attributed to the change of hydratiér??in contrast to
: . molecular crowding and steric exclusion analyses. However,
L ] our _ana_lysis does r_10t suppo_rt the dominance of protein hy-
8000 2000 6000 d_ratlon in prefe_rent|al hydration parameters, as was already
Mol. wt. of PEG (g/mol) discussed previously by one of trs. o _
We believe that the analyses presented in this paper will
FIG. 9. Comparison between preferential hydration parameter(filled be useful in the interpretation of cosolvent-induced equilib-
circle) and contribution from-n, Gy (triangle via KB theory, for the same  rium shifts routinely exploited for protein stabilization both
system as Fig. 4. in laboratories as well as in the cells surviving under
adapted tpextreme conditiond-®

mol/mol
>
=
[l
[

. : . Note added in proof.
hydration parameter. This tendency becomes more prominent “It should be pointed out that Eq(16) is accurate if

for osmolytes whose preferential hydration parameter isrvgl|>|ngvg|_ This can be derived from Eqé5) and (6) at

smaller. ) ) n;—0. Further application and generalization of this rela-
The above observation applies for lower cosolvent conyjgnship to the cosolvent-induced equilibrium shifts will be
centrations(data not shown It therefore suggests that the reported elsewhere.

covolume (second virial approximation[Eq. (16)] used in

molecular crowding analysis is an excellent approximation

for large crowders. For the small osmolytes, although thexckNOWLEDGMENTS
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