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ABSTRACT. Current views about protetrligand interactions state that electrostatic forces drive the binding

of charged species and that burial of hydrophobic and polar surfaces controls the heat capacity change
associated with the reaction. For the interaction of a protein with a monovalent cation the electrostatic
components are expected to be significant due to the ionic nature of the ligand, whereas the heat capacity
change is expected to be small due to the size of the surface area involved in the recognition event. The
physiologically important interaction of Nawith thrombin was studied over the temperature range from

5to 45°C and the ionic strength range from 50 to 800 mM. These measurements reveal an unanticipated
result that bears quite generally on studies of molecular recognition and protein folding. Binding of Na

to thrombin is characterized by a modest dependence on ionic strength but a large and negative heat
capacity change of-1.1 & 0.1 kcal mot! K=1. The small electrostatic coupling can be explained in
terms of a minimal perturbation of the ionic atmosphere of the protein updrbMaing. The large heat
capacity change, however, is difficult to reconcile with current views on the origin of this effect from
surface area changes or large folding transitions coupled to binding. It is proposed that this change is
linked to burial of a large cluster of water molecules in the"Manding pocket upon Nabinding. Due

to their reduced mobility and highly ordered structure, water molecules sequestered in the interior of a
protein must have a lower heat capacity compared to those on the surface of a protein or in the bulk
solvent. Hence, a binding or folding event where water molecules are buried may result in significant
heat capacity changes independent of changes in exposed hydrophobic surface or coupled conformational
transitions.

Monovalent cation binding to proteins is a widespread studied for a long time and in a number of systems,
phenomenon and plays a particularly important role in the remarkably little is known on the energetics of the binding
enhancement of catalytic activity for over a hundred enzymesinteraction of K or Na* with proteins. These studies are
(Suelter, 1970). This effect is typically accomplished by K absolutely necessary to understand struetfwaction rela-
through essentially two mechanisms. In one mechanism,tions in detail but face intrinsically difficult problems. First,
found predominantly in ATPases, *Kforms a ternary  specific effects need to be distinguished from nonspecific
complex with the enzyme and the substrate. In the otherionic strength effects. Second, the equilibrium components
mechanism, documented by pyruvate kinasg bitds to a of the interaction need to be derived from the kinetic
distinct site and influences the activity of the enzyme in an quantities that are accessible to experimental measurements.
allosteric fashion. N&activated enzymes are fewer in  Third, the paucity of structural data on monovalent cation
number and are involved in the blood coagulation and binding sites makes it difficult to identify the molecular origin
complement cascades (Dang & Di Cera, 1996). In thrombin, of the effects.

the mechanism of activation is allosteric becausé biads The first problem is overcome by studying the properties

to asite that is about 15 A away from the catalytic triad and of he enzyme in the presence of suitable “inert” monovalent
5-15 A away from the specificity sites (Di Cera etal., 1995). cations, typically tetraalkylammonium salts, that are too
Binding of Na" induces a transition from the slow to the ,ky to bind specifically to the protein (Collins & Washa-
fast form (Wells & Di Cera, 1992) and contributes to the 5,91 1985; Collins, 1995). The activity measured in the
physiologically crucial conversion of thrombin from an  presence of the inert cation gives a reference for what is to
anticoagulant to a procoagulant factor (Dang et al., 1995). e expected from purely nonspecific ionic strength effects
Although the kinetic aspects linked to the allosteric (Suelter, 1974; Wells & Di Cera, 1992). The second problem
activation of enzymes by monovalent cations have beenhas been much harder to overcome. Typically, the binding
of K* or Na' to a protein does not produce suitable spectral
t This work was supported in part by NIH Research Grant HL49413 changes and occurs with dissociation constants in the
and by a grant from the American Heart Association. E.D.C. is an millimolar range, which makes the experimental approach
Established Investigator of the American Heart Association and based on calorimetry practically impossible. Hence, a
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* Address correspondence to this author. thermodynamic analysis must pursue the effects of monova-
® Abstract published irAdvance ACS Abstractsuly 1, 1996. lent cations on the kinetic properties of the enzyme that can
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be extraordinarily complex. Important theoretical progress conditions of 5 mM Tris and 0.1% PEG, pH 8.0, at Z5.
made recently in this area shows that the binding propertiesAt each value of ionic strength, the concentration ofNa
of a monovalent cation acting as an allosteric effector can was changed by diluting NaCl with ChCI.

be derived from measurements of the specificity constant The release gb-nitroaniline following hydrolysis of FPR
keafKm Of the enzyme in a relatively straightforward manner by thrombin was quantified from analysis of progress curves
(Di Cera et al., 1996). These developments simplify the (Dang et al., 1995) using KINSIM and FITSIM (Barshop et
study of the binding energetics and open the way to a detailedal., 1983; Zimmerle & Frieden, 1989). The valueskaf/
characterization of the physical basis of Knd N& binding Km derived from analysis of progress curves of FPR
to enzymes in general. Finally, much progress has also beerhydrolysis as a function of Naconcentration were analyzed
made in the structural characterization of binding sites for according to the equation (Di Cera et al., 1996)

K* and Na. KT binding sites have been documented for

pyruvate kinase (Larsen et al., 1994), dialkylglycine decar- S+ sli

boxylase (Hohenester et al., 1994; Toney et al., 1993), the Etz 5= Ka 1)
molecular chaperone Hsc70 (Wilbanks & McKay, 1995), and Kn 14 X

fructose 1,6-diphosphatase (Villeret et al., 1995). Thé Na Kq

binding site of thrombin has been identified (Di Cera et al.,
1995; Nayal & Di Cera, 1996) and so has the'Nsnding wheres, ands; are the values of the specificity constant
site of factor Xa (Tu"nsky, persona| Communicaﬂon)_ in the slow and fast forms, i.e., in the absence and under

These recent developments enable a quantitative analysi$aturating concentrations of Ngwells & Di Cera, 1992),
of the energetic basis of monovalent cation specificity in aiS the equilibrium dissociation constant for Neinding,

proteins. In this study we present a detailed characterization@ndx iS the Na concentration. The derivation of eq 1, which
of thrombin interaction with N& Here we unravel unan-  Simplifies considerably the analysis of allosteric effects in

ticipated aspects of the energetics of thrombita" interac- serine proteases like thrombin, is given elsewhere (Di Cera
tion that may be paradigmatic of proteimonovalent cation &t al-, 1996). Independent estimateskof were obtained

interactions in general and also bear on studies of molecularVith the other chromogenic substrates VPR, S2238, and
recognition and protein folding. Spectrozym-TH and also from the equilibrium linkage

between Na binding and the inhibition of thrombin activity
MATERIALS AND METHODS by the hirudin N-terminal fragment-149, as described in
detail elsewhere (Ayala & Di Cera, 1994; Ayala et al., 1995).
Human a-thrombin was purified and tested for activity These estimates agreed quite well with those derived from
as described (Wells & Di Cera, 1992; Dang & Di Cera, eq 1 for FPR and with results of fluorescence and steady-
1994). The chromogenic substrates FRRRd VPR were  state measurements reported previously under identical
synthesized by solid phase by Drs. John Tomich and Takeosolution conditions (Wells & Di Cera, 1992).
Iwamoto (Kansas State University, Kansas City, MO), The standard free energy for thrombiNa' interaction
whereas $2238 and Spectrozym-TH were obtained from depends on other thermodynamic quantities derived from
Chromogenix and American Diagnostica. The hirudin integration of the GibbsHelmholtz equation assuming a
N-terminal fragment +49 was prepared, purified, and tested constant heat capacity change as
for activity as described (Ayala et al., 1995). Measurements
of substrate hydrolysis were carried out under experimental 2C = RTInKq=AH — TAS=
conditions of 5 mM Tris and 0.1% PE_G, _pH 8.0, over the AC (T ~T,—Tln lg) )
temperature range from 5 to 4&. The ionic strength was P T
kept constant at 200 mM. The concentration oftNeas o
changed by diluting NaCl with ChCI. The pH was precisely The characteristic temperature vallgsandTsare the valu_es
adjusted at room temperature to obtain the value of 8.0 atof T where the blndlng en'thalpy or entropy vanishes
the desired temperature. Tris buffer haska g 8.06 at 25 respectively. In _pa_rhcula_rTH is the absolute temperature_
°C, and a temperature coefficient BpKJAT = —0.027 Whe_re the equilibrium dissociation constant assumes its
(Stoll & Blanchard, 1990). These properties ensured buffer- Minimum value. _
ing over the entire temperature range examined. Possible The ionic strength dependence of the thromiita"™
complicating effects due to ionization of Tris buffer were Interaction was analyzed according to the expression
tested by carrying out similar measurements in the presence —InKy=A,+TInl (3)
of HEPES, which has a lower heat of ionization (Stoll &
Blanchard, 1990). No significant difference was found This is essentially the Taylor expansion of the functieln
between results obtained in the two buffers. The stability Kqaround the logarithm df =1 M, where—In Kq = Ao. T’
of thrombin was checked over the entire temperature rangeis the phenomenological coefficient quantifying the change
examined, as described (Ayala et al., 1995). Measurementsn —In K4 due to a change in Ihand represents a rigorous
of substrate hydrolysis were also carried out as a function thermodynamic measure of the effect of salt concentrations
of ionic strength, from 50 to 800 mM, under experimental on binding equilibria (Record & Anderson, 1995; Di Cera,
1995). The value of in the case of Nabinding depends
solely on electrostatic components and screening effects.

1 Abbreviations: Ch, choline; FPR, BHPhe-Pro-Argg-nitroanilide;
HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; PEG,

poly(ethylene glycol); S2238, Id-Phe-pipecolyl-Argp-nitroanilide; RESULTS
Spectrozym-TH, Hs-hexahydrotyrosyl-Ala-Args-nitroanilide; Tris, e
tris(hydroxymethyl)aminomethane; VPR, t4Val-Pro-Argp-nitro- The dependence of the specificity constant for the hy-

anilide. drolysis of FPR, VPR, S2238, and Spectrozym-TH by
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Ficure 1: Effect of Na on the specificity constarst= kea/Kn, for

the hydrolysis of FPR®), VPR (©), Spectrozym-TH M), and
S2238 ) by thrombin. Experimental conditions are 5 mM Tris,
0.1% PEG, pH 8.0, 25C, andl = 0.2 M kept constant with ChCI.
The continuous lines were drawn according to eq 1 in the text,
with best-fit parameter values; = 3.1+ 0.9uM1s1 5 = 32
+1uM~1s1 Ky=28+5mM (FPR);s,= 3.8+ 0.6uM-1s71,
$=37+1uM1s 1 K4=29+3mM (VPR);55=3+ 1uM™?

s, =40+ 1uM1s1 Ky= 314+ 5 mM (Spectrozym-TH);
$=67+£08uM1s%5=80+t1uM1s 1 Ky=29+2mM
(S2238).

thrombin on the concentration of Né shown in Figure 1.

In all cases the data obey eq 1 and yield an unequivocal
determination of the&Ky for Na™ binding, which is also in
good agreement with previous determinations obtained from
extensive linkage studies and fluorescence titrations (Wells
& Di Cera, 1992; Ayala & Di Cera, 1994). The temperature
dependence of thi€, for Na* binding to thrombin is shown

in Figure 2. These data extend previous work on the
temperature dependencekqfthat was limited to a narrower
temperature range (335 °C) because of technical difficul-
ties with fluorescence and steady-state determinations (Well
& Di Cera, 1992). The van't Hoff plot is significantly

0.15

capacity change. Independent determination&gofrom
equilibrium linkage analysis of the binding of the hirudin
N-terminal fragment £49 are also given in Figure 2 and
agree very well with those determined from kinetic measure-
ments using eq 1. A fit to both data sets yields a value of
AC, = —1.1 £ 0.1 kcal mot! K1 and characteristic
temperature§y = 287.1+ 0.9 K andTs = 289.0+ 0.9 K.
Fitting of the separate data sets yiel8i§, = —1.19+ 0.09
kcal molrt K1, Ty = 288.34+ 0.8 K, andTs= 290.24+ 0.7
K for the kinetic data and\C, = —1.2 + 0.2 kcal mot?
K1, Ty = 287 + 1 K, andTs = 288 + 1 K for the
equilibrium data, confirming the consistency of the results.
The remarkable consequence of the temperature depen
dence of N& binding to thrombin is thaKq increases from
27 mM at 25°C to 113 mM at 37°C. This result has an
important bearing on studies of structtfeinction relations
for this enzyme. Under physiological concentrations of NaCl
(145 mM) the fast form is only populated by 56% of the
molecules at 37C, as opposed to nearly 85% at 26.
Hence, the properties of thromkiim vivo are the average of

S
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Ficure 2: van't Hoff plot for the binding of N& to thrombin
spanning the temperature range from 5 to°@s Experimental
conditions are 5 mM Tris, 0.1% PEG, pH 8.0, ahe= 0.2 M.
Data points were obtained from kinetic linkage analysis of the effect
of Na' on the hydrolysis of FPR&), or equilibrium linkage analysis

of the effect of Na on the binding of the hirudin N-terminal
fragment +-49 (O). The curvature in the plot indicates the presence
of a large and negative heat capacity change linked tobitading.

The continuous line was drawn according to eq 2 in the text, as
the best fit to both data sets with parameter valud€, = —1.1

+ 0.1 kcal mof! K=1, Ty = 287.1+ 0.9 K, andTs = 289.0+ 0.9

K.

3.5 3.6 3.7

those of the slow and fast forms, while those measured at
room temperature reflect predominantly the contribution of
the fast form. Studies that fail to recognize the contribution
of the slow and fast forms and the fact that this contribution
changes with temperature and salt conditions can provide at
best only a superficial understanding of structuienction
relations for this important enzyme.

TheKq4 for Nat was also measured as a function of ionic
strength in the range from 50 to 800 mM. Below 50 mM
the value oKy could not be measured accurately in view of

nonlinear, signaling the presence of a large and negative heaf"® Small difference between the specificity valsgands,

in eq 1 and the comparable valueskqgfandl. The results
are shown in Figure 3. The value bfin eq 4 is—0.25+
0.05, implying a modest contribution from electrostatic
forces. In fact, a change {4 by a factor of 10 requires a
change in ionic strength by a factor of 10 000. Similar
coefficients have been measured for the interaction of
thrombin with hirudin (Stone et al., 1989) and fibrinogen
and fibrin | (Vindigni & Di Cera, 1996) and are in the range
from —2.5 to —1.5. These values are much smaller than
the number of charges involved in the recognition event. A
possible explanation is that the ionic atmosphere of thrombin
is affected only slightly by these binding interactions. This

conclusion is supported by extensive electrostatic calculations

of thrombin interaction with hirudin, hirudin fragments, and
Nat to be presented elsewhere (Nayal and Di Cera, in
preparation).

DISCUSSION

Current theories on the origin of monovalent cation
specificity in proteins emphasize the role of electrostatic
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Ficure 3: Effect of ionic strength on the binding of Nao
thrombin. Experimental conditions are 5 mM Tris, 0.1% PEG, pH
8.0, and 25°C. The continuous line was drawn according to eq 3
in the text, with best-fit parameter value8y = 1.39+ 0.04," = FiGurRE 4: Molecular environment of the Nabinding site of
—0.25+ 0.05. thrombin (Protein Data Bank entry: 1hah.pdb). The sequence 215
226 comprises the Nabinding loop (Di Cera et al., 1995). The
forces (Suelter, 1974; Eisenman & Dani, 1987). Weak b?unzdz N& (‘éasz%ray ((?irde)ri]S CO(;rdingtfed by the Cafbtl)ny||0at((|2mﬁ
L ; ; of K224 and R221a (not shown) and four water molecules (light
elfctrostatlc fields from the protein preferentially thydrate gray circles) numbered 416, 419, 445, and 447 (Nayal & Di Cera,
K™ over Na" and account for the prevalence of 4activated 1996). Also shown ig8-strand 187192 that diagonally crosses
enzymes. Specific binding of Neover K" would require the Na binding site from behind. Sixteen water molecules (light
strong electrostatic fields to guarantee optimal dehydration gray circles) occupy the buried cavity delimited by the"Nénding

and preferential interaction with the protein. In the case of 100P ta“d ,thehlfg‘l% Sga”g; Th,efe W?,ter m0|eCU|et?] are elngagedd
. ; ; ; ; . in extensive hydrogen-bonding interactions among themselves an
a protein like thrombin, which binds Nawith an affinity with protein atoms and provide a network of communication among

10 times higher than K (Wells & Di Cera, 1992), these  ihe N site, the specificity site S1 (D189 on the 18792 strand),
theories predict the existence of a strong electrostatic field and other residues in and around the catalytic pocket defining the

at the level of the Nabinding site. The coupling between  allosteric coreof the enzyme (Guinto et al., 1995). Burial of these
a charged ligand like Naand a strong field from the protein water molecules may be responsible +for. the large heat capacity
should then produce a large effect of ionic strength on the change observed experimentally uponNanding.
binding interaction. because it cannot be reconciled with current theories on the
The results obtained in this study represent the first role of the hydrophobic effect in molecular recognition and
quantitative and complete characterization of the thermody- protein folding (Spolar & Record, 1994; Makhadatze &
namic driving forces responsible for a proteimonovalent Privalov, 1995). The value cAC, = —1.1 kcal mot* K1
cation interaction and provide an experimental test for the observed for N& binding to thrombin is the result of van't
predictions offered by current theories. Our results show Hoff analysis and not of direct calorimetric determinations,
that electrostatic forces do not play a major role in the which cannot be carried out in a system where the ligand
recognition of Na by thrombin. This finding, although  binds in the millimolar range. Even allowing for a possible
surprising, must be considered as paradigmatic of pretein bias of 0.2-0.4 kcal mot! K™t in the van't Hoff analysis,
monovalent cation interactions in general. The thrombin the value is comparable to that measured for the dimerization
Na' interaction involves carbonyl O atoms and water of the arc repressor (Bowie & Sauer, 1989), the tetramer-
molecules as typically seen in other proteins (Gursky et al., ization of melittin (Wilcox & Eisenberg, 1992), the folding
1992; Hohenester et al., 1994; Larsen et al., 1994; Villeret of proteins like parvalbumin (Filimonov et al., 1978) and
etal.,, 1995; Wilbanks & McKay, 1995). Furthermore, other ribonuclease A (Privalov & Gill, 1989), or the binding of
Na‘-activated enzymes like factor Xa, factor IXa, activated the hirudin N-terminal fragment-149 to thrombin (Ayala
protein C, and complement factor C1r (Dang & Di Cera, etal., 1995). In all these cases, the process is linked to burial
1996) bear high structural homology to thrombin. The rules of extended hydrophobic surface or large folding transitions.
underlying monovalent cation specificity will need to be A number of empirical expressions relate changes in polar
reformulated as more experimental data are gathered on theand nonpolar surface area with observed heat capacity
role of electrostatic effects on monovalent cation binding to changes (Spolar et al., 1989, 1992; Makhadatze & Privalov,
proteins. 1990, 1995; Livingstone et al., 1991; Murphy et al., 1992,
The modest effect of ionic strength on Nainding to 1993). For a change of1.1 kcal mot? K1, the predicted
thrombin is contrasted by the conspicuous effect of temper- nonpolar surface buried upon binding must be on the order
ature. The large and negative heat capacity change posesf 2600 & (Makhadatze & Privalov, 1995). This value is
intriguing questions as to its possible molecular origin, unrealistically high for the thrombiaNa* interaction, be-
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cause it is nearly 35% of the entire accessible hydrophobic Collins, K. D., & Washabaugh, M. W. (1988). Re. Biophys.
surface area of the enzyme (Ayala et al., 1995). Alterna- _ 18 323-422. _
tively, a large heat capacity change can arise from coupled2219: Q- D., & Di Cera, E. (1994). Protein Chem. 13367-373.

: . . Dang, Q. D., & Di Cera, E. (1996proc. Natl. Acad. Sci. U.S.A.
folding transitions (Spolar & Record, 1994). The predicted — (supmitted for publication).
number of residues that must order uponNénding can Dang, Q. D., Vindigni, A., & Di Cera, E. (1995roc. Natl. Acad.
be calculated to be about 70. One is then bound to conclude Sci. U.S.A. 925977-5981. ) o
that the slow form of thrombin is more disordered than the Di Cera, E. (1995Fhermodynamic Theory of Site Specific Binding
fast form and that Nabinding causes nearly 25% of the Efgiﬁ%%%muaflog'cal Macromolecu/@ambridge University,
enzyme to fold. This scenario is unrealistic in view of the pj Cera, E., Guinto, E. R., Vindigni, A., Dang, Q. D., Ayala, Y.,
highly constrained environment of the Nhinding site (Di Wuyi, M., & Tulinsky, A. ( 1995)J. Biol. Chem. 27022089
Cera et al., 1995) and is also inconsistent with circular  22092.

dichroism studies demonstrating that the fast form is actually Di €era, E., Hopfner, K.-P., & Dang, Q. D. (199Bjophys. J. 70

more disordered than the slow form (Ayala & Di Cera, 1994, Ed%s;ﬁ_?% (1935). Am. Chem. Soc. 51506-1507.
Di Cera et al., 1995). Edsall, J. T., & Wyman, J. (1958) iBiophysical Chemistty

We speculate that the predominant origin of the large heat Academic Press, New York.

capacity change upon Nainding to thrombin must be found ~ Eisenman, G., & Dani, J. A. (198Annu. Re. Biophys. Biophys.
in the conspicuous water channel that embeds thé Na _Chem. 16205-226. .

. . . Filimonov, V. V., Pfeil, W., Tsalkova, T. N., & Privalov, P. L.
environment (see F|gur§ 4)._ The _hyd_rogen-bondmg network (1978) Biophys. Chem. 8117—124.
of the water molecules in this region is remarkably complex Guinto, E. R., Vindigni, A., Ayala, Y., Dang, Q. D., & Di Cera, E.
and bridges residues of the enzyme that could not interact (1995)Proc. Natl. Acad. Sci. U.S.A. 921185-11189.
otherwise. This network of buried water molecules may be Gqusgy’ gd’zlkiéfi’ Badger, J., & Caspar, D. L. D. (19%ipphys.
affected significantly upon rglease of Na Ind.eed’ the Hoﬁenlester, E., Keller, J. W., & Jansonius, J. N. (19Birhem-
crystal structure of a thrombin mutant defective for'Na istry 33 13561-13570.
binding indicates that most of these buried water molecules Larsen, T. M., Laughlin, L. T., Holden, H. M., Rayment, I., & Reed,
are missing when Nais not bound (Tulinsky and Di Cera, ~G. H. (1994)Biochemistry 336301-6309.
in preparation). The structure of the slow form (Nsee) ~ Livingstone, J. R., Spolar, R. S., & Record, M. T., Jr. (1991)
of the wild type will test our hypothesis directly. Miﬁgggg‘ftg ?ngsr?;;%yﬁ, L :

) : ,G. 1., , P. L. (1990) Mol. Biol. 213 375~

Solvation of charged and polar groups is a process 3gg4.
accompanied by a negative heat capacity change, theMakhadatze, G. I., & Privalov, P. L. (199%dv. Protein Chem.
magnitude of which is small and precisely known only for 47, 307-425. _ _ _
simple molecules (Edsall, 1935; Edsall & Wyman, 1958). MUBrPrl‘y*zzK? 263%%%“5”" V., Xie, D., & Freire, E. (1992) Mol.
The thermodynamic signatures of solvation of polar groups Murlp?h'y, K.’P., Xie, D'., Garcia, K. C., Amzel, L. M., & Freire, E.
must depend on where these groups are located. In the (1993)Proteins: Struct., Funct., Genet. 1513-120.
interior of a protein, as is the case for the™Nainding site Nayal, M., & Di Cera, E. (1996)). Mol. Biol. 256 228-234.
of thrombin, solvating water molecules experience a drastic Privalov, P. L., & Gill, S. J. (19887dv. Protein Chem. 39191~
er_ltropy loss compared to pulk water. This is in contrast Record, M. T., Jr., & Anderson, C. F. (199Bjophys. J. 68786
with water molecules solvating groups on the surface of a 594
protein. Likewise, the heat capacity of water molecules Spolar, R. S., & Record, M. T., Jr. (1998Fience 263777—784.
sequestered in the interior of a protein must be significantly Spolar, R. S., Ha, J. H., & Record, M. T., Jr. (198%)pc. Natl.
lower than that of water molecules in the bulk solvent, _ Acad. Sci. U.S.A. 86B382-8385.
because of their reduced mobility and more ordered structure. Sl V- S., & Blanchard, J. S. (1998)ethods Enzymol. 1824~
Burial of water molecules linked to ligand binding or protein - sione, s. R., Dennis, S., & Hofsteenge, J. (1@B@Ehemistry 28
folding may then result in large and negative heat capacity 6857-6863.
changes and contribute significantly to the effects of thermal Suelter, C. H. (1970Bcience 168789-795.
transitions observed experimentally. This possibility needs Suelter, C. H. (1974) iMetal lons in Biological System#larcel
to be kept in mind when interpreting heat capacity changes ., Dkker, New york.

. . . . . . Toney, M. D., Hohenester, E., Cowan, S. W., & Jansonius, J. N.
due to ligand binding or protein folding, especially if there  (1993)Science 261756-759.

is structural evidence of buried water molecules. Villeret, V., Huang, S., Fromm, H. J., & Lipscomb, W. N. (1995)
Proc. Natl. Acad. Sci. U.S.A. 98916-8920.
REFERENCES Vindigni, A., & Di Cera, E. (1996Biochemistry 354417-4426.

) ) Wells, C. M., & Di Cera, E. (1992Biochemistry 311172+11730.
Ayala, Y. M., & Di Cera, E. (1994). Mol. Biol. 235 733-746. Wilbanks, S. M., & McKay, D. B. (1995)). Biol. Chem. 270

Ayala, Y. M., Vindigni, A., Nayal, M., Spolar, R. S., Record, M. 2251-2257.
T., Jr., & Di Cera, E. (1995). Mol. Biol. 254 787-798. Wilcox, W., & Eisenberg, D. (1992Protein Sci. 1 641—-650.
Barshop, B. A., Wrenn, R. F., & Frieden, C. (198®)al. Biochem. Zimmerle, C. T., & Frieden, C. (198®iochem. J. 258381~
130, 134-145. 387.

Bowie, J. U., & Sauer, R. T. (198Biochemistry 287139-7143.
Collins, K. D. (1995)Proc. Natl. Acad. Sci. U.S.A. 98553-5557. BI19608828



