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Abstract

The thermodynamic and extra-thermodynamic dependencies of five types of cytoahinmeter—acetonitrile mixtures of different
composition in the presence of immobiliseébctyl ligands as a function of temperature from 278K to 338 K have been investigated. The
corresponding enthalpic, entropic and heat capacity paramatéis,,, AS;s,andAC;, have been evaluated from the observed non-linear
Van't Hoff plots of these globular proteins in these heterogeneous systems. The relationships between the free energy dependencies, various
molecular parameters and extra-thermodynamic dependencies (empirical correlations) of these protein—non-polar ligand interactions have alsc
been examined. Thus, the involvement of enthalpy-entropy compensation effects has been documented for the binding of theseaytochrome
to solvatech-octyl ligands. Moreover, the results confirm that this experimental approach permits changes in molecular surface area due to the
unfolding of these proteins on association with non-polar ligands as a function of temperature to be correlated with other biophysical properties.
This study thus provides a general procedure whereby the corresponding free energy dependencies of globular proteins on association with
solvated non-polar ligands in heterogeneous two-phase systems can be quantitatively evaluated in terms of fundamental molecular parameters
© 2005 Published by Elsevier B.V.
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1. Introduction proteins can be purified in their bioactive state at laboratory
scale under one set of reversed-phase liquid chromatographic
Elucidation and quantitation of the molecular and atomic (RPC) or hydrophobic interaction chromatographic (HIC)
processes that control the folding and/or unfolding of proteins conditions, yet under another set of conditions, which dif-
in bulk solution and at liquid/solid or liquid/liquid interfaces fer only slightly in terms of temperature or the concentration
currently represents an area of intense research interest. Arisef an organic solvent or salt, the same proteins are denatured
ing fromthese studies, a variety of paradoxical situations have [1-3]. Addition of an organic solvent, such as acetonitrile or
been documented when globular proteins are exposed to ormethanol, to an aqueous solution is known to reduce the sur-
ganic solvents or other substances, particularly if a non-polar face tension of the mixture, leading to a lower temperature at
sorbent surface is also involved. For example, many globular which denaturation of a protein can occur. Other studies have
shown[4,5] that at relatively high concentrations of acetoni-
* Corresponding author. Tel.: +61 3 9905 4547; fax: +61 39905 8501, trile or some other solvents they can act as denaturants for
E-mail addressmilton.hearn@sci.monash.edu.au (M.T.W. Hearn). many globular proteins at higher temperatures, yet the ther-
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modynamic stability of the same proteins can be increasedthat the ranges of temperature and solvent compositions over
over a defined temperature range by lower concentrations ofwhich these stabilisation changes occur or protein—ligand as-
these solvents. sociation binding constants reach maximal values cannot be

With bulk water—organic solvent systems, changes in the predicted with any accuracy from such empirical procedures.
thermodynamic parameters associated with protein—ligand By convention, when immobilised ligands (syn. ligates)
interactions or protein unfolding/refolding processes are typ- are present as part of a heterogeneous liquid-solid system
ically described in terms of the Gibbs—Helmholtz equation, of defined solvent composition, temperature, pH and phase
suchthatthe changein the free energy of associatiGi ratio, @, (=Vs/Vm, whereVs andVy are the volume of the
or the change in the free energy of unfolding (denaturation), immobilised ligands on an inert solid support material and
AGyhoia @S @ function of the temperatufg(in K), can be the volume of the bulk liquid in the system, respectively),
expressed by Eqél) and(2) respectively: then the equilibrium association constaKsses for the

. R . protein—ligand interaction can be evaluaféfifrom knowl-
AGassoc= AHassoc— TASassoc 1) edge of the number of moles of the protein that exists in
AGS oig = AHS o — TAS rord ) _the bognd bs) and free @M) states and the 'unitless bind-

ing variable (also known in a chromatographic context as the

In the case of reversible, equilibrium protein-ligand interac- retention factork (=[(ns/nv) x @]) such that:

tions, evaluation oA G54 cpermits the change in enthalpy

of association and change in entropy of associattol,. . IN Kassoc= INk —In® = — AGassoc (5)
and A Seeocrespectively, to be determined, whilst for the RT

protein unfolding case measurementaf; 4 Permitsthe  Under isothermic binding conditions, plots ofdwersus 1T
corresponding enthalpicd\(H ;) and entropic £S c4) for the interaction of low molecular weight pharmaceutical

terms to be quantified. For a solution of fixed composition compounds and amino acids with immobilised non-polar lig-
and pH, the binding of a protein to a specific ligand under ands take the form of the well known linear Van't Hoff depen-
‘near-equilibrium’ conditions can be expressed in terms of dency with theA HZ., @ndA S5 values determined by lin-

the dependency of the concentrations of the protein in the ear regression analysis from the respective slope and intercept
bound and free state, such that the relationship between thesalues. Data derived from several stud&3 ,8]have demon-

equilibrium association constattssos aNdA GggodSgiven  strated that changes ih at specified solvent compositions

by: are usually small (i.e<+10%) over the examined range
[Ploound  ace kT whenn-alkylsilicas are used_, suggesting that the contribution

Kassom =g " rasso 3 ofIn @ termto the Irkvalues is small and essentially constant.

These studies have also indicated that the partial molar vol-
Corresponding expressions can be employed to describe theimes,vp, of peptides and proteins only vary to a very small
unfolding of a protein in bulk solution or when bound to extent (i.e. <5%) in the pressure range~f20-250 bar and

immobilised ligands, such that even smaller changes i, were predicted to occur for small
[Plunfold - orgqnic .moIeCL.JIes. Howev_er, in an incregsing number of in-

Kunfold = Pl = e 2Gunfold/ 4 vestigations with polypeptides and proteins when bound to
[Plnative non-polar ligands in batch adsorption studies or when sepa-

Previously, the thermodynamic properties of many globu- rated under high-performance RPC or HIC conditions, signif-
lar proteins in association with the surrounding solvent or icant divergences from this ideal behaviour have been found
with free and/or immobilised ligands have often been as- with the corresponding Van't Hoff behaviour exhibiting non-

sumed to be invariant with respect to the temperaflyef linear dependencies dhand solvent composition with the
the system. As a consequence, the contributions from the cor-corresponding enthalpiey H3q . €Ntropic A Sg¢¢o and heat
responding changes in enthalp¥ K350 AH 0 q) @Nd capacity, AC, terms all showing strong temperature depen-

entropy (A S3ssocOr AShi0ig) 10 the overall Gibbs free en-  dencied2,5,7,8] In order to provide a more quantitative de-
ergy change associated with the protein—ligand interaction scription of the effect of co-solvents @ron the stability of

or protein unfolding have also been considered to be inde- globular proteins in the presence of non-polar ligands, we
pendent ofT. In such cases, the change in the heat capacity have utilized in this investigation a recently developed exper-
of the systemAC;, will also be temperature-independent. imental approacffi7] to quantitatively assess the magnitude
Based on these considerations, data obtained under one seif the changes in several molecular properties, including the
of solvent- and temperature-conditions have been extrapo-accessible surface area, when equine cytochroongolds
lated in order to predict experimental conditions that could due to variations in the temperature of the surrounding sol-
be more favourable for the stabilisation of the protein of in- ventand associated micro-environment. In particular, this ap-
terest in solution or to maximise the association free energy proach has permitted the thermodynamic changes associated
change for interaction of the protein with a specific ligand in with the unfolding of this and several homologous proteins
the free or immobilised state at a liquid/solid interface. Ex- to be determined in the presence of immobiliseaktyl lig-
perimentally, the observation has, however, often been madeands over the temperature range 278—-338 K. Moreover, these
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studies with cytochrome homologues have permitted the andHephaestusoftware developed in this laboratory, cou-
impact of individual amino acid substitutions on the respec- pled to the Microsoft Excel 5.0 program whilst the statistical
tive free energy and extra-thermodynamic dependencies to beanalysis involved the Jandel Scientific Sigma plot 4.01 linear
evaluated. These investigations have thus validated a generadnd non-linear regression analysis.
experimental procedure for the quantitative assessment of the Molecular modelling studies were carried out using the
temperature-dependent behaviour of families of globular or CS Chem3D Pro 4.0 software (CambridgeSoft, Cambridge,
non-globular proteins on association with non-polar ligands MA, USA). The molecular surface are@\Amnq, Solvent
as the composition of the surrounding solvent is adjusted. accessible surface areaAson, and hydrophobic surface
area,AAnydr, of the cytochromes in their folded (globular)
conformation were calculated according to the procedures of
2. Experimental Eisenhaber and Argd®] from X-ray crystallographic and
homology modelling data, whilst the corresponding surface
Acetonitrile (ACN) and methanol (HPLC grade) were ob- areas for the cytochrones in their unfolded conformation
tained from Biolab Scientific (Melbourne, Australia) and tri- were calculated according to the procedures described
fluoroacetic acid (TFA) from Auspep (Melbourne, Australia). by Creighton[10], based on the average hydrodynamic
Water was double distilled and deionized using a Milli-Q properties of these proteirjd¢1] using the procedures of
system (Millipore, Bedford, MA, USA). The cytochrones [12]. Hydrophobic moments were calculated according to
from different speciesBos Taurugbovine),Canis lupus fa- the methods of Eisenberg and coworkai3]. The molecular
miliaris (canine),Gallus gallus(chicken),Equus caballus = masses of the purified cytochronee were determined by
(equine), andrhunnus alalungdtuna) were obtained from  ESI-MS using a Micromass platform (ll) quadrupole MS
Sigma (St. Louis, MO, USA) and were characterised by elec- with an electrospray source with Masslynx NT Ver. 3.2
trospray ionization (ESI) MS, capillary zone electrophoresis software (Micromass, Cheshire, UK). The proteins in 1:1
(CZE) and sodium dodecyl sulfate-polyacrylamide gel elec- (v/v) acetonitrile—water containing with 3% (v/v) formic acid
trophoresis (SDS-PAGE) prior to use. Bulk solvent mixtures were infused into the instrument at a speed ofulihin. The
of different compositions were filtered and degassed by sparg-ESI-MS spectra of the cytochrones were acquired at 7@C
ing with nitrogen. Allk determinations were performed with  at 55 V/50V over the mass/charge/f) range of 200—-2000.
a HP 1090/HP Chemstation instrument (Hewlett-Packard, Circular dichroism (CD) spectra in the far UV (200—250 nm)
USA) using 150x 4.6 mm |.D. columns packed with im of the cytochromes were recorded on a JASCO J-810 spec-
particle sized Zorbax 300 SB-C8 non-polar sorbent obtained tropolarimeter (Tokyo, Japan). Spectra were obtained for
from Rockland Technologies, (Littlefalls, DE, USA) oper- samples containing 842M and 1516.M of each protein in
ated at a flow rate of 1 ml/min. The experimental data were 10 mM phosphate buffer (pH 7), 30% (v/v) acetonitrile aquo-
acquired using different acetonitrile—water mixtures contain- organic solvent and 63% methanol aquo-organic solvent. CD
ing between 30 and 34% (v/v) acetonitrile and 0.09% (v/v) spectroscopy measurements were performed using a quartz
TFA and methanol-water mixtures containing between 60 cell with a path length of 2 mm. The spectra were recorded
and 65% (v/v) methanol and 0.09% (v/v) TFA at tempera- with a bandwidth of 1 nm and scanning rate of 10 nm/min.
tures between 278 and 335K in 5K increments. The tem- The resolution for the spectra (data pitch) was 0.1 nm/min.
perature was controlled by immersing the column in a ther- Acquisition of the final spectrum was an average of 5 scans
mostated coolant-jacket coupled to a recirculating cooler and corrected for backgrounds readings. Wavelength scans
(Colora Messtechnik, Lorch/Wutt, Germany). Tkealues of the spectra were studied in 10K intervals from 283K
were calculated for a standard set of operating conditionsto 333 K with the temperature controlled by a Peltier unit.
based on methods described elsewli@fd he total volume, Secondary structure calculations were performed according
VT, the stationary phase volumég, the free solvent phase to the procedures described previoudly,15]
volume,Vy, and the phase rati@, of the system using the
non-interactive solute, sodium nitrate. All retention factor
values k) were derived at least from duplicate measurements 3. Results and discussion
with the standard error of the mean (SEM) for replicates typ-
ically varying by less than 1%. In all figures presented, the  As part of our recent investigatiolfig,8,16] the thermo-
SEMs of the replicate measurements were smaller than thedynamic and extra-thermodynamic basis of the non-linear
symbols used for the data points. Protein solutions were pre-Van't Hoff behaviour of several small polypeptides in asso-
pared at a concentration of 1 mg/ml in 0.09% (v/v) TFA in ciation with non-polar ligands has been examined in different
water. All measurements were carried out under experimen-experimental systems. The present study extends these ear-
tal conditions favouring protein adsorption to the Zorbax 300 lier observations and provides a general framework to evalu-
SB-C8 non-polar sorbent within a linear region of the adsorp- ate changes in the respective thermodynamic parameters that
tion isotherm, i.e. involved between 2 an@.§ protein per g arise when globular proteins unfold in hydrophobic environ-
sorbent in each experiment. Various experimental and ther-ments as the temperature is varied. This approach has also en-
modynamic parameters were calculated usingBhdoxos abled the relationship between these thermodynamic param-
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eters and structural properties, such as the molecular contachoticeable shifts to increaseddrvalues, and thus to larger
area established between the protein and the ligand(s), to bequilibrium binding constantsssos and greater changes in
quantitatively assessed. In particular, as part of this study thethe Gibbs free energy of associatianG g, from equine
changes in the interactive behaviour of several cytochrome cytochromec to tuna or bovine cytochrone then to canine
¢s with immobilisedn-octyl ligands were determined from  and finally to chicken cytochromefor all ¢ values at a de-
the changes in the corresponding the logarithmic retention fined temperature. The Van't Hoff plots for all cytochrome
factork (In k) values as the composition of acetonitrile/water c¢ species in different solvent compositions could be fitted to
or methanol/water mixtures was varied over a narrow incre- a quadratic relationship, with correlation coefficiertse-
mental range with the temperature increased from 278 K to tween 0.9842 and 0.9994 at a 95% confidence level, i.e. for
338K in 5K increments. canine cytochromein Fig. 1A.

Moreover, in all cases, non-linear dependencies kidn
1/T for these cytochrome species were observed, reflecting
the heterothermic natufg,7] of the protein—ligand interac-
tion, i.e. a process wherebyC) # 0 and dependent of.
Similarly, the variations im\ G g5 for the protein—non-polar
ligand association as a functiondfvere also non-linear, cf.
the dependency of kon AGg...c(EQs.(3)—(5). As a con-
sequence of recent developments in the characterisation of
such heterothermic procesd@, it is possible to derive the
correspondingh Hygoe A Sass0@NAACS values for different
T and cosolvent compositions using tHhephaestusoftware
program. Plots ofA Hyio.versusT (Fig. 2A-E), ASgesoc
versusT (data not shown) andC', versusT (Fig. 3A-E)
were thus generated for all cytochromspecies. As shown
in Fig. 2A—E and Fig. 3A-E, the dependencies between
AHgssoe ASassoc(data not shown) oAC), on T at different

3.1. Protein ligand interaction in acetonitrile—water
mixtures

The Van't Hoff plots (Ink versus 1IT) for the various cy-
tochromec species determined with these slightly different
acetonitrile—water compositions are shownFiy. 1A-E.
Under the standard operating conditions emplojgjdthe
comparative variations in the shape of the Van't Hoff plots
for a series of homologous proteins reflect differences in
protein—ligand interactions that have their origin in the nature
and extent of change in surface-exposure of the hydrophobic
and polar amino acid residues of the proteins. As evident
from the results shown iRig. 1A—E, although the shapes of
the Van't Hoff plots overall are similar, there are nevertheless
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Fig. 1. Van't Hoff plots of the logarithmic binding variable krvs. 1T for
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3.2. The entropy—enthalpy compensation of the
protein—non-polar ligand interaction in
acetonitrile—water mixtures

177

to the transcription factors fos'c-jun, where non-linear de-
pendencies o Hgsgoe AS3ss0c0r AC, ONT have also been
observed21]. As expected from the similarity in molecular
structures of the different cytochromepecies, the changes
(Fig. 2A-E), ASgssoc(data not shown) oAC)

(Fig. 3A—E) at differentp-values were relatively small. From
these results the conclusion can be drawn that all of the cy-
tochromecs adopt similar, relatively compact and stabilised
globular structures in these solvent combinations under the
different temperature conditions, a finding consistent with
results from circular dichroism investigations, as discussed
below.

As represented by the Gibbs—Helmholtz equation(Ey.

the change in Gibbs free energy for a protein-ligand inter-
action involves two often compensating components, the en-
tropy changeA Szssocand the enthalpy changé,Hgggo. A
negative Gibbs free energy indicates a favourable interac-
tion between ligand and prote[@22]. Fig. 4 show the plot

of ASgssocVersusA Hi o for all cytochromec species at

Fig. 3. Plots of the change in heat capaciy¢;, vs. T for canine (A),
chicken (B), tuna (C), bovine (D) and equine (E) cytochranae different
volume fractionsg, of acetonitrile in the water—organic solvent mixture.

p-values were essentially linear. Since the slopes of the plots
of AHZ, . versusT are statistically indistinguishable, this
finding indicates that C, is independent of the acetonitrile
concentration over the range of solvent compositions investi-
gated. However, the plots & Hg . andAG3440.versus the
volume fraction,p, of acetonitrile at specific temperatures
were non-linear (data not shown). From the results shown in
Fig. 2A—E and from the plots of th& Hy g .versus volume
fraction, ¢, the conclusion can be drawn that as the concen-
tration of acetonitrile increasea Hy.,fSeaches a maximum
value for each cytochrome The increase in the value of

A Hg0Up to a specifig-value at a particular value is con-
sistent with the findings of Murphil 7] whereby diminution

of the hydrophobic contribution to the association enthalpy
rather than a significant change in the hydrogen bonding con-
tribution results in the observed changesN# ;. More-
over, as evident from the plots &fG ;4. .versus the volume
fraction, g, the influence of acetonitrile as a stabilising cosol-
vent decreases as the volume fraction increases. This finding
is in accord with the known solution properties of acetoni-
trile, whereby this solvent at lower concentrations prefers
to form cosolvent clusters with itself due to dipole—dipole
interactions and charge repulsion effects rather than disrupt-
ing the hydrogen bonding or salt-bridging patterns of pro-
teins[2,8,18-20] The thermodynamic behaviour exhibited
by these cytochromes is, however, substantially different to

(KJmol ")

TAS

1SS0

100

50

<

-100

-100

exothermic

endothermic

an acetonitrile—water composition @f=0.31. The linear-
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that found for some_other polypeptid_es or proteinsinthe pres- rig. 4. Entropy {AS2.,)-enthalpy A He..,) compensation plot for ca-
ence of non-polar ligands, such as insulin or mutants relatednine, chicken, tuna, bovine and equine cytochraraeag-value of 0.31.
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of these cytochromes on binding to these hydrophobic particular case these values have associated a large error,
ligands is associated with entropy—enthalpy compensation.since they were derived through extrapolation. However, in
Compensation of entropy and enthalpy is a characteristic many other cases, they are well inside the measured tem-
of any interactive system comprising multiple, weak, in- perature range. Nevertheless, they define, in a more qual-
termolecular forcef23]. Entropy—enthalpy compensation is itative sense, the temperature range of entropy—enthalpy
not a universal or thermodynamically necessary criterion for compensation.
protein interaction with non-polar ligands, but rather is de- Fig. 4can be divided into four regions, namely A, B, C and
termined by a particular pattern of molecular interactions D, by drawing vertical lines to mark another kind of compen-
[24]. The binding of a globular protein such as equine cy- sation temperatureSs (TsASgssoc= 0) and (H(A Hssoc
tochromec to immobilised ligands in any molecular sys- = 0)). In region A,A Hy.,.> O (i.e. the enthalpy change is
tem (including solvent) will be exothermic (i.&A Hyggpo< destabilizing in terms of the protein—ligand interaction) and
0, cf. Fig. 2), but will be compensated by a decrease AS3s,.> O (i.e.the entropy change is stabilizing in terms of
in entropy resulting from a reduced degree of molecular the protein—ligand interaction). In region B Hy.s,.< 0 and
flexibility. AS3ssoc> 0 (both stabilizing in terms of the protein—ligand

As evident from theA Gggqocversus the volume fraction,  interaction). Inregion CA Hgo o< O (stabilizing in terms of
¢, dependencies (data not shown), for the majority of the ex- the protein-ligand interaction) antlS..,.< 0 (destabiliz-
perimental conditions a thermodynamically favourable bind- ing in terms of the protein—ligand interaction). Finally, in re-
ing process occurs between the various cytochrosnand gion D,A Hy.o > 0 (i.e. the enthalpy change is destabilizing
the non-polar ligands. However, in the regime where steri- in terms of the protein—ligand interaction) andg..,.< 0
molar/hydrodynamic effects can make a more significant con- (destabilizing in terms of the protein-ligand interaction).
tribution to the process, i.e. within the rangekofalues be- Characteristic of each of the plots are the correspond-
tween 0 and 1, small, positiveG ;¢ values are obtained. In  ing compensation temperatures, which can be calculated
this region of the experimental conditions, more extensive un- from the following formulas, or alternatively, determined
folding of the cytochromes may occur in the bulk solvent,  graphically:
leading to less favourable interactions between the protein IR

) . . R2)

and the immobilised non-polar ligand. Due to the large neg- T = AHe  Rbo
ative AC}, the enthalpy and entropy functions are strongly assoc— Ry

forAHzeeoe=0, T =TH

temperature dependent. From the experimental data obtained ()
in the present study, it is apparent that the entropy—enthalpy —Rbyy)

compensation is confined to the temperature range betweer!’ = ASe — Rbo for ASzssoc=0, T =Ts
TcoLp andTHot. Above the hot compensation temperature, assoc RB0) 7)

ThoT, the dominant term contributing to the Gibbs energy
balance is the entropy. Here, the gain of conformational free- As for equine cytochrome, the compensation temperatures
dom, caused by raisinp> TyoT is not compensated by acor- Ts andTy follow nearly linear temperature dependencies on
responding enthalpy change. Below the cold compensationg (data not shown). Below the compensation temperature
temperatureJcoLp, the dominant term is the enthalpy con-  of Ty, =0.30)=297.9K, the interaction is entropically-driven
tribution. In this case, the interaction of the protein with the (corresponding to region A), whilst above the compensation
solvent destabilises the protein-ligand interaction, whereby temperature offy(,=0.30)=300.3K the interaction is pro-
from an energetic point of view, the protein prefers to as- gressively dominated by enthalpic processes (correspond-
sociate with the solvent rather than with the ligand, mainly ing to region C). Region B represents the narrow temper-
through the interaction of the polypeptide backbone (CONH ature range AT =2.5°C) where the transition occurs be-
groups) with the water in the eluent, despite the greater po-tween enthalpically- and entropically-driven processes for
tential to undergo unfolding processes. The significance of this protein—non-polar ligand interaction, and corresponds
entropy—enthalpy compensation in protein—ligand interac- to the maximum in the Van't Hoff plotKig. 1E) and a
tions lies in its contribution to protein stabilisation in vitro minimum in the AG3¢.,.VersusT plot (data not shown).
and in vivo in such a way that changes in the environment Protein—non-polar ligand interactions that are entropically-
result in an ability to tolerate large changes/offg..,.and or enthalpically-driven can be anticipated to result in inher-
ASgssodutare reflected in relatively small effects i 55 ently different patterns of protein stability. Thus, in principle,
[22]. For horse cytochromeat = 0.30 (data not shown) the  the maxima or minima in the respective Van't Hoff plots and
enthalpy A\ Hg..,9 versusT plots and entropy TA Sgesod AGyssocdependencies onireflect transitions in the confor-
versusT plots are non-linear and intersect at two points mational status of proteins when heterothermic binding asso-
just outside the measured temperature range correspondingiations occur. Such behaviour has been observed previously
to the cold and hot compensation pointspp =261.45K for monomeric and dimeric insulin@gjuntranscription fac-
(—11.7°C) and TyoT=340.78K (67.6C). Below TcoLp tors[21] as well as for coiled coil polypeptides derived from
and aboveTyot the value forAGgg . cbecome positive, in-  the HIV-1, o1 envelope glycoprotein gpl160 (Jong et al. in
dicating an unfavourable protein—ligand interaction. In this preparation).
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Egs.(6) and(7)in particular, in conjunction with entropy—  Table 1

enthalpy compensation (EEC) pIots permit the identification Number of amino acid differences between the five animal cytochmme

of the temperature boundaries definedr@yandTH between species, compiled fromttp://www.embl-heidelberg.de/

which EEC occurs as well as the contribution from the en- Canine  Chicken  Tuna  Bovine  Equine
thalpy or entropy change in the interaction without the need Canine - 10 18 3 6
to graphically determining these temperatures in Gibbs free ?"Cke” 1(7) i 17 12 1;
energy balance plots (simultaneously plottit@/gssocand 5% 5 o 1 ° .
TASgssocversusT). Since the equilibrium binding constant,  gqyine 6 11 19 3 -

Kassog iS @ function ofA SgegocaNd A Hygg, ChangesKassoc
can be optimised by appropriate adjustment to these temper-

ature boundaries. Endothermic binding requires large pos-accountfor the trends evidentin the ECC plots and the Gibbs
itive entropy changes, not only to compensate for the un- free energy balance plots for the various cytochrasié-
favourable enthalpy change but also provide the necessaryvestigated in this study.

binding energy to achieve the observégisoc The overall

entropy change is the summation of contributions from the 3.3. The heat capacity of the protein—non-polar ligand
solvational entropy change (an energetically favourable term interaction in acetonitrile—water mixtures

originating from the release of water molecules upon bind-

ing), the conformational entropy change (a term originating
from the energetically unfavourable loss of conformational

An important thermodynamic parameter associated with
protein—ligand interactions is the change in heat capacity,

degree of freedom from both the ligand and some amino acid AC},. In the case of proteins interacting with immobilised

residues of the cytochrones) and the translational entropy

non-polar ligands, burial of hydrophobic surfaces of the pro-

change (also an energetically unfavourable term). Since thetein in the non-polar ligand milieu is anticipated to yield large

loss of translational entropy is common for all binding pro-
cesses, optimisation of the binding of the cytochrasmmust
focus on maximising the solvational entropy gain (i.e. by in-
creasing the hydrophobicity of the molecule) and by min-
imising conformational entropy loss (i.e. by increasing the
structural rigidity of the molecule). However, as pointed out
by Freire and coworkeli5], when the structure of a HIV-1

and negative\ C), values[26]. It is widely accepted that un-
der these circumstances, the relative changesdr) for the
association of a set of closely related protein homologues
with the same ligand system will be proportional under the
chosen experimental conditions to the accessible surface ar-
eas (ASAs) of the proteins, which can be divided into an
apolar surface component (with the energetics of the interac-

protease inhibitor was optimised via this strategy (leading to tion being related to the hydrophobic effect) and a polar sur-

a more rigid, hydrophobic and pre-shaped molecule) the in-

hibitor had limited capacity to adapt to geometric distortions

in the binding site of its receptor due to these mutations. Con-

sequently conformational flexibility is a desirable feature of

any protein-ligand interaction, but the thermodynamic con-

face component (its energetics related to hydrogen bonding)
[27,28] Fig. 3A—E shows that the changes in heat capacity
arising from the different cytochromz-n-octyl ligands as-
sociations are, as expected, large and negative. Moreover, the
AC, differences of these cytochromgunder a specific sol-

sequence of an unfavourable increase in conformational en-vent condition follows the trend expected for these proteins
tropy has to be compensated, otherwise low binding affinities based on their ASAs and the hydrophobicity of the substi-
are expected to occur. This can be achieved by enthalpicallytuted amino acid residues (dfables 1-4. In addition, these
compensating the entropic loss by introducing polar groups results indicate that there is an overall trend of increasing
into a protein at locations where strong hydrogen bonds, polar AC¢, values for a specific cytochrontemeasured at a par-
van der Waals interactions or salt bridges can be establishedticular solvent condition when the temperature is increased,

Such structural effects (ctables 1-%arising from the var-
ious amino acid substitutions in the different cytochrarse

Table 2

indicating that the hydrophobic surface areas of the protein
and/or ligands accessed by the solvent decreasdsimas

Distinguishing amino acids of the five cytochromspecies, compiled frottp://www.embl-heidelberg.dghe non depicted amino acid residues are identical

Species  Sequence position number

3 4 9 15 22 28 33 44 46 47 54 58 60 62 88 89 92 95 100 103 104
Canine Val Glu lle Ala Lys Thr His Pro Phe Ser Asn Thr Gly Glu Thr Gly Ala lle Lys Lys Glu
Chicken lle Glu lle Ser Lys Thr His Glu Phe Ser Asn Thr Gly Asp Lys Ser Val lle Asp Ser Lys
Tuna Val Ala Thr Ala Asn Val Trp Glu Tyr Ser Ser Val Asn Asn Lys Gly GIn Val Ser Ser
Bovine Val Glu lle Ala Lys Thr His Pro Phe Ser Asn Thr Gly Glu Lys GlyGlu lle Lys Asn Glu
Equine Val Glu lle Ala Lys Thr His Pro Phe Thr Asn Thr Lys Glu Lys Thr Glu lle Lys Asn Glu

Amino acids differences between tuna/bovine and chicken/canine cytocleraraedepicted in bold and italic. All 21 listed variable amino acid residues are
to some extent surface exposed, as found from the corresponding 3D-structufieyleetfor additional details.
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Table 3 _ B-andrenergid29] and A; adenosing30] receptors, where
Accessible surface area fgr two cytochromespecies: tuna (Thunnus displacement of structured water from the ‘receptor’ binding
alalunga fron{59]), and equine (Equus caballus frgf0]) site and associated conformational re-organisation accounts

Cytochromec F_lDB Nres f&/éapolar AA/époIar AAAztota' for the observed larger increase in entropy for agonists. Thus,

e A7 o A% the differences evident in the interactive behaviour of these
Tuna 5CYT 103 36028 24385 60413  proteins as the temperature was increased at a fixealue
Equine 1HRC 104 3667.5 2617.0 6284.5

The file identifiers are taken from the Brookhaven Protein Data Bank can be attributed to changes in the extent and nature of the
(PDB) athttp://www.rcsb.org/pdb/Nres is the number of amino acids in surface ex.posed residues of the pmte".q asa Con.squence of
the sequence. The ASA was calculated using the programs SCRIPT1 atconforrnat'onal Changes' Moreover, this conclusion is also
http://www.bork.embl-heidelberg.de/ASC/asc2.html [61,62] consistent with previous studies with G-protein coupled re-
ceptors and ligand-gated ion channel receptors imbedded in
non-polar environments indicating that solvent effects might
creases. Two processes could account for this behaviour. Theimilarly be responsible for the in vitro thermodynamic dis-
first process could arise from a significant re-organisation of crimination of their binding behaviour with agonists and an-
the physical structure of the immobilised non-polar ligands tagonists. It is of interest to note that the changes in the heat
due to a phase change. Previously, we have st how- capacity over the temperature range from 278 K and 338K
ever, that such phase transitions are not significant contrib-qr equine cytochrome (8.3 Jmot 1K1 per residue) on
utors to theAC), variations under the experimental condi- pinding to then-octyl ligands are relatively small and com-
tions employed in this study. In the second process, the hy-parable to those observed under similar conditions for 20-
drophobic contact area established between the protein angnerqa-helical polypeptides, like the HIV-1 gp120 CD4 bind-
the non-polar ligands could increaselascreases due to an  ing site peptide analogues with a correspondin@; of ca.
unfolding event with greater exposure of previously buried 7 ¢ 3o+l k-1 per residue (Jong et al., in preparation) or

hydrophobic amino acid residues of the protein to the non- g peptides with limited secondary structure such as the

polar ligand environment, resulting overall in a smaller ef- - _ - thrombin receptor agonist peptides with a correspond-

fective area of the docked protein—non-polar ligand complex ing AC® of ca. 9.3Jmot! K1 per residug31]. Further-

that is accessible to the bulk solvent. This entropy-driven . o.. tﬁe incremental change in heat capasityCe, for the

. . . ’ p

docking of the cytochromes to the non-polar ligands in- ootein_figand interaction is related to the compactness of

volving displacement of water molecules from binding sites yhe protein and corresponds to its heat sensitivity at a partic-

that previously were filled with a net-work of structured wa- a1 solvent condition. The compactness of the protein over

ter molecules has parallels involving agonist interaction with o yafined temperature range can be related to the extent of
temperature-dependent hydrophobic stabilisation of the pro-

Table 4 tein core. For the cytochronus, this compactness is known

Accessible surface area for each specific amino acids from equine cy- t0 be high because of the stabilising effect of the heme group

tochromec calculated from the 1HR@B0] file identifier taken from the  and the presence of the well established secondary struc-

Brookhaven Protein Data Bank (PDB)ktp://www.rcsb.org/pdb/ [63)ti- tural elements, i.ea-helices. TheAACS values obtained

lizing the SCRIPT1 program dittp://www.bork.embl-heidelberg.de/ASC/ from this study allow a ranking of the different cytochrome

2.htm [61,62 o0 . . -
asc2.him [ ] c species in terms of their relative stability and compactness

Aminoacid  No.ofresidues  ASA(A?) % Contributionto 54 )= 31 (and a similar ranking can be made for the other

in cytochromec total surface area L. . .
solvent compositions) in the presence of the non-polar ligand

Ala 6 208 33 from the least structurally compact cytochroote the most

Arg 2 81 13 compact species: canindACS = 0.82 kJmolrtK-1) >

Asn 5 3038 48 p p : p =Y

Asp 3 1662 26 chicken AACS = 0.78 kImol t K=1) > bovine QA ACS, =

o 2 ot oo 0.72kJmol K~ > tuna A ACS, = 0.64 kI mol K1) ~

Glu 9 8773 140 equine AAC), = 0.63kJ mol 1 K—1). These findings sug-

Gly 12 4393 7.0 gest that all of the cytochromes remain relatively com-

T's 3 1254 20 pact during the ligand interactions under the present experi-

Lzu 2 22‘;9 31'2 mental conditions and do not become fully denatured at the

Lys 19 2170 35 higher temperatures, corroborating other spec_troscopic stud-

Met 2 731 12 ies[32,33] In contrast, much larger changes in heat capac-

Phe 4 143 23 ity have been observed for the unfolding of insulin in the

Pro 4 222 36 presence of immobilised non-polar ligands (Boysen et al.,

%e]rr 18 4215 :3 in preparation) or the unfolding of the transcription factor

Trp 1 135 02 c-jun [21], both of which shows significant increases in the

Tyr 4 964 15 hydrophobic contact area between protein and the non-polar

Val 3 1476 23 ligand with increasing temperature.
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3.4. Circular dichroism spectroscopy of the proteins in — 10°C
free solution 30
S 40‘:(:
Recent CD spectroscopic studies of the globular proteins ;35
such as cytochromein free solution have emphasized the
biological importance of non-native conformations. It was T (A) B) ,
shown, for example, that the membrane-bound form of cy- Lo L g 00
tochromec has apoptotic activity, suggesting that this con- I / : ]
formation, which lacks many features of the free solution or / \ J
tertiary structure but retains a highly helical content, was mo; \\/ V\\«/
involved in caspase activatid4]. These observations on
the folded status of cytochronueare relevant to the kinetic
processes that underscore the current experimental observa_~ I D) ]
tions. Thus, an important question relates to whetherthe cy- = ool %M o~ h o
tochromecs undergo significant unfolding in the bulk solvent  ~ - \ / ! V4 ]
environment prior to binding to the non-polar ligands. These 5.0 - ﬂ -
considerations can be addressed, on the one hand, from the v\.\\:/ A 1
framework model of protein folding, which assumes that the ~ -0 \/ T
formation of each secondary structure element precedes the I A Fﬂljlnff N
formation of a tertiary structurg85]. The hydrophobic col-
lapse model, on the other hand, assumes initial condensatior
of hydrophobic elements that resultin compact states without
secondary structuff86]. The folding mechanism for eukary- I
otic cytochromes remained somewhat controversial and the -10 |-
generalisation of the findings to other proteins has often been [
questioned due to the presence of the large prosthetic group. I Equine
Advances in time-resolved CD spectroscopy have resulted in =
. B . . 180 200 220 240 260 180 200 220 240 260
experimental evidence favouring the hydrophobic collapse
model for the folding of cytochrome Here, the hydropho-
bic collapse of the polypeptide chain may be attributed to Fig.5. lllustrative example of the CD spectra of cytochrarfrem different
the heme group, which is covalently attached to Jéygmd species, over the temperature range frofi@®o 60°C of equine (A) and
Cys'’, coordinated via iron to Hi§ and Mef®, which act an_i”esc()‘?/)inllom'\"tph‘t)iphate ti““%“é’g':/ﬁoFi\B)' of eqUi”j(C) a”‘lj canine
as a hydrophobic nucleation C(.)re' The foldmg/unfgldmg of (()f )Om30 ar:(gvo\f/)(;aqcl?inoem(lg)eal:(\j,via?:i’ne' (F)Oin GOxzziifxetlr?sng?nuviater,
cytochromec can then be described by the sequential mech- 4 4994 TFA corresponding toavalue of 0.60.
anism U< | < Il <> N [37] with the characteristics of each
of the states, the unfolded, the intermediate states | and IlIn this process, all possible high-energy intermediate states
(the latter known as molten globule-like state) and the na- of the protein are occupied according their Boltzmann equi-
tive state characterized by fluorescerig], CD-[32,39,40] librium factor, whereby all molecules continually cycle to
and NMR spectroscopyl]. The successful mapping of the through all of these states. Changes in hydrogen exchange
cytochromec from Saccharomyces cerevisié&®-1 energy rates are observed, when proteins transiently visit their higher

Equine Canine
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landscape by fluorescence energy transfer kingti2s43] energy states, characterised by deprotection reactions (hydro-
revealed a complex folding funnel. Recently, a consensusgen bond breaking) of in the native state protected hydrogens.
folding mechanism for the cytochromefamily was pro- Thus, Fig. 5A shows the CD spectrum of equine cy-

posed, in spite of the large differences in physico-chemical tochromec over the temperature range from 283 K to 333K
properties and thermodynamic stabilitjdg]. According to measured in 10 mM sodium phosphate buffer, pH 7.0. Simi-
this Chevron plot based model, the folding mechanism of lar results were obtained for canine cytochrazpdepicted in

the cytochrome family can be described by a kinetic three Fig. 5B. These findings are in very good agreement with pub-
state on-path model b> | <> N, if the high energy state re-  lished data for equine cytochrom¢39,46]characterized by
flecting the native penta-coordinated species isignored. Inter-a double minimum of equal depth, yielding 33%elix, 15%
estingly, recently published native state hydrogen-deuterium of g-strand, and 52% of random structure at 293 K, where the
exchange experiments with cytochroraénave led to the  protein has the maximum helicity under this buffer conditions
postulation of five cooperative folding—unfolding units for (cf. Table 5. The decrease in helicity when the temperature
this protein, termed foldonRl5]. These experiments were was decreased to 283 K was 1% and as the temperature was
performed with the rationale that thermodynamic principles increased to 333 K the helicity change was 2%. These values
require that a protein is continually unfolding and refold- can be compared to the estimated secondary structure content
ing even under native conditions, albeit at very low levels. from free solution NMR spectroscopy measurements, which
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yield values for equine cytochrone®f 35.6%a-helix, 3.8% 45

of B-strand, 26.8% of turn and 31.7% of random structure a0k (B)

[47]. The relative changes in the secondary structure con- 3

tents for the different cytochronus in response to variations = -~

in the experimental conditions thus give valuable insights in 0.0 - &

the folding status of the protein. For example, under the sol- 5|

vent conditions employed in this study at acidic pH, the sec- ol _ 0

ondary structure of the acetonitrile-induced conformational _ o e o Bovine ]

state of equine cytochromeremained relatively high, as = 45 3.0 3.1 32 33 34 35 36

shown inFig. 5C, namely of 65%ux-helix, 5% 3-strand and R 27 K™ x 1000

turn, and 30% random coil structure at 293 K, indicating a

structure of increased helicity but distinctly different from T ; ‘Pzg'gz

the native state. As the temperature was increased to 333K /[ o :}:: 0.63

the helicity of this solvent-induced conformational state of 15+ Y ¢=062

equine cytochrome continuously decreased to 41%. Un- P By ; ‘Pfg'g(])

der the acidic conditions employed, due to the protonation PofoafcPoliobela i

of His®3, misligation of this amino acid residue (instead of 30 31 32 33 34 35 36

ligation of Mef9 with the coordination sphere of the iron LK™ x 1000

ion can be excluded from any involvement in the generation Fio. 6. Van't Hoff olots of the logarithmic binding variablelrvs. 1T for
HA H H H 1g. 0. I | nai vari .

Or'StablllsatI(.)n ofthe hydmphoplc nugleatlon C'{'ﬂﬁ,49]0f . cagnine A), boving (B) and equgine © cytochrgmat different volume

this solvent-induced conformational intermediate of equine fractions,e, of methanol in the water—organic solvent mixture.

cytochromec.

The shape of the CD spectra of the cytochroraevas range from 283% to in 60% methanol 0.1% TFA in water.
characterized by a double minimum with a pronounced ab- Here, a significant decrease in helicty is observed when the
solute minimum at 210 nm. The spectra are similar to the temperature is increasing, indicating a temperature induce
spectra of the highly helical alcohol denatured state of cy- unfolding.
tochromec as described by Konnf89] and to the spec-
tra of the cytochrome intermediate state Il described by 3.5. Cytochrome c—ligand interaction in the presence of

Akiyama[37], which displays a significant proportion af methanol as cosolvent
helices. If the data from the time resolved CD spectra of
cytochromecs in the range from 40Qs to 6 ms are consid- The Van't Hoff plots (Ink versus 1T) for equine, bovine

ered[37], it becomes evident that the relative depth of the and canine cytochromeusing the water—-methanol system
minima are continuously shifted during the folding of the were in all cases linear and could be fitted with high corre-
protein, whereby in the early stages of folding the minimum lation to a first order dependendyig. 6A—C) with A H3. ¢,

at 208 nm is the most pronounced, but with the development A S5, andAC, calculated as described above.

of the native state of cytochrontethe minimum at 222 nm

becomes more dominant. Interestingly, the spectrum shown3.6. Gibbs free energy balance of cytochrome ¢

in Fig. 5C is also similar to the spectrum of cytochrome  ligand—interaction in the water—methanol solvent

bound to L-PG micelles and is fundamentally different to systems

the spectrum of the acid denatured state avocet measured

in 10mM HCI at pH 2.0[46]. The results further empha- In contrast to the interaction behaviour of cytochrome with
sise that acetonitrile as a cosolvent in the presence of lowthe non-polar ligands in water—acetonitrile systems, the in-
concentrations of trifluoroacetic acid hashelix stabilizing teraction of bovine and human cytochromevith the im-
properties as result of its poor hydrogen bonding properties. mobilisedn-octyl ligands in the water—-methanol system is
In contrast, low concentrations of trifluoroacetic acid in wa- associated with linear and constant dependencies of enthalpy
ter alone destabilises the secondary structure of the differentand entropy ol as (data not shown).

cytochromecs[50] since the balance between stabilizing hy-

drophobic interactions and disruptive charge-charge repul-3.7. The entropy—enthalpy compensation of the

sion between positively charged groups is shifted. In sum- protein—non-polar ligand interaction in methanol-water
mary, when compared to the available literature data, the cy-mixtures

tochromecs over the temperature range from 283 K to 333K

(in 30% acetonitrile, 0.1% TFA in water) maintain confor- When TA Sz IS plotted againstA Hyg.,, then the
mational structures that are relatively compact, which can be specific influences of the solvents become apparent (data
best described as the intermediate state Il, prior to binding tonot shown). Whilst for cytochrome-ligand interaction in

the non-polar ligands. In contrast, to thigg. 5E shows the water—acetonitrile the interaction is entropy or/and enthalpy
CD spectrum of equine cytochroneeover the temperature  driven depending on the temperature, the cytochrome-ligand
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the protein. The retention of cytochrome in RP-HPLC in
water—methanol was reduced when the temperature was in-
creased. In water—-methanol the cytochromes behave thermo-
dynamically similar to a rigid, low molecular weight com-
pound, which cannot change its accessible surface area). In
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- the absence of solvent ordering contribution of hydration
o i . AHM for methanol, the Lifshitz—van der Waals compo-
E o S R BB '“;U'3(')0*150*3:0“;0'3;0‘;0 nentAHYAW of the hydrophobic effect for the interactive cy-
>~ |© Temperature, T (K) toghrom&—llgiﬂd procedssﬁ(HHPH = AHVIW + AHHYY) pre-
9 02l vails with AHHPH ~ AHVAW The cytochrome stays folded,
el g 323123 the proportionality betweenC;, and ASA is valid, with the
' o ¢=063 low AC, value reflecting the size the of the hydrophobic
06 F g :Efg-g? interaction pgt.ch. . . _
L ® 0=060 For ubiquitin, the disappearance afC}, is a function

AT IS AT EE TR of the methanol concentratid®2]. This could be related
220 30 210320 20 20 to the composition of water—-methanol mixtures. In binary
Temperature, T (K) .

methanol water mixtures, a ternary system composed of wa-
Fig. 7. Plots of the change in heat capacitye, vs. T for canine (A), ter, water—assqciated methanol anq methan.ol exists_. Herein
bovine (B) and equine (C) cytochroret different volume fractionsg, of free methanol is the chromatographically active speéiel
methanol in the water—organic solvent mixture. At a solvent mixtures from 0% to 30% methanol (v/v) the

mixtures contains very little free methanol, at 80-100%

interaction in water-methanol is exclusively enthalpy driven methanol (v/v) the mixtures contain very little free water.

at all temperatures. Recently similar investigations have been extended to ace-

tonitrile, whereby the spectra of a water-solvated solute,
3.8. The heat capacity of the protein—non-polar ligand cosolvent-solvated solute and the water-cosolvent-complex-
interaction in methanol-water mixtures solvated solute revealed the concentration profile of the in-

dividual components for acetonitrile and methanol, respec-

The change in the heat capacithC,, for the cy- tively [53]. In this study, the disappearance of the heat ca-
tochromecs in methanol-water was found to be constant pacity signature seems to coincide with a high free methanol
over the whole temperature range. Although the change content.
in heat capacity of the cytochrome-n-octyl ligand in- Recently, the wider applicability of the correlation of heat
teraction in the methanol-water-system was negative for capacity and the accessible surface area has been questioned.
most temperatures, as seen fréig. 7A-C, the change in |t was shown that the heat capacity can arise generally in
heat capacity over the entire temperature range is smallergrder-disorder transitions in systems with hydrogen-bonded
by a factor of approximately 10-fold compared to the networks. Herein the thermodynamics of protein folding or
changes observed for the water—acetonitrile—water systemprotein—protein interaction were described as a mixture of
[canine AACS =0.08Jmol K1)~ bovine AACS = polar and non-polar effecf§4]. The wider implications of
0.08 JmottK~1)~ equine QAAC, =0.08] moftK—1)]. this approach, at least at first site, are not clear, in particular

In order to interpret the temperature dependence of thein the light of the emerging insights into the solvatochromic
heat capacityAC’, in the cytochromee-ligand interaction parameters of dipolarity/polarizability,, and the hydrogen
with water—-methanol in conjunction with the results from bonding activity &) of methanol and acetonitri[83]. In view
the free solution structure as obtained with CD spectroscopy, of the lack of understanding of their temperature dependence,
it is necessary to consider the factors from which the changeone might question the causal dependency for the heat ca-
in heat capacity is normally derived. In the past, large heat pacity change/ASA correlation for methanol as a cosolvent.
capacity effects have been associated with hydrophobic in-It becomes apparent, that the dipolarity/polarizability values,
teractiong51] in which the magnitude was correlated with 7", (water: 1.09, methanol: 0.59, acetonitrile 0.[8E]) and
the change in solvent-accessible surface areas. At the molecthe w-values (water: 1.05, methanol: 1.0, acetonitrile 0.37
ular level, the decreased heat capacity upon protein folding [56]) for the pure solvents should be substituted by sum-
or protein—protein interaction (and the accompanying releasemated effects of the respective values of solvent alone, wa-
of thermal energy) is usually pictured as a direct consequenceter alone and solvent—water complex at a particular solvent
of the reorganisation of the liquid-water lattice around non- composition[53]. One could argue that hydrogen bonding
polar groups of the protein. characteristics of water—methanol in regard to its temperature

The absence of an appreciabieC’), value in the cy- characteristics, and consequently, if one follows the alterna-
tochromec—ligand interaction in water—methanol can be seen tive view of heat capacity, the absolute heat capacity of the
as evidence that there are no temperature dependent struowvater—methanol solvent is altered in a way so that there are
tural changes, or alternatively no change in the volume of no heat capacity differences of the folded or unfolded pro-
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Table 5
Amino acid sequence from equine cytochrome

GDVEKGKKIF | VQKCAQCHTV | EKGGKHKTGP | NLHGLFGRKT { GQAPGFTYTD
HHHHHHHH | HHHTTTT STT SS TTTTTSBS { S TT H

ANKNKGITWK { EETLMEYLEN { PKKYIPGTKM { TFAGIKKKTE { REDLIAYLKK
HHHH B S | HHHHHHHTTT | HHHHSTT S SHHH | HHHHHHHHHH

ATNE
HS

The sequence is depicted in the single letter code. Secondary structure was calculated according to the method of Kabsch[64H $hedssignments
are: H: helix; B: residue in isolategtbridge; E: extende@-strand; G = 3p helix; | =w-helix; T: hydrogen bonded turn; S: bend.

tein. Consequently, conformational changes for cytochrome considered (cfTables 3 and )it is apparent that Lys residues
¢ in methanol water mixtures in the presence of hydrophobic represents ca. 34.5% of the ASA of the native cytochrosne
ligands may occur with no overall net gain or loss of hy- in their bulk solution state. The presence of #d ys’?~73
drogen bonding. If this is the case one could conclude, that Lys’®, Lys?9-1%0jn the binding domain(s) of the cytochrome
the cytochrome in the methanol system suffers no observ- ¢s in association witm-octyl ligands has been established
able conformational changes in the presence of a hydropho-previously[57] from the enzymatic digest footprint studies
bic ligand. Since the CD spectroscopy data shBig.(5C) with these residues becoming inaccessible to trypsin when
that cytochrome unfolds in free solution when the temper- the cytochromes were bound to these ligands. The overall
ature is increased, it can be further concluded that the pres-small differences ik’ values for equine cytochrome in com-
ence of a hydrophobic ligand exerts a stabilising effect on the parison with bovine cytochronmeis consistent with the sub-
protein. stitution of Ly$? in the equine cytochromeby Gly5° in the
bovine cytochrome. As apparent from a comparison of the
amino acid substitution patterns for the various cytochrome
4. Conclusions cs (Tables 1 and Rother amino residues i.e. Trin equine
cytochromec, in addition to these clustered Lys residues,
Our experimental findings, based in particular on the will make significant contributions to hydrophobic interac-
derivation of the heat capacity values and the spectroscopiction with the non-polar ligands. In equine cytochromehe
data suggest that during the adsorption process to the sol-Thr8%, with an ASA of 87.842, is highly surface exposed as
vatedn-octyl ligands the cytochromes resembles compact evident from the 3D-structure. Paradoxically, replacement of
molecules, which behave like a molten globule folded in- Thr®?in equine cytochromewith the much smaller GR? in
termediates with a high content afhelicity. The extent of  the bovine cytochromeappears to reinforce the hydrophobic
a-helicity depends on the temperature employed in the mea-interaction of the cytochromebinding domain with then-
surements. Utilisation of the 3D data of the cytochroztee  octylligands as the magnitude of tkealues suggest, since it
together with the finding that these proteins can interact with is likely, that Thf®, due to its size and polarity sterically hin-
an orientational preference with immobiliselkyl ligands ders the interaction of the non-polar ligands with the much
[57] insight has previously been gained into the molecular larger hydrophobic surface in equine cytochromeOnce
characteristics of the binding domain. However, this approach docked, these same residues are likely to contribute in a sim-
does neither permit the contribution of individual amino acid ilar manner to the binding energy, even when éhkelices
residues to be directly deciphered at an atomic level nor per-in the binding domain have partially unwound under the in-
mit the contribution of secondary retention effects, i.e. in- fluence of increasing temperature.
teraction of thes-amino groups of lysine residues with free In water—acetonitrile, the cytochroraeligand interaction
silanol groups of the sorbent to be delineated. The involve- is enthalpy or entropy driven, or both, depending on the tem-
ment of conformational transitions and their consequences inperature. The heat capacity/temperature dependency in con-
terms of the extent of exposure of formerly buried amino acid junction with the Gibbs free energy balance was interpreted
residues cannot be deduced a priori by this molecular foot- as an unfolding process of the protein with the two states,
printing approach, despite the fact that the respective aminothe folded and the unfolded, characterized by a set of com-
acids involved in the binding domain, i.e. within the amino pensation points. The hydration effects and the Lifshitz—van
acid sequence from residues 56—104, across the different cy<der Waals interactions contribute to the hydrophobic interac-
tochromec species can be identifieddble 9. For example, tions between cytochromeand ligand. With the described
as apparent from the present study, equine and bovine cy-thermometric HPLC procedure, using water—acetonitrile sol-

tochromec differ only in three residuesTéble 1), two of vents, the thermodynamic stability of the hydrophobic core
which fall within the protein-ligand contact area, namely of the cytochrome species can be measured and ranked.
residues Xa® and Xa&® (Table 2. If the contribution of in- In contrast, in water—-methanol the cytochromdigand

dividual amino acids to the overall accessible surface area isinteraction is entirely enthalpic. The heat capacity values
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are close to zero and lack pronounced temperature depenAC;; change in the heat capacity for the association of the

dence. This could be seen as evidence that cytochcomas polypeptide Pwith the non-polar ligates

only in one conformational state, which is not necessarily AGgss,. Change in Gibbs free energy due to the association
the native and that the conformation of cytochrome pos- of the polypeptide Pwith the non-polar ligates

sible stabilised by the presence of a non-polar ligand. On AG{, 4 change in Gibbs free energy upon unfolding (de-
the other hand it could be argued that the heat capacity/ASA naturation)

correlation is not applicable for the water—-methanol solvent A Hy .. change in the enthalpy due to the association of the
mixtures. Rather, a nearly constant heat capacity could be polypeptide, P, with the non-polar ligates
interpreted in the sense that there is no net gain or loss of AH; ;.4 change in the enthalpy due to unfolding of the
hydrogen bonds in the ternary system (ligand, solute and sol- polypeptide, B, with the non-polar ligates

vent) as the temperature is varied. Consequently occurringl intermediate state in three state on-path model
structural changes could not be monitored. Since the self- U<Il<N

hydrogen bonding of methangl{® = 4.3 mJ/n) in relation k retention factor and unitless variablengfny x Vs

to water (A8 =51 mJ/n?) is drastically reduced (organic sol- x VM = Kassocx @)

vents must posses less self-hydrogen bonding then water inn k logarithm of the retention factok,

order to achieve elution in RP-HPL(38], its is believed, Inkp  value of IlkKwhenc; — 0, org — 0

that under the methanol concentrations employed, only theK temperature (K)

Lifshitz—van der Waals effect contributes to the cytochrome Kassoc  €quilibrium association constant

c-ligand interaction and is too weak to promote unfolding nw number of moles of the protein in free solution

of cytochromec in the presence of an the conformation sta- ns number of moles of the protein that exists in bound
bilising ligand. In fact, under the conditions employed, the states

cytochromec dissociated in the presence of the ligand be- N native state in three state on-path modebU <> N
fore it could unfold at high temperatures. With the described Nies number of amino acid residues in a polypeptide
thermometric HPLC procedure, using water—acetonitrile Ng moles of protein bound to-polar sorbent

mixtures, the differences of proteins with respect to their [Plpoung the concentrations of the protein in the bound state
protein surface—ligand interaction can be measured and[Plsee the concentrations of the protein in the free state

ranked according the size of the interacting hydrophobic r? correlation coefficient
surface. R gas constant

In summary, the approach presented in this paper pro- AS3.... change in the entropy due to the association of the
vides an avenue to evaluate the interactive and conforma- polypeptide Pwith the non-polar ligates
tional behaviour of polypeptides and proteins in the pres- AS; ;.4 changeinthe entropy due unfolding of the polypep-
ence of solvated non-polar ligands, thus permitting improved tide R with the non-polar ligates
understanding of the underlying molecular properties that T temperature (K)
link the thermodynamic and extra-thermodynamic relation- Tcop temperature at whichA Hy o= TASzcq0e With
ships, rather than relying on empirical treatments as have been Tcop < THoT
commonly employed in the past. In subsequent papers weTcomp Sslope of the entropy—enthalpy compensation plots
will report the application of this approach in the determina- Ty temperature at which Hgego.— 0
tion of thermodynamic parameters of genetically engineered THot  temperature at whichA Hi o= TASggq0e With
as well as naturally occurring proteins in different types of Thot>Tcolp
water—organic solvent mixtures or other systems and in par-Tg temperature at WhicliA Sgegpc— O
ticular the assessment of the thermostability of peptides andU unfolded state in three state on-path model
proteins in non-polar environments in the context of the mu- U<Il<N
tational adaptation of these biomolecules, not only in terms Vi volume of the bulk liquid in the system
of their effect on specific biochemical functions, but also with Vg volume of the immobilised ligands on an inert solid
regard to their impact on recovery of bioactivity in biotech- support material
nological purification processes per se. VT total column volume
Nomenclature Greek letters

o hydrogen bonding activity
AAapolar apolar accessible surface area y"B  self-hydrogen bonding
APApolar polar accessible surface area @) ellipticity
AAptal total accessible surface area i dipolarity/polarizability value
b): by, be), b), ... coefficients for the polynomial de- & phase ratio of the system
pendency on lkon 1/T ) volume fraction of organic solvent in binary

C mole fraction of displacing solvent water—solvent mixture
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