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ABSTRACT: Human erythropoietin (EPO) is a glycoprotein hormone considered to be the principal regulator
of red blood cell formation. Although its recombinant version (rEPO) has been widely used for treatment
of various anemias and its biological effects are relatively well-known, we know little about its biophysical
properties and their relation to its structure. To gain a fuller understanding of the structural and functional
properties of rEPO on the molecular level we followed its thermal and urea-induced unfolding at different
pH (3.1-9.4) and urea concentrations (0-8 M) using spectropolarimetry, UV absorption, intrinsic emission
fluorescence, and differential scanning calorimetry. Our results show that under a variety of conditions
rEPO undergoes thermal or urea-induced denaturation that may be considered as a reversible two-state
process characterized by unusually high (thermal) or moderate (urea-induced) extent of the residual structure.
The highest thermal stability of the protein observed in aqueous solutions at physiological pH appears to
be due to the largest difference in the extent of structure in the denatured and native state at this pH. The
comparison between experimentally determined energetics of rEPO denaturation and its structure-based
calculations indicates that the parametrization of thermodynamic quantities in terms of changes in solvent
accessible nonpolar and polar surface areas resulting from protein unfolding can be successfully used
provided that these changes are estimated from combination of experimentally determined∆C°p and∆H°
values and not calculated from the structure of the protein’s folded and assumingly fully unfolded state.

Erythropoietin (EPO1), a glycoprotein hormone produced
primarily in the kidney of adults, is the principal regulator
of red blood cell production and differentiation (1, 2). Since
it is very difficult to obtain a sufficient amount of human
urinary EPO for investigation of its chemical and biological
properties, these studies are usually performed on recombi-
nant erythropoietin (rEPO) that can be produced in a variety
of host cells. The therapeutic importance of rEPO that is
used worldwide for treating anemias derived from renal
failure, chemotherapy, and AIDS has generated considerable
interest in obtaining its structure-function characteristics (3).
It has been shown that naturally occurring human EPO and
also the rEPO secreted by the Chinese hamster ovary (CHO)
cells contain three N-linked and one O-linked carbohydrates
(4, 5) which play an important role in the stability, solubility,
and biological activity of the protein (6-11). The peptide
moiety of both natural and recombinant EPO consists of 165
amino acids (4, 12), and the average carbohydrate content
in both proteins is about 40% (13, 14). Such extensive

glycosylation is probably the reason the structural information
on EPO is rather scarce (15-17). The NMR-structural
analysis performed recently on mutant rEPO (N24K, N38K,
N83K) with lysine residues introduced at each of its N-linked
glycosylation sites is to the best of our knowledge the only
successful structural study on the uncomplexed rEPO (15).
Since, in addition, practically no thermodynamic stability data
on rEPO have been reported, one can conclude that general
understanding of rEPO denaturation on the molecular level
is rather poor. To obtain some better insight into the structural
and functional properties of rEPO we decided to study its
thermal and urea-induced denaturation by employing spec-
troscopic (CD, UV-absorption, fluorescence) and calorimetric
(DSC) techniques. We attempted to correlate the measured
Gibbs free energy, enthalpy, entropy, and heat capacity of
denaturation with changes in the solvent accessible surface
areas of rEPO that result from its complete unfolding and
can be calculated from the available 3D structure of mutant
rEPO (15). On the practical level our motivation for this work
arises from the fact that the structural and thermodynamic
information on the conformational changes of the protein is
correlated to its functional properties. Since the formulations
of drugs including rEPO as an active substance are patented
at some specific conditions, our results may serve as
preliminary information for designing a formulation of a
generic drug at somewhat different conditions. To the best
of our knowledge, this work represents the first attempt to
characterize fully the thermodynamics of rEPO denaturation
and to correlate it with the accompanying changes in the
protein’s structure.
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EXPERIMENTAL PROCEDURES

Materials. Recombinant erythropoietin, rEPO, was ex-
pressed from Chinese hamster ovary (CHO) cells and purified
by ion exchange, reversed-phase, and gel filtration chroma-
tography. Sample solutions of native rEPO were prepared
by weighing the dry sample into the appropriate buffer
solution. The extinction coefficientε280 ) 0.744 mg-1 mL
cm-1 determined at 25°C in the phosphate buffer of pH)
7.2 is in good agreement with the corresponding literature
value (13). In our work we were using the following buffer
solutions which all contained 150 mM NaCl: 50 mM citrate
(pH ) 3.1), 50 mM acetate (pH) 4.6), 50 mM cacodylate
(pH ) 6.1), 50 mM phosphate (pH) 7.2), 50 mM TRIS
(pH ) 8.3), and 20 mM borate (pH) 9.4). All stock
solutions of rEPO were dialyzed against the corresponding
buffer solutions. For studying urea-induced denaturation of
rEPO at a given temperature and pH, a number of rEPO
solutions of constant protein and varying urea concentration
(0-8 M) were prepared from the stock 10 M urea and rEPO
solutions in the same buffer.

Differential Scanning Calorimetry(DSC).DSC was per-
formed with a Nano-II DSC scanning calorimeter (CSC, UT).
Thermal denaturation of rEPO (2.30 mg mL-1) was moni-
tored between pH) 3.1 and 9.4. A heating rate of 1°C
min-1 was used and it was shown that essentially the same
results are obtained at a heating rate of 0.5°C min-1. The
measured DSC thermograms presented at each pH as (Cp -
Cp,N) versusT curves (Figure 1) were obtained by subtracting
the heat capacity of the native state,Cp,N, from the raw signal
corrected for the buffer contribution,Cp. The corresponding
transition enthalpies,∆Hcal, were calculated from the area
under the (Cp - Cp,N) versusT curves. Due to the high
ionization enthalpy of TRIS buffer (pH) 8.3,∆Hion ) 11.3
kcal mol-1) the experiments at pH) 8.3 were repeated in
HEPPS buffer (∆Hion ) 5.0 kcal mol-1). The resulting

thermodynamic parameters agreed within experimental error
with those measured in TRIS, indicating that the contribu-
tions to∆Hcal due to proton ionization may be neglected.

Circular Dichroism. CD spectra were recorded using a
62A DS AVIV spectropolarimeter (Aviv, Lakewood, NJ)
equipped with a programmable, thermoelectrically controlled
cell holder. Thermal denaturation of rEPO in the pH interval
between 3.1 and 9.4 was monitored in the far-UV region
through the measured ellipticity,Θ, versusT curves. Tem-
perature dependence of the rEPO far-UV CD spectra
corrected for solvent contributions was measured in several
buffer solutions (pH interval 3.1-9.4) between 5°C and 90
°C with a temperature step of 3°C. Cuvettes of 0.1 cm path
length were used, and the protein concentration was 0.34
mg mL-1. Similarly, temperature dependence of the urea-
induced (0-8 M) unfolding of rEPO at pH) 7.2 was
followed at a number of temperatures between 10°C and
40 °C by measuring the ellipticity at 225 nm.

UV Absorption.Absorbance spectra of rEPO in various
buffer solutions were measured in a Cary 1 UV spectropho-
tometer equipped with a thermoelectrically controlled cell
holder and a cell path of 1 cm. At each pH the temperature
dependence of the rEPO absorbance spectra (0.55 mg mL-1)
was measured between 5°C and 90°C at intervals of 0.5
°C.

Spectrofluorimetry.Fluorescence (FL) emission spectra of
rEPO were recorded betweenλem ) 300 and 460 nm using
a Perkin-Elmer LS 50 luminescence spectrometer (Perkin-
Elmer, Buckingamshire, U.K.) equipped with a thermally
controlled cell holder and a cuvette of 1 cm path length;λex

was 280 nm. Thermal denaturation of rEPO at a given pH
(3.1-9.4) was followed by measuring the emission FL
spectra between 10°C and 85°C with a temperature step of
about 3°C; the concentration of rEPO was around 0.04 mg
mL-1. Urea-induced denaturation of rEPO at pH) 7.2 was
followed at several temperatures between 10°C and 40°C
by measuring the rEPO fluorescence spectra at urea con-
centrations between 0 and 8 M (Figure 4a).

Model Analysis of Thermally and Urea-Induced Denatur-
ation.The conformational stability of a globular protein that
undergoes a reversible thermally or denaturant-induced
denaturation that appears to be a two-state process,

can be expressed in terms of the corresponding standard free
energy change,∆G°T, as

whereK is the equilibrium denaturation constant andR is
the fraction of protein in the D state that depends on the
temperature or denaturant concentration, respectively. Ther-
mal denaturation is often characterized at some temperature
T (usually 298 K), which is out of the temperature interval
in which the true thermal unfolding occurs. The correspond-
ing thermal stability expressed as∆G°T can be obtained by
applying the Gibbs-Helmholtz equation,

FIGURE 1: Thermal denaturation of rEPO monitored by DSC. In
DSC thermograms measured at various pH the difference (Cp -
Cp,N) between the raw signal corrected for the buffer contribution,
Cp, and the heat capacity of the native state,Cp,N, is presented as
a function of temperature. For clarity reasons only every fourth
experimental point is presented. Full lines represent graphs of the
best-fitted model function (eq 6). Inset: Reversibility test at pH)
4.6; full line, the first run; dotted line, the second run.

N 798
K

D (1)

∆G°T ) -RT ln K ) -RT ln
R

1 - R
(2)

∆G°T ) T[∆H°T1/2
(1/T - 1/T1/2) +

∆C°p(1 - T1/2/T - ln (T/T1/2))] (3)
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In this expression∆G°T refers to the NT D transition
projected from the temperature interval in which it actually
occurs to the temperatureT, T1/2 is the melting temperature
at which R ) 0.5, ∆H°T1/2 is the standard enthalpy of
transition atT1/2, and∆C°p is the difference in heat capacity
between the unfolded and the folded state assumed to be
independent of temperature. The corresponding∆H°T is
determined from∆H°T ) ∆H°T1/2 + ∆C°p(T - T1/2) and then
combined with∆G°T to obtain∆S°T.

Solvent-induced denaturation of globular proteins per-
formed at a given temperature generally yields the corre-
sponding∆G°T as a linear function of denaturant concen-
tration,

where∆G°H2O,T is an estimate of∆G°T in the absence of
denaturant andm is an empirical parameter that correlates
strongly with the amount of protein surface exposed to the
solvent upon unfolding (18, 19). As pointed out by Santoro
and Bolen (20) ∆G°H2O,T refers to the NT D equilibrium
that occurs at high denaturant concentrations projected to
the limit of zero denaturant concentration, which means that
∆G°H2O,T retains attributes of the N and D states existing at
high denaturant concentrations. In other words, the quantities
∆G°T (eq 3) and∆G°H2O,T (eq 4) that characterize thermal
unfolding at low temperatures and denaturant-induced un-
folding in the absence of denaturant refer to hypothetical
unfolding reactions in which properties of both N and D are
properties derived at high temperatures or high denaturant
concentrations, respectively.

According to the reversible two-state model of protein
denaturation (eqs 1, 2) one can express some physical
property,F, that can be used for monitoring the denaturation
process as

whereFN andFD are theF values characteristic of the pure
N and D states, respectively. Depending on the method used
for following the denaturation process, the quantityF used
in this work was the measured ellipticity, the UV absorbance,
the emission fluorescence intensity, and the standard partial
molar enthalpy of the protein. In case of transitions followed
by CD, absorbance, or fluorescence, the quantitiesFN and
FD contained in the corresponding model function (eq 5) were
assumed to be linear functions of temperature (thermal
unfolding) or urea concentration (urea-induced unfolding).
When thermal denaturation of proteins is followed by DSC,
however, a partial derivation of eq 5 onT at constant pressure
has to be applied to obtain an appropriate model function of
the form (21-26)

in which (Cp - C°p,N) is the partial molar heat capacity of
the protein relative to its native state. In an attempt to
characterize thermodynamically the thermally induced de-
naturation of rEPO we followed eqs 1-3 and 5 or 6 and
described the measured melting curves in terms of parameters
∆H°T1/2, T1/2, and ∆C°p. Their values were obtained from
fitting the model function (eq 5 or 6) to the corresponding
melting curves using the Levenberg-Marquardt nonlinear
ø2 regression procedure (27). Finally, these values of∆H°T1/

2, T1/2, and ∆C°p were used to calculate the∆G°T, ∆H°T,
and ∆S°T of the protein’s denaturation. By contrast, urea-
induced denaturation of rEPO was followed at a number of
temperatures by denaturation profiles (Figure 4) which were
described by eqs 1, 2, 4, and 5 and used to obtain at each of
the measured temperatures the corresponding∆G°H2O,T and
m values. Equation 3 was fitted to these∆G°H2O,T values to
obtain the parameters∆H°T1/2, T1/2, and∆C°p that characterize
the hypothetical thermal unfolding of rEPO in the absence
of urea that involves N and D states that would exist at high
denaturant concentrations (28).

Numerous studies on protein stability performed in the
past decade have shown that for protein unfolding both∆H°T

and ∆C°p can be parametrized in terms of the change in
solvent accessible polar (∆AP) and nonpolar (∆AN) surface
area associated with the unfolding process. Such parametri-
zation is based on the calculation of the nonpolar (AN) and
polar (AP) solvent accessible areas of proteins in the folded
and the unfolded state that can be accomplished using the
method introduced by Tsodikov et al. (29) AN and AP of
native (folded) rEPO were obtained from the known NMR
structure of mutant rEPO (15) using the probe size of 0.14
nm while theAN andAP values of the unfolded rEPO were
estimated as the sum of the accessibilities of the protein
residues located in the Ala-X-Ala tripeptides (30). ∆C°p

accompanying the unfolding of proteins can obtained from
the parametrized equation (31)

while the corresponding enthalpy change,∆H°T, can be

FIGURE 2: Thermal denaturation of rEPO monitored by spectropo-
larimetry (CD). Far-UV CD spectra of rEPO recorded between 5
°C and 90°C at pH) 8.3. Bold line represents the CD spectrum
measured at 25°C after heating to 90°C while the dotted line
represents the CD spectrum observed at 25°C and the same protein
concentation in 8 M urea solution; protein concentration) 0.34
mg mL-1. Inset: The corresponding melting curve constructed at
220 nm; full line represents the best-fitted model function (eq 5).

∆G°T ) ∆G°H2O,T - m[denaturant] (4)

F ) (1 - R)FN + RFD (5)

Cp - C°p,N ) R∆C°p +

R(1 - R){[∆H°T1/2
+ ∆C°p(T - T1/2)]

2/RT2} (6)

∆C°p ) 0.45[cal mol-1 K-1 Å-2]∆AN -

0.26[cal mol-1 K-1 Å-2]∆AP (7)
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estimated from the expression (32)

in which the sum of the two terms containing∆AN and∆AP

represents the∆H°T value observed with most global proteins

at their median transition temperature of 60°C. The entropy
change that accompanies the unfolding of proteins,∆S°T,
can also be parametrized as (33):

The solvent contribution,∆S°T,solv, that describes the exposure
of polar and nonpolar groups to the solvent upon unfolding
of the protein can be expressed as∆S°T,solv ) ∆C°p ln(T/
385.15) (31, 34). The second term,∆S°conf, refers to the
change in configurational entropy that results from the protein
unfolding and can be estimated as∆S°conf ) 〈N〉4.3 cal
K-1(mol of residue)-1 where〈N〉 is the average number of
amino acid residues participating in the unfolding process
and 4.3 cal K-1 (mol of residue)-1 is the average overall
configuration entropy change obtained from the thermody-
namic database for unfolding of monomeric proteins (33).
Evidently, the number of amino acid residues involved in
the unfolding process,〈N〉, can be estimated from eq 9 using
the corresponding experimentally determined∆C°p and∆S°T

values.
As shown recently (26), the energetics of a protein

denaturation can be correlated with its structural features
through∆AN and ∆AP values calculated from eqs 7 and 8

FIGURE 3: Thermal denaturation of rEPO monitored by intrinsic
emmision fluorescence. (a) The temperature dependence of intrinsic
fluorescence emission spectra measured between 10°C and 86°C
at pH) 7.2 and the protein concentration of 0.033 mg mL-1. Bold
line represents the corresponding FL spectrum measured at 25°C
after heating to 85°C, and∆λmax is the shift inλmax observed upon
heating the protein solution from 25°C to 86 °C. Inset: The
corresponding melting curve constructed at 346 nm; full line
represents the best-fitted model function (eq 5). (b) The three-
dimensional NMR solution structure of mutant rEPO in its native
state (15). The Trp51 and Trp64 residues are seen to be buried
within the core of the protein while the Trp88 residue appears to
be partially exposed to the solvent.

∆H°T ) -8.44[cal mol-1 Å-2]∆AN +

31.4[cal mol-1 Å-2]∆AP + ∆C°p(T - 333.15) (8)

FIGURE 4: Denaturation of rEPO by urea. (a) The rEPO intrinsic
fluorescence emission spectra measured at 30°C, pH ) 7.2, and
protein concentration of 0.04 mg mL-1 at various urea concentra-
tions between 0 and 8 M.∆λmax is the shift inλmax observed upon
changing the concentration of urea from 0 to 8 M. Inset: The
corresponding urea-denaturation curve constructed at 340 nm; full
line represents the best-fitted model function (eq 5). (b) The degree
of urea-induced rEPO denaturation,R, determined at 10°C and 30
°C from the corresponding CD urea-denaturation curves; full line
represents the best-fitted model function (eq 5).

∆S°T ) ∆S°T,solv + ∆S°conf (9)
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using the experimentally obtained values for∆C°p and∆H°T.
Furthermore, the average number of the unfolded residues,
〈N〉, can be estimated as

where the (∆AN + ∆AP) term refers to the∆AN and ∆AP

values calculated from eqs 7 and 8, the (∆AN,ST + ∆AP,ST)
term refers to those calculated for the complete unfolding
from the structural data, and〈N〉ST is the total number of
residues contained in the protein.

RESULTS

The reversibility of thermal denaturation of rEPO in
aqueous solutions was examined between pH) 3.1 and 9.4
by performing two consecutive DSC scans and by measuring
CD and intrinsic fluorescence spectra after cooling the sample
to the pretransitional temperature (Figures 1-3). Between
pH ) 4.6 and 8.3 the observed reversibility was better than
90% while at pH) 3.1 and 9.4 it dropped to about 70%
and 80%, respectively (Table 1). The reversibility of urea-
induced denaturation of rEPO was checked by diluting the
rEPO solution in 8 M urea solution at pH) 7.2 with this
particular buffer to pretransition urea concentrations and by
comparing the CD and fluorescence spectra measured for
these diluted solutions with those obtained for the same rEPO
solutions prepared directly from urea and buffer of pH)
7.2. Again, the observed extent of reversibility was higher
than 90%. According to the suggestions of Lopez and
Makhatadze (35) the model-dependent parameters (eq 3) that
describe the thermally induced denaturation of rEPO as a
reversible two-state transition can be considered reliable only
between pH) 4.6 and 8.3. At higher or lower pH their
values can serve for comparative purposes.

Thermal Denaturation of rEPO

Differential Scanning Calorimetry (DSC).DSC thermo-
grams measured between pH) 3.1 and 9.4 show single
transitions characterized by the enthalpy of denaturation,
∆Hcal, and the transition temperature,T1/2, that increase with
increasing pH up to pH) 7.2 and then decrease with further

increasing of pH to 9.4 (Figure 1). The measured model-
independent∆Hcal values agree well with the corresponding
van’t Hoff ∆H°T1/2 values obtained from fitting the model
function (eq 6) to the experimental (Cp - C°p,N) vs T curves
(Table 1).

Circular Dichroism (CD).Temperature dependence of the
far-UV CD spectra measured between pH 3.1 and 9.4 shows
a substantial decrease of the CD signal with increasing
temperature (Figure 2). At room temperature a pronounced
minimum in the CD spectrum at around 210 nm was
observed at all measured pH. At the highest temperature of
about 90°C at which the thermal denaturation of rEPO
appears to be completed this minimum is reduced only for
about 30%. This observation strongly suggests that after
undergoing a complete thermal denaturation rEPO retains a
substantial amount of its secondary structure. As shown by
the inset in Figure 2, the experimentalΘλ vs T curves were
constructed at each pH from the far-UV CD spectra measured
at different temperatures. The corresponding model function
(eq 5) based on the two-state model (eqs 1-3) was then fitted
to these CD melting curves to obtain the characteristic
parameters∆H°T1/2, T1/2, and ∆C°p. The described fitting
procedure resulted in reliable∆H°T1/2 and T1/2 values that
agree well with those obtained from the DSC experiments
(Table 1). Unfortunately, the∆C°p adjustable parameter
cannot be determined using this approach because fitting of
the model function to the experimental optical melting curves
turns out to be rather insensitive to∆C°p.

Absorbance.Upon heating the rEPO solution from 5°C
to 90 °C its absorbance spectra show at all measured pH a
drop in absorbance (λmax ) 282 nm) of only about 5%. Due
to such low sensitivity of the measured absorbance to the
temperature-induced conformational changes of rEPO, the
corresponding UV melting curves cannot be considered as
reliable as those constructed from the far-UV CD spectra.
Nevertheless, fitting of the appropriate model function (eq
5) to these UV melting curves (not shown) results in
adjustable parameters∆H°T1/2 andT1/2 that are close to those
obtained from DSC and CD experiments (Table 1, Figure
5).

Fluorescence.In contrast to the well-defined DSC and CD
melting curves of rEPO, its emission fluorescence spectra
show in all buffers almost linear decreasing of FL intensity
with increasing temperature accompanied by a slight red shift

Table 1: Thermodynamic Parameters of rEPO Denaturation (NT
D) Obtained by Model Analysis of DSC Thermograms and
Spectropolarimetric (CD) and UV Absorption (UV) Temperature
Profiles

T1/2/°C ∆H°T1/2/kcal mol-1
∆C°p/kcal
mol-1 K-1

pH DSC CD UV cala DSC CD UV DSC

3.1 40.4 38.0 40.9 19 21 20 20 0.02
4.6 43.0 43.4 39.7 36 37 35 28 0.15
6.1 56.5 56.5 55.9 52 53 48 45 0.35
7.2 60.6 60.8 60.8 62 62 60 62 0.35
8.3 57.6 57.5 55.8 55 57 53 54 0.22
9.4 55.9 55.6 54.7 50 52 51 57 0.15
errorb ( 0.5 ( 1 ( 2 ( 1 ( 1 ( 3 ( 5 ( 0.04

a Model-independent∆Hcal values determined by integration of the
corresponding DSC thermograms.b The errors were estimated from
repetitive experiments by variation of possible baseline positions
defining the initial (native) and the final (denatured) state. The errors
obtained as square roots of diagonal elements of variance-covariance
matrix by fitting of the corresponding model function (eq 5 or 6) to
the individual melting curves are lower.

〈N〉 ) (∆AN + ∆AP)〈N〉ST/(∆AN,ST + ∆AP,ST) (10)

FIGURE 5: Thermal denaturation of rEPO followed by calorimetric
and spectroscopic techniques. The degree of rEPO thermal dena-
turation,R, as a function of temperature determined at pH 7.2 from
the DSC thermogram and the CD, UV, and FL melting curves;
points represent the experimental values while the full lines
represent the corresponding best fitted model function (eq 5).
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(≈3 nm) of the emission maximum (Figure 3). This result
is consistent with the observed far-UV CD spectra of rEPO
(Figure 2) which show that the thermally denatured rEPO
contains a substantial amount of residual secondary structure
and with the reported NMR structure of mutant rEPO (15)
according to which the protein in its native state contains
two Trp residues (Trp51, Trp64) that are buried within the
core of the protein and one Trp residue (Trp88) that is
partially (about 30%) exposed to the solvent (Figure 3b). If
upon thermal denaturation rEPO retains most of its structure
that contains the two buried Trp residues, the observed
fluorescence intensity will change with temperature mainly
due to its temperature quenching and to a smaller extent also
due to a possible increase in exposure of the Trp88 residues
that are partially exposed in the rEPO native state. One can
expect that such thermal denaturation will be accompanied
by only a minor red shift of the emission maximum.
Inspection of Figure 3a shows full consistency between the
suggested structural description of rEPO thermal denaturation
and its experimental monitoring by fluorescence spectros-
copy. It also shows that due to the shape of the melting curve
its two state model analysis (eqs 1, 2, and 5) can only lead
to qualitative thermodynamic data.

Denaturation of rEPO by Urea

Urea-induced denaturation of rEPO performed at pH)
7.2 was monitored by measuring the corresponding CD and
intrinsic fluorescence spectra. CD monitoring in the far-UV
region (Figure 2) indicates that the extent of the rEPO
residual structure in the urea-denatured state is much lower
than in its thermally denatured state. Similarly, fluorescence
monitoring of urea-induced denaturation of rEPO at pH)
7.2 (Figure 4) results at high urea concentrations in a
pronounced decrease of the emitted fluorescence and a red
shift of the emission maximum (≈13 nm) that is substantially
larger than the one observed with the thermal denaturation
of rEPO in the same buffer solution in the absence of urea
(≈3 nm, Figure 3). These observations indicate that upon
urea denaturation the two Trp residues originally buried
within the core of the protein become exposed to the aqueous
environment to a much larger extent than upon thermal
denaturation. In other words, the urea-induced denaturation
of rEPO results in denatured states of the protein that contain
considerably less residual structure than those obtained from
the thermal denaturation. The urea-induced denaturation
curves were constructed at each temperature from the
measured far-UV CD and FL spectra (Figure 4) and then
fitted with the model function (eq 5) combined with eqs 1,
2, and 4 to obtain the corresponding values of∆G°H2O,T and
m. The model function (eq 3) was then fitted to these
∆G°H2O,T to estimate parameters∆H°T1/2, T1/2, and∆C°p that
characterize the hypothetical thermal denaturation of rEPO,
which involves its native and denatured states projected from
high urea concentrations (Figure 7).

DISCUSSION

The denaturation of rEPO under the conditions used in
this study was assumed to be a reversible two-state process.
There are several possibilities to check the validity of this
assumption (36-39). In the case of thermal denaturation the
most rigorous way of confirming it is to use DSC and

compare the corresponding directly measured enthalpies of
transition to the van’t Hoff enthalpies calculated from the

FIGURE 6: Thermodynamic stability of rEPO as a function of pH.
∆G°T of rEPO thermal denaturation as a function of temperature
(eq 3) determined at various pH from the corresponding DSC
thermograms. Inset: The pH profile of∆G°T at 25°C.

FIGURE 7: Thermodynamic stability of rEPO at pH) 7.2. ∆G°T,
∆H°T, and T∆S°T of rEPO denaturation as a function of temperature
obtained from thermally induced (DSC, pH) 7.2; full line) and
urea-induced denaturation (pH) 7.2, disconnected line) in
comparison with the corresponding quantities estimated from the
structure-based calculations (dotted line; eqs 7-9 for ∆AN,ST )
10 362 Å2, ∆AP,ST ) 6027 Å2, and 〈N〉ST ) 165). (a)∆G°T as a
function ofT. Values of∆G°T extrapolated to zero urea concentra-
tion (∆G°H2O,T) were obtained from urea denaturation curves
monitored by CD (0) and fluorescence (9) spectroscopy. The
disconnected line is the best fit of eq 3 to these∆G°T (T1/2 ) 94
°C, ∆H°T1/2 ) 70 kcal mol-1, ∆C°p ) 1.7 kcal mol-1). (b) ∆H°T as
a function ofT. (c) T∆S°T as a function ofT.
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DSC thermograms and spectroscopic melting curves using
the two-state approximation. Good agreement between the
model-independent and model-dependent enthalpies of tran-
sition observed with rEPO thermal denaturation (Table 1)
clearly shows that thermal denaturation of rEPO may be
considered as a two-state transition. This observation is
further confirmed by the fact that all experimental techniques
used for monitoring the thermal denaturation of rEPO
resulted in the same two-state transition curve (Figure 5).
For denaturant-induced denaturation, however, there is no
rigorous way of confirming the assumed two-state mecha-
nism. In this study we monitored denaturation by several
spectroscopic methods and checked the coincidence of the
results derived from the observed denaturation curves as-
suming the two-state transition mechanism. We followed the
urea-induced denaturation of rEPO by far-UV CD and
intrinsic fluorescence spectroscopy (Figure 4). Good agree-
ment between the experimental denaturation curves and the
corresponding model function (eqs 1, 2, and 5) observed with
both experimental techniques indicates that urea-induced
denaturation of rEPO may also be considered as a two-state
transition. Finally, the validity of the two-state assumption
for the thermal and urea-induced denaturation monitored by
spectroscopic methods was checked by the dual wavelength
parametric test (39). The obtained linear parametric CD, UV
absorption, and fluorescence plots indicate that the observed
conformational transitions can be considered as two-state
processes.

Analysis of thermal denaturation experiments (Figures
1-3) indicates that the stability of rEPO strongly depends
on pH. In the studied temperature interval the measured free
energy of denaturation∆G°T exhibits a maximum at pH
around 7.2 (Figure 6) and agrees well with the corresponding
values reported by Arakawa et al. (40). At all measured pH
the corresponding∆H°T and∆S°T show that enthalpic and
entropic contributions to∆G°T are about equally important.
Table 1 shows that∆C°p depends strongly on pH. Since∆C°p

measures primarily the increase in hydration upon unfolding,
the observed changes in∆C°p that accompany changes in
pH argue for corresponding major structural changes in either
the native state, the denatured state, or both. The relative
reduction of rEPO structure that results from thermal
denaturation in the measured pH interval expressed at each
pH as the difference between theΘ220 values measured at
86 °C and 5°C, respectively, is presented in Figure 8a. The
feature of these data argues rather strongly that at low and
high pH the extent of the reduced secondary structure upon
denaturation is significantly lower than at neutral pH. It
seems that at low or high pH the native state of rEPO with
the surplus of positive or negative charge is due to the
increased repulsion of the like charges less structured than
at physiological pH. The same should be true also for the
denatured rEPO since an unfolded protein with a surplus of
positive or negative charge would also tend to be more
extended than the neutral protein. As shown in Figure 8a,
the described electrostatic repulsion effect is more pro-
nounced with the native state of rEPO (smaller difference
betweenΘ220 values of unfolded and folded state), and
because of that the thermal denaturation of rEPO performed
at low or high pH results in reduced∆C°p values.

Temperature dependence of rEPO stability at pH) 7.2
(∆G°T vsT curves) obtained from thermal and urea-induced

denaturation together with the corresponding enthalpy and
entropy contributions is presented in Figure 7. The∆G°T

values obtained from urea-induced denaturation (∆G°T )
∆G°H2O,T, see Experimental Procedures) around the physi-
ological temperature appear to be more positive than those
obtained from thermal denaturation. These differences are
rather small due to the effective compensation of∆H°T and
T∆S°T contributions, which are for urea-induced denaturation
of rEPO much larger than for its thermal denaturation (Figure
7). Since in the urea-denatured state the extent of the
secondary structure appears to be significantly lower than
in the thermally denatured state (Figures 2-4), the observed
differences in∆G°T, ∆H°T, andT∆S°T may be attributed in
the first place to the enhanced hydrophobic contribution to
these quantities. As suggested by many authors, this en-
hancement results from the increased number of unfolded
residues in the urea-denatured state accompanied by an
increase in the solvent accessible area of the protein and a
consequent increase in its hydration (19, 26, 31, 32, 41-
43). Such explanation is clearly supported by the fact that
∆C°p obtained from the urea denaturation (1.7 kcal mol-1

K-1) substantially exceeds its value determined from the
thermal denaturation (0.35 kcal mol-1 K-1).

FIGURE 8: pH dependence of rEPO structural characteristics. (a)
Change in the measured ellipticity,∆Θ220, upon heating the rEPO
solution from 5°C to 86°C (rEPO concentration) 0.34 mg mL-1).
(b) The changes in nonpolar,∆AN, and polar, ∆AP, solvent
accessible surfaces upon rEPO denaturation estimated from ex-
perimentally obtained data (Table 1) and eqs 7 and 8 are given
relative to∆AN,ST and ∆AP,ST obtained for “complete unfolding”
(transition to Ala-X-Ala denatured state,∆AN,ST ) 10 362 Å2,
∆AP,ST ) 6027 Å2). (c) The number of amino acid residues
participating in the unfolding,〈N〉, estimated from eqs 9 (0) and
10 (9) relative to the total number of structured residues,〈N〉ST )
165, in rEPO.
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In an attempt to correlate protein structural features to the
thermodynamics of its unfolding, several authors have
proposed an empirical parametrization approach in which
structure-based calculations of thermodynamic quantities of
denaturation are based largely upon the accompanying
increase in exposure of the protein’s nonpolar,AN, and polar,
AP, surface areas to the solvent (19, 31, 32, 41-43). In this
study we used the parametrization (31, 32) according to
which the characteristic quantities of unfolding∆C°p and
∆H°T are expressed only in terms of the corresponding∆AN

and ∆AP (eqs 7 and 8). Following the already described
structure-based procedure of estimating theAN and AP of
rEPO in its native and completely unfolded state, we first
determined these values, and then by subtracting them we
obtained the corresponding changes∆AN,ST ) 10 362 Å2 and
∆AP,ST) 6027 Å2, which were further used to calculate from
eqs 7 and 8 the corresponding structure-based values of
∆C°p,ST and∆H°T,ST. By employing eq 9 in which∆S°T,solv

) ∆C°p,ST ln(T/385.15) and∆S°conf ) 〈N〉ST4.3 cal K-1 (mol
of residue)-1, we obtained the stucture-based value of∆S°T,ST,
which combined with∆H°T,ST resulted in the corresponding
∆G°T,ST (31-34). As can be seen from Figure 7, the free
energy, enthalpy, and entropy of rEPO unfolding obtained
from these structure-based calculations do not agree well with
those obtained from the experiment (eqs 1-3, 6). Moreover,
the calculated∆C°p,ST ) 3.1 kcal mol-1 K-1 is much higher
than the highest experimental∆C°p of 0.35 kcal mol-1 K-1

determined at pH) 7.2. At lower or higher pH the agreement
between the calculated and experimental∆C°p values is even
worse. In our opinion the observed discrepancies are not
surprising because the estimation of the structural parameters
∆AN,ST and∆AP,STis always questionable due to the problem
of defining the structure of the initial and final state of the
protein. For initial states the NMR and X-ray structures are
often known, and thus theirAN and AP can be calculated
using well-known methods (29, 44-46). The problem with
the initial state is that we usually know its structure only at
given conditions (T, pH, ionic strength, solid state, and so
on). So, when we study protein unfolding at some other
conditions, for example at much lower or higher pH, the
structure of its initial state and the correspondingAN andAP

may be significantly different from those at neutral pH. There
is another, even more difficult problem with the final state
of the protein which is assumed to be in a random coil
conformation and thus characterized by an unfolded polypep-
tide chain that has to be approximated by a certain model
(see for example ref41 and the corresponding references
therein). In numerous studies dealing with the determination
of the solvent accessible surface area of the unfolded state,
AN andAP are estimated by calculating the surface area of
each amino acid residue located in an extended tripeptide,
Ala-X-Ala (as in this study) or Gly-X-Gly, and then summing
these contributions over all the residues contained by the
protein. Such estimation implies a completely extended
unfolded protein. If the denatured protein does not exist in
such a state, the described procedure may result in an
overestimation of its solvent accessible surface areasAN and
AP. As a consequence, the protein’s∆AN,ST and∆AP,ST are
overestimated and the result is an overestimation of∆C°p,ST.

As shown recently, the correlation of the experimentally
determined thermodynamics of thermal or urea-induced
denaturation of rEPO with its structural features can be

carried out using an opposite approach (26) in which ∆AN,

∆AP, and 〈N〉 that accompany denaturation of rEPO are
calculated from combination of experimental thermodynamic
data and parametrized eqs 7-9. These calculations show that
upon thermal denaturation of rEPO in the measured pH
interval the ratios∆AN/∆AN,ST and∆AP/∆AP,STincrease from
about 15% and 5% at pH) 3.1 to about 40% and 20% at
pH ) 7.2 and then drop to about 35% and 15% at pH) 9.4
(Figure 8b). Similarly, the〈N〉/〈N〉ST ratio in which 〈N〉 is
determined either from eq 9 or 10 increases from about 10%
at pH ) 3.1 to about 30% at pH) 7.2 and drops again to
about 20% at pH) 9.4 (Figure 8c). For the hypothetical
thermal denaturation of rEPO followed at pH) 7.2 in which
the native and denatured states are those projected from high
urea concentrations, the described calculations result in∆AN/
∆AN,ST ) 59%, ∆AP/∆AP,ST ) 68%, and〈N〉/〈N〉ST ) 65%
(eq 9) or 63% (eq 10). Evidently, these∆AN/∆AN,ST, ∆AP/
∆AP,ST, and 〈N〉/〈N〉ST values show that the degree of
thermally induced unfolding of rEPO is unexpectedly low.
They also show that thermally denatured state of rEPO is
significantly less unfolded than its urea-denatured state which
is in line with our far-UV CD and fluorescence results
(Figures 2-4) and with the generally accepted observation
that urea-denatured proteins have less residual structure than
thermally denatured proteins (47). Finally, they are fully
consistent with our suggestion made earlier that the observed
large discrepancy between the experimentally determined
∆G°T, ∆H°T, and ∆S°T of rEPO denaturation and the
corresponding∆G°T,ST, ∆H°T,ST, and∆S°T,ST obtained from
the structure-based calculations is mainly due to the incom-
plete unfolding of rEPO upon denaturation and at low or
high pH also to a partially unfolded native state. We are
well aware that the∆AN, ∆AP, and 〈N〉 values determined
from the described combination of experimental thermody-
namics and structure-based parametrization can be considered
only as reasonably good approximations since they comprise
errors of the empirical parametrization and those of the
measured thermodynamic quantities. Nevertheless, we be-
lieve that using this approach one can explain, at least in a
semiquantitative way, the observed thermally induced or
urea-induced denaturation of rEPO. We would like to point
out that the excellent agreement between the〈N〉 values
obtained from independent parametrization of∆C°p and
∆H°T (eqs 7, 8) combined with eq 10 on one side and from
the parametrization of∆S°T (eq 9) on the other (Figure 8c)
strongly supports the suggested parametrization of the
quantities∆C°p, ∆H°T, and∆S°T (eqs 7-9) provided they
are parametrized in terms of the “true”∆AN and∆AP values.
Considering the above, we believe that for proteins with
poorly defined structure of native and/or denatured state
attempts to correlate the experimental thermodynamics of
protein denaturation with its structural features would benefit
from this kind of approach.
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