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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{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 deteh@Gizeshd AH®

values and not calculated from the structure of the protein’s folded and assumingly fully unfolded state.

Erythropoietin (EP®), a glycoprotein hormone produced glycosylation is probably the reason the structural information
primarily in the kidney of adults, is the principal regulator on EPO is rather scarcel§—17). The NMR-structural
of red blood cell production and differentiatioh, €). Since analysis performed recently on mutant rEPO (N24K, N38K,
it is very difficult to obtain a sufficient amount of human N83K) with lysine residues introduced at each of its N-linked
urinary EPO for investigation of its chemical and biological glycosylation sites is to the best of our knowledge the only
properties, these studies are usually performed on recombi-successful structural study on the uncomplexed rEF%). (
nant erythropoietin (rEPO) that can be produced in a variety Since, in addition, practically no thermodynamic stability data
of host cells. The therapeutic importance of rEPO that is on rEPO have been reported, one can conclude that general
used worldwide for treating anemias derived from renal understanding of rEPO denaturation on the molecular level
failure, chemotherapy, and AIDS has generated considerablés rather poor. To obtain some better insight into the structural
interest in obtaining its structurdunction characteristicsJ. and functional properties of rEPO we decided to study its
It has been shown that naturally occurring human EPO andthermal and urea-induced denaturation by employing spec-
also the rEPO secreted by the Chinese hamster ovary (CHO)roscopic (CD, UV-absorption, fluorescence) and calorimetric
cells contain three N-linked and one O-linked carbohydrates (DSC) techniques. We attempted to correlate the measured
(4, 5) which play an important role in the stability, solubility, Gibbs free energy, enthalpy, entropy, and heat capacity of
and biological activity of the proteiné-11). The peptide denaturation with changes in the solvent accessible surface
moiety of both natural and recombinant EPO consists of 165 areas of rEPO that result from its complete unfolding and
amino acids 4, 12), and the average carbohydrate content can be calculated from the available 3D structure of mutant
in both proteins is about 40%l38, 14). Such extensive  rEPO (15). On the practical level our motivation for this work

arises from the fact that the structural and thermodynamic
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thermodynamic parameters agreed within experimental error
with those measured in TRIS, indicating that the contribu-
tions to AH¢y 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 ellipticit®, versusT curves. Tem-
perature dependence of the rEPO far-UV CD spectra
corrected for solvent contributions was measured in several
buffer solutions (pH interval 3:19.4) between 3C and 90
°C with a temperature step of°®€. Cuvettes of 0.1 cm path
length were used, and the protein concentration was 0.34
mg mL"L. Similarly, temperature dependence of the urea-
induced (6-8 M) unfolding of rEPO at pH= 7.2 was
0.0/& i followed at a number of temperatures between°COand
10 30 50 70 40 °C by measuring the ellipticity at 225 nm.

TI°C UV Absorption.Absorbance spectra of rEPO in various

Ficure 1: Thermal denaturation of rEPO monitored by DSC. In  pyffer solutions were measured in a Cary 1 UV spectropho-

DSC thermograms measured at various pH the differe@ge—~ . . .
Cpn) between the raw signal corrected for the buffer contribution, tometer equipped with a thermoelectrically controlied cell

C,, and the heat capacity of the native stalgy, is presented as  holder and a cell path of 1 cm. At each pH the temperature
a function of temperature. For clarity reasons only every fourth dependence of the rEPO absorbance spectra (0.55 m¢ mL

experimental point is presented. Full lines represent graphs of thewas measured between°& and 90°C at intervals of 0.5

best-fitted model function (eq 6). Inset: Reversibility test atpH °C.

4.6; full line, the first run; dotted line, the second run. SpectrofluorimetryFluorescence (FL) emission spectra of

rEPO were recorded betweég, = 300 and 460 nm using

EXPERIMENTAL PROCEDURES a Perkin-Elmer LS 50 luminescence spectrometer (Perkin-
Materials. Recombinant erythropoietin, rEPO, was ex- Elmer, Buckingamshire, U.K.) equipped with a thermally

pressed from Chinese hamster ovary (CHO) cells and purified controlled cell holder and a cuvette of 1 cm path length;

by ion exchange, reversed-phase, and gel filtration chroma-was 280 nm. Thermal denaturation of rEPO at a given pH

tography. Sample solutions of native rEPO were prepared (3.1-9.4) was followed by measuring the emission FL

by weighing the dry sample into the appropriate buffer spectra between I and 85°C with a temperature step of

solution. The extinction coefficientgo = 0.744 mg* mL about 3°C; the concentration of rEPO was around 0.04 mg

cm! determined at 25C in the phosphate buffer of pH mL~1. Urea-induced denaturation of rEPO at pH7.2 was

7.2 is in good agreement with the corresponding literature followed at several temperatures betweer®CCand 40°C

value (L3). In our work we were using the following buffer by measuring the rEPO fluorescence spectra at urea con-

solutions which all contained 150 mM NaCl: 50 mM citrate centrations between 0 dr8 M (Figure 4a).

(pH = 3.1), 50 mM acetate (pH- 4.6), 50 mM cacodylate Model Analysis of Thermally and Urea-Induced Denatur-

(pH = 6.1), 50 mM phosphate (pH 7.2), 50 mM TRIS ation. The conformational stability of a globular protein that

(pH = 8.3), and 20 mM borate (pH= 9.4). All stock undergoes a reversible thermally or denaturant-induced

solutions of rEPO were dialyzed against the corresponding denaturation that appears to be a two-state process,

buffer solutions. For studying urea-induced denaturation of

rEPO at a given temperature and pH, a humber of rEPO N X D (1)

solutions of constant protein and varying urea concentration

(0—8 M) were prepared from the stock 10 M urea and rEPO can be expressed in terms of the corresponding standard free

>
°

° | kcal mol™ K

PN
g
°

p

c-C

solutions in the same buffer. energy changehG°r, as
Differential Scanning CalorimetryDSC).DSC was per-
formed with a Nano-Il DSC scanning calorimeter (CSC, UT). AG°;=—RTInK = —RTIn I a )
—a

Thermal denaturation of rEPO (2.30 mg m). was moni-
tored between pH= 3.1 and 9.4. A heating rate of IC
min~! was used and it was shown that essentially the same
results are obtained at a heating rate of @5min~t. The
measured DSC thermograms presented at each p&,as (
Cyn) versusT curves (Figure 1) were obtained by subtracting
the heat capacity of the native sta@g,, from the raw signal
corrected for the buffer contributio,. The corresponding
transition enthalpiesAH.,, were calculated from the area
under the G, — C,n) versusT curves. Due to the high
ionization enthalpy of TRIS buffer (pH 8.3, AHjon = 11.3 AG®; = T[AH®; (UT —1/T,,) +

kcal molt) the experiments at pkH 8.3 were repeated in 12

HEPPS buffer AHi,n = 5.0 kcal mol?t). The resulting ACop(l_ TydT—=In(TITy))] (3)

whereK is the equilibrium denaturation constant amds

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 A$5° can be obtained by
applying the Gibbs Helmholtz equation,
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10 ' ‘ ' ' F=01-a)Fy+oaFy (5)
o | whereFy andFp are theF values characteristic of the pure
N and D states, respectively. Depending on the method used
for following the denaturation process, the quanktysed
of [ — in this work was the measured ellipticity, the UV absorbance,
e e the emission fluorescence intensity, and the standard partial
/ molar enthalpy of the protein. In case of transitions followed
by CD, absorbance, or fluorescence, the quantiiesnd
Fp 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 @rat constant pressure
has to be applied to obtain an appropriate model function of
the form @1—26)

30733 80

-40 ‘ ‘ - :
210 230 250 o — o
Alnm Co— Coon=aAC, +
FiGUre 2: Thermal denaturation of rEPO monitored by spectropo- a(l — a){[AH"; 4+ AC°,(T — Tyl ’IRTY} (6)

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 . hich o is th ial lar h . f
measured at 25C after heating to 90C while the dotted line 1N Which (G, — C°y) is the partial molar heat capacity o

represents the CD spectrum observed s#t@and the same protein ~ the protein relative to its native state. In an attempt to
concentationn 8 M urea solution; protein concentratien 0.34 characterize thermodynamically the thermally induced de-
mg mL~L, Inset: The corresponding melting curve constructed at patyration of rEPO we followed eqs—B and 5 or 6 and
220 nm; full line represents the best-fitted model function (eq 5). described the measured melting curves in terms of parameters
AH®y,,, Tip, and AC®,. Their values were obtained from
fitting the model function (eq 5 or 6) to the corresponding
melting curves using the Levenberlylarquardt nonlinear
%2 regression procedur@?). Finally, these values akH°r,,
2, T, @and AC°, were used to calculate th&®G°r, AH°T,
and AS’y of the protein’s denaturation. By contrast, urea-
8nduced denaturation of rEPO was followed at a number of
. o N temperatures by denaturation profiles (Figure 4) which were
determined from&lj 7= AH%,, + AC%(T — Ty and then descF:)ribed by ec};s 1,2, 4, and gand us(edgto obt)ain at each of
combined WIthAG"r 10 obtainAS™r. the measured temperatures the correspondi@g,or and
Solvent-induced denaturation of globular proteins per- mvalues. Equation 3 was fitted to theA&°y,0 1 values to
formed at a given temperature generally yields the corre- gptain the parametersH°r,,,, T1,, andAC®, that characterize
spondingAG°r as a linear function of denaturant concen- the hypothetical thermal unfolding of rEPO in the absence
tration, of urea that involves N and D states that would exist at high
denaturant concentration28).
AG®; = AG®, oy — mdenaturant] (4) Numerous studies on protein stability performed in the
past decade have shown that for protein unfolding Ad#i+
where AG°h,07 is an estimate of\G°r in the absence of ~and AC®, can be parametrized in terms of the change in
denaturant aneh is an empirical parameter that correlates SOlvent accessible polanfy) and nonpolar AAy) surface
strongly with the amount of protein surface exposed to the area associated with the unfolding process. Such parametri-
solvent upon unfolding1@®, 19). As pointed out by Santoro ~ Zation is based on the calculation of the nonpokar) @nd
and Bolen 20) AG®y,0 refers to the N D equilibrium polar (Ap) solvent accessible areas of proteins in the folded
that occurs at high denaturant concentrations projected to@nd the unfolded state that can be accomplished using the
the limit of zero denaturant concentration, which means that Method introduced by Tsodikov et ak9) Ay and Ae of
AG°y,07 retains attributes of the N and D states existing at Native (folded) rEPO were obtained from the known NMR
high denaturant concentrations. In other words, the quantitiesStructure of mutant rEPQLE) using the probe size of 0.14
AG°r (eq 3) andAG®0r (eq 4) that characterize thermal nM while theAy and A values of the unfolded rEPO were
unfolding at low temperatures and denaturant-induced un-estimated as the sum of the accessibilities of the protein
folding in the absence of denaturant refer to hypothetical residues located in the Ala-X-Ala tripeptide8Qf. AC
unfolding reactions in which properties of both N and D are &ccompanying the unfolding of proteins can obtained from
properties derived at high temperatures or high denaturantthe parametrized equatio81)

concentrations, respectively. . 1132
According to the reversible two-state model of protein AC P 0.45[cal mol " K JAA ~

denaturation (egs 1, 2) one can express some physical 0.26[cal mol* K 1 A72AA, (7)
property,F, that can be used for monitoring the denaturation
process as while the corresponding enthalpy change°r, can be

In this expressiolAG°t refers to the N< D transition
projected from the temperature interval in which it actually
occurs to the temperatufie Ty, is the melting temperature
at which a = 0.5, AH°r,, is the standard enthalpy of
transition afT,, andAC®, is the difference in heat capacity
between the unfolded and the folded state assumed to b
independent of temperature. The corresponditd’r is
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Ficure 4: Denaturation of rEPO by urea. (a) The rEPO intrinsic
fluorescence emission spectra measured &tCG3QpH = 7.2, and
protein concentration of 0.04 mg mbat various urea concentra-
tions between 0 and 8 M\Amax is the shift inAyax 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 denaturatien,determined at 10C and 30

°C from the corresponding CD urea-denaturation curves; full line
represents the best-fitted model function (eq 5).

at their median transition temperature of ®D. The entropy
change that accompanies the unfolding of proteikS:r,
can also be parametrized &3):

AS)T = ASOT,solv + ASOconf (9)

Trp51 N Trp64

Ficure 3: Thermal denaturation of rEPO monitored by intrinsic
emmision fluorescence. (a) The temperature dependence of intrinsic o .
fluorescence emission spectra measured betweé@ Hhd 86°C The solvent contributiomS’r s, that describes the exposure
at pH= 7.2 and the protein concentration of 0.033 mgthiBold of polar and nonpolar groups to the solvent upon unfolding
line represents the corresponding FL spectrum measured®d 25 of the protein can be expressed AS°t sy = AC?, In(T/

after heating to 88C, andAAmaxis the shift inlmax Observed upon
heating the protein solution from 25C to 86 °C. Inset: The 385.15) 81, 34). The second terMAS con, refers to the

corresponding melting curve constructed at 346 nm: full line Change in configurational entropy that results from the protein
represents the best-fitted model function (eq 5). (b) The three- unfolding and can be estimated &S’cont = [INI4.3 cal
dimensional NMR solution structure of mutant rEPO in its native K~*(mol of residue)* where INCis the average number of
St_a;]? G—ﬁ)- The T;Pil and T_Fp6ﬁ_|fesr']du$5 SVSG Se%” to be buried amino acid residues participating in the unfolding process
within the core of the protein while the Trp88 residue appears 10 5,4 4 3 cal K (mol of residue)! is the average overall

be partially exposed to the solvent. . . :
P y exp configuration entropy change obtained from the thermody-

estimated from the expressiod2)] namic database for unfolding of monomeric protei83)(
Evidently, the number of amino acid residues involved in
AH°, = —8.44[cal mor A_Z]AAN + the unfolding proces$INL] can be estimated from eq 9 using

the corresponding experimentally determie@®, andAS’+
31.4[cal mol* A" AA, + AC° (T — 333.15) (8)  values.
As shown recently 36), the energetics of a protein
in which the sum of the two terms containindg\y and AAs denaturation can be correlated with its structural features
represents thAH°r value observed with most global proteins through AAy and AAe values calculated from eqs 7 and 8
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Table 1: Thermodynamic Parameters of rEPO Denaturatior>(N
D) Obtained by Model Analysis of DSC Thermograms and
Spectropolarimetric (CD) and UV Absorption (UV) Temperature
Profiles

AC°pkeal

T12/°C AH°,Jkcal moit mol~1 K~1

pH DSC CD Uv cat DSC CD UV DSC
3.1 404 38.0 409 19 21 20 20 0.02

4.6 43.0 434 397 36 37 35 28 0.15
6.1 565 56,5 559 52 53 48 45 0.35
7.2 60.6 60.8 608 62 62 60 62 0.35

83 576 575 558 55 57 53 54 022 30 0 e 0
9.4 559 556 547 50 52 51 57 0.15 . . .
erroP +05 +1 +2 +1 +1 +3 45 +004 FicurRe 5. Thermal denaturation of rEPO followed by calorimetric

- - - - and spectroscopic techniques. The degree of rEPO thermal dena-
@ Model-independeni\Hc, values determined by integration of the  tyration,q, as a function of temperature determined at pH 7.2 from

corresponding DSC thermograntsThe errors were estimated from  the DSC thermogram and the CD, UV, and FL melting curves;

repetitive experiments by variation of possible baseline positions points represent the experimental values while the full lines

deflnlng the initial (native) anq the final (denatured) §tate. The errors represent the Corresponding best fitted model function (eq 5)
obtained as square roots of diagonal elements of variacweariance

matrix by fitting of the corresponding model function (eq 5 or 6) to
the individual melting curves are lower.

increasing of pH to 9.4 (Figure 1). The measured model-
independeniHc, values agree well with the corresponding

. . . R R van't Hoff AH®y,, values obtained from fitting the model
using the experimentally obtained values Ad¢°, andAH T function (eq 6) &;Zthe experimental{ — C°,n) vgsT curves
Furthermore, the average number of the unfolded reS|dues,(.|.able 1) P

[IN[] can be estimated as

Circular Dichroism (CD).Temperature dependence of the
far-UV CD spectra measured between pH 3.1 and 9.4 shows
INC= (AAy + AR NI/ (AA s+ Adp sy (10) 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
RESULTS undergoi_ng a complete_z thermal denaturation rEPO retains a
substantial amount of its secondary structure. As shown by
The reversibility of thermal denaturation of rEPO in the inset in Figure 2, the experimen@} vs T curves were
aqueous solutions was examined betweerFpBil and 9.4 constructed at each pH from the far-UV CD spectra measured
by performing two consecutive DSC scans and by measuring at different temperatures. The corresponding model function
CD and intrinsic fluorescence spectra after cooling the sample(eq 5) based on the two-state model (eg8)Lwas then fitted
to the pretransitional temperature (Figures3). Between o these CD melting curves to obtain the characteristic
pH = 4.6 and 8.3 the observed reversibility was better than parametersAH°r,,, Ty and AC°,. The described fitting
90% while at pH= 3.1 and 9.4 it dropped to about 70% procedure resulted in reliablaH°r,, and Ty, values that
and 80%, respectively (Table 1). The reversibility of urea- agree well with those obtained from the DSC experiments
induced denaturation of rEPO was checked by diluting the (Table 1). Unfortunately, the\C°, adjustable parameter
rEPO solutionm 8 M urea solution at pH= 7.2 with this  cannot be determined using this approach because fitting of

particular buffer to pretransition urea concentrations and by the model function to the experimental optical melting curves
comparing the CD and fluorescence spectra measured folyrns out to be rather insensitive C°),.

these diluted solutions with those obtained for the same rEPO AbsorbanceUpon heating the rEPO solution from°E
solutions prepared directly from urea and buffer of pH 5 90°C its absorbance spectra show at all measured pH a
7.2. Again, the ob;erved extent of rev¢r3|bll|ty was higher drop in absorbancé.fax = 282 nm) of only about 5%. Due
than 90%. According to the suggestions of Lopez and g sych low sensitivity of the measured absorbance to the
Makhatadze35) the model-dependent parameters (eq 3) that temperature-induced conformational changes of rEPO, the
describe the thermally induced denaturation of rEPO as acorresponding UV melting curves cannot be considered as
reversible two-state transition can be considered reliable only rgjiable as those constructed from the far-UV CD spectra.
between pH= 4.6 and 8.3. At higher or lower pH their  Nevertheless, fitting of the appropriate model function (eq
values can serve for comparative purposes. 5) to these UV melting curves (not shown) results in
adjustable parametefgH°r,, and Ty, that are close to those
obtained from DSC and CD experiments (Table 1, Figure
Differential Scanning Calorimetry (DSCRSC thermo- 5).
grams measured between pH 3.1 and 9.4 show single Fluorescenceln contrast to the well-defined DSC and CD
transitions characterized by the enthalpy of denaturation, melting curves of rEPO, its emission fluorescence spectra
AHca, and the transition temperaturgy,, that increase with show in all buffers almost linear decreasing of FL intensity
increasing pH up to pk= 7.2 and then decrease with further  with increasing temperature accompanied by a slight red shift

where the AAy + AAp) term refers to theAAy and AAp
values calculated from eqs 7 and 8, teA( st + AAps7)
term refers to those calculated for the complete unfolding
from the structural data, andN[dr is the total number of
residues contained in the protein.

Thermal Denaturation of rEPO
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(=3 nm) of the emission maximum (Figure 3). This result 107
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 rEPIB)(
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 Ti°C
by only a minor red shift of the emission maximum. FGURE6: Thermodynamic stability of rEPO as a function of pH.
Inspection of Figure 3a shows full consistency between the 261 0f TEPO thermal denaturation as a function of temperature
. . (eq 3) determined at various pH from the corresponding DSC
sugg_ested strgctural descrllptpn of rEPO thermal denaturanonthermogram& Inset: The pH profile AiG°r at 25°C.
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 (egs 1, 2, and 5) can only lead e B

AGT° I keal mol™

(=]

—
()
~

structure based

o . — -~ "-..‘calculation
to qualitative thermodynamic data. 2 "'_.- .
Denaturation of rEPO by Urea E 10
Urea-induced denaturation of rEPO performed at-pH :2'_

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 I
monitoring of urea-induced denaturation of rEPO at$H

7.2 (Figure 4) results at high urea concentrations in a
pronounced decrease of the emitted fluorescence and a red
shift of the emission maximun(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 5 ‘ m ‘ 30

fitted with the model function (eq 5) combined with egs 1, Ti°C

2, and 4 to obtain the corresponding valued&°,,0r and FIGURE 7: Thermodynamic stability of rEPO at pH 7.2. AG°r,

m. The model function (eq 3) was then fitted to these Atr:;Ti'nggdfrToAnfo Ihogrrnfglg ?ﬁgjélérdat(ignsgs %Ugcéiopuﬁf“tﬁgpae;zture
AG°y 07 to estimate parametersH®r,,, T1,, andAC®, that obtain . » PR 1.2, . '
charafcterize the hypgthetical thermlgl denaturatior? of rEPO urea-induced denaturation (pk 7.2, disconnected line) in

S . : . comparison with the corresponding quantities estimated from the
which involves its native and denatured states projected fromstructure-based calculations (dotted line; eg97or AAyst =

Q

—~
o
o
L}
L}
"

100 -~

AH_° I keal mol”
°
LY
%

PN

()

%
L]

100, -~

\

TAS_° / kcal mol
\“

high urea concentrations (Figure 7). 10 362 R, AAp 5T = 6027 A, and N3 = 165). (a)AG°t as a
function of T. Values ofAG°; extrapolated to zero urea concentra-
DISCUSSION tion (AG°n,07) Were obtained from urea denaturation curves

monitored by CD [0) and fluorescenceM) spectroscopy. The
The denaturation of rEPO under the conditions used in glcscgggectgd;énke o therli"ezg't O_ff% ﬁ tol th%% észHf 94
this study was assumed to be a reversible two-state process,—; 2H . = 70 kcal mof?, AC%, = 1.7 kcal mot™). (b) AH*r as
o L - 74 function ofT. (c) TAS’t as a function ofT.
There are several possibilities to check the validity of this
assumption36—39). In the case of thermal denaturation the compare the corresponding directly measured enthalpies of
most rigorous way of confirming it is to use DSC and transition to the van’t Hoff enthalpies calculated from the
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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 (eqgs 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 test39). The obtained linear parametric CD, UV
absorption, and fluorescence plots indicate that the observed
conformational transitions can be considered as two-state

processes. L
: : . : Ficure 8: pH dependence of rEPO structural characteristics. (a)
Analysis of thermal denaturation experiments (Figures Change in the measured ellipticitx®520 upon heating the rEPO

1-3) indicates that the stability of rEPO strongly depends sojution from 5°C to 86°C (rEPO concentratios 0.34 mg mL?).

on pH. In the studied temperature interval the measured free(b) The changes in nonpolar\Ay, and polar, AAs, solvent

energy of denaturatiolhG°r exhibits a maximum at pH  accessible surfaces upon rEPO denaturation estimated from ex-

around 7.2 (Figure 6) and agrees well with the corresponding pelnpen:allAyAzbtam%d Aﬁta (Ttib!e %1) fand eqs |7ta”d ? b
relative to sran st obtained for “complete unfolding”

values reported' by Aorakawa etalq). Atall measurgd pH (transition to Ala-X-Ala denatured staté\Ayst = 10 362 &,

the correspondingnH°r and AS’r show that enthalpic and  AA, ¢ = 6027 A). (c) The number of amino acid residues

entropic contributions tAG°r are about equally important.  participating in the unfoldinglIN[] estimated from eqs ) and

Table 1 shows thakC°,, depends strongly on pH. SinaeC°, 10 (m) relative to the total number of structured residud&dr =

measures primarily the increase in hydration upon unfolding,

165, in rEPO.
the observed changes ®C°, that accompany changes in . . .
g P bany ¢ denaturation together with the corresponding enthalpy and

pH argue for corresponding major structural changes in either L9 . . "
the native state, the denatured state, or both. The relativeSNtoPY con_trlbutlons IS pre_sented in Figure 7. T
reduction of rEPO structure that results from thermal Values obtained from urea-induced denaturatid®Tr =

denaturation in the measured pH interval expressed at eacH*C w0 See Experimental Procedures) around the physi-
pH as the difference between ti5 values measured at ological temperature appear to be more positive than those
86°C and 5°C, respectively, is presented in Figure 8a. The obtained from thermal denaturation. These differences are

feature of these data argues rather strongly that at low andrather small due to the effective compensatioméf’r and
high pH the extent of the reduced secondary structure uponTAS’t contributions, which are for urea-induced denaturation
denaturation is significantly lower than at neutral pH. It 0f rEPO much larger than for its thermal denaturation (Figure
seems that at low or high pH the native state of rEPO with 7). Since in the urea-denatured state the extent of the
the surplus of positive or negative charge is due to the secondary structure appears to be significantly lower than
increased repulsion of the like charges less structured thanin the thermally denatured state (Figures4}, the observed

at physiological pH. The same should be true also for the differences inAG®r, AH®r, andTAS’t may be attributed in
denatured rEPO since an unfolded protein with a surplus of the first place to the enhanced hydrophobic contribution to
positive or negative charge would also tend to be more these quantities. As suggested by many authors, this en-
extended than the neutral protein. As shown in Figure 8a, hancement results from the increased number of unfolded
the described electrostatic repulsion effect is more pro- residues in the urea-denatured state accompanied by an
nounced with the native state of rEPO (smaller difference increase in the solvent accessible area of the protein and a
between®,y, values of unfolded and folded state), and consequent increase in its hydratidt9,(26, 31, 32, 41—
because of that the thermal denaturation of rEPO performed43). Such explanation is clearly supported by the fact that

non-polar

<N>/<N>

0.0

3 5 7
pH

at low or high pH results in reducefC°, values.
Temperature dependence of rEPO stability atH.2
(AG°tvsT curves) obtained from thermal and urea-induced

AC°, obtained from the urea denaturation (1.7 kcal Thol
K1) substantially exceeds its value determined from the
thermal denaturation (0.35 kcal mélK1).
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In an attempt to correlate protein structural features to the carried out using an opposite approa2)(in which AAy,
thermodynamics of its unfolding, several authors have AAs, and [IN[(Jthat accompany denaturation of rEPO are
proposed an empirical parametrization approach in which calculated from combination of experimental thermodynamic
structure-based calculations of thermodynamic quantities of data and parametrized egs9. These calculations show that
denaturation are based largely upon the accompanyingupon thermal denaturation of rEPO in the measured pH
increase in exposure of the protein’s nonpafar, and polar, interval the ratioAAN/AAN standAAR/AAe stincrease from
Ap, surface areas to the solved®d( 31, 32, 41—43). In this about 15% and 5% at pHE 3.1 to about 40% and 20% at
study we used the parametrizatioBl( 32) according to pH = 7.2 and then drop to about 35% and 15% at$19.4
which the characteristic quantities of unfoldiddC°®, and (Figure 8b). Similarly, theN[ZIN[dr ratio in which INCis
AH°t are expressed only in terms of the correspondig determined either from eq 9 or 10 increases from about 10%
and AA- (egs 7 and 8). Following the already described at pH= 3.1 to about 30% at pH 7.2 and drops again to
structure-based procedure of estimating faeand As of about 20% at pH= 9.4 (Figure 8c). For the hypothetical
rEPO in its native and completely unfolded state, we first thermal denaturation of rEPO followed at 7.2 in which
determined these values, and then by subtracting them wethe native and denatured states are those projected from high
obtained the corresponding changef st= 10 362 & and urea concentrations, the described calculations resAlaji
AAe st= 6027 &, which were further used to calculate from  AAyst = 59%, AAJ/AAp st = 68%, andININ[dr = 65%
egs 7 and 8 the corresponding structure-based values ofeq 9) or 63% (eq 10). Evidently, the@eAW/AAN sT, AA
AC®, st and AH®rst. By employing eq 9 in whiclAS 1 5o AApst, and INZONdr values show that the degree of
= AC®,s7In(T/385.15) andA S’ ¢one = IN[d74.3 cal K™t (mol thermally induced unfolding of rEPO is unexpectedly low.
of residue)?, we obtained the stucture-based valu&&¥t s, They also show that thermally denatured state of rEPO is
which combined wittAH®t st resulted in the corresponding  significantly less unfolded than its urea-denatured state which
AG°ts7 (31—34). As can be seen from Figure 7, the free is in line with our far-UV CD and fluorescence results
energy, enthalpy, and entropy of rEPO unfolding obtained (Figures 2-4) and with the generally accepted observation
from these structure-based calculations do not agree well withthat urea-denatured proteins have less residual structure than
those obtained from the experiment (egs31 6). Moreover, thermally denatured proteingly). Finally, they are fully
the calculated\C°, st = 3.1 kcal mot! K~1is much higher consistent with our suggestion made earlier that the observed
than the highest experimentalC°, of 0.35 kcal mot? K1 large discrepancy between the experimentally determined
determined at pH= 7.2. At lower or higher pH the agreement AG°y, AH°r, and AS’+ of rEPO denaturation and the
between the calculated and experime@FP, values is even  correspondingAG°r,st, AH 1 s1, andAS’r st obtained from
worse. In our opinion the observed discrepancies are notthe structure-based calculations is mainly due to the incom-
surprising because the estimation of the structural parameterglete unfolding of rEPO upon denaturation and at low or
AAn sTtandAAp stis always questionable due to the problem high pH also to a partially unfolded native state. We are
of defining the structure of the initial and final state of the well aware that theAAy, AAp, and IN[Cvalues determined
protein. For initial states the NMR and X-ray structures are from the described combination of experimental thermody-
often known, and thus thei#y and Ar can be calculated namics and structure-based parametrization can be considered
using well-known methods20, 44—46). The problem with only as reasonably good approximations since they comprise
the initial state is that we usually know its structure only at errors of the empirical parametrization and those of the
given conditions T, pH, ionic strength, solid state, and so measured thermodynamic quantities. Nevertheless, we be-
on). So, when we study protein unfolding at some other lieve that using this approach one can explain, at least in a
conditions, for example at much lower or higher pH, the semiquantitative way, the observed thermally induced or
structure of its initial state and the correspondigandAp urea-induced denaturation of rEPO. We would like to point
may be significantly different from those at neutral pH. There out that the excellent agreement between @Rélvalues
is another, even more difficult problem with the final state obtained from independent parametrization AE°, and
of the protein which is assumed to be in a random coil AH®°r (eqgs 7, 8) combined with eq 10 on one side and from
conformation and thus characterized by an unfolded polypep-the parametrization oAS’r (eq 9) on the other (Figure 8c)
tide chain that has to be approximated by a certain modelstrongly supports the suggested parametrization of the
(see for example redl and the corresponding references quantitiesAC®,, AH®y, andAS’r (eqs 7#9) provided they
therein). In numerous studies dealing with the determination are parametrized in terms of the “truA’Ay andAAe values.
of the solvent accessible surface area of the unfolded stateConsidering the above, we believe that for proteins with
Ay and Ar are estimated by calculating the surface area of poorly defined structure of native and/or denatured state
each amino acid residue located in an extended tripeptide,attempts to correlate the experimental thermodynamics of
Ala-X-Ala (as in this study) or Gly-X-Gly, and then summing protein denaturation with its structural features would benefit
these contributions over all the residues contained by thefrom this kind of approach.
protein. Such estimation implies a completely extended ACKNOWLEDGMENT

unfolded protein. If the denatured protein does not exist in ) ) )
such a state, the described procedure may result in an We are especially grateful to the Biopharmaceutics Lek

overestimation of its solvent accessible surface atgand team for developing the protocol for rEPO expression and
Ae. As a consequence, the proteim#y st and AAp st are purification. They prepared the protein in the amounts needed
overestimated and the result is an overestimatioh®@f, s. for this biophysical study.
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