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Thermal stress was used to assess the stability of
recombinant human erythropoietin (EPQO) derived from
Chinese hamster ovary cells. In 20 mm phosphate at pH
7.0, this protein had a highly reversible thermal unfold-
ing as observed by far UV circular dichroism (CD) and
native gel analysis, with no indication of protein aggre-
gation. It had a relatively low melting temperature at
53°C. Assuming a two-state transition, the observed
reversibility permits thermodynamic analysis of the un-
folding of EPO, which shows that the free energy of un-
folding at 25°C is only 6-7 kcal /mol. Upon heating to
79°C over 30 min, however, this protein does undergo
aggregation as assessed by native gel. In 20 mM phos-
phate and citrate at pH 7.0, the results are similar, i.e.,
EPO suffered a substantial aggregation, while it showed
little aggregation in 20 mMm Tris or histidine at pH 7.0
and 20 mm glycine at pH 6.3 under identical heat treat-
ment.
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Accelerated stability is an important and conven-
tional method for screening a large number of sol-
vent conditions and excipients in a short time.'™®
Degradation of proteins can occur through various
courses as schematically described below.
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In this scheme, native proteins denature to the un-
folded state with an equilibrium constant, K. Each of
the two forms in equilibrium undergoes irreversible
degradation with the rate constants, k,, and k,, in the
reaction courses 1 and 2. In this degradation path-
way, high temperature increases the rate constants, k;
and k,, of the irreversible reaction, leading to forma-
tion of degradation products. In addition, if the
major degradation pathway occurs through unfold-
ing, then at low temperatures the unfolded form is

found in so small a fraction (K~0 below melting
temperature) that accumulation of degradation
products normally is slow. Use of temperatures
above the onset of melting will not only increase the
population of the unfolded state and facilitate degra-
dation, but also may simplify the pathway, since at
such temperatures most of the degradation would go
through the unfolded state.

We have used this strategy to understand the
mechanisms of stabilization of bovine serum albumin
induced by Tween 80.” Here we used the same ap-
proach on recombinant human erythropoietin (EPO)
derived from Chinese hamster ovary cells. This pro-
tein has been extensively studied for its conforma-
tional stability and the role of glycosylation in its
structure, stability, and activity.*'® First, we studied
the thermal transition and reversibility of the protein
by a CD thermal scan and then the reversibility of un-
folding against heat stress at constant temperature.
These results show the protein to be kinetically sta-
ble, although thermodynamically unstable, since it
has a relatively low melting temperature and free
energy of unfolding, yet it readily regains the native
structure after thermal unfolding. Therefore, we im-
posed increased heat stress to generate degradation
and observed several solvents for their effects on
degradation, in this case aggregation, since aggrega-
tion of proteins is a major form of degradation.'”
Lastly, we show evidence that the structure of the un-
folded state may be more helical at low temperature
than at high temperature. This implies that although
accelerated stability provide clues as to which sol-
vents might work better, some caution must be exer-
cised when generalizing from results obtained at high
temperatures.

Material and Methods

Materials. Recombinant human EPO was a kind
gift from Kirin Brewery Inc. EPO stock solution was
prepared by dialysis against water.
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Methods. CD measurements were done on a Jasco
J-715 spectropolarimeter with a PTC-348WI temper-
ature controller and a Peltier cell holder. The far UV
spectra were recorded at various temperatures using a
0.1 cm pathlength rectangular cuvette. The concen-
tration of EPO was adjusted to 0.5 mg/ml. The pH
of buffer was adjusted to 7.0 at room temperature.
The spectra were taken at a scan rate of 10 nm/min
and averaged over accumulation of 10 spectra. The
ellipticity was converted to the mean residue elliptici-
ty using the pathlength of the cuvette, the protein
concentration and the mean residue weight of 110.5.
An experimental solvent spectrum was subtracted
from the sample spectrum. The solvent spectra at 25
and 80°C were identical. For low temperature spec-
tra, subtraction was done with the 25°C solvent spec-
trum, while the 80°C solvent spectrum was used for
subtraction from high temperature sample spectra.
The far UV CD spectra were analyzed by a secondary
structure analysis program, CDNN version 2.1,
Guid223 (10/9/98).'®

The thermal transition measurements were done at
temperature increments of 20°C/h, scanning from 30
to 70°C and following the CD signal at 220 nm ex-
cept for histidine, for which 230 nm was used due to
high solvent absorbance below this wavelength. The
protein concentration used was 0.5 mg/ml. The CD
thermal scans were analyzed by nonlinear least
squares analysis to derive the thermodynamic
parameters and their statistical uncertainties using
the program CDMELT developed in-house. The fit-
ting model used in this case assumes a temperature-
independent enthalpy (4c,=0) and uses as fitting
parameters the enthalpy of unfolding, 4H, the mid-
point temperature of unfolding, Tm, the difference in
ellipticity between the native and unfolded states, the
ellipticity of the native state, and a constant slope in
the pre- and post-transition regions. From the der-
ived AH and Tm, the onset and endpoint tempera-
tures To and Te, defined as the points where unfold-
ing is 5% and 95% complete, respectively, were also
computed. The Tm was also calculated by taking the
first derivative of the CD transition curve. Assuming
a two-state transition of EPO unfolding, the free
energy of unfolding was calculated following the pro-
tocol as described in reference 19. When the sample
in the cuvette was repeatedly scanned for spectral or
thermal measurements, for example, between the
first and second temperature scans, the protein solu-
tion was gently mixed within the cell between the
measurements to avoid a prolonged UV irradiation
of the same spot in the cell.

Sedimentation velocity was measured at 60000 rpm
in a Beckman XL.-A analytical ultracentrifuge using
2-channel! charcoal Epon centerpieces, with protein
concentrations of ~0.5 mg/ml and absorbance scans
at 280 nm. The data were analyzed by the program
SVEDBERG.>

Native gel electrophoresis (native-PAGE) was
done using a Novex 10% tris-glycine gel and native
gel tank buffer. Samples containing 0.5 mg/ml EPO
were incubated at various temperatures using a heat
block and then mixed with a cold native gel sample
buffer before putting them on the gel. Electrophore-
sis was run at room temperature at a constant voltage
of 80V for about 5h. Gels were stained with
Coomassie blue.

Results and Discussion

Melting temperature

The melting temperature of EPO at 0.5 mg/ml in
20 mM phosphate at pH 7.0 was measured using far
UV CD. The CD thermal scan obtained at 220 nm is
shown in Fig. 1. It shows a cooperative transition
with no apparent presence of intermediates during
transition. It also shows that the protein at 70°C still
has a substantial CD signal, indicating that the ther-
mally unfolded EPO has an extensive secondary
structure. The high tension voltage (HT), shown in
Fig. 1, shows no indication of increased absorbance
upon melting, meaning that the unfolded EPO does
not aggregate sufficiently to scatter light. By curve fit-
ting, the transition temperatures were found to be To
=42°C, Tm=53°C and Te=65°C, which are close
to those previously observed in citrate buffer.'® The
Tm were also calculated by taking the first derivative
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Fig. 1. Thermal Transition of EPO in 20 mm Phosphate, pH 7.0.
Solid line, first scan; dotted line, second scan.






