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ABSTRACT: Aggregation of proteins is a major problem in their use as drugs and is also involved in a
variety of pathological diseases. In this study, biophysical techniques were employed to investigate aggregate
formation in the pharmaceutically important protein, recombinant human factor VIII (rhFVIII). Recombinant
human factor VIII incubated in solution at 3T formed soluble aggregates as detected by molecular
sieve chromatography and dynamic light scattering. This resulted in a corresponding loss of biological
activity. Fluorescence and CD spectra of the thermally stressed rhFVIII samples did not, however, suggest
significant differences in protein conformation. To identify conformational changes in rhFVIII that may
be involved in rhFVIII aggregation, temperature and solutes were used to perturb the native structure of
rhFVIII. Far-UV CD and FTIR studies of rhFVIII as a function of temperature revealed conformational
changes corresponding to an increase in intermoleguidneet content beginning at approximately*@5

with significant aggregation observed above’60 Fluorescence and DSC studies of rhFVIII also indicated
conformational changes initiating between 45 and°60 An increase in the exposure of hydrophobic
surfaces was observed beginning at approximately’@0as monitored by increased binding of the
fluorescent probe, bis-anilinonaphthalene sulfonic acid (bis-ANS). Perturbation by various solutes produced
several transitions prior to extensive unfolding of rhFVIII. In all cases, a common transition, characterized
by an increase in the wavelength of the fluorescence emission maximum of rhFVIIl from approximately
330 to 335 nm, was observed during thermal and solute perturbation of factor VIII. Moreover, this transition
was correlated with an increased association of factor VIII upon incubation &€ 37 the presence of
various solutes. These results suggest that association of rhFVIIl in solution was initiated by a small
transition in the tertiary structure of the protein which produced a nucleating species that led to the formation
of inactive soluble aggregates.

Factor VIII (FVIII),* a multidomain, high molecular weight  complex, is produced by the limited proteolysis of FVIII by
(approximately 280 kDa) blood coagulation glycoprotein, is thrombin —6).
deficient in hemophilia A. In the blood coagulation cascade, Current treatment for hemophilia A includes the admin-
FVIII acts as a cofactor of factor 1Xa for the activation of istration of recombinant human factor VIII (rhFVIIIl) pro-
factor X on membranesl). The active form of FVIII duced in CHO cells®). The protein is synthesized as a 2351-
(FVIlla), which binds to platelets in the factor X activation residue single-chain precursor from which a 19-residue signal
: : — peptide is cleaved upon translocation into the endoplasmic
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Scanning transmission electron microscope studies ofthromboplastin time (APTT) assay using micronized silica
FVIII show that the three-dimensional structure of the as an activator and rhFVIII deficient plasma as a substrate.
molecule consists of a globular core made up of the-A1 The APTT assay was performed using a COAG-A-MATE
A2 domains of the heavy chain linked to the light chain and coagulation analyzer (Organon Teknika Corporation, Durham,
a peripheral satellite structure extending from the globular NC). rhFVIII samples were added to FVIlI-deficient plasma,
core made of the B domain of the heavy chdiB)( A high- and the clotting time was measured. The activities of the
resolution crystal structure of the C2 domain has recently rhFVIIl samples were then obtained from a calibration curve
been reportedl©), but details of the overall structure remain constructed using the clotting times determined from various
unknown. In addition to the metal ion linkage between the dilutions of a lyophilized reference concentrate of known
Al and A3 domains, apolar interactions have also been activity.
implicated in the associatior2(). Effect of Aggregate Formation on rhFVIII Structure

Under certain conditions, it has been found that recom- Diluted rhFVIII samples (approximately 0.1 mg/mL) were
binant human factor VIII has a tendency to aggregate, a used for all experiments. Circular dichroism spectra were
propensity potentially detrimental to its use as a drug obtained with a Jasco J-720 spectropolarimeter (Tokyo,
substance. Aggregation of proteins appears to be most oftendapan), calibrated with ammoniudrcamphor-10-sulfonate.
associated with structural changes in the molec2ig. or Measurements were performed at 45 in a 0.1-cm path
example, structural changes in proteins that lead to exposurdength cell. The samples were scanned from 260 to 200 nm
of apolar sites often result in protein aggregation and loss at a resolution of 0.1 nm and a scan speed of 20 nm/min.
of biological activity. Although it was originally thought that ~ Buffer absorption prevents data from being obtained below
protein aggregation was a consequence of extensive unfold200 nm. Three accumulations of spectra were obtained for
ing, it is becoming apparent that more subtle alterations in each sample and averaged. Fluorescence spectra were
protein structure may often be responsible for associative measured with a PTI QM-1 spectrofluorometer (Monmouth
behavior 21-23). To elucidate possible structural changes Junction, NJ). The samples were excited at 280 nm, and the
in rhFVIII that may be involved in protein aggregation and emission was monitored from 300 to 450 nm. Excitation and
loss of biological activity, the factor VIII molecule has been emission slit widths were set at 4 and 3 nm, respectively.
characterized by a variety of techniques using temperatureThe emission spectra of the samples were acquired at 25
and solutes as structural perturbants. Evidence is presentedC, and three scans were averaged with subtraction of spectra
for a unique structural transition in the molecule that may of buffer solutions. The fluorescence emission spectra of the
initiate the aggregation process. gel-filtration fractionated native and aggregate species of a

sample incubated at 37C for 9 days were also obtained.
MATERIALS AND METHODS Effect of Thermal Stress on rhFVIIAII thermal experi-

Time Course of Soluble Aggregate Formation of rhFVIII ments were conducted in 10 mM MOPS buffer, pH 7,
at 37 °C. rhFVIII bulk drug substance (approximately 0.5 containing 4 mM CaGl and 150 mM NaCl. The heat
mg/mL in buffer containing Tris, NaCl, Cagland Tween- capacity of rhFVIIl as a function of temperature was
80), obtained from Baxter Healthcare Corporation, was measured with a Calorimetry Sciences Corporation model
sterile-filtered and placed in a 3T incubator. Samples were 5100 nano-differential scanning calorimeter (Provo, Utah).
withdrawn at various time intervals and stored frozen @0 The DSC thermogram was obtained from 2 to 2@Dat a
°C until examination. scan rate of PC/min. A protein concentration of 3.58 mg/

Detection of Soluble Aggregates and Determination of mL was employed. A thermogram of the buffer was also
Aggregate SizeHigh performance-size exclusion chroma- obtained and subtracted from that of the protein solution.
tography analysis was performed using two analytical TSK The effect of temperature on rhFVIII tertiary structure was
gel filtration columns, G6000 PWXL and G4000 PWXL analyzed by obtaining intrinsic fluorescence emission spectra
(TosoHaas, Montgomeryville, PA), connected in series. Gel of rhFVIIl, and of the hydrophobic probe, bis-anilinonaph-
filtration was carried out under isocratic conditions (0.65 mL/ thalene sulfonate, in the presence of rhFVIII from 10 to 85
min) in an agueous buffer consisting of 50 mM Tris, 400 °C. A protein concentration of 0.1 mg/mL was again used.
mM NacCl, 5 mM CaC}, and 0.05% Nap| pH 7.0. Elution The temperature was varied through a peltier device inte-
of protein was monitored using a fluorescence detector, with grated into the fluorometer sample compartment under the
excitation at 285 nm and emission at 335 nm. Dynamic light control of the fluorescence acquisition software. Emission
scattering measurements were performed afQ5with a scans were obtained af€ intervals with incubation at each
Brookhaven BI-9000AT digital autocorrelator and a Bl- temperature for 3 min prior to data acquisition, a time
200SM laser light scattering goniometer system equipped sufficient for spectral changes to be complete. Intrinsic
with a helium—neon-diode laser operating at 532 nm fluorescence emission spectra were obtained by excitation
(Brookhaven Instruments Corporation, Holtsville, NY). A at 280 nm with emission monitored from 295 to 450 nm.
scattering angle of 90vas employed, and data was collected The excitation and emission slit widths were set at 2 nm.
for 90 s. The autocorrelation function was analyzed by the The buffer was scanned at 26 and subtracted from each
methods of cumulants and a nonnegatively constrained leasspectrum. The wavelength of the fluorescence emission
squares procedure (NNLS), and the hydrodynamic radius wasmaximum as a function of temperature was determined from

calculated from the Stoke<instein equation. The rhFVIIl  first derivative spectra, which permits wavelength maximum

samples were diluted to approximately 0.1 mg/mL prior to to be measured with a precision of approximately 0.1 nm.

data collection. rhFVIIlI samples (0.1 mg/mL) in the presence ofil bis-
Determination of rhFVIII Clotting Actiity. rhFVIII clot- ANS were excited at 385 nm and emission was monitored

ting activity was determined by the one-stage activated partial from 400 to 600 nm. The excitation and emission slit widths
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were set at 2 and 4 nm, respectively. The weak emission A 120
spectrum of 4«M bis-ANS in buffer at 25°C was used as
blank. The effect of temperature on rhFVIIl secondary

structure was monitored by CD and FTIR. Temperature was 100
varied at a rate of 0.25 or 1C/min with the CD signal

monitored at 215 nm. In addition, complete spectra were S 80
obtained at a scan rate of 10 nm/min &tGintervals from 9

10 to 90°C. FTIR spectra were obtained with a Magna-IR 3

560 spectrometer (Nicolet Madison, WI). Lyophilized protein § 60 |
(approximately 4.5 mg) was dissolved in 1 mL of@(final o
buffer composition, 30 mM MOPS, 6 mM CaClpD 7). u_‘:’_; 40

Measurements were obtained in an attenuated total reflec-
tance mode, using a 4%ZnSe, 12-reflection multi-bounce
cell. A 256-scan interferogram was collected in single beam 20 |
mode with a resolution of 4 cm for each spectrum. Spectra

were collected at 27C and 30 to 9C°C at 5°C intervals

with incubation for 3 min prior to each data acquisition. 0
Buffer spectra were also obtained at each temperature and 0 20 40 60 80
subtracted from the protein spectra using a straight baseline Time (min)

between 1770 and 2050 cfas the criterion for correct
subtraction. The resulting blank-subtracted spectra were then
smoothed with a 5-point SavitskyGolay function. Second-
derivative analysis was used to identify band components
in the amide-Iregion. Curve-fitting was performed with the
program PeakSolve (Galactic Industries Corporation) using
a mixed GaussianLorentzian function. Turbidity measure-
ments of 0.1 mg/mL rhFVIII solutions were obtained with a
HP 8453 UV~ Visible spectrophotometer (Waldbronn Ger-
many). The optical density at 350 nm was monitored from
10 to 90°C at 1 or 0.5°C intervals with 1 min incubation
at each temperature.

Effect of Chemical Stress on rhFVIIthFVIIl (0.1 mg/
mL) was incubated with increasing concentrations of solute
at room temperature for either 30 min (propanol and EGTA)
or overnight (LICIQ and GdnHCI). Samples were excited
at 280 nm, and the fluorescence emission spectra were

B 45

Mean diameter (nm)

monitored from 295 to 450 nm, employing excitation and 10 +——— w ‘
emission slit widths of 2 nm. The effect of propanol and 0 2 4 6 8
GdnHCI concentrations on the mean diameter of rhFVIIl was Time (days)

also examined employing dynamic light scattering measure- FiGure 1: (A) HP-SEC analysis of rhFVIII samples showing
ments as a function of incubation time at®7 as described  formation of aggregates with time. The data for the incubation time

above. Protein concentration in the incubated samples Wasgg{?é;.h%vﬁ geﬁnl sdtg;/:kgdd;?/r 3632’/ ‘Qsdu:;,'zgtg‘y ?32} tgﬁdtg

0.1 mg/mL. The samples were incubate_d at room temperaturéqay incubation time points. Gel filtration performed in 50 mM Tris,
for one (propanol) 03 h (GdnHCI) and filtered prior to data 400 mM NaCl, 5mM CaG} 0.05% NaN, pH 7.0. The flow rate
collection. The results were corrected for viscosity employing was 0.65 mL/min. (B) Dynamic light scattering analysis of rhFVIII

literature values of the temperature-dependent viscosity of Sémples as a function of incubation time. The mean diameters
propanol and GdnHCI24, 25). obtained by second-order cumulant (triangles) and NNLS (circles)

analysis are shown. Protein concentration w#&s1 mg/mL.

RESULTS populations and in a few occasions, three. The size of the

Effect of Incubation at 37C on rhFVIII Aggregation and ~ major population (greater than 99% by number and weight)
Structure rhFVIIl samples were incubated at ST for up in the samples ranged between 9 and 14 nm, while the size
to 7 days and frozen until examination. The effect of of the minor populations ranged between 25 and 55 nm. An
incubation time on the formation of higher molecular weight increase in the mean size of rhFVIIl in the samples was
species was analyzed by high performance size exclusionobserved with time from approximately 12 nm to between
chromatography and dynamic light scattering. Size exclusion 25 and 35 nm after 7 days (Figure 1, panel B). A loss in
chromatography analysis of the rhFVIII samples showed an biological activity of up to 15% was also observed over this
increase in population of soluble rhFVIII aggregates with time period, as determined by a one-stage activated partial
time (Figure 1, panel A), with the population of higher thromboplastin time assay (Table 1). Control experiments
molecular weight material increasing from zero to ap- performed to examine the effect of freezing and thawing on
proximately 26% at the end of 7 days. Data analyses of factor VIII showed that up to three freezéhaw cycles do

dynamic light scattering measurements by NNLS showed not cause aggregation or result in loss of biological activity
that the samples were heterogeneous, usually containing twg(data not shown).
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Table 1: Biological Activity and Extent of Aggregation of RhFVIII
Samples as a Function of Incubation Time at°8?

time % activity % aggregation = 0
Oh 100 0 5

6h 101 0 E 2
1 day 96 10 ‘6’.)

2 days 97 15 8
3days 90 20 =4
4 days 92 20 =
5 days 89 20 x
6 days 92 18 2]
7 days 85 26 2

a Activity was determined from a one-stage activated partial throm-
boplastin time assay and the percentage of aggregation from the data
shown in Figure 1.

Molar elli

10

Fluorescence and CD spectra of rhFVIII, after various
periods of incubation up to 7 days at 3T, were also
determined. The native CD spectrum of rhFVIII manifested
a minimum at 217 nm, indicative of a protein with a high
[-structure content (Figure 2, panel A6). No significant
differences in CD spectra were detected among the variably
aggregated rhFVIII samples (not illustrated). Similar results
were obtained with intrinsic fluorescence measurements. The 250 1
fluorescence emission spectra of fractionated native and
aggregated factor VIII are shown in Figure 2, panel B. The
fluorescence emission maximum of native rhFVIIlI occurs
at approximately 330 nm, suggesting that the tryptophan
residues in the rhFVIII molecule are on the average relatively
buried. The fluorescence emission spectra of the thermally
perturbed rhFVIIl samples were also comparable within
experimental error (not shown). Although the fluorescence
intensity of the purified aggregate species was quenched as
compared to that of the native protein, there were no 50 |
detectable differences in the wavelength of the emission
maxima of the two species (Figure 2, panel B).

-12 T T T —
200 210 220 230 240 250 260
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B 300
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Fluorescence intensity (a.u)

Effect of Temperature on rhFVIII Structur€o investigate 0 ‘
possible changes in rhFVIII structure that may be involved 300 350 400 450
in the observed protein association, rhFVIII was subjected Wavelength (nm)

to thermal stress. Differential scanning calorimetry, as well Fcure 2: (A) Far-UV CD spectrum of rhFVIII at 28C. The
as fluorescence, CD, and FTIR spectroscopies were used tepectrum shown is an average of three accumulations. (B) Fluo-
monitor the effect of temperature on rhFVIII structure. A L?riﬁgg)cgngfgissign astge(its;a Ojn‘:[ait:ggaﬁzg) gaté‘é?eglﬁ%?hw
DSC thermog_ram of rh'.:\./lll (Flgur.e 3) reveals several small Tris, 300 mM l%l%cﬁ 4 mM C;?Gl pH 7. Thge samBIes were excited
but reproducible transitions within the temperature range 5 280 nm.
studied in addition to a major transition centered near 58
°C. The magnitude of this major transition was, in fact, very temperatureZ7) with a transition observed between 45 and
small, requiring very high concentrations of protein (ap- 65 °C. The position of the emission maximum of rhFVIII
proximately 3.5 mg/mL) to be observed (unfolding transitions spectra also changes as a function of temperature with a
can normally be seen with this instrument at 1/10 the transition observed between 50 and°Ts (Figure 4, panel
concentration of factor VIII employed). Unfortunately, the B). A relatively small increase of 5 nm in emission maximum
determination of an associated enthalpy change was notposition was observed over the temperature range studied.
possible, since this transition was irreversible. Therefore, This increase in emission maximum position presumably
spectroscopic methods were employed to further explore thereflects some increase in exposure of one or more buried
nature of these transitions. tryptophan residues at higher temperatures. The protein is
The effect of temperature on rhFVIII tertiary structure was not, however, extensively unfolded over the temperature
examined by monitoring the change in rhFVIII intrinsic range monitored since the emission maximum position does
fluorescence intensity and the position of the emission not shift to 356-355 nm, the wavelength typically observed
maximum as a function of temperature. The emission for indole in aqueous environments. The transition observed
maximum of rhFVIII at 25°C occurs at approximately 330 in the wavelength of the emission maximum seems to occur
nm. This wavelength was therefore used to monitor the at temperatures similar to that of the major transition
change in fluorescence intensity as temperature was increasedbserved in the DSC experiments, but appears after the
(Figure 4, panel A). The fluorescence intensity of rhFVIII  deviation from linearity observed in the fluorescence intensity
at 330 nm displayed the expected linear decrease withmeasurements.
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Ficure 3: DSC thermogram of rhFVIII from 2 to 10TC. Protein
concentration was 3.58 mg/mL in 10 mM MOPS, 150 mM NacCl,
4 mM CaC}+H,0, pH 7. The sample was scanned &tCImin. 335
To further explore the effect of temperature on rhFVIII E 334 |
structure, the binding of the fluorescent dye bis-ANS to <
rhFVIIl was monitored as a function of temperature. Bis- g’
ANS is essentially nonfluorescent in aqueous solutions but ¢ 3331
becomes appreciably fluorescent in nonpolar environments g
(28). In addition, the fluorescence emission maximum of the F 330
dye shifts to lower wavelengths in nonpolar milieu. Thus, &
the dye is a useful probe of the degree of exposure of
hydrophobic sites as the structure of a protein is perturbed 331 1
(29, 30). In addition, the anionic nature of the dye has been
shown to contribute to its interaction with cationic sites on 330 ‘ .

proteins 81). The binding of bis-ANS to factor VIl and to
factor VIII subunits has been previously reported, with two .
hydrophobic sites observed on the surface of factor VIII, in Temperature (°C)

addition to intersubunit hydrophobic sites between the heavy FIGURE 4:  (A) Effect of temperature on rhFVIIl fluorescence

and light chainsZ0). The fluorescence intensity of bis-ANS ~ €Mission intensity at 330 nm. The sample was equilibrated at each
o buffer i ol d to the | ity of the EmPperature for 3 min prior spectra acquisition. The intensity values
In buffer Is negligible as compared to the intensity of the ere normalized by dividing the intensities at 330 nm for each

dye in the presence of rhFVIII (data not shown). The effect measured temperature by the intensity at 330 nm for the measure-
of temperature on the intensity of #M bis-ANS in the ment taken at 10C. Protein concentration was 0.1 mg/mL in 10
presence of 0.1 mg/mL rhFVIIl is shown in Figure 5. MM MOPS, 4 mM CaGl 150 mM NaCl, pH 7. (B) Effect of
Intensity changes were monitored at 500 nm. An increase [€mperature on the fluorescence emission maximum of rhFVIIL.
in the binding of bis-ANS to rhFVIIl is indicated by an A, while deconvoluted peaks for spectra obtained at 27 and
increase in bis-ANS intensity between 40 and°@after 90°C are displayed in Figure 7, panels B and C, respectively.
which the fluorescence declines (Figure 4, panel A). The Deconvolution of the amide’ Iregion of rhFVIII spectra
spectral changes again coincide with the transitions detectedrevealed 10 individual peaks at 1608, 1618, 1627, 1637,
by intrinsic fluorescence emission and DSC. Thus, the 1646, 1654, 1661, 1667, 1675, and 1684 &nThe peak at
temperature-induced transitions observed employing bis-ANS 1608 cnt! is probably due to absorbance by side cha@®. (
binding, DSC, and intrinsic fluorescence appear to reflect a The peak at 1654 cm has been assigned tehelices, the
common conformational change in the protein that results peaks at 1661, 1667, and 1675 ¢nhave been assigned to
in an increased exposure of apolar residues to the solventturns, and the peak at 1646 chhas been assigned to
The effect of temperature on rhFVIIlI secondary structure unordered structures3®). The peak at 1637 cm was
was investigated by obtaining far-UV CD and FTIR spectra assigned t@-sheets, while the peaks at 1618, 1627, and 1684
as a function of temperature. Increasing temperature resulteccm ! have been assigned to intermoleclesheet 83—37).
in an increase iff-sheet content as suggested by increasesA characteristic signature of intermolecufasheet formation
in the negative CD ellipticity at 215 nm (Figure 6) with the is the presence of a low-frequency band at approximately
transition beginning at approximately 46 and the midpoint 1620 cm! and a weaker high-frequency band at ap-
occurring near 60C. The CD results were supported by proximately 1682 cm! (37). An increase in temperature
FTIR data. The effect of temperature on the FTIR spectrum results in an increase in absorbance at 1618 and 1684 cm
of rhFVIII in the amide 1 region is shown in Figure 7, panel indicating an increase in intermolecujgssheets (Figure 7,
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Ficure 5: Effect of temperature on the fluorescence of bis-ANS
in the presence of rhFVIII (bis-ANS emission intensity measured
at 500 nm). A protein concentration of 0.1 mg/mL and bis-ANS
concentration of 4M was used in 10 mM MOPS, 150 mM NacCl,
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were GdnHCI, urea, LiCIQ) and propanol38). These agents
were observed to perturb the structure of rhFVIII to various
extents. A common effect produced by all of the compounds
at lower concentrations was a transition in rhFVIII structure
characterized by a shift in the wavelength of the fluorescence
emission maximum of rhFVIII from 330 nm to 33836

nm (Figure 8). More extensive unfolding is seen in 5 M
GdnHCI, as evidenced by the shift of the fluorescence
wavelength emission maximum to 350 nm. Complete
structural disruption was not obtained with the other agents
at the highest concentrations utilized. At least three transitions
are observed in the disruption of rhFVIII induced with
GdnHCI, two transitions with urea, and one with propanol
and LiClO,. Most interestingly, however, the first transition
observed in each case is characterized by a shift in the
emission maximum from 330 to 33836 nm, implying a
related structural alteration. The transition observed by the
thermal perturbation of rhFVIII is also characterized by a
shift in the intrinsic emission maximum of rhFVIII from 330

to 335 nm (Figure 4, panel B). The simplest interpretation
of these results is that the factor VIII molecule contains an
inherently labile structural feature. To further examine this

4mM CaCl, pH 7. Samples were incubated at each temperature Possibility, thermal and solute perturbants were combined.

for 3 min prior to spectra acquisition.
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Ficure 6: Effect of temperature on the molar ellipticity of rhFVIII
at 215 nm. A moving average of the raw data is shown by the dark
line for easier visualization of the temperature profile.

panels B and C). A plot of the absorbance at 1618cas

The effect of temperature on the wavelength of the emission
maximum of rhFVIIl in the absence and presence of GAnHCI
(0.5 and 2 M) is shown in Figure 9, panel A. The presence
of 0.5 M GdnHCI destabilizes the transition observed during
the thermal perturbation of rhFVIIl with the transition
beginning approximately 18C lower than in the absence
of GdnHCI. Again, however, in the presence of 0.5 M
GdnHCI, a 5-nm shift in the wavelength of the emission
maximum is observed (from 331 to 336 nm). The effect of
0.5 M GdnHCI on the response of rhFVIII to thermal stress
as monitored by CD also shows a destabilization of ap-
proximately 10°C in the midpoint of the transition (data
not shown). In the presencé M GdnHCI, which induces

the 336-nm state, further perturbation by heat does not cause
any further detectable alteration of the protein. Thus, this
new form of the protein can only be further disrupted by
higher concentrations of strong chaotropes such as GdnHCI
and urea.

The effect of propanol and guanidine hydrochloride
concentration on the propensity of rhFVIIl to aggregate in
solution, when incubated at 37C, was investigated by
obtaining dynamic light scattering measurements of the
stressed samples. In the presence of increasing concentrations
of propanol, after an incubation timef d h at room

a function of temperature shows that the absorbance oftemperature, the mean diameter of rhFVIII increased from

rhFVIII at 1618 cn1? starts to increase at approximately 45
°C, implying the initiation of intermoleculg$-sheet forma-
tion at that temperature (Figure 7, panel D). Turbidity
measurements of rhFVIII monitored at 350 nm ($4p
showed an increase beginning at approximately@%data

about 20 to approximately 98 nm (Figure 9, panel B).
Incubation of the samples at 37TC resulted in further
increases in the mean diameter of rhFVIII as a function of
incubation time, with a maximum diameter of approximately
125 nm attainedn 4 M propanol after 3 days (Figure 9,

not shown). The increase in turbidity observed could account panel B). Further incubation did not show significant

for the slight decrease in CD signal observed at ap-
proximately 75°C (Figure 6). All of the thermal transitions
detected by DSC, fluorescence, CD, and FTIR were found

increases in size. Polydispersity indices for all factor VIl
samples incubated at 3T in propanol were less than 0.2.
It appears that these samples were relatively monodisperse

to be irreversible (data not shown) as examined by the returnand the size of the factor VIII particles in propanol increased

of samples to pretransition temperatures.
Effect of Solutes on rhFVIII Structurd.o further probe
structural changes in rhFVIII, compounds that typically

uniformly with increased incubation time at 3T. In the
presence of increasing GdnHCI concentrationsr&gta at
room temperature, no significant differences in the mean

perturb protein structure were utilized. The solutes selecteddiameter of rhFVIIl were observed over the concentration
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Ficure 7: (A) Effect of temperature on the amidelR spectrum of rhFVIIl. The sample contained 4.5 mg of lyophilized rhFVIIl in 30
mM MOPS, 6 mM CaGlH,0, pD 7, dissolved in 1 mL of BD. From bottom to top: 27C, 30—90°C at 5°C intervals. (B) Deconvolution
of the amide 'l spectrum of rhFVIII obtained at 27C. (C) Deconvolution of the amidé spectrum of rhFVIII at 9CC. (D) Effect of
temperature on the absorbance of rhFVIII at 1618 &m

range studied (Figure 9, panel C). After incubation atG7 Thus, the effect of the metal chelator EGTA on rhFVIII
for 1 day, however, the mean diameter of rhFVIII particles structure was examined using CD and fluorescence. The
at GdnHCI concentrations up to 1.5 M varied significantly addition of EGTA produces a decrease in rhFVIII fluores-
with a maximum size of about 36 nm attained in 0.5 M cence emission intensity, with no concomitant shift in peak
GdnHCI (Figure 9, panel C). At concentrations above 1.5 position. No significant changes in rhFVIIl secondary
M, the mean diameters of rhFVIII particles returned to their structure are observed with the addition of EGTA as
monomeric values. Incubation at 3T for longer times monitored by CD (data not shown). The effect of EGTA on
resulted in further increases in the mean diameters of thethe response of rhFVIII to thermal stress was also monitored
rhFVIIl in GdnHCI concentrations up to 1.5 M, with a by fluorescence. The effect of temperature on the wavelength
maximum size of approximately 50 nm obtained in 0.5 M of the emission maximum of rhFVIIl in the presence and
GdnHCI after 4 days of incubation time. Increased incubation absence of 40 mM EGTA is shown in Figure 10. The
time at 37°C did not result in significant increases in the transition (increase in the wavelength of the fluorescence
sizes of rhFVIII particles above 1.5 M GdnHCI (Figure 9, emission maximum) observed in the absence of EGTA is
panel C). Factor VIII samples incubated at 32 in the lowered by about 10C in the presence of EGTA. This result
presence of GAnHCI were polydisperse except for samplessuggests the possible involvement of heavy chain/light chain
with 0.5, 0.75, ad 1 M GdnHCI incubated for 3 days and interactions in this structural change. The effect of temper-
above. ature on the secondary structure of rhFVIII in the presence

The heavy and light chains of rhFVIII are held together of EGTA could not be monitored by CD due to absorption
by a metal ion believed to be calcium or copp&b{17). by EGTA in the far-UV region.
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Ficure 8: Effect of solute concentration on the wavelength of the FiGURE 10: Effect of temperature on the fluorescence wavelength

fluorescence emission maximum of rhFVIIL. GAnHCl is shown in o ission maximum of rhFVIII in the absence (squares) and presence
squares, LiCIQis shown in triangles, urea is shown in diamonds, (circles) of 40 mM EGTA.

and propanol is shown in circles.
DISCUSSION type of slow_nucleation phenomenon may be i_nvolved in
the aggregation process. The size and population of these
The aggregation of proteins often appears to be producedaggregates increase with time, resulting in an increase in size
by limited structural alterations of the native state rather than from approximately 12 nm to between 25 and 35 nm, and a
by complete unfolding of the protein. One candidate for these 26% aggregate population at the end of 7 days. The formation
states are molten globule forms in which the secondary of these complexes also results in a partial loss of biological
structure is essentially intact but the tertiary structure is activity of approximately 15%. Spectroscopic measurements
substantially disrupted. Such states also appear somewhatf thermally stressed unfractionated factor VIII did not,
expanded in size (a #20% increase in diameter) and more however, reveal species containing altered secondary and
apolar as indicated by the binding of hydrophobic dyes such tertiary structure. This could simply reflect the low abun-
as ANS (9, 40). In the case of the important pharmaceutical dance of aggregated species in the samples examined. This
protein, rhFVIII, we find that incubation of rhFVIIl at 37 seems unlikely to be the case, however, since isolation of
°C results in the formation of soluble complexes. The slow the aggregated species itself does not find a form with an
kinetics of formation and the presence of an apparent lagemission maximum of approximately 335 nm. This would
period (no aggregate can be detected at 6 h) suggests somgeem to imply that if the 335 nm intermediate is involved in
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Ficure 9: (A) Effect of guanidine hydrochloride concentration on the temperature dependence of the fluorescence emission maximum of
rhFVII: rhFVII (squares), rhFVIII+ 0.5 M GdnHCI (triangles), and rhFVIH 2 M GdnHCI (circles). (B) Effect of propanol concentration
and incubation time (at 37C) on rhFVIII size as determined by dynamic light scattering: time O (closed squares), day 1 (open circles),

day 2 (closed triangles), day 3 (open squares), day 4 (closed diamonds), and day 5 (open triangles). (C) Effect of GAnHCI concentration

and incubation time (at 37C) on rhF VIl size as determined by DLS: day O (closed squares), day 1 (open circles), day 2 (closed triangles),
day 3 (open squares), day 4 (closed diamonds).
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aggregation, it must be present in only limited amounts in aggregation of rhFVIII in GdnHCI concentrations up to 1.5
the associated complexes themselves. Some quenching iM. Aggregation is not observed, however, in rhFVIIl in the
the tryptophan fluorescence of the complexes is apparent,presence of 154 M GdnHCI. The denaturing action of
but the significance of this observation is unclear. GdnHCl is thought to be due to the binding of the solute to
Characterization of the structural alteration of rhFVIII by proteins, resulting in the destruction of noncovalent interac-
temperature and solutes provides some insight into the naturdions and thus, protein solubilizatiod2). Therefore, it seems
of the 335-nm intermediate. Thermal perturbation profiles most probable that the differences in the maximum mean
as monitored by DSC, intrinsic fluorescence, binding of bis- diameter of rhFVIIl observed in GdnHCI (50 nm) and
ANS, CD, and FTIR show a transition beginning near 45 propanol (125 nm) arise from the solubilizing effect of
°C (Figures 3-7). Formation of factor VIII aggregates at GdnHCI. In addition, although the 336~ 334—336 nm
47 °C is much more rapid than the results shown in Figures transition occurs between 0 and $25M GdnHCI, maximum
1 and 2, but it is reasonable to assume that a temperature ofiggregation is observed at 0.5 M GdnHCI. The solubilizing
37 °C is sufficient to generate a small population of altered effect of GdnHCI could also account for the decrease in
species that could initiate protein association. This is clear aggregation observed above 0.5 M GdnHCI. Finally, the
from the bis-ANS binding results where an increase in bis- differences between the polydispersity of the samples
ANS binding is evident below 4€C indicating the presence incubated in propanol and the samples incubated in GdnHCI
of an altered factor VIII species. Fluorescence intensity can be explained by the dual effects of the formation of a
changes are also consistent with this idea. This transition species at intermediate GdnHCI concentrations that induces
seems to involve some limited increase in exposure of apolaraggregation and the solubilizing action of GAnHCI at higher
side chains (as judged by intrinsic fluorescence and the solute levels. Aggregation of proteins in intermediate con-
binding of bis-ANS). The transition also coincides with an centrations (0.51.5 M) of GdnHCI has previously been
increase inB-sheet content (as monitored by CD), which reported 43—49). The formation of aggregates at subdena-
presumably corresponds to intermolecyissheet formation  turation concentrations of GAnHCI is usually associated with
(as suggested by FTIR) as complexes associate. Formatiorpartial unfolding of proteins, resulting in exposed apolar
of intermolecular3-sheets with increasing temperature has surfaces, and in a number of cases, increases-sheet
been observed for a large number of other prote&Ts. (n content 43, 44, 46, 48, 49). The dissociation of oligomeric
addition to the appearance of intermolecufasheet, a proteins, resulting in the exposure of previously buried
gradual disappearance of ordered secondary structure andhydrophobic surfaces, at low GdnHCI concentrations has also
the appearance of disordered polypeptide are also oftenbeen implicated in aggregatioA, 46). In total, these results
observed with increasing temperatus,(37, 41). In the provide strong evidence for the involvement of a species
case of rhFVIIIl, however, the formation of intermolecular formed during the 336— 334-336 nm transition in the
fB-sheet aggregates corresponds to only a slight decrease imggregation of rhFVIII.
native -sheet structures and no detectable increase in The destabilization of the thermal transition observed in
disordered structures or a significant decrease-imelical the presence of a metal chelator suggests that this transition
content. might involve an alteration in the interaction between the
To better understand the nature of the observed prede-heavy and light chains of rhFVIIl. Intersubunit apolar
natural conformational transitions of rhFVIII, the effect of interactions have previously been shown through bis-ANS
compounds that commonly disrupt protein structure on binding studies to be important for the metal ion-dependent
rhFVIIl was examined. The intrinsic fluorescence spectral association between the A1 and A3 subunits of the heavy
profile of rhFVIII as a function of various solute concentra- and light chains, respectivelyl$, 20). The isolated heavy
tions is characterized by an initial transition corresponding and light chains of factor VIII each contain two surface-
to an increase in the wavelength of the fluorescence emissionexposed bis-ANS binding sites, two of which are buried upon
maximum from approximately 330 to 335 nm. More association of the chains. The metal ion-dependent recon-
extensive unfolding of the protein was achieved only at high stitution of factor VIII from the isolated heavy and light
concentrations of GdnHCI (approximately 45 M). We chains is inhibited in the presence of bis-ANS. In addition,
postulate that the initial transition observed with increasing displacement of the dye is observed upon addition of calcium
solute concentration, is essentially the same structural changeons, copper (I) ions and isolated light chain to the heavy
in each case since the wavelength shift is virtually identical chain—dye complex, suggesting the importance of apolar
within experimental errors. Thermal melts in the presence residues in the association of the heavy and light chdifs (
of 0.5 M GdnHCI and in the presence of the metal chelator 20). Thus, a change in the subunit interface could well result
EGTA show that the thermal transition is perturbed by these in the exposure of hydrophobic sites at the subunit interface.
other agents. In the presence2M GdnHCI, where the Whatever the precise nature of this structural alteration, it is
transition has presumably already been induced, increasedn many ways not “molten-globule™like3Q, 40, 50, 51).
temperature has no further effect on the peak position. Although there is no significant change in secondary
Furthermore, the propensity for rhFVIIl to aggregate in structure, the easily induced alteration in tertiary structure
solution increases within the solute concentration range in appears to be of limited extent. There is no evidence yet for
which the 330— 334—336 nm transition occurs. The size the expansion in size of factor VI, although this might not
of rhFVIIl increases in the presence of increasing concentra- be detectable under the conditions examined. The increase
tions of propanol (up to 4 M) with incubation at 3TC in apolarity implied by the dye binding studies is also
resulting in further increases in size. Although significant relatively small as compared to the large increases seen when
differences in size are not initially observed in the presence conventional molten globule forms appear and could also
of GdnHCI, incubation at 37°C for 24 h results in involve electrostatic interaction81). We therefore conclude
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that in some cases, fairly minor structural alterations can
result in marked aggregation behavior. This result is perhaps
not too surprising given the subtle relationship between
protein structure, stability, association behavior, and related
manifestations in pathological conditions such as sickle cell
and Alzheimer’s diseases, cryoglobulinemia, and cataract
formation 62).

REFERENCES

1. van Dieijen, G., Tans, G., Rosing, J., and Hemker, H. C. (1981)
J. Biol. Chem. 2563433-42.

2. Fulcher, C. A., Roberts, J. R., and Zimmerman, T. S. (1983)

Blood 61 807—11.

. Fay, P. J., Anderson, M. T., Chavin, S. I., and Marder, V. J.

(1986) Biochim. Biophys. Acta 87268-78.

. Eaton, D., Rodriguez, H., and Vehar, G. A. (1988)chem-

istry 25 505-12.

. Kane, W. H., and Davie, E. W. (1988)Jood 71 539-55.

. Mann, K. G., Jenny, R. J., and Krishnaswamy, S. (1988ju.

Rev. Biochem. 57915-56.

. Neutzling, O. (1993Beitr. Infusionsther. 3138—43.

. Kaufman, R. J., Wasley, L. C., and Dorner, A. J. (1988)

Biol. Chem. 2636352-62.

9. Toole, J. J., Knopf, J. L., Wozney, J. M., Sultzman, L. A.,

Buecker, J. L., Pittman, D. D., Kaufman, R. J., Brown, E.,

Shoemaker, C., and Orr, E. C. (1984ature 312 342-7.

Vehar, G. A, Keyt, B., Eaton, D., Rodriguez, H., O'Brien,

D. P., Rotblat, F., Oppermann, H., Keck, R., Wood, W. .,

and Harkins, R. N. (1984)\ature 312 337—42.

Fass, D. N., Knutson, G. J., and Katzmann, J. A. (1832)d

59, 594-600.

. Andersson, L. O., Forsman, N., Huang, K., Larsen, K., Lundin,

A., Pavlu, B., Sandberg, H., Sewerin, K., and Smart, J. (1986)

Proc. Natl. Acad. Sci. U.S.A. 82979-83.

Fay, P. J., Haidaris, P. J., and Smudzin, T. M. (199Biol.

Chem. 2668957-62.

14. Fay, P. J. (1988jrch. Biochem. Biophys. 26825-31.

15. Sudhakar, K., and Fay, P. J. (19®dchemistry 376874

82.

Bihoreau, N., Pin, S., de Kersabiec, A. M., Vidot, F., and

Fontaine-Aupart, M. P. (1994ur. J. Biochem. 22241—8.

Tagliavacca, L., Moon, N., Dunham, W. R., and Kaufman,

R. J. (1997)J. Biol. Chem. 27227428-34.

Mosesson, M. W., Fass, D. N., Lollar, P., DiOrio, J. P., Parker,

C. G,, Knutson, G. J., Hainfeld, J. F., and Wall, J. S. (1990)

J. Clin. Invest. 85 1983-90.

Pratt, K. P., Shen, B. W., Takeshima, K., Davie, E. W,

Fujikawa, K., and Stoddard, B. L. (199®)ature 1999 402

439-42.

Sudhakar, K., and Fay, P. J. (1996Biol. Chem. 27123015~

21.

Fields, G., Alonso, D., Stiger, D., and Dill, K. (1992)Phys.

Chem. 963974-81.

Carpenter, J. F., Kendrick, B. S., Chang, B. S., Manning, M.

C., and Randolph, T. W. (1998)ethods Enzymol. 30236—

55.

Speed, M. A., Wang, D. I., and King, J. (199&t. Biotechnol.

14, 1283-7.

ol A W

[oclaN|

10.

11.
12

13.

16.
17.
18.

19.

20.
21.
22.

23.

Biochemistry, Vol. 40, No. 2, 2005595

24. Mikhail, S. Z., and Kimel, W. R. (1963). Chem. Eng. Data
8, 323-328.

25. Kawahara, K., and Tanford, C. (1968) Biol. Chem. 241
3228-32.

26. Johnson, W. C. J. (1988nnu. Re. Biophys. Biophys. Chem.

17, 145-166.

Guilbault, G. G. (1973)Practical Fluorescence: Theory,

Methods, and Techniquebl. Decker, New York.

Rosen, C. G., and Weber, G. (19@pchemistry 83915~

20.

29. Stryer, L. (1965)). Mol. Biol. 1965 13482—-95.

30. Turner, D. C., and Brand, L. (1968jochemistry(1968) 7,

3381-90.

Matulis, D., and Lovrien, R. (1998iophys. J. 74422-9.

Venyaminov, S. Y., and Kalnin, N. N. (1998)jopolymers

30, 1243-57.

Byler, D. M., and Susi, H. (198@iopolymers 25469-87.

Prestrelski, S. J., Byler, D. M., and Liebman, M. N. (1992)

Proteins 14 440-5.

Clark, A. H., Saunderson, D. H., and Suggett, A. (1981)

J. Pept. Protein Res. 1B53-64.

Ismail, A. A., Mantsch, H. H., and Wong, P. T. (1992)

Biochim. Biophys. Acta 112183-8.

Dong, A., Prestrelski, S. J., Allison, S. D., and Carpenter, J.

F. (1995)J. Pharm. Sci. 84415-24.

Sadler, A. J., Micanovic, R., Katzenstein, G. E., Lewis, R.

V., and Middaugh, C. R. (1984). Chromatogr. 31793—

101.

Fink, A. L. (1995)Annu. Re. Biophys. Biomol. Struct. 24

495-522.

40. Dobson, C. M. (1994Curr. Biol. 4, 636—40.

41. van Stokkum, I. H., Linsdell, H., Hadden, J. M., Haris, P. I.,

Chapman, D., and Bloemendal, M. (19%ipchemistry 34

10508-18.

Tanford, C. (1968Adv. Protein Chem. 23121-282.

Kendrick, B. S., Carpenter, J. F., Cleland, J. L., and Randolph,

T. W. (1998)Proc. Natl. Acad. Sci. U.S.85, 14142-6.

Kendrick, B. S., Cleland, J. L., Lam, X., Nguyen, T., Randolph,

T. W., Manning, M. C., and Carpenter, J. F. (1998Pharm.

Sci. 87 1069-76.

Liang, S. J., Lin, Y. Z., Zhou, J. M., Tsou, C. L., Wu, P. Q.,

and Zhou, Z. K. (1990Biochim. Biophys. Acta 103240—

6

27.

28.

31.
32.

33.
34.

35.
36.
37.

38.

39.

42.
43.

44,
45,

46. Nozais, M., Bechet, J. J., and Houadjeto, M. (18Brhem-
istry 31, 1210-5.

47. Mizobata, T., and Kawata, Y. (199%)Biochem. (Tokyo) 117
384-91.

48. Swietnicki, W., Morillas, M., Chen, S. G., Gambetti, P., and
Surewicz, W. K. (2000Biochemistry 39424—31.

49. Webb, T., Jackson, P. J., and Morris, G. E. (19idchem,
J. 321, 83-8.

50. Arai, M., and Kuwajima, K. (2000Adv. Protein Chem. 53
209-82.

51. Fink, A. L. (1995)Methods Mol. Biol. 40343-60.

52. Middaugh, C. R., and Volkin, D. B. (199Pharm. Biotechnol.
2, 109-34.

BI001547T



