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Purpose. The potential to estimate protein solubilities, with limited
protein, by excluded-volume interactions was evaluated using poly-
ethylene glycols (PEG) and recombinant bovine Somatotropin
(rbSt).

Methods. Solutions of rbSt were prepared at concentrations signifi-
cantly below saturation solubility. Subsequently, varying amounts of
PEG were added to force protein precipitation. Following centrifu-
gation, the protein concentration in the supernatant was assayed by
reversed-phase HPLC, where a logarithmic relationship between
solubility and % PEG was observed.

Results. An apparent protein solubility in the absence of PEG was
determined by extrapolation and compared weli with values mea-
sured by conventional approaches. Slopes of log solubility versus %
PEG curves were consistent with excluded-volume principles and
depended on the molecular weight of the PEG used. Furthermore,
the precipitation process proved to be reversible, allowing for re-
covery of intact protein. Solubility-pH profiles obtained in the pres-
ence of PEG greatly reduced the quantities of protein needed and
compared favorably with profiles in the absence of PEG.
Conclusions. Thus, it appears feasible and practical, with certain
limitations, to obtain solubility estimates of proteins by volume-
exclusion methods with limited supplies of protein.
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INTRODUCTION

The need for solubility information on proteins at very
early stages of preformulation and formulation development
can be crucial. The availability of bulk protein at early stages
of drug development is limited and an efficient method for
estimating protein solubility with minimal material is
needed. Typical methods for measuring solubility include
ultrafiltration, dialysis, dissolution of solid protein (phase/
solubility), and abrupt pH changes. Alternately, macromol-
ecules have been used to induce phase separation of a solid
protein via principles of volume exclusion. Some of the po-
tential pitfalls and uses of these solubility methods have been
previously discussed (1).

Excluded-volume interactions of proteins with other
macromolecules has been used to describe protein fraction-
ation (2—4), partitioning of proteins in gel chromatography
(5), protein aggregation (6,7) and protein solubility (1,8-13).
The use of volume-exclusion principles to determine appar-
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ent thermodynamic activities of proteins in saturated protein
systems has also been investigated (14). It has been demon-
strated that precipitation by volume-exclusion does not de-
nature the protein (2,8,10), and recovery of the protein for
further studies is possible. Additionally, the conformational
stabilization of proteins through volume-exclusion principles
may allow solubility measurements to be obtained on pro-
teins, which would otherwise be difficult to obtain due to
limited conformational stability (10).

Volume-exclusion involves the addition of an inert mac-
romolecule, such as polyethylene glycol (PEG), to a protein
solution until precipitation of an amorphous protein phase
occurs (4). A log-linear relationship between protein solubil-
ity and weight percent PEG has been demonstrated, where
the intercept indicates protein solubility (1,3,8,9,14-16). The
practical use of this method for obtaining preformulation in-
formation on recombinantly-derived bovine Somatotropin
(rbSt) was evaluated (11,17).

METHODS AND MATERIALS

Materials

PEG was obtained from the following suppliers: PEG
8000 from Sigma (St. Louis, MO), PEG 3350 from Sentry
Carbowax (Danbury, CT) and PEG’s 900 and 300 from Dow
Chemical (Midland, MI). Sodium phosphate was obtained
from Baker (Phillipsburg, NJ), and sodium acetate, sodium
carbonate and NaCl were obtained from Mallinckrodt (St.
Louis, MO). Acetonitrile was from Fisher Scientific (Pitts-
burg, PA) and trifluoroacetic acid was obtained from Aldrich
(Milwaukee, WI).

Buffer Preparation

To avoid pH changes due to alteration of ionization of
buffer species with the addition of PEG, the PEG solutions
were prepared as 40% PEG (%w/v) in 0.05 M acidic compo-
nent of buffer, and 40% PEG (%w/v) in 0.05 M basic com-
ponent of buffer system. Subsequently, the PEG stock solu-
tions were combined to attain the desired pH. The ionic
strength of each buffered master solution was adjusted with
NaCl to either 0.12, 0.2 or 0.3.

Solubility Methods

Constant [rbSt]/Varying [PEG]. Initially, the rbSt con-
centration was kept constant and only PEG concentration
was varied. An rbSt stock solution/suspension (2 mg/ml or
100 mg/ml) was prepared in 0.05 M phosphate, pH 7.4, o =
0.12, and 1 ml aliquotted into 10 vials. The vials were then
diluted to 2 ml with varying ratios of 40% PEG stock solution
with buffer to give a final rbSt concentration of 1 mg/ml or 50
mg/ml, and up to 20% final PEG concentration. The vials
were equilibrated for 15 minutes, centrifuged and the super-
natant was assayed by reversed-phase HPLC. Samples were
also pulled immediately after precipitation with PEG and at
15 minute intervals for 2 hours to evaluate suspension equil-
ibration times. It was determined that PEG induced precip-
itation of rbSt came to equilibrium within 15 minutes.

Varying [rbSt]/Varying [PEG]. Sequential aliquots of
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PEG were added to a single rbSt solution, minimizing protein
material consumption. A 2 ml rbSt stock solution/suspension
(0.1 mg/ml-50 mg/ml), in 0.05 M phosphate, pH 7.4, n =
0.12, was prepared. Serial 400 pl aliquots of 40% PEG buft-
ered stock solution were added to the protein solution until
precipitation was initiated. The suspension was allowed to
equilibrate for 15 minutes before a 400 ul aliquot of suspen-
sion was pulled, centrifuged and the supernatant assayed by
HPLC. A subsequent 400 pl aliquot of 40% PEG was then
added to the suspension to cause further precipitation and
the procedure was repeated up to eight times. The pH was
monitored after each serial addition of PEG.

Reversibility. Solubilization studies were performed by
precipitating >90% of the rbSt present in solution and then
adding serial 400 pl aliquots of buffer to reduce the PEG
concentration and resolubilize the protein. The supernatant
was then assayed by pulling 400 ul aliquots of the suspen-
sion, centrifuging and assaying by HPLC. The process was
repeated up to eight times.

Conventional Solubility Measurements. TWo conven-
tional methods were used to confirm our volume-exclusion
values. These methods included 1) assaying the supernatants
of saturated rbSt solutions at varying pH obtained by addi-
tion of excess solid and 2) dialyzing (<10kD cutoff) concen-
trated rbSt solutions in water against buffer to induce pre-
cipitation and assaying the supernatant of the retentate by
HPLC.

Reversed-phase Liquid Chromatography

RbSt samples were assayed on a reserved-phase HPLC
system consisting of a RP 300 Aquapore MPLC (4.6 mm X 3
c¢m) 10 pm particle size guard column from Brownlee, a RP
300 Aquapore MPLC (4.6 mm X 10 cm) 10 pm particle size
analytical column from Brownlee, a Varian Vista 5500 pump
system, a Perkin Elmer ISS 100 autoinjector, a Kratos Spec-
troflow 783 detector, 214 nm, and a Varian DS601 integrator.
A gradient method from 46%~57% B at 0.5%/min was used,
where mobile phase A was 0.1% trifluoroacetic acid in water
(v/v) and mobile phase B was 0.1% trifluoroacetic acid in
acetonitrile (v/v). Concentrations were determined using ex-
ternal standards.

RESULTS

Effect of rbSt Concentration

The effect of holding rbSt concentration constant during
precipitation versus allowing the rbSt concentration to be
diluted upon addition of PEG was explored. Precipitation
curves were prepared at an initial rbSt concentration exceed-
ing the saturation solubility (50 mg/ml). The rbSt concentra-
tion was allowed to decrease with increasing % PEG in one
sample, while the rbSt concentration was maintained at 50
mg/ml in a second sample. A log-linear relationship between
rbSt solubility and % PEG was determined for each of these
samples and permitted estimation of rbSt solubility in the
absence of PEG (Table 1) (Figure 1).

Secondly, a precipitation curve was prepared at an ini-
tial rbSt concentration approximately 10-fold less than satu-
ration solubility (1 mg/ml). The protein concentration was
kept constant with increasing PEG concentration. The inter-
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Table 1. Solubility of rbSt by Phase Solubility, Dialysis and Vol-
ume Exclusion Methods at Four Initial rbSt Concentrations
(pH 7.4, p. = 0.12, 25°C)

Initial rbSt concentration (mg/ml)

Method 0.1 1.0 10.0 50.0
Phase solubility? 8.0=x04 121 £0.2
Dialysis 8.8+05 10804
Constant [rbSt] 57*x04 9.1 0.7
Varying [rbSt] 2403 41*x04 8410 11.6 x04
Vary, precipitate 46*x0.1 84=x=03
Vary, resolubilize 3.8+03 11.5+09

“ (initial [rbSt] = 100 mg/ml gave 14.3 += 0.7 mg/ml; initial [rbSt] =
150 mg/ml gave 15.8 = 0.6 mg/ml).

cept of the 1 mg/ml rbSt solubility curve was seen to be
approximately one half that obtained from the 50 mg/ml
curve (Table 1) (Figure 1), indicating that lower initial protein
concentration may underestimate the solubility. When rbSt
concentration was allowed to vary with increasing PEG, the
extrapolated solubilities increased as the initial rbSt concen-
tration was increased, indicating that the most accurate es-
timates can be obtained as the initial rbSt concentration ap-
proaches the saturation solubility. Similar to the 50 mg/ml
rbSt results, the extrapolated solubility from the 1 mg/ml
rbSt solution maintained at constant protein concentration
agreed quite well with the 1 mg/ml varying rbSt concentra-
tion method (Table 1).

Reversibility

Solubilization curves were performed as well as precip-
itation curves for several reasons. First, to determine that
volume-exclusion met the criteria for a reversible solubility
determination. Secondly, to minimize material consumption
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Fig. 1. Log-linear response of rbSt concentration (mg/ml) versus %
PEG where (O) indicates an initial rbSt concentration of 50 mg/ml
which decreased with increasing aliquots of PEG, (A) indicates 50
mg/mi rbSt and (O) indicates 1 mg/ml rbSt which were maintained at
their respective total protein concentration irrespective of PEG con-
centration 25°C, pH 7.4, pn = 0.12).
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by using the same protéin soiution for multiple solubility
determinations. Studies were performed to determine if sat-
uration solubility values could be reliably obtained from pre-
cipitate resolubilization curves as well as from volume-
exclusion curves. RbSt precipitated with increasing concen-
trations of PEG or resolubilized by dilution of a precipitated
rbSt suspension gave similar solubility estimates, demon-
strating the reversibility of PEG precipitation on rbSt (Table
1). Furthermore, estimation of rbSt solubility via extrapola-
tion from volume-exclusion data, using the varying {rbSt}
method, compared well with more conventional techniques
such as phase solubility and dialysis (Table 1). Conventional
methods gave solubility values dependent on the initial rbSt
concentration as well, indicating that this effect is not spe-
cific to volume-exclusion methods.

Effect of PEG

RbSt solubility was extrapolated using varying molecu-
lar weights of PEG in order to determine the effectiveness of
volume-exclusion with increasing PEG size (Figure 2). Using
a model which tests for difference in slope and intercepts
(18), it was shown that the slopes were different (p =
0.0001), but the intercepts were not different (p = 0.15).
Subsequent regression analysis using a common intercept
model (18) gave an estimated solubility of 8.3 = 0.4 mg/ml, in
good agreement with other values determined from 10 mg/ml
stock solutions (Figure 2) (Table 1).

Effect of Ionic Strength

Varying concentrations of PEG 3350 were used to pre-
cipitate rbSt (initial {rbSt] = 0.1 mg/ml) from solutions of
varying ionic strength. Solubility estimates based on regres-
sions of the individual lines were 1.2 = 0.1,2.1 = 0.2and 7.0
* 1.9 mg/ml for ionic strengths of 0.12, 0.2 and 0.3, respec-
tively. A model which uses the data from all three ionic
strengths was used to test for equivalent slopes and
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Fig. 2. Effect of PEG molecular weight on solubility of rbSt where
(O) PEG 300, (A) PEG 900, (O) PEG 3350 and (@) PEG 8000 (25°C,
pH 7.4, . = 0.12, initial [rbSt] = 10 mg/ml). Regression lines result
from the use of a common intercept model.
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Fig. 3. Effect of ionic strength on rbSt solubility obtained (O) in the
absence of PEG or by (A) extrapolated solubility values obtained

from PEG induced precipitation of a 0.1 mg/ml rbSt solution (25°C,
pH 7.4).

intercepts (18). With such treatment, differences in slopes (p
= 0.0054) and intercepts (p = 0.029) indicated that not only
was the extrapolated solubility impacted by ionic strength,
the effectiveness of PEG as a precipitant may also vary with
changes in ionic strength. The effect of ionic strength on
extrapolated and measured solubilities are shown in Figure 3.

Effect of pH

The effect of PEG on solubility-pH profiles was ex-
plored (Figure 4), where rbSt solubility determined from a
saturated rbSt solution (0% PEG) was compared to rbSt sol-
ubility curves in 1% and 5% PEG. The 1% and 5% PEG
curves were similar in shape to the 0% PEG curve and oc-
curred directly below one another, i.e., at a lower solubility
without a significant shift of the curve along the pH axis.

100

[rbSt] mg/ml

Fig. 4. Effect of PEG 3350 on pH profile of rbSt solubility where (@)
0% PEG, (B) 1% PEG and (A) 5% PEG (25°C, u = 0.12).
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DISCUSSION

The use of volume-exclusion methods for estimating the
solubility of proteins may be best described in Figure 5. The
precipitation curve depicted by a 1 mg/ml protein solution
(A) represents a delineation between solubilized and precip-
itated protein. To the right of the line, protein has precipi-
tated out of solution and to the left of the line, all of the
protein remains in solution.

The amount of protein necessary can be minimized by
using a method where successive aliquots of PEG solution
(40% PEQG) in precipitation studies, or buffer solution (0%
PEG) in solubilization studies are added to a protein-PEG
system. In precipitation studies (A), where PEG aliquots
were added, the concentration of protein decreased from its
initial concentration (e.g. 1 mg/ml), a, until the formation of
the second phase, b, occurs. Upon further addition of PEG
aliquots, the concentration of the protein in the solution
phase will be indicated by the phase solubility line b through
¢ to e, whereas the summed or total protein concentration in
both phases will go from b to d. As long as the total amount
of protein in the system exceeds a concentration dictated by
the phase solubility line (A), b to e, this aliquot addition
method will allow estimates with minimal drug.

An alternative method, solubilization, can be used by
adding a sufficiently large aliquot of PEG solution to result in
a definite solid phase separation and is indicated by a change
in total protein concentration from a to d with the concen-
tration in the solution phase at that point being e. Additional
aliquots of buffer (0% PEG) result in dilutions of the overall
concentration of protein in the system from d to ¢ as the
concentration in the supernatant increases from e to c. With
further additions of buffer, from ¢ to f the total amount of
protein becomes resolubilized. In either case, it is the ali-
quots of supernatant pulled and assayed from the two-phase
system which define the phase solubility line and allow for
extrapolation to 0% PEG, g, yielding an estimated solubility
in the absence of PEG.

The importance of dilutions on the total concentration
of protein in the system should always be considered to in-
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Fig. 5. Example of phase solubility diagram used in estimating pro-
tein solubility by volume exclusion methods.
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sure that aliquot additions do not over-dilute the protein con-
centration and prevent it from ever reaching a point of phase
separation. For example, if a 5% PEG stock solution were
used, the dilution of protein per aliquot addition versus the
increase in % PEG would be such that the phase separation
would not be obtained, for example, a to h.

Effect of rbSt Concentration

RbSt apparent solubility was seen to increase slightly
with increasing initial protein concentration, independent of
the method (Table 1). Other investigators observed that the
fraction of protein found in the supernatant was independent
of the initial protein concentration over a 50-fold range for
albumin and a 10-fold range for B-lactoglobulin, deoxyhemo-
globin, BSA and oxyhemoglobin (8,10,14). In the case of
rbSt, a two-fold difference in estimated solubility was noted
with a 50-fold change in initial rbSt concentration (Table 1).

Reversibility

Apparent solubility was obtained from precipitation
curves as well as from resolubilization curves, showing good
correlation between the two volume-exclusion methods and
other independent data (Table 1). This method demonstrates
the versatility of volume-exclusion with non-ionic polymers
and substantiates the findings that precipitation by this
method does not denature the protein in an irreversible fash-
ion (2,8,10). The potential for reversible denaturation fol-
lowed by reversible precipitation of a partially unfolded in-
termediate was not specifically evaluated. However, given
that PEG’s can specifically interact with partially unfolded
intermediates (19) and that these intermediates have been
observed with rbSt (20,21), such possibilities can not be
ruled out. Reversible precipitation allows for curves to be
obtained with far less material and ensures that the precipi-
tation range may be double-checked with no additional use
of material.

Effect of PEG

Volume-exclusion was shown to become more effective
with increasing molecular weight of PEG, where less PEG
was needed to precipitate rbSt with increasing PEG molec-
ular weight. This trend agreed with that found by Ingham,
Polson and others (2,5,8,9,16). It was also noted that the
effect of PEG molecular weight was more pronounced at
lower molecular weights. For example, the change in slope
between PEG 300 and PEG 900 was much more dramatic
than PEG 3350 to PEG 8000. Honig and Kula utilized this
concept and determined that for selective protein precipita-
tion, smaller molecular weight PEG’s, with relatively shal-
lower slopes, were more effective at precipitating a specific
protein component cleanly (22). Conversely, for solubility
determination of a pure protein, the choice of a larger mo-
lecular weight PEG may minimize the distance from the y-in-
tercept and the subsequent error in extrapolated solubilities.
However, this must be balanced against the greater chance
for error given a steeper precipitation slope. From an exper-
imental perspective there appears to be little value in using
MW > 3350 or MW < 900 for solubility estimates.
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Effect of Ionic Strength

Ionic strength was shown to affect rbSt solubility curves
in several ways. At pH 7.4, increasing ionic strength in-
creased the solubility of rbSt in the presence and absence of
PEG (Figure 3). This salting-in effect has also seen for albu-
min, chymotrypsin and chymotrypsinogen by other re-
searchers (3,8,16). The extrapolated solubilities from PEG
studies ([rbSt] = 0.1 mg/ml) indicated an ionic strength ef-
fect similar to that determined in the absence of PEG, but
underestimated the values by almost ten fold (Figure 3). This
was consistent with the underestimated values previously
observed when initial rbSt concentrations approaching 0.1
mg/ml were used (Table 1).

Effect of pH

Solubility of rbSt as a function of pH was shown to
increase with increasing distance from the pl, indicating that
protein solubility was at a minimum when at a net neutral
charge (17). Other workers have also noted similar pH ef-
fects (3,8,9,22). The solubility-pH profiles of rbSt were ob-
tained in varying dilute concentrations of PEG by conven-
tional addition of excess protein to the solutions at various
pH measurements. The concentration of PEG was shown to
shift the entire curve to a lower solubility without altering
the minima or overall shape of the pH profile. This indicated
that the entire pH-solubility profile of rbSt, needed for pre-
formulation, may be obtained with minimal material. How-
ever, some difficulties may be encountered if increasing con-
centrations of PEG significantly alter the protein’s pKa’s.
Consequently, it may be best to limit the PEG concentration
to less than 5% when attempting to determine the effect of
pH on solubility.

CONCLUSIONS

Some practical factors to be considered when using the
method of PEG-induced protein precipitation can be sum-
marized and best understood in accordance with Figure 5: 1)
the slope of the phase solubility line, g to e, should be max-
imized by using higher molecular weight PEG’s, especially
when the molecular weight of the protein is below 20 kD, 2)
the dilution-protein concentration slope, a to d, should be
minimized by using a high % PEG stock solution for aliquot
addition (i.e. >30% PEG), thus avoiding a situation such as
described for a to h, where addition of 5% PEG solution
would not result in precipitation, 3) the point of saturation
solubility should be reached with as low a concentration of
PEG as possible, through use of as high a protein concen-
tration as available, minimizing extrapolation distance, 4)
the potential for changes in ionization equilibria of both pro-
tein, amino acids and buffers should not be ignored with
higher PEG concentrations and 5) the potential for confor-
mational alterations of proteins by PEG is possible if mac-
romolecules such as PEG are used at higher temperatures or
if partially unfolded intermediates are present (13,19).

Finally, while volume-exclusion principles may be uti-
lized to estimate protein solubilities with less than 200 ug of
protein, some precautions are necessary. For situations
where protein-protein interactions are minimal, extrapolated
solubilities are consistent with those obtained by conven-

1675

tional methods. Proteins which are highly soluble or have
high protein-protein interaction terms may give intercepts
which include an activity related term, and therefore do not
depict practical solubility limits (9). Consequently, care
should be taken in use of data for proteins with unknown
properties and these estimates should be verified with con-
ventional measurements when sufficient material is avail-
able.
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