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Abstract

Polyethylene glycol (PEG) conjugation to proteins has emerged as an important technology to produce
drug molecules with sustained duration in the body. However, the implications of PEG conjugation to
protein aggregation have not been well understood. In this study, conducted under physiological pH and
temperature, N-terminal attachment of a 20 kDa PEG moiety to GCSF had the ability to (1) prevent
protein precipitation by rendering the aggregates soluble, and (2) slow the rate of aggregation relative to
GCSF. Our data suggest that PEG-GCSF solubility was mediated by favorable solvation of water
molecules around the PEG group. PEG-GCSF appeared to aggregate on the same pathway as that of
GCSF, as evidenced by (a) almost identical secondary structural transitions accompanying aggregation,
(b) almost identical covalent character in the aggregates, and (c) the ability of PEG-GCSF to rescue
GCSF precipitation. To understand the role of PEG length, the aggregation properties of free GCSF were
compared to 5kPEG-GCSF and 20kPEG-GCSF. It was observed that even 5kPEG-GCSF avoided
precipitation by forming soluble aggregates, and the stability toward aggregation was vastly improved
compared to GCSF, but only marginally less stable than the 20kPEG-GCSF. Biological activity
measurements demonstrated that both 5kPEG-GCSF and 20kPEG-GCSF retained greater activity after
incubation at physiological conditions than free GCSF, consistent with the stability measurements. The
data is most compatible with a model where PEG conjugation preserves the mechanism underlying
protein aggregation in GCSF, steric hindrance by PEG influences aggregation rate, while aqueous
solubility is mediated by polar PEG groups on the aggregate surface.
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Protein aggregation represents a dominant degradation
pathway that is often encountered during the development
of therapeutic proteins in biotechnology (Mitraki and King
1989; Mitraki et al. 1991; Clark 2001). Protein aggregates

have also been shown to be intimately associated with the
pathogenesis of many neurodegenerative disorders, includ-
ing Alzheimer’s disease, Huntington’s disease, Parkinson’s
disease, and Retinitis Pigmentosa (Chen et al. 2002; Stefani
and Dobson 2003; Li et al. 2004; Rajan and Kopito 2005).
There is a growing body of evidence to suggest that protein
aggregates are inherently toxic to cells, even those not
specifically associated with an amyloid disease (Bence et al.
2001; Stefani and Dobson 2003). In parenterally delivered
formulations, protein aggregates have the potential to cause
adverse reactions in patients, such as aggregation at the site
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of administration and the production of neutralizing anti-
bodies (Hermeling et al. 2004). The formation of aggre-
gates is also a major concern during manufacturing steps,
storage, and shipping of the protein drug. Due to the insolu-
ble nature of many protein aggregates, and the hurdles in
isolating intermediates, it has been inherently difficult to
study the mechanisms involved in the aggregation of thera-
peutically important proteins until recently (Plakoutsi et al.
2005; Seefeldt et al. 2005; Williams et al. 2005). Thus,
developing rational approaches to understanding and con-
trolling protein aggregation represents a major challenge
for pharmaceutical drug development.

PEG is a water-soluble, biocompatible polymer that is
commonly utilized as an additive in protein formulations,
and to facilitate crystallization of proteins (Cleland and
Jones 1996; Kerwin et al. 2002). Historically, conjugation
of protein therapeutics with PEG has been performed to
improve the half-life of the protein in the blood serum
because the large size of the PEG-conjugated molecule
slows down renal clearance (Molineux 2002). PEG con-
jugation has also been used in protein encapsulation
systems, where it improved the encapsulation efficiency
and lowered the initial rate of release (Hora et al. 1990;
Al-Azzam et al. 2005). However, there was no systematic
correlation between the extent of protein aggregation and
improvements in the above processes. It has been pre-
viously documented that PEG conjugation retards protein
precipitation from the liquid state (Katre 1990; Kim and
Park 2001); but there is an absence of systematic studies
investigating the mechanism underlying this phenomenon
in the literature.

In the present study, the effects of PEG conjugation to
the aggregation properties of a therapeutic protein, granu-
locyte colony stimulating factor (GCSF) have been inves-
tigated. GCSF is a ;19 kDa four-helix bundle protein that
belongs to the family of hematopoietic cytokines (Hill
et al. 1993; Chaiken and Williams 1996; Kolvenbach et al.
1997; Brems 2002; Raso et al. 2005). It regulates the
growth and differentiation of hematopoietic progenitor cells
to functionally activate the formation of mature neutrophils.
GCSF, marketed by Amgen under the trade name of
NEUPOGEN, has been widely used to treat neutropenia
that is often induced by myelosuppressive chemotherapy
(Metcalf et al. 1996; Buchsel et al. 2002). Neulasta is the
next generation of GCSF, and has a 20-kDa PEG group
attached to the N terminus of the protein. It exhibits
comparable clinical benefits as GCSF, but due to its long
half-life in the serum, only needs to be dosed once per
chemotherapy cycle, as opposed to repeated daily adminis-
tration for GCSF (Molineux 2002).

The shelf life of GCSF, commercially formulated in
acidic conditions, is >2 yr at 2°C to 8°C (Herman et al.
1996). However, at higher pH, such as neutral pH, GCSF
has a tendency to aggregate at moderate to high protein

concentrations and elevated temperatures (Krishnan et al.
2002; Raso et al. 2005). Since the GCSF concentrations
required in the blood stream for effective action are in the
picomolar range (Brems 2002), it does not affect the use
of GCSF as a drug, as GCSF aggregation is highly concen-
tration dependent (Raso et al. 2005). However, aggrega-
tion can pose severe restrictions on the handling of the
protein during the manufacturing process as well as for
high concentration dosage forms. It is shown here that
20kPEG-GCSF has the added advantage that even at
relatively high concentrations it does not precipitate out
of solution. Unlike GCSF, which had a tendency to precipi-
tate at neutral pH and 37°C (Krishnan et al. 2002; Raso
et al. 2005), 20kPEG-GCSF formed soluble aggregates under
the same conditions. The presence of the PEG moiety did
not perturb the secondary structural transitions or covalent
interactions involved in the aggregation process. Our data
suggests that the pathway of PEG-GCSF soluble aggregate
formation was similar to that of GCSF precipitation.
Strikingly, conjugation of the PEG group to GCSF greatly
retarded the rate as well as the extent of aggregate forma-
tion, for both short- and long-length PEG-GCSF. In addition
to greater bioavailability, PEG conjugation thus represents
a powerful approach to enhancing the inherent stability of
GCSF toward aggregation while preserving the properties
of the molecule.

Results

Conjugation of 20kPEG to GCSF prevented
protein precipitation

To compare the solubility properties of 20kPEG-GCSF
and GCSF under physiological conditions, both proteins
were incubated at 37°C in 100 mM sodium phosphate at
pH 6.9, for the times indicated in Figure 1A. A concen-
tration of 5 mg/mL was chosen as the kinetics of GCSF
aggregation were optimal for this study (>50% after 48 h),
and lower concentrations precipitated very slowly (Raso et al.
2005). At each time point, the sample was centrifuged and
the protein concentration measured using absorption at
280 nm. The percentage of insoluble protein was calculated
from the difference in the protein concentration between
time zero and the subsequent time points. It was observed
that while GCSF rapidly precipitated, 20kPEG-GCSF stayed
completely soluble. To test the effect of free PEG on the
solubility of GCSF, solutions containing equimolar con-
centrations of GCSF and free 20kPEG were incubated at
pH 6.9, 37°C for 48 h, and compared to solutions of GCSF
and 20kPEG-GCSF (Fig. 1B,C). Free PEG was not able to
prevent GCSF precipitation, as observed by the formation of
visible precipitates in the presence of free PEG (Fig. 1C)
and turbidity at 600 nm (Fig. 1B). Further, from size-
exclusion chromatography, the percent of GCSF that was
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insoluble after a 48-h incubation (52.83 6 1.36%) was
found to be essentially the same as that obtained for GCSF
in the presence of 1:1 free 20kPEG (52.1 6 1.8%),
supporting this conclusion.

20kPEG-GCSF, but not GCSF, formed soluble aggregates

To examine the state of 20kPEG-GCSF in solution after
the incubation period described above, aliquots of GCSF
and 20kPEG-GCSF were analyzed by size-exclusion
chromatography (SEC) (Fig. 2A,B). Both GCSF and
20kPEG-GCSF were predominantly monomeric at the

beginning of incubation (t ¼ 0). After 48 h of incubation
at neutral pH and 37°C, there was a significant loss of
GCSF monomer, due to conversion into insoluble forms
(Fig. 2A). In contrast, at the end of the incubation period,
20kPEG-GCSF accumulated into soluble, higher order
multimeric forms that eluted in the void volume of the
SEC column (henceforth called ‘‘soluble aggregates’’; Fig.
2B). Figure 2C quantifies the extent of soluble aggregates
formed relative to time zero in 20kPEG-GCSF (open
triangles), as opposed to GCSF (closed triangles), over
144 h. It was seen that there was an initial rapid increase in
soluble aggregates in 20kPEG-GCSF, but appeared to plateau
at ;18% over the course of 6 d. No detectable soluble

Figure 1. Conjugation of PEG to GCSF prevents precipitation at pH 7,

37°C. (A) GCSF (filled circles) and 20kPEG-GCSF (open circles) at 5 mg/mL

and pH 6.9 were incubated at 37°C for time periods indicated, prior to

measurement of protein solubility by absorbance of supernatant at 280 nm.

(B) Effect of free PEG on GCSF precipitation. GCSF (black bar), 20kPEG-

GCSF (gray bar), and GCSF + free 20kPEG (white bar) were incubated at

5 mg/mL, pH 6.9, and either 29°C or 37°C for 48 h. At the end of the

incubation period, the samples were assessed for turbidity by measuring

optical density at 600 nm. (C) Photographs of solutions of GCSF (left

panel), free 20kPEG + GCSF (middle panel), and 20kPEG-GCSF after the

37°C incubation in B.

Figure 2. Aggregates of 20kPEG-GCSF are soluble. SEC-HPLC chro-

matograms of (A) GCSF and (B) 20kPEG-GCSF at t ¼ 0 and t ¼ 72 h of

incubation at 37°C, pH 6.9. Monomer retention time of GCSF was;12 min,

and that of 20kPEG-GCSF was ;8.5 min. The high molecular weight

material (HMW) in the 20kPEG-GCSF sample after 48 h of incubation

eluted in the void volume (6–7 min). (C) Quantitation of the amount of

soluble aggregates (HMW in the void volume) at each time point relative

to time zero for GCSF (filled triangles) and 20kPEG-GCSF (open triangles).

Aggregation behavior of PEG-GCSF
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aggregates were observed in GCSF in the same time period.
Further, incubation with free PEG did not cause GCSF to
form soluble aggregates (data not shown). Thus, conjugation
of a 20-kDa PEG group to GCSF prevented protein pre-
cipitation by rendering the aggregates soluble.

20kPEG-GCSF soluble aggregates and GCSF
precipitate shared a similar extent of oligomeric
and covalent character

A number of experiments were carried out to investigate
the mechanism underlying the formation of soluble aggre-
gates in the case of PEG-GCSF. First, the extent of
multimer formation between GCSF and 20kPEG-GCSF
was investigated. One possible explanation for the ap-
pearance of a single peak near the void volume in SEC is
that the ‘‘soluble aggregate’’ of 20kPEG-GCSF may be
a single, homogenous species. On the other hand, the void
volume peak may, in fact, contain several oligomeric
species, which elute as one peak due to the limitations of
SEC resolution. To distinguish between these possibili-
ties, and to compare the size distribution of the soluble
aggregate with respect to the insoluble precipitate of GCSF,
isolated soluble aggregate species and the solubilized
GCSF pellet were analyzed by SDS-PAGE (Fig. 3A, left
panel). The solubilized pellet from the free PEG + GCSF
combination was analyzed as a control. The monomeric
form of GCSF (with or without free PEG) ran close to the
predicted mass of ;18 kDa (‘‘GCSF,’’ closed arrow). On
the other hand, the monomeric form of 20kPEG-GCSF ran
at an apparent size of ;55 kDa, much larger than the
predicted mass of 38 kDa (‘‘20kPEG-GCSF,’’ open block
arrow). GCSF from solubilized pellets of either GCSF alone
or GCSF + free PEG, as well as the 20kPEG-GCSF soluble
aggregate migrated as an ensemble of monomer, dimer,
trimer, and higher order multimers. Thus, the void volume
(soluble aggregate) peak in the SEC of 20kPEG-GCSF did
not represent one species, but was composed of a distribu-
tion of multimeric forms that were similar to that observed
in the GCSF pellet, as assessed by SDS-PAGE.

To evaluate whether these multimers were covalently
linked, the above samples were also treated with DTT to re-
duce disulfide bonds, prior to loading (Fig. 3A, right panel).
It was seen that the reduced samples contained mainly the
monomer, with small amounts of the dimer (‘‘GCSF2,’’
closed arrow for the GCSF and GCSF + free PEG samples
and ‘‘20kPEG-GCSF2,’’ open blocked arrow for the 20kPEG-
GCSF sample). The presence of higher order multimers in
the nonreduced gel suggested that they were covalent. The
elimination of these higher order multimer bands indicated
that they were disulfide linked, for both the GCSF pellet as
well as the 20kPEG-GCSF soluble aggregate.

To quantify and compare the extent of higher order
covalent oligomers present in the GCSF pellet and in the

20kPEG-GCSF soluble aggregate, these samples (the
solubilized pellet of GCSF and the isolated soluble
aggregate of 20kPEG-GCSF, respectively) were analyzed
by denatured size-exclusion chromatography (D-SEC)
(Fig. 3B), under nonreducing as well as reducing con-
ditions. The nonreduced solubilized pellet from GCSF
exhibited a monomeric species at ;34 min, a dimer at

Figure 3. Similar extent of oligomeric and covalent character in GCSF

and 20kPEG-GCSF aggregates. (A) Silver-stained SDS-PAGE gels of

solubilized pellets of GCSF and GCSF + free 20kPEG, and isolated soluble

aggregate of 20kPEG-GCSF. The gels were run both nonreduced (left

panel) and reduced (right panel). The monomer and dimer positions for

GCSF (closed arrow) and 20kPEG-GCSF (open block arrow) are in-

dicated. (B) Denatured SEC chromatograms are shown for solubilized

GCSF pellet (top panel) and isolated 20kPEG-GCSF soluble aggregates

(bottom panel). Samples were either reduced and alkylated (‘‘Red’’), or run

as alkylated but nonreduced (‘‘NR’’). The percent covalent character for

each sample from this analysis has been indicated.
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;30 min, and higher order multimers at ;22 min, near
the void volume (Fig. 3B, upper panel). The nonreduced
soluble aggregate from 20kPEG-GCSF eluted differently;
only the monomer peak at ;26 min and the void volume
peak at ;23 min were apparent (Fig. 3B, lower panel).
Presumably, this was due to the much larger size of the
20kPEG-GCSF molecule compared to GCSF, coupled
with a larger hydrodynamic radius due to solvated SDS
molecules, the same forces that caused it to run larger
than expected on SDS-PAGE. Treatment with DTT, as in
the case of SDS-PAGE, resulted in predominantly mono-
meric and some dimeric forms in both samples, accom-
panied by complete loss of higher oligomeric forms.
From this analysis, the percent of covalent forms in the
GCSF pellet sample was found to be 62.4 6 0.23%, while
that for the soluble aggregate sample from 20kPEG-
GCSF was 64.1 6 0.18%. These observations revealed
that the distribution of covalent, higher order multimers
found in the GCSF pellet was preserved in the 20kPEG-
GCSF soluble aggregate, and therefore suggested that
conjugation of PEG to GCSF did not alter the forces that
held the aggregates together.

Secondary structural transitions that accompany
aggregation are conserved between GCSF
and 20kPEG-GCSF

One hypothesis to explain why 20kPEG-GCSF did not
precipitate under conditions that favored precipitation of
GCSF would be that conjugation of the PEG moiety
retarded the secondary structural transitions in the protein
that were responsible for aggregation. As seen in the
crystal structure (Hill et al. 1993), native GCSF contained
mostly helical structures. This was further verified by
a signal at 1656 cm�1 in second-derivative FTIR, as shown
previously (Arakawa et al. 1995, Krishnan et al. 2002). On
the other hand, aggregation of GCSF involved a conforma-
tional transition, as evidenced by strong intensity bands at
1620 cm�1 and 1695 cm�1, corresponding to a large extent
of intermolecular b-sheet (Krishnan et al. 2002). To test
whether presence of the 20-kDa PEG group influences the
temperature-dependent shift in GCSF conformation from
helix to b-sheet at neutral pH, FTIR spectra were recorded
for GCSF and 20kPEG-GCSF with single-degree temper-
ature increments, from 35–45°C (Fig. 4A). The protein was
incubated for 1 min at each temperature prior to the spectral
scan. Figure 4A (left panel) shows that GCSF at 35°C
was predominantly a-helical as evidenced by the band at
;1655 cm�1. With increasing temperature, the b-sheet
content, reflected in the 1622 cm�1 and 1695 cm�1 bands,
significantly increased. At 45°C, most of the a-helical struc-
ture was converted to b-sheet. Secondary structural tran-
sitions for 20kPEG-GCSF accompanied by the same increases
in temperature are shown in Figure 4A (right panel). It was

seen that both the starting spectral profile, as well as the
changes in the spectra with temperature, were almost
identical between GCSF and 20kPEG-GCSF.

Figure 4B shows a comparison of the secondary struc-
tures of the GCSF precipitate and the isolated 20kPEG-
GCSF soluble aggregate as revealed by second-derivative
FTIR spectroscopy. FTIR was optimal for this purpose as
it could analyze secondary structure in both solid as well
as liquid forms. The GCSF pellet as well as the 20kPEG-
GCSF soluble aggregate possessed very similar extent of
intermolecular b-sheet content, as evidenced by the
overlapping peak positions and areas (for both the 1622
and 1695 cm�1 peaks). The stretching frequency and area
under the curve for the 1655 cm�1 peak, corresponding to
a-helical structures, was also conserved between the
pellet and the soluble aggregate.

These observations suggested that conjugation of the
PEG moiety to GCSF did not alter the helix to sheet
transition that accompanied aggregation.

Figure 4. Conformational transitions and aggregate structure are pre-

served in PEG-GCSF. (A) PEG conjugation does not perturb the protein

structure and transitions responsible for GCSF aggregation. GCSF (left

panel) or PEG-GCSF (right panel) was incubated in a temperature ramp

experiment from 35°–45°C. The secondary structure at each temperature

was assessed by second-derivative FTIR. Helical structure was detected as

a band at 1655 cm�1, while the intermolecular b-sheet was detected as

a pair of bands at 1622 cm�1 and 1695 cm�1. (B) Comparison of the

secondary structure of the GCSF precipitate and 20kPEG-GCSF soluble

aggregate by FTIR.

Aggregation behavior of PEG-GCSF
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Rescue of GCSF precipitation by 20kPEG-GCSF

For proteins, it is generally regarded that the mechanism of
aggregation involves the self-association of intermediates
along the folding pathway (Fink 1998; Havel et al. 1998) or
misfolded states (Canet et al. 1999; Stefani and Dobson
2003). The similarity in secondary structural transitions
accompanying aggregation and the extent of covalent
character in the aggregates of GCSF and 20kPEG-GCSF
suggested a similarity between the pathway of GCSF
precipitation, and the intermediates involved, to that of
20kPEG-GCSF soluble aggregate formation. To further test
this, GCSF was incubated with either 1:1 20kPEG-GCSF
(2.5 mg/mL each) or 2:1 20kPEG-GCSF (5 mg/mL GCSF,
2.5 mg/mL 20kPEG-GCSF), and the extent of precipitation
of these samples was compared to GCSF alone or GCSF
incubated with free 20kPEG (latter two at 5 mg/mL) (Fig.
5A). After 48 h of incubation at pH 6.9 and 37°C, as
expected, there was significant increase in sample turbidity
due to precipitation, measured as absorbance at 700 nm, in
the GCSF (black bar) and GCSF + free 20kPEG (white bar)
samples. However, for both GCSF + 20kPEG-GCSF
samples, there was a dramatic decrease in the turbidity.
Thus, co-incubation of GCSF with 20kPEG-GCSF effec-
tively suppressed or ‘‘rescued’’ protein precipitation.

To investigate the fate of GCSF and PEG-GCSF in these
samples, the supernatants were analyzed by SEC, as this
technique separates the monomeric forms of the two
proteins. Figure 5B shows SEC chromatograms of GCSF
incubated with 1:1 20kPEG-GCSF at the t ¼ 0 h, t ¼ 60 h,
and t ¼ 120 h time points. At t ¼ 0, the sample contained
two major peaks at ;11 min and 8.7 min corresponding to
GCSF monomer and 20kPEG-GCSF monomer, respec-
tively. At t ¼ 60 h and t ¼ 120 h, there was a large decrease
in the GCSF monomer peak, a shift in the peak correspond-
ing to PEG-GCSF by ;0.3 min, and the appearance of
a soluble aggregate peak. The shift in the PEG-GCSF
monomer peak suggested the formation of a GCSF:PEG-
GCSF heterodimer. In the absence of precipitation, the
growth of the heterodimer and soluble aggregate peaks
concomitant with loss of GCSF monomer peak suggested
an association between GCSF and PEG-GCSF.

Given the specificity of the aggregation process (Speed
et al. 1996; Rajan et al. 2001; Krebs et al. 2004), these
observations, taken together with results from Figures 3
and 4, strongly suggest that the pathway of GCSF precipi-
tation was the same as that for 20kPEG-GCSF soluble
aggregate formation.

Difference in aqueous solvation properties of
GCSF and PEG-GCSF

The previous experiments indicated that the mechanism
underlying solubility of the aggregates was not due to
a perturbation of the nature of the GCSF protein moiety.

The PEG group, however, does possess hydrophilic oxygen
species in each repeat unit of the polymer. We therefore
sought to determine whether the improved solubility of
PEG-GCSF aggregates were due to the favorable orienta-
tion of solvent (water) molecules around PEG in spite of
the increase in hydrophobicity due to aggregation. To verify
this hypothesis, the ability of GCSF or PEG-GCSF to
partition to an organic phase from an aqueous phase was
tested. In this regard, water–octanol systems have been
used extensively to investigate solvation properties of water
for the molecule under consideration (Leo 1976; Wimley et al.
1996). Figure 6A shows SEC chromatograms of 0.5 mg/mL
GCSF with 0.5 mg/mL free 20kPEG in the aqueous phase
prior to and after overnight (16 h) incubation in a mixture
of 90% aqueous phase (phosphate buffer at pH 6.9) and
10% octanol, with constant rotating to ensure that equilib-
rium was attained. Very little GCSF remained in the
aqueous phase (2.4 6 0.76%), suggesting that most of the
GCSF had partitioned away from the aqueous phase. In
contrast, the vast majority of 20kPEG-GCSF under the same
conditions remained in the aqueous phase (93.2 6 4.9%),

Figure 5. 20kPEG-GCSF can rescue GCSF precipitation. (A) GCSF was

incubated for 48 h at pH 6.9, 37°C either alone (black bar), or with 1:1

20kPEG-GCSF (gray bar), 2:1 20kPEG-GCSF (hatched bar), or free 20k

PEG (white bar). The starting GCSF concentration was 5 mg/mL, and

protein turbidity was monitored by absorbance at 700 nm. (B) GCSF was

co-incubated with 1:1 20kPEG-GCSF as described above, and supernatants

analyzed by SEC are shown at t ¼ 0, t ¼ 60 h and t ¼ 120 h. The peaks

corresponding to GCSF monomer, PEG-GCSF monomer, and soluble

oligomers are shown.
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as assessed from the SEC chromatograms shown in Figure
6B. Interestingly, the PEG-GCSF that was present in the
aqueous phase after the overnight incubation was mostly
in the form of soluble aggregates. Further, it was observed
that the small amount of 20kPEG-GCSF that did partition
into the octanol precipitated out of solution, causing turbidity.
Since the only difference between the molecules was the
conjugation of the PEG group, these experiments suggested
that the favorable solvation of PEG-GCSF by water mole-
cules, as opposed to GCSF, may account for the increased
solubility of the PEG-GCSF aggregates.

Solubility and aggregation propensity of GCSF,
5kPEG-GCSF, and 20kPEG-GCSF

To evaluate the effect of PEG length on PEG-GCSF
solubility and stability toward aggregation, a shorter, 5-kDa
PEG chain conjugated to GCSF was produced (‘‘5kPEG-
GCSF’’). Silver-stained SDS-PAGE profiles for GCSF,
5kPEG-GCSF, and 20kPEG-GCSF are shown in Figure 7A
(inset). 5kPEG-GCSF was detected as a band around
25 kDa, consistent with its predicted mass of ;23 kDa, which
was larger than GCSF (18 kDa) and smaller than 20kPEG-
GCSF (apparent mass on SDS-PAGE, ;55 kDa; predicted
mass, ;38 kDa). The profiles of the three molecules were
also compared on size-exclusion chromatography (SEC;

data not shown), where the retention time of 5kPEG-GCSF
(;10 min) was in between that of GCSF (;11 min)
and 20kPEG-GCSF (;8.5 min). When a 5 mg/mL solution
of 5kPEG-GCSF was incubated at neutral pH and 37°C, it
was observed that, similar to 20kPEG-GCSF, this solution
stayed completely clear, indicating that even a 5-kDa PEG
conjugated to GCSF was sufficient to prevent precipitation.
This was confirmed by SEC analysis of GCSF, 5kPEG-
GCSF, and 20kPEG-GCSF: The amount of total protein
that remained in solution was unchanged relative to t ¼ 0 for
both 5kPEG-GCSF (open circles) and 20kPEG-GCSF
(closed triangles), while the amount of soluble protein
dropped rapidly to <10% for GCSF (Fig. 7A, closed
circles).

From SEC chromatograms obtained at each time point
of incubation at physiological conditions of neutral pH

Figure 6. Favorable solvation of PEG-GCSF by water. Solvation differ-

ences between GCSF + free 20kPEG and 20kPEG-GCSF. Chromatograms

of GCSF (A) and 20kPEG-GCSF (B) before (�octanol) and after overnight

incubation in a 10% octanol–water mixture. Post incubation, the phases

were separated and the aqueous phase was analyzed by SEC to determine

extent of protein partitioning away from the aqueous phase.

Figure 7. Solubility and aggregation propensity of GCSF, 5kPEG-GCSF,

and 20kPEG-GCSF. (A) Percent soluble material as assessed by SEC for an

incubation time course of GCSF (filled circles), 5kPEG-GCSF (open

circles), and 20kPEG-GCSF (filled triangles) at pH 6.9, 37°C. (Inset) SDS-
PAGE of GCSF (‘‘G’’), 5kPEG-GCSF (‘‘5PG’’), and 20kPEG-GCSF

(‘‘20PG’’) to demonstrate their relative sizes. (B) From SEC measure-

ments, the percent aggregate present in the sample at a given time point

was estimated for GCSF as insoluble aggregates (from loss of main peak,

closed circle), or as soluble aggregates for 5kPEG-GCSF (open circle) and

20kPEG-GCSF (closed triangle).

Aggregation behavior of PEG-GCSF
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and 37°C, the fraction of total material that existed either
as a soluble aggregate (5kPEG-GCSF and 20kPEG-GCSF)
or insoluble aggregate (GCSF) was calculated (Fig. 7B). It
was seen that aggregate formation in 5kPEG-GCSF (open
circles) was vastly reduced compared to GCSF (closed
circles), and was only slightly increased compared to
20kPEG-GCSF (closed triangles). Thus, attachment of even
a 5kPEG to GCSF greatly stabilized the molecule against
intermolecular association leading to aggregation.

Conjugation of PEG stabilized against loss of in vitro
bioactivity due to aggregation

To assess whether improvement in PEG-GCSF stability
correlated with enhanced preservation of biological ac-
tivity, samples of GCSF, 5kPEG-GCSF, 20kPEG-GCSF,
and GCSF with free PEG as a control were monitored for
biological activity after incubation at neutral pH and 37°C
(Fig. 8). 32DCl3 cells were conditioned to grow in
a medium that required the presence of GCSF for their
proliferation. Cell proliferation was measured by assess-
ing the extent of Alamar Blue dye metabolization. Figure
8A shows the relative activity of the four samples dosed
at either 1 ng or 2 ng. Their activities were normalized to
that of IL-3 (positive control) at these same doses. The
cells were slightly less sensitive to 20kPEG-GCSF and
GCSF + free PEG than they were to GCSF and 5kPEG-
GCSF. In addition, the activity of the soluble aggregates
was measured, and they were found to be completely
inactive (i.e., the activity was comparable to cells and
media without any protein). In all cases with GCSF and
PEG-GCSF, the activity of the 2-ng dose was consistently
higher than that of the 1-ng dose, demonstrating the
sensitivity of the assay.

Samples of GCSF, PEG + GCSF, 5kPEG-GCSF, and
20kPEG-GCSF that were incubated at pH 6.9 and 37°C
for 72 h were then analyzed and compared to the time zero
controls in Figure 8A. Figure 8B shows the bioactivity
present in these samples, relative to the corresponding
activity for the t ¼ 0 samples (n ¼ 3 measurements,
averaged over both 1-ng and 2-ng doses). It was seen that
the GCSF and GCSF + free PEG samples had significantly
diminished activity (>30%) compared to the 5kPEG-GCSF
samples and the 20kPEG-GCSF samples. Thus, resistance
to aggregation in case of PEG-GCSF resulted in greater
persistence of the biological activity in the molecule.

Similar principles of solubility and stability in
copper-induced GCSF aggregation

We observed that addition of submillimolar quantities of
copper greatly accelerated GCSF precipitation at neutral
pH and 37°C. Presumably, this was due to the role of
copper in facilitating intermolecular disulfide bond for-

mation (Jensen et al. 1999). For purposes of this study, we
sought to determine whether the previous observations
made with PEG-GCSF aggregation followed similar
principles in this scenario as well. Figure 9A shows
SEC chromatograms of GCSF before and after 37°C
incubation with 0.1 mM copper at a protein concentration
of 0.5 mg/mL and neutral pH. It was seen that at the end
of the incubation period, there was >90% precipitation
(Fig. 9C), even at GCSF concentrations 10-fold lower
than the earlier experiments. Consistent with this de-
crease in soluble material, visual precipitation of GCSF
was observed. Figure 9B shows 20kPEG-GCSF SEC

Figure 8. Greater preservation of in vitro biological activity by PEG

conjugation. (A) Bioactivity of t ¼ 0 GCSF (free and PEG conjugated)

samples were measured from the degree of metabolism of the viability

marker dye Alamar blue, for cells that had been conditioned to be

dependent on GCSF for their survival. IL-3 was used as a control. The

activity of the isolated 20kPEG-GCSF soluble aggregates (‘‘sol. ag.’’) was

also measured. The proteins were dosed at a concentration of 2 ng or 1 ng

as indicated. The activities of the proteins were compared to that of media

and cells alone without protein (‘‘no prot.’’). G, GCSF; P + G, free 20kPEG

plus GCSF; 5P – G, 5kPEG-GCSF; 20P-G, 20kPEG-GCSF. (B) Bioactiv-

ities of GCSF, free 20kPEG + GCSF, 5kPEG-GCSF, and 20kPEG-GCSF

after 72 h of incubation at 5 mg/mL, pH 6.9, 37°C, relative to prein-

cubation (t ¼ 0) samples in A, whose activities were assigned to 100%.
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chromatograms under the same conditions. Similar to the
earlier experiments, no visual precipitation was observed
for 20kPEG-GCSF. It was noted that a large fraction of the
20kPEG-GCSF that was soluble in this experiment was
monomeric, the remainder eluting in the void volume of
the SEC column (‘‘soluble aggregates’’). Figure 9C shows
that at the end of the incubation period, there was <20%
monomer present in the GCSF sample, but >60% mono-
mer for 20kPEG-GCSF, under the same conditions.
Thus, even under conditions of accelerated GCSF

precipitation, there were similar observations of enhanced

solubility, ‘‘soluble aggregate’’ formation and greater
monomer stability in the case of 20kPEG-GCSF.

Discussion

A major finding of this study was that the PEG-GCSF
aggregates were soluble, and the rate and extent of their
formation was vastly reduced compared to GCSF. In
principle, two mechanisms could be conceived to account
for this effect. One possibility is that the PEG group poses
a steric hindrance to protein–protein association. Due to
the presence of side-chain residues, the protein moiety
has a significantly shorter backbone chain length than the
PEG group. In the absence of discernable secondary
structures, this means that the PEG chain possibly sweeps
a large area around the protein molecule, disabling
diffusional encounters with other monomers. A second
possibility is that the PEG group shields hydrophobic
patches on the protein on account of its long chain length,
perhaps even wrapping itself around the protein. If this
were the case, protection of exposed hydrophobic patches
by the PEG group would reduce the rate and extent of
PEG-GCSF monomer association. In this context, it is
interesting to note that during the time course of incuba-
tion, soluble aggregates build up quickly in the first 3 d,
then gradually level off at ;18%. This may perhaps be
linked to the steric hindrance offered by the PEG group
that slows down the formation of soluble aggregates
beyond a critical threshold. However, the two mecha-
nisms may not be mutually exclusive: protection of
hydrophobic patches by PEG would be expected to decrease
productive collisions between monomers.

While conjugation of PEG to GCSF produced a molecule
with lower aggregation propensity, the PEG group did not
appear to disrupt secondary structural transitions within the
molecule (Fig. 4A). Conjugation of PEG to GCSF also did
not alter the free energy of unfolding of this molecule in
guanidine hydrochloride unfolding experiments performed
at neutral pH (data not shown). Further, the extent of
covalent associations in the soluble PEG-GCSF aggregates
mirrored those found in the GCSF pellet. Thus, attachment
of PEG to GCSF slowed the kinetics and reduced the
overall amounts of oligomers, but did not appear to perturb
the nature of the interactions that led to aggregation. This
notion was further supported by the co-incubation experi-
ment of GCSF with 20kPEG-GCSF where precipitation of
GCSF was almost completely suppressed. Given the speci-
ficity of protein aggregation (Speed et al. 1996; Rajan et al.
2001; Krebs et al. 2004), these data collectively suggest
that the PEG-GCSF aggregation pathway mirrors that for
GCSF. Interestingly, there appeared to be a difference in the
aggregation properties of PEG-GCSF, depending on the
method of conjugation of PEG to the N terminus: conju-
gation of PEG by alkylation significantly decreased the

Figure 9. Similar principles in copper induced GCSF aggregation. SEC

chromatograms of supernatant of 0.5 mg/mL GCSF solution (A) or

20kPEG-GCSF solution (B) after incubation with 0.1 mM copper (II)

chloride for 4 h, in comparison to the no-copper (t ¼ 0) control. Protein

elution in the void volume (‘‘Soluble aggregates’’) and buffer peaks are

indicated. (C) Quantitation of percent of GCSF (filled triangles) or

20kPEG-GCSF (open triangles) that was monomeric during the incubation

period.
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aggregation propensity compared to that obtained by
acylation (Kinstler et al. 1996). This suggested a further
involvement of the charge of the N-terminal amino group
on the aggregation properties of PEG-GCSF.

In this study, it was observed that both 5kPEG-GCSF and
20kPEG-GCSF retained significantly higher bioactivities
compared to free GCSF after 72 h of incubation at neutral
pH and 37°C. However, while there was expected to be
;20% monomer from the stability studies at the 72-h time
point for free GCSF, there was still;50% to 60% bioactivity
remaining. This phenomenon could perhaps be accounted
for by the higher variability of the bioassay compared to the
stability assay. If the sample size were sufficiently large, it is
likely the average bioactivity values would begin to con-
verge with the stability numbers. However, the overall trend
in bioactivity measurements was completely consistent
with the predictions made by the stability assay, and gave
greater confidence to the use of PEG-GCSF for higher
sustained bioactivity in vitro as well in vivo.

During design of the protein drug in question, the
length of PEG that needs to be attached to the protein is
a key consideration. Thus far, this consideration has been
primarily driven by the serum half-life afforded by the
size of the resulting PEG-conjugated drug molecule. This
study showed that in addition to serum half-life, the
aggregation propensity of the PEG-drug molecule in
consideration should also be evaluated. The data with
5kPEG-GCSF indicated that a small PEG moiety attached
to the drug could result in a large benefit for protein
stability toward aggregation. In other words, even if a
large increase in serum half-life is not desired, conjuga-
tion of PEG to a drug molecule may be considered solely
from the point of view of a stability advantage toward
aggregation. The improvements in monomer stability can
be expected to correlate with improvements not only in
storage and handling, but also in greater retention of
biological activity, as shown in this study.

This study revealed that polyethylene glycol conjugated
GCSF remained soluble under conditions where native
GCSF precipitated. This phenomenon could possibly be
explained by the very hydrophilic nature of the PEG group
compared to protein moiety. The oxygen atoms in PEG
group may form favorable hydrogen bond interactions with
water, and make the process of solvation by water around
PEG-protein more favorable than around the protein alone.
In this event, in spite of protein–protein association, there
would be sufficient water molecules around the PEG-
protein multimers to keep the entire assembly soluble. This
model would predict the existence of PEG-protein
‘‘micelles’’ with PEG-protein assemblies containing a hy-
drophobic protein core and a hydrophilic PEG exterior that
is completely solvated by water. Indeed, the water/organic
solvent partition experiments revealed a greater preference
for PEG-GCSF to remain in the aqueous phase, supporting

this model. It is possible that protein unfolding might
have occurred during the transfer process, and from this
experiment it would be difficult to assess the solubility
of the folded versus unfolded forms of GCSF. However, the
formation of soluble aggregates in this experiment by
20kPEG-GCSF is intriguing: it suggests a highly polar
nature of the exterior of PEG-GCSF aggregates, perhaps
by formation of PEG-protein micelles, thereby preventing
transfer into the octanol phase. The presence of the oxygen
groups in each repeat unit of the PEG group would
potentially be a good site for solvation by water, by virtue
of hydrogen bonding between the water hydrogens and the
lone pair of electrons on the PEG oxygen atoms.

Controlling protein aggregation represents a major
challenge during the development of protein therapeutics.
Several approaches have been employed at improving
protein solubility and stability. The most common one
involves reengineering the protein via site-directed mu-
tagenesis. In the case of GCSF, three groups have un-
dertaken this challenge (Lu et al. 1999; Bishop et al.
2001; Luo et al. 2002), using the knowledge obtained by
X-ray structure determination of this molecule (Hill et al.
1993; Lovejoy et al. 1993). While these approaches
produced GCSF mutants with greater thermodynamic
stability and biological activity than the wild-type mol-
ecule, it was difficult to predict the aggregation properties
of the resulting mutant proteins. A second approach
involves the addition of excipients to reduce aggregation,
such as sucrose, which has been shown to inhibit the
aggregation propensity of GCSF (Krishnan et al. 2002).
Protein aggregation has also been suppressed by novel
approaches such as application of high pressure (Foguel
et al. 1999) and protein glycosylation (Sinclair and Elliott
2005). While these approaches are useful, they do not
substantially alter the pharmokinetic profile of the mol-
ecule in blood serum. Protein PEG conjugation, at least in
the case of GCSF, thus represents a unique solution, as it
prevents protein precipitation and severely retards oligo-
merization, while simultaneously conferring greatly im-
proved pharmacokinetic properties to the molecule. If this
were found to be true for other molecules, this combina-
tion would greatly serve the cause of producing stable yet
efficacious therapeutic protein drugs.

Materials and methods

Reagents and protein

All chemicals were of the highest purity grade available from
commercial sources. Linear 5k or 20k PEG products were
purchased from Shearwater polymers. Pharmaceutical quality
rhGCSF was produced and purified at Amgen, Inc. using
heterologous expression in Escherichia coli. PEGylation and
purification of GCSF with either 5 kDa or 20 kDa PEG-aldehyde
was achieved using reductive alkylation as previously described
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(Kinstler et al. 2002). This method has been shown to selectively
conjugate a single linear PEG moiety to the N terminus of
GCSF, as evidenced by endoproteinase mapping, MALDI TOF-
MS, and size-exclusion HPLC with on-line light scattering
(Kinstler et al. 1996, 2002). The purity of the unmodified and
modified versions of GCSF were comparable and typically above
95%, as assessed by size-exclusion chromatography (SEC).

SEC

SEC was performed using a Phenomenex Biosep SEC-S 3000
4.6 mm 3 3000 mm column on an Agilent 1100 system with
diode array detection. The mobile phase was 50 mM sodium
phosphate, 100 mM sodium chloride, 5% ethanol (pH 7.5), and
the flow rate was 0.3 mL/min. It has been shown earlier that the
presence of ethanol does not alter the aggregation profile as
quantified by SEC, but its presence improves column perfor-
mance and peak shape (Ratto et al. 1997). The total time for the
method was 35 min, and the column eluate was monitored at
215 nm. Peak areas in the chromatograms were used to quantify
amounts of monomer and soluble aggregate. Chromatograms for
each peak were analyzed in two ways: either as percent remaining
relative to the amount at time zero, or as a percent of the total
protein present at that particular time point.

Aggregation conditions

For aggregation experiments involving incubation of a single
protein, the final protein concentration was always 5 mg/mL,
and the buffer was 100 mM sodium phosphate, pH 6.9. GCSF or
PEG-GCSF was diluted into this solution from a stock solution
of 50 mg/mL, kept in 20 mM sodium acetate, pH 4.0. The
protein concentrations were estimated at 280 nm, where the
PEG moiety has negligible absorbance. For GCSF and PEG-
GCSF (5k or 20k), equal concentrations in the mg/mL units
correspond to equimolar concentrations. This procedure was
found to give identical results compared to a process of diluting
it first in pH 4 buffer followed by exchange into pH 6.9 buffer
by dialysis at 4°C. No microfiltration was carried out. Proteins were
incubated at 37°C for times indicated. Prior to SEC analysis,
samples were centrifuged at 14,000g for 5 min to remove any
precipitate. The extent of insoluble protein was calculated as the
difference between the total protein present before the incubation
and the soluble protein present after the incubation, based on peak
areas in the respective SEC chromatograms. For coincubation
experiments, a 1:1 ratio represented a concentration of 2.5 mg/mL
for each protein. Turbidity measurements were performed by
reading the optical density at either 600 nm or 700 nm. For SDS-
PAGE and denatured size-exclusion (D-SEC) analysis, GCSF
insoluble aggregates were washed three times with 100 mM
sodium phosphate buffer to remove any soluble material. The
material each time was centrifuged at 14,000g for 5 min and the
supernatent was removed. Pellets were solubilized using 10 mM
acetate, 5% sorbitol (pH 5.2), containing 2% sodium dodecyl
sulphate (SDS), and 10 mM iodoacetamide (IAA). The resulting
solution was heated at 80°C for 20 min to achieve a clear solution.
To prepare soluble aggregates of 20kPEG-GCSF quantitatively
and rapidly, a solution of the protein at 5 mg/mL and pH 6.9 in
100 mM sodium phosphate was incubated at 50°C for 1 h. This
condition was found to produce >95% soluble aggregates. For
copper-induced aggregation experiments, 1 mM copper (II) chloride
was diluted from a stock solution of 1 M in water. The final
protein concentration was 0.5 mg/mL, diluted from an eight times
GCSF stock and a 203 PEG-GCSF stock, into 100 mM sodium

phosphate, pH 6.9. The pH of the final solutions was checked
to ensure that the pH did not deviate from 6.9. Proteins
were incubated for t ¼ 4 h at 37°C, centrifuged, and anal-
yzed by SEC similar to the temperature induced aggregation
experiments.

SDS-PAGE

A 4% to 20% gradient gel was used (Novex/Invitrogen). Protein
was visualized by silver staining. Prior to loading, samples were
heated at 80°C for 20 min. For sample reduction, 10 mM DTT
was added to the sample buffer prior to heating.

Denatured size-exclusion chromatography (D-SEC)

For analysis by nonreduced D-SEC, SDS and IAAwere added to
a final concentration of 2% and 15 mM, respectively, to the
samples and the resulting solution was then incubated at 80°C
for 20 min. For reduced D-SEC, SDS and DTT were added to
a final concentration of 2% and 10 mM, respectively. Samples
were analyzed on an Agilent 1050 HPLC with diode array
detection. Two 7.8 mm 3 300 mm G3000 Tosoh TSKSWxL
columns were employed in series. The mobile phase was 100 mM
sodium chloride, 150 mM sodium phosphate, 0.1% SDS,
pH 6.9. The sample chamber was kept at room temperature
and the buffer was filtered just prior to starting the HPLC method.

FTIR

Samples were analyzed by Bomem MB-series FTIR following
drying using single-bounce attenuated total reflectance. Using
an Omega CN76000, sample temperature was adjusted in 1°C
increments with 10-min equilibration times.

Water–octanol partition experiments

One hundred micrograms of GCSF or 20kPEG-GCSF was added
from a 12 mg/mL stock to obtain 180 mL total of a solution of
100 mM phosphate buffer (pH 6.9). To this solution, either
20 mL of octanol or control buffer were added to make a total
of 200 mL (10% octanol). Samples were incubated overnight in
a rotating container to ensure adequate mixing and equilibrium.
The next morning, the phases were allowed to settle and the
protein was sampled from the aqueous phase or the control
sample. After centrifugation (13,000 rpm for 5 min), samples
(10 mL) were analyzed by size-exclusion column as described
above and the amount of protein was quantified as the area
under the curve of the HPLC chromatogram.

Biological activity measurements

The bioassay was conducted in flat-bottomed 96-well plates. For
each sample, 32DCl3 cells that had been previously selected for
proliferative response to rh-GCSF were plated in triplicate at
a concentration of 10,000 cells per well. Cells were plated in
100 mL of growth medium (Iscove’s Modified Dubelcco’s
Medium) supplemented with 2.5% fetal bovine serum per well.
Samples were diluted in the same growth medium and added to
the appropriate wells in 100 mL to give a final concentration of
either 1 ng/mL or 2 ng/mL. Recombinant murine IL-3 was used
as a positive growth control at the same concentrations. Plates
were incubated for 4 d at 37°C, 5% CO2, ambient O2, and full
humidity. After 4 d of incubation, 20 mL of Alamar blue dye was
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added to each well. Plates were then incubated for an additional
2 d before reading absorbance of each well at wavelengths of
570 nm and 600 nm. The percent reduction of Alamar blue was
calculated based on the formula provided by the manufacturer
(Biosource). A higher reduction of the dye correlates with
a larger number of cells per well and thus acts as an indirect
measure of proliferation.
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