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Characterization of polyethylene glycol-modified proteins by
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Abstract

A new program to characterize polyethylene glycol-modified (PEGylated) proteins is outlined using capillary zone
electrophoresis (CZE). PEGylated ribonuclease A and lysozyme were selected as examples. Five separation procedures were
compared to select out the mixed buffer of acetonitrile–water (1:1, v /v) at pH 2.5 as the best to characterize the PEGylated

6proteins without sample pretreatment. Polyethylene oxide (PEO) with a high molecular mass of 8310 was applied to rinse
the capillary to form a dynamic coating which would decrease the undesirable proteins adsorbed to the inner wall of the
silica. The electroosmotic flow (EOF) mobility of the five procedures was determined, respectively. It is found that
acetonitrile is mainly responsible for the good resolution of PEGylated proteins with the help of PEO coating in the
semi-aqueous system. The low EOF mobility and current in the semi-aqueous system might also have some responsibility for
the high resolution. The semi-aqueous procedure described in this paper also demonstrates higher resolution of natural
proteins than aqueous ones.  2001 Elsevier Science B.V. All rights reserved.

Keywords: Semi-aqueous capillary electrophoresis; Capillary electrophoresis; Buffer composition; Proteins; Poly(ethylene
glycol)

1. Introduction deaminase [3] and asparaginase [4], as therapy drugs.
More than 20 PEG–protein conjugates are under

As a selection of the site-directed modification, research or clinic investigation.
polyethylene glycol (PEG) has been widely used to Analysis of PEGylated product is important in
modify the surface of proteins to enhance their research and drug quality control, but the following
physiological properties, including low immuno- properties of PEG modification (PEGylation) make it
genicity and/or prolonged blood retention time for difficult. Firstly, PEGylation generates a heteroge-
therapeutic use [1]. It might be the most widely used neous mixture of proteins with different number of
polymer for drug conjugation today [2]. The US PEG attached and different amino acid residues
Food and Drugs Administration (FDA) has approved modified. Secondly, the linear polymer of PEG
PEG modified (PEGylated) proteins, adenosine attached to proteins has a certain range of molecular

mass. Thirdly, the hydrodynamic radius of PEG is
equal to those of the globular proteins whose molec-*Corresponding author. Fax: 186-10-6256-1822.

E-mail address: zgsu@home.icm.ac.cn (Z. Su). ular weights are 4–5 times of it [5], and it curls
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randomly in liquid phase, which would interfere the In this study, the procedure of dynamic coating
chromatographic behavior of PEGylated proteins. was further simplified: PEO with high molecular

6Some investigators explored several analytical meth- mass of 8310 was only used to rinse the capillary
ods of PEG–proteins with various degree of success. column before CE separation. A semi-aqueous buffer
For example, the average degree of PEG modi- made by acetonitrile–water (1:1, v /v) was adapted to
fication could be determined by the spectrometry of improve the resolution of PEGylated proteins. It is
2,4,6-trinitrobenzenesulfonic acid (TNBS) or the well known that a large proportion of organic
fluorometry of fluorescamine based on the numerical solvent, such as acetonitrile, is often used as a kind
difference of the un-PEGylated amino groups be- of flow phase in reversed-phase HPLC, but in CE
tween PEGylated proteins and natural proteins [6,7]. separation of proteins, it is not accepted as a routine
But apparent overestimation and drawback might be solvent although some researchers use it as an
given and the heterogeneity information of the additive. Our results indicate that large proportional
PEGylated protein could not be obtained by these acetonitrile is efficient to enhance the resolution of
methods [8–10]. Sodium dodecyl sulfate–poly- PEGylated proteins, while the total analysis time is
acrylamide gel electrophoresis (SDS–PAGE) [11], reduced compared to the reported methods.
high-performance liquid chromatography (HPLC) In our experiment, the binary mixture of acetoni-
[12], nuclear magnetic resonance (NMR) [13] and trile–water (1:1, v /v) was used to make the sodium
matrix-assisted laser desorption ionization mass phosphate buffer. Pure acetonitrile was not applied
spectrometry (MALDI-MS) [14] have been used to as the solvent of the buffer because NaH PO did2 4

characterize PEGylated proteins, too. None of these not resolve in it.
was accepted as an accurate and simple method that Ribonuclease A (RNase) [19,20] and lysozyme
could be used to give the composition of the [21,22] were selected to be PEGylated for they were
PEGylated molecules directly. not only model proteins but also potential therapeutic

Soon after the introduction by Jorgenson and agents after PEGylation.
Lukacs [15], high-performance capillary electropho-
resis (HPCE or CE) was developed to analyze
complicated biopolymers due to its high resolution,
unique selectivity and small sample requirement. 2. Experimental
However, owing to the polyionic property of large
biomacromolecules, proteins may be irreversibly
adsorbed to the inner surface of the silica capillary, 2.1. Materials
which lead to band broadening and low separation
efficiency [16]. Cunico et al. was the first to intro- Bovine pancreatic ribonuclease A (RNase) (EC
duce CE to analyze PEGylated myoglobin [17]. In 3.1.27.5), chicken egg white lysozyme (EC 3.2.1.17)
their paper, negative charge of the inner surface of and bovine pancreatic insulin were purchased from
the silica was reversed to positive by Micro-coat Sigma (St. Louis, MO, USA). Methoxypolyethylene
(ABI, Foster City, CA, USA) to eliminate the protein glycol (MPEG) of M (viscosity-average molecularv

adsorption. At the same time, the high mobility of mass) 50006250, was obtained from Union Carbide
6 5the reversed electroosmotic flow (EOF) resulted in (Danbury, CT, USA). PEO of M 8310 and 6310 ,v

short real migration time and low resolution of the were from Aldrich (Milwaukee, WI, USA). N-Hy-
protein components of high degree of PEGylation. droxysuccinimide (NHS) was provided by Sigma.
Some authors used new CZE procedures to analyze Succinic anhydride was from Juneng Chemical
PEGylated superoxide dismutase (SOD) [18] and (Tianjing, China). Dicyclohexylcarbodiimide (DCCI)
PEGylated lysozyme [8]. The uncharged polymer, was from Sheshan Chemical Factory (Shanghai,
polyethylene oxide (PEO) with molecular mass of China). Acetonitrile (HPLC grade) was from Fisher

5 51.1310 to 6.0310 , was added to both the rinse (Fair Lawn, NJ, USA). Dimethyl sulfoxide (DMSO)
and the running buffer to maintain the effect of was from Merck (Whitehouse Station, NJ, USA).
dynamic coating to lessen the protein adsorption. All other reagents were of analytical grade. Water
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used in the experiments was prepared with RiOs 2.4. Buffer and solution
ultra-pure water system (Millipore, Bedford, MA,
USA). In the experiments, we used a similar procedure to

that described by Iki et al. [25] to make a solution of
6PEO 8310 as the agent for dynamic coating. PEO

62.2. Preparation of PEG–proteins 8310 was dissolved in 0.1 M HCl until its con-
centration was 2 mg/ml. To avoid PEO decomposi-

6Firstly, the MPEG with one hydroxyl group tion by acid over a long time, 10 mg of PEO 8310
should be activated to methoxypolyethylene glycolyl was added to 4.5 ml water and stored for 2 days
N-succinimidyl succinate (MPEG-SS) before re- under room temperature, then 0.5 ml of 1 M HCl
action with protein. MPEG-SS was prepared accord- was added to the PEO solution just before use. The
ing to the following procedure [23,24]. sodium phosphate buffer (0.025 M, pH 2.5) prepared

MPEG, 3 g, and succinic anhydride, 0.18 g, were by water or binary solvent of acetonitrile–water (1:1,
dissolved in 6 ml N,N-dimethylformamide. The v/v) was used as separation buffer. The buffer pH
mixture was stirred for 3 h at 1008C. Then 30 ml was tested by a f72 pH meter (Beckman). All the
cold diethyl ether were added to precipitate MPEG. buffers should be filtered through a 0.45-mm mem-
The precipitation was filtered and washed 3–5 times brane and ultrasonicated before use.
by cold diethyl ether. The solid product was stored in Electroosmotic mobilities were calculated from the
the drier overnight. migration time of 0.1% DMSO, an electrically

The dried product, 2.5 g, DCCI, 0.23 g, and NHS, neutral marker substance, applied as sample.
0.13 g, were dissolved in 6 ml N,N-dimethylform-
amide. The mixture was filtered after being stirred
for 12 h at 308C. Then the filter liquor was precipi- 3. Results and discussion
tated, filtered and washed by diethyl ether with the
same procedure described above. The final dried In capillary zone electrophoresis (CZE), the elec-
solid was MPEG-SS. trophoretic mobility (m ) of protein is proportionalepTo attach MPEG to the e-amino groups of lysine to its charge (q) and is inversely proportional to its
residues, MPEG-SS was added to a 2 mg/ml protein Stoke’s radius (r) or molecular mass (M). There are
solution. The background borate buffer was 0.05 M, many theoretical relationships suggested to predict
pH 8.4. The mixture was vortexed for 30 min under the m of a protein, and they can be unified as theeproom temperature. The molar ratio of MPEG-SS to following equation [26]:
RNase was 5:1, and lysozyme was 1:1, 3:1, and 5:1.

Zc
]]m 5 (1)sep KF Mz

2.3. Capillary electrophoresis
where s varies from 1/3 to 2/3 and K is a constant

A P/ACE 5000 capillary electrophoresis system according to particular CE conditions. F is a pH-z

(Beckman, Fullerton, CA, USA) was equipped with dependent proportionality factor defined as Z /Z ,c a

a fused-silica capillary (50 mm inner diameter; 30 with Z being actual protein valence and Z beinga c

cm effective length; and 37 cm total length, Yong- calculated protein valence according to the amino
nian Optical Fiber Factory, Hebei, China). UV acid composition of the protein.
detection was set at 200 nm. The temperature of the When MPEG is added to the protein surface, the
capillary cartridge was maintained at 2560.18C values of M and r of the PEGylated proteins would
using the thermostated coolant from Beckman. The increase and the value of m would decrease (Eq.ep

rinse pressure was 20 p.s.i. (1 p.s.i.56894.74 Pa). A (1)). So the PEGylated proteins move towards the
plug of the sample solution was injected hydro- cathode in following order: the unmodified protein,
dynamically (0.5 p.s.i. for 8 s). The running voltage proteins with one MPEG attached, proteins with two
was set at 130 kV. MPEG attached, and so on (Fig. 1). The mobilities
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Fig. 1. Schematic diagram of the migration of PEGylated proteins in CE separation. PEO chain is bound to the inner surface of the capillary
through silanol hydrogen bonding. The cationic PEGylated proteins move towards the cathode /UV detector in the acidic buffer.

of PEGylated proteins in CZE mode primarily identified as unmodified RNase by internal standard
depend on the number of MPEG chains attached. method, so the broaden peak behind the unmodified
The acidic buffer (pH 2.5) in CE separation enables RNase was the unresolved MPEG–RNase adducts
the proteins protonated completely and minimizes (Fig. 2A). The protein adsorption to the inner wall of
the charge difference of the PEGylated proteins [18]. the bare capillary was predicted to be the main

reason responsible for the low resolution. PEO of
5 53.1. Comparison of five separation procedures molecular mass 1.1310 to 6.0310 were reported

to be efficient coating agents to help analyze some
The electropherograms of PEGylated RNase ob- PEGylated proteins [18,8], and the similar conditions

tained from a series of rinse and separation pro- was used in procedure E (Fig. 2E). Another PEO
cedures, which are shown in Table 1, are compared coating procedure recommended by Iki et al. to
in Fig. 2. When a bare capillary was used to separate separate basic proteins [25] was employed in pro-
the sample of PEGylated RNase, it gave out two cedure B (Fig. 2B). The difference between pro-
peaks (Fig. 2A). It needs to note herein that MPEG cedures B and E was that, in B, PEO with rather high

6itself has no absorbance at 200 nm in the elec- molecular mass of 8310 was only involved in the
5tropherograms. The peak eluting earlier could be rinse buffer, but in E, PEO of 6310 was used in

Table 1
The rinse and separation procedures used in CE experiments

a,bProcedure Rinse and separation condition Electropherogram

A Rinse, solution 1 for 3 min; sample inject, pressure for Figs. 2A, 6A
8 s; separation buffer, solution 1; voltage, 30 kV

B Rinse, solution 2 for 4 min, solution 1 for 3 min; Figs. 2B, 6B
sample inject, pressure for 8 s; separation buffer,
solution 1; voltage, 30 kV

C Rinse, solution 2 for 4 min, solution 3 for 3 min; Figs. 2C, 3, 4, 6C
sample inject, pressure for 8 s; separation buffer,
solution 3; voltage, 30 kV

D Rinse, solution 3 for 3 min; sample inject, pressure for Figs. 2D, 6D
8 s; separation buffer, solution 3; voltage, 30 kV

E Rinse, solution 4 for 20 min; sample inject, pressure Figs. 2E, 6E
for 8 s; separation buffer, solution 4; voltage, 30 kV

a There are four solutions used in the experiments: solution 1, 0.025 M sodium phosphate buffer (pH 2.5, 100% water); solution 2, 2
6mg/ml PEO 8310 in 0.1 M HCl; solution 3, 0.025 M sodium phosphate buffer (pH 2.5, 50% acetonitrile and 50% water); solution 4, 0.1
5mg/ml PEO 6310 in 0.025 M sodium phosphate buffer (pH 2.5, 100% water).

b Before every run, a rinse of 0.1 M NaOH for 4 min and a rinse of water for 4 min were scheduled to maintain the repeatability, which
was not included in the procedures.
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procedure D (Fig. 2D). But the resolution in D did
not decrease much and was even better than the
aqueous systems (Fig. 2B,E). It is suggested that
acetonitrile might also have some effects to lessen
the adsorption of proteins to the silica wall though
PEO coating was absence (Fig. 2D).

In the experiments, all the procedures applied the
same voltage (U 530 kV). The comparatively low
current of procedure C might also contribute to the
good resolution. When PEO coating was applied in
the aqueous system, the current decreased from 80
mA (procedure A) to 54 mA (procedure B) and 51
mA (procedure E). But in the semi-aqueous systems,
the currents were only around 22 mA (procedures C
and D). It is known that Joule’s heat is an important
factor inducing band broadening, and it has direct
proportion to electric current in CE. That is to say,
the lower current, the sharper peaks, the higher
resolution; and this possibility was partly proved in
non-aqueous CE nowadays [27].

It is worth noting that in order to attach MPEG to
the surface of proteins, an excessive amount of
activated MPEG was added to the protein solution,
which might increase the solution viscosity of the
PEGylated sample and disturb the electrophoretic
behaviors of PEGylated proteins in CE separation.
This negative influence was observed in SDS–PAGE
analysis of PEGylated proteins [12,28]. But to avoidFig. 2. Comparison of five procedures for CE separation of
the condition’s change of PEGylation and the proteinPEGylated RNase. The rinse and separation procedures are

described in Table 1. More details could be found in Section 2. loss, the crude reaction solutions were used as
Before every run, a rinse of 0.1 M NaOH for 4 min and a rinse of samples directly without further treatments in the
water for 4 min were scheduled to maintain the repeatability. The

experiments. This might be one cause for the lowsample of PEGylated RNase (2 mg/ml) was injected hydro-
resolution in the aqueous systems (Fig. 2B,E).dynamically for 8 s. Numbers over peaks correspond to the
However, in the semi-aqueous systems of CE, ace-number of MPEG chains per protein molecule.

tonitrile might improve the solubility of PEGylated
proteins in the running buffer because of the lipo-

both the rinse and separation buffer. However, philicity of PEG.
neither of these coating procedures achieved satisfac- To investigate the separation reproducibility of
tory resolution of PEGylated RNase. procedure C, the semi-aqueous system with PEO

Procedure C preserved PEO coating from pro- coating, two groups of consecutive injections were
cedure B, but the separation buffer’s composition carried out with the same sample of PEGylated
was quite different. In procedure C, a semi-aqueous RNase on separate days (Fig. 3). The separations
phosphate buffer of acetonitrile–water (1:1, v /v) was were reproduced well, with run-to-run RSD for the
used to separate the sample. The result was showed migration time of the five peaks (peaks 0–4 in Fig.
in Fig. 2C. A rather good resolution was given 3) averaging 1.2% and day-to-day RSD averaging
compared to Fig. 2B,E. It seemed that acetonitrile 2.8%. The resolution of peak 4 decreased with the
had important effects on the resolution. If the PEO same sample injected after 5 days (b , b versus a ,1 2 1

coating in procedure C was omitted, then we got a in Fig. 3), which was due to the slow hydrolytic2
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Fig. 3. A series of electropherograms of PEGylated RNase resolved by procedure C (Table 1). The subjacent consecutive injections (b , b )1 2

were replicates of the upper ones (a , a ) after 5 days with the same sample. All other conditions are as presented in Fig. 2. Numbers over1 2

peaks correspond to the number of MPEG chains per protein molecule.

cleavage of the ester linkage between the MPEG in final product. The percent of each component in a
chain and the amino group of PEGylated proteins PEGylated mixture can be calculated from the peak
[29]. area resolved. The corrected peak area by dividing

the peak area by the migration time might be suitable
3.2. Separation of PEGylated samples with for the quantitative analysis of PEGylated protein
different reaction ratio [18]. Relative works would be reported in our other

papers.
Another model protein, PEGylated lysozyme, was Another fact should be mentioned here. With the

selected to investigate the separation ability of the increase of the modification degree, the product’s
semi-aqueous CE system and the result is satisfac- resolution decreased in the same separation system
tory, too (Fig. 4). (Fig. 4). This could be explained by the reaction

It was found that the semi-aqueous CE system was selectivity of PEGylation. When the concentration of
convenient not only to resolve the PEGylated prod- MPEG-SS was high, almost all the amino groups of
uct, but also to evaluate the reaction conditions, such the protein, including high sensitive and low sensi-
as reaction molar ratio. As we know, the composition tive ones, could react with the modifier. So the
of PEGylated proteins can be controlled by adjusting product’s composition was heterogeneous. We could
the molar ratio of activated MPEG to proteins in find more peaks in CE electropherogram and the
reaction solution. In Fig. 4, lysozyme reacted with composition of a particular peak was more complex
MPEG-SS under different molar ratios of 1:1, 1:3 in the meantime (Fig. 4c). That was why the
and 1:5. More MPEG-SS was added, more the resolution decreased apparently. However, when the
amount of highly modified PEG–proteins increased concentration of MPEG-SS was low, only those high



W. Li et al. / J. Chromatogr. A 905 (2001) 299 –307 305

Fig. 5. EOF mobilities of the five procedures. A sample of 0.1%
DMSO was loaded hydraulically for 8 s to determine the EOF
mobilities. Procedures A to E are as presented in Table 1. All
other conditions are described in Fig. 2.

lower value (procedures B, C and E). The result
indicated that PEO coating was the main factor,
which decreased the EOF mobility in either aqueous
or semi-aqueous systems. Low m meant that PEOeo

had a good coating effect on the inner wall of the
silica. That is to say, PEO could reduce the protein
adsorption through its coating effects. Considering
that m in procedure D was lower than in procedureeo

A, we found that acetonitrile also had some effect toFig. 4. Electropherograms of PEGylated lysozyme with various
reduce the EOF mobility independently. This resultreaction molar ratios. The molar ratio of MPEG-SS to lysozyme

was: (a) 1:1, (b) 1:3, (c) 1:5. Electrophoretic conditions are the agrees with Schwer and Kenndler’s conclusion that
same as procedure C in Table 1. All other conditions are described the EOF mobility decreases with the increase of
in Fig. 2. Numbers over peaks correspond to the number of MPEG organic solvents in the separation buffer [30].
chains per protein molecule.

It was found that organic solvent, such as acetoni-
trile could decrease zeta potential of the capillary

sensitive amino groups could react with the modifier, wall due to the increase in the pK (and thus,a

so the product composition was relatively simple. At decrease in the charge generation) of silanol group
the same time, the composition of a particular peak that composed the capillary wall [30,31]. The de-
was simpler, too (Fig. 4a,b). crease of zeta potential and surface charge would

reduce the charge attraction between the silica wall
and the analyzed protein. For this reason, acetonitrile

3.3. Effects of PEO and acetonitrile could increase the resolution of PEGylated proteins
by decreasing the undesirable protein adsorption. In

Fig. 5 shows the difference of EOF mobilities our research, it was found that acetonitrile had more
(m ) of the five procedures from A to E. The value important influence on the resolution than PEOeo

of m was obtained by determining the mobility of coating. The systems with acetonitrile (procedures Ceo

0.1% DMSO as a neutral marker. From Fig. 5, we and D) had the best resolution in all the procedures,
can see that the two systems without PEO coating either there was PEO or not (Fig. 2). But this does
had the largest value of m (procedures A and D), not mean that PEO is unimportant. It was clear thateo

while the systems with PEO coating had apparently with PEO’s help, the peak symmetry was improved.
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(Figs. 6B and 7B and 6E and 7E), both gave lower
resolution than the semi-aqueous systems (Figs. 6C
and 7C and 6D and 7D). In a sentence, the situation
is similar to that of PEGylated proteins.

4. Conclusion

A semi-aqueous buffer prepared by acetonitrile–
water (1:1, v /v) was found suitable for characteriza-
tion of PEGylated proteins with the aid of PEO

6Fig. 6. Electropherograms of natural proteins resolved by the five 8310 . Both acetonitrile and PEO could enhance the
procedures. Left peaks, RNase; right peaks, insulin. The sample

resolution by decreasing the protein adsorption to thewas 1.0 mg/ml of RNase and 1.0 mg/ml of insulin in water.
inner wall of the silica capillary. While PEOProcedures A–E are as presented in Table 1. All other conditions

are described in Fig. 2. achieved the effect through its coating, acetonitrile
might reduce the adsorption by decreasing zeta
potential of the inner wall of the silica. It was also

3.4. Separation of natural proteins
found that acetonitrile had better effect than PEO to
enhance the resolution. Low current, low EOF

The semi-aqueous CE system can be used to
mobility of the semi-aqueous system might also

separate not only PEGylated proteins, but also
contribute to the better resolution. And this system

natural ones, which was proved by the resolution of
could be used to monitor the PEGylation process,

RNase and insulin.
conveniently.

Fig. 6 is the separation electropherograms of these
For natural proteins, this semi-aqueous procedure

two proteins by the five procedures; and the res-
also showed good resolution. Considering that ace-

olutions calculated according to Ref. [32] are com-
tonitrile’s volatility is welcome in CE–MS analysis,

pared in Fig. 7. These results also indicated that the
we predict that this system would have advantages in

procedure C had the best resolution among the five
CE–MS analysis of some proteins, such as

procedures. The semi-aqueous system without PEO
PEGylated proteins. As the lipophilicity of the PEG

coating (Figs. 6D and 7D) gave the second best
chain is similar to that of lipids, these results might

result. For the aqueous systems with PEO coating
also give some new ideas with regard to the CE
separation of lipoproteins.
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