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Abstract

A capillary electrophoretic method (CE) was developed for the determination of the PEG-modification sites of three
positional isomers of mono-PEG modified salmon calcitonins (mono-PEG-sCTs). Resistance to proteolytic degradation on
the PEG modification sites resulted in different patterns of CE electropherograms for the tryptic digested mono-PEG-sCTs
isomers, and the PEG modification sites were assigned accordingly. The PEG-modification sites were also confirmed directly
by determining the molecular masses of the tryptic digested PEG-modified fragments of respective mono-PEG-sCT by the
matrix-assisted laser desorption ionization time-of-flight (MALDI–TOF) mass spectrometry.  2001 Elsevier Science B.V.
All rights reserved.
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1. Introduction clinical application, due to their heterogeneity with
respect to the distribution of both the number and

Chemical modification of therapeutic polypeptides position of attached PEG molecules [3].
with polyethylene glycol (PEG) has been utilized as The degree of modification of lysine groups in
a novel approach to obtaining functional bioconju- PEGylated polypeptides has been previously esti-
gates possessing increased resistance to proteolytic mated spectrophotometrically by measurement of the
degradation, increased solubility, decreased immuno- residual amino groups using trinitrobenzene sulfonic
genicity, and low toxicity [1,2]. Difficulty in the acid [4], and by determining the number of PEG
physicochemical characterization of PEGylated poly- molecules attached to polypeptide by SDS–PAGE, or
peptides, however, remains a major barrier to the HPLC followed by MALDI–TOF mass spectrometry

[5,6]. Recently, modification sites of mono-
PEGylated peptides have been determined by tryptic
digestion followed by HPLC and amino acid map-*Corresponding author. Fax: 182-31-290-7724.

E-mail address: kclee@skku.ac.kr (K.C. Lee). ping [7,8]. These methods, however, often require
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complicated and time-consuming sample preparation 2. Experimental
steps.

Capillary electrophoresis (CE) is a technique 2.1. Materials
particularly suitable for the resolution of peptides
with slightly differing net charges, and is increasing- Salmon calcitonin (synthetic cyclic sCT) and
ly used for the separation of peptides and proteins, succinimidyl carbonate mono-methoxy polyethylene
requiring as little as a few nanoliters of sample glycol (SC-mPEG, MW 5000 Da) were purchased
volumes [9–12]. Matrix-assisted laser desorption from Bachem (Torrance, CA) and Shearwater Poly-
ionization time-of-flight mass spectrometry mers (Huntsville, AL), respectively. Pentafluoro-
(MALDI–TOF-MS) has been introduced in the propionic acid (PFPA), trypsin, and a-cyano-4-hy-
biochemical research for the analysis of both small droxycinnamic acid (a-CHCA) were purchased from
and large biomolecules of relevance to the bio- Sigma (St. Louis, MO). All other chemicals were of
technology industry as a rapid and simple method of analytical grade and were obtained commercially.
obtaining molecular mass information at pico- to
femto-molar sensitivity [13–16]. The development of 2.2. Preparation and separation of positional
analytical techniques such as MALDI–TOF-MS and isomers of mono-PEG-sCTs
CE, and the combined use of two such powerful
methods play an increasingly important role in the PEGylation of sCT with SC-mPEG and separation
molecular analysis of bioconjugates of peptides and of the resulting positional isomers of mono-PEG-
proteins [17]. sCTs were performed as described previously [8].

Salmon calcitonin (sCT) is a single polypeptide Briefly, 4.38 mg of SC-mPEG 5000 was added to 0.2
chain calcitropic hormone consisting of 32 amino ml of sCT (5 mg/ml) in 0.1 M phosphate buffer
acids (3432 Da) with an N-terminal disulfide bridge saline solution (PBS, pH 8.0) (molar ratio of sCT to
between positions 1 and 7, and a C-terminal proline SC-mPEG51 to 3). The mixture was incubated at
amide residue (Fig. 1). We have previously reported 258C with stirring for 30 min. The reaction was
the modification of sCT with succinimidyl carbonate stopped by addition of 5 ml of 1 M glycine. The
mono-methoxy polyethylene glycol (SC-mPEG) that mono-PEG-sCT mixture was isolated and purified
has reactivity on the terminal amino and e-amino from the reaction mixture by size-exclusion chroma-
group of lysine [5]. Modification of sCT with PEG tography using Superose 12 HR 10/30 (Pharmacia
results in a mixture of isomers of mono-, di-, and LKB, Sweden), eluted with PBS buffer solution (pH
tri-PEG-sCTs. We have separated mono-PEG-sCT 7.0) at a flow-rate of 0.4 ml /min. The isolated
into three different positional isomers by reversed- mono-PEG-sCT mixture was applied to a LiChros-
phase HPLC [8]. In this report, we describe a rapid pher 100 RP-18 column (4.03125 mm, 5 mm,
CE method that can be used to identify the modi- Merck), and three positional isomers were separated
fication sites of three positional isomers of mono- by a linear gradient elution using solvent A (0.1%
PEG-sCTs. A direct confirmation of the modification PFPA in water) and solvent B (0.1% PFPA in
sites is also reported after tryptic digestion followed acetonitrile) at a flow-rate of 1.0 ml /min, with the
by MALDI–TOF-MS. gradient condition from 36% B to 42% B over 20

min.

2.3. Tryptic digestion

Tryptic digestion was performed as described
previously [18]. Briefly, 20 ml of trypsin (5 mg/ml
in water) was added to each of three mono-PEG-sCT
isomers at a concentration of approximately 20 mg/Fig. 1. Primary structure of salmon calcitonin. Possible PEGyla-

1 11 18 ml in 100 ml of 50 mM bicarbonate buffer (pH 8.0).tion sites are Cys , Lys , and Lys and trypsin cleaves sCT at
11 18 24three points, i.e. Lys , Lys , and Arg . A proteolytic digestion was carried out at 408C for 1
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h. Unmodified sCT was treated under the same each of three isomers of mono-PEG-sCTs were
conditions as a control. The tryptic digested samples subjected to tryptic digestion for CE and MALDI–
were directly applied to CE and MALDI–TOF-MS. TOF-MS analysis.

The endoproteinase trypsin generally cleaves only
2.4. Capillary electrophoresis the carboxy-terminal side of the lysine and arginine

residues. Tryptic digestion of native sCT results in
1 11 12 18 19Separation of each fragment was performed in 100 four fragments, Cys -Lys , Leu -Lys , Leu -

24 25 32mM phosphate buffer (pH. 2.5) as the electrolyte for Arg , and Thr -Pro , and the CE electropherog-
10 min, and the UV absorption was measured at 200 ram of tryptic digested native sCT is shown in Fig. 2.
nm. The CE used was a Bio-Rad BioFocus 3000 CE
system with a polyacrylamide-coated capillary, 50
mm I.D., 24 cm total length and 19.5 cm to the
detector (Bio-Rad, Hercules, CA). The capillary was
rinsed with distilled water and buffer solution for
120 and 180 s, respectively, prior to each injection.
Samples were loaded by applying a nitrogen pres-
sure, and the voltage across the ends of the capillary
was set at 10 kV. The temperature of the capillary
and samples was maintained at 208C by a liquid
cooling system.

2.5. MALDI–TOF-MS

MALDI–TOF-MS was performed using a Voyager
Biospectrometry Workstation (PerSeptive Biosystem,
MA). Samples were prepared by mixing 5 ml of
aliquot with 5 ml of the matrix solution, a saturated
solution of a-CHCA in 50% of water /acetonitrile
with 0.3% trifluoroacetic acid. One ml of the sample
mixture was spotted into a well of the sample plate
and dried by vacuum evaporation prior to mass
spectrometry. Data for 2 ns pulses of the 337 nm
nitrogen laser were averaged for each spectrum in a
linear mode, and a positive ion TOF detection was
performed using an accelerating voltage of 25 kV.
Spectra were smoothened with a 19 point Savitzky-
Golay filter and the external calibration was per-
formed using Mass Standard Kit 1 (PerSeptive
Biosystems, MA), a mixture of ACTH (18–39),
ACTH (7–38), and bovine insulin.

3. Results and discussion

Three different positional isomers of the N-ter-
18 11minus, Lys - and Lys -residue modified mono- Fig. 2. Tryptic maps of native sCT and three positional isomers of

PEGylated sCTs were prepared and separated as mono-PEG-sCTs by capillary electrophoresis. M1; N-terminus–,
18 11described previously [8]. Fractions corresponding to M2; Lys –, M3; Lys –residue modified mono-PEGylated sCT.
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The identity of the tryptic digested fragments of sCT
12 18has been assigned as peak a (Leu –Lys ), b

19 24 1 11 25(Leu –Arg ), c (Cys –Lys ), and d (Thr –
32Pro ), respectively, according to the net charge

differences as reported by Camilleri et al. [11].
The electropherograms of the tryptic digested

positional isomers of mono-PEG-sCTs are shown in
Fig. 2 (M1–M3). PEG attachment appears to in-
crease the resistance of protein to proteolytic degra-
dation, resulting in significant differences in the
tryptic digestion patterns of the isomers of mono-
PEGylated sCTs. The increased resistance presumab-
ly reflects the steric hindrance of the PEG strands
and acts as a direct barrier to cleavage. In Fig. 2,
peaks a, b and d of M1 were comparable to those of
native sCT but peak c was reduced. This indicates
that the peak c fragment participated in PEGylation,
i.e., the N-terminus amino group of sCT was conju-
gated with the PEG molecule. Whereas, peaks c and
d of M2 appeared normal but peaks a and b were
reduced, indicating that the peak a and b fragments

18participated in PEGylation, i.e., the Lys residue of
sCT was conjugated with PEG. Similarly, peaks b
and d of M3 appeared normal but peaks a and c were
reduced, indicating that peaks a and c fragments

11participated in PEGylation, i.e. the Lys residue of
sCT was conjugated. Under condition employed,
tryptic digested PEG-modified fragments of each
isomer showed broad distribution due to the polydis-
persity of PEG molecule and the slower electro-
phoretic mobility (migration time ranged from 30 to Fig. 3. MALDI–TOF mass spectra of PEGylated fragments of
40 min), and then were not useful for identifying the tryptic digested three positional isomers of mono-PEG-sCTs (A);

1 11site of PEGylation. Therefore, the running time was SC-mPEG, (B); N-terminus-PEG-sCT fragment (Cys –Lys ),
18 12 24 11(C); Lys –PEG-sCT fragment (Leu –Arg ), and (D); Lys –limited to 10 min and the rapid analysis is the one of

1 18PEG-sCT fragment (Cys –Lys ).advantages over other methods.
To confirm the site of PEGylation of the tryptic

24digested fragments of 3 different positional isomers Arg , calc.; 6486), and 6869 Da corresponding to
11 1 18of mono-PEGylated sCTs that were not shown on Lys –PEG-sCT fragment (Cys –Lys , calc.;

CE electropherograms, the tryptic digested mixture 6830), respectively. Although only the midpoint
of each isomer was further subjected to MALDI– values of the molecular mass range were determined
TOF-MS. Fig. 3 shows the molecular distribution of by MALDI–TOF-MS due to the inherent polydis-
the PEG containing fragments of the tryptic digested persity of PEG, these molecular masses were within
isomers of mono-PEGylated sCTs determined by a range of ,1% deviation compared to the calculated
MALDI–TOF-MS. The molecular masses of the values estimated from the molecular mass of intact
tryptic digested fragments were determined to be SC-mPEG.
6028 Da corresponding to the N-terminus–PEG-sCT In summary, PEGylation sites were determined for

1 11fragment (Cys –Lys , calc.; 5996), 6522 Da corre- three mono-PEG-sCT isomers by comparing the
18 12sponding to Lys –PEG-sCT fragment (Leu – differences in the CE electropherogram patterns after
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