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Abstract

A one-step chromatographic method capable of separating all isomers of polyethylene glycol (PEG)-growth hormone-releasing factor
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GRF) (1-29) conjugates was developed. The unmodified GRF (1-29) and seven different isomers of PEG-GRF (1-29) conjug
eparated by using a simple reversed-phase HPLC method depending on the differences of hydrophobicity due to the number and
ttachment. The PEGylation sites of all isomers of PEG-GRF (1-29) conjugates were identified by determining the molecular ma
ys-C digested fragments with matrix-assisted laser desorption/ionization time-of-flight mass spectrometry. This study is a first
he separation of all PEG-conjugate isomers and would be useful for further studies to find the promising conjugate by evaluating
ctivity and stability of each isomer.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Growth hormone-releasing factor (GRF) (1-29) is a fully
ctive and the shortest fragment of GRF (1-44), which pro-
otes the release of growth hormone (GH) from the anterior
ituitary[1,2]. Despite its therapeutic value for the treatment
f certain GH-related disorders, the GRF (1-29) still has a
ajor limitation in clinical use due to the short biological
alf-life [3]. The GRF (1-29) is indeed sensitive to enzy-
atic degradations by dipeptidylpeptidase IV (DPP IV) and

rypsin-like enzymes in plasma[4,5]. As a strategy to over-
ome the clinical problems, the GRF has been modified by
olyethylene glycol (PEG)[6–8]. The covalent attachment
f PEG, PEGylation, is a technique widely used to provide

unctional bioconjugates with improved therapeutic prop-
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erties, including a better resistance to proteolytic degr
tion, longer circulating half-life and reduced immunogeni
[9–11].

In analytical science, the PEGylated molecules are am
the most challenging products because they are comp
of heterogeneous molecules depending on the numbe
position of the attached PEG molecules. In particular,
separation and characterization of positional isomers
heterogeneous mixture are procedures of growing im
tance because only one or a few species among the
Gylated molecules substantially exhibit the optimal bio
ical properties. Although several attempts to analyze
Gylated peptides and proteins with high-resolution te
niques have been recently reported[12–16], the literature
for the separation and characterization of each posit
isomer in PEGylated molecules was relatively very f
Monkarsh et al. separated 11 species of mono-PEGy
interferon �-2a using ampholyte-free chromatofocuss
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Fig. 1. Primary structure of GRF (1-29). Possible PEGylated sites are Tyr1,
Lys12 and Lys21.

like cation-exchange HPLC method[17]. The positional iso-
mers of mono-PEGylated salmon calcitonin were separated
by reversed-phase high-performance liquid chromatography
(RP-HPLC) and different enzymatic stability according to
the PEGylation site was found[18,19]. As shown inFig. 1,
GRF (1-29) has three primary amino groups (N-terminus,
Lys12, and Lys21) and the PEGylated GRF (1-29) showed dif-
ferent biological activity depending on the PEGylation site
[6,7]. The PEGylation at Lys21 did not significantly affect the
biological activity relative to unmodified GRF (1-29) regard-
less of the attached PEG size, whereas the PEGylation at N-
terminus and Lys12 decreased the biological activity and such
a decrease was dependent on the PEG size. The difference
of activity preservation was significant as the high molecular
mass of PEG was attached. Piquet et al. reported the scale-up
of the purification of PEG (Mr: 5000)-conjugated GRF (1-29)
species by cation-exchange chromatography and their sepa-
ration into two mono-PEGylated (positional isomers PEGy-
lated at Lys12 and Lys21, respectively) and one di-PEGylated
GRF (1-29) by RP-HPLC[20].

In this study, the separation of seven PEG (Mr: 1000)-
conjugated GRF (1-29) (three mono-, three di-, and tri-
PEGylated GRF (1-29)) by RP-HPLC in a single run is de-
scribed. The PEGylation sites of each PEGylated GRF (1-29)
were identified by proteolytic digestion followed by matrix-
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ous report on the production of positional isomers of mono-
PEGylated salmon calcitonin depending on the reaction pHs
with a slight modification[19]. In brief, three milligrams (as a
solid form) of mPEG-SPA (Mr: 1000) were added to 5 mL of
GRF (1-29) solution (1 mg/mL in 50 mM phosphate buffer,
pH 7.5) (molar ratio of GRF (1-29) to mPEG1000-SPA = 1:2)
at room temperature. The PEGylation mixture was shaken
gently at room temperature for 60 min and the PEGylation
reaction was quenched by addition of 0.2 mL of 1 M glycine
solution. To see the size-based composition of mono-, di-, and
tri-PEG-GRF (1-29), the PEG-GRF (1-29) mixture was sub-
jected to size-exclusion chromatography (SEC) using Biosep
SEC-S2000 (300 mm× 7.8 mm, Phenomenex, Torrance, CA,
USA) equilibrated with 10 mM phosphate-buffered saline
(PBS) (pH 7.4) at a flow rate of 0.45 mL/min. The fluores-
cence was monitored at excitation and emission wavelength
of 280 and 315 nm, respectively.

2.3. Separation of PEG-GRF (1-29) isomers by
RP-HPLC

The PEG-GRF (1-29) mixture was applied to a LiChro-
spher 100 RP-8 column (250 mm× 4.0 mm, 5�m, Merck,
Germany) at ambient temperature. Gradient elution was car-
ried out at a flow-rate of 1.0 mL/min with solvent A (0.2%
T e).
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ssisted laser desorption/ionization time-of-flight mass s
rometry (MALDI-TOF-MS).

. Experimental

.1. Materials

GRF (1-29) was supplied from A&PEP Inc. (Wols
outh Korea). Succinimidyl propionate monomethoxy-P

mPEG-SPA,Mr: 1000) was obtained from Nektar The
eutics (Huntsville, AL, USA). Acetonitrile (HPLC grad
ere purchased from J.T. Baker (Philipsburg, NJ, US
ndoproteinase Lys-C (from Lysobacter enzymogenes
uencing grade), trifluoroacetic acid (TFA), and�-cyano-
-hydroxycinnamic acid (�-CHCA) were purchased fro
igma (St. Louis, MO, USA). All other chemicals were
nalytical grade and were obtained commercially.

.2. PEGylation of GRF (1-29)

PEGylation of GRF (1-29) was performed to generat
ossible isomers of PEG-GRF (1-29)s based on our p
FA in water) and solvent B (0.2% TFA in acetonitril
he following gradient profile was chosen: 34–37% B o
min, 37–41% B over 14 min, 41–48% B over 8 min. T
PLC fractions corresponding to respective peaks
ollected separately, flushed off with nitrogen, and st
t 4◦C.

.4. Identification of PEGylation sites

A proteolytic digestion was performed by adding 10�L
f endoproteinase Lys-C (100�g/mL in water) to 100�L
f 50 mM Tris-HCl buffer solution (pH 8.5) containin

he respective isomers of PEG-GRF (1-29)s (approxim
00�g/mL) at 37◦C for 120 min. The respective Lys-C d
ested samples were directly applied to MALDI-TOF-M
ALDI-TOF-MS was carried out using a Voyager Biosp

rometry Workstation (PerSeptive Biosystems, MA, US
amples were prepared by mixing 5�L of aliquot with 10�L
f the matrix solution, a saturated solution of�-CHCA in
0% of water in acetonitrile with 0.1% trifluoroacetic ac
ne �L of the sample mixture was spotted into a wel

he sample plate and dried by vacuum evaporation pri
ass spectrometry. Data for 2 ns pulses of the 337 nm

rogen lasers were averaged for each spectrum in a
ode, and a positive ion TOF detection was performed u
n accelerating voltage of 25 kV. Spectra were smooth
ith a 19 point Savitzky–Golay filter and the external c
ration was performed using Mass Standard Kit 1 (Per

ive Biosystems), a mixture of angiotensin I, ACTH (c
–17), ACTH (clip 18–39), ACTH (clip 7–38), and bovi

nsulin.
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Fig. 2. HPSEC chromatogram of PEG-GRF (1-29) mixture. The mixture
was separated into tri-PEG-GRF (1-29) (A), di-PEG-GRF (1-29) (B), mono-
PEG-GRF (1-29) (C), and unmodified GRF (D). The fluorescence was moni-
tored at excitation and emission wavelength of 280 and 315 nm, respectively.

3. Results and discussion

PEGylation of peptide and protein having several primary
amino groups, which are highly active to PEGylation reac-
tion, inevitably produces the various isomers depending on
the number and site of PEG attachment. As GRF (1-29) has
three primary amino groups (N-terminus, Lys12, and Lys21)
(Fig. 1), the covalent attachment of PEG produces a hetero-
geneous mixture of seven possible isomers of PEG-GRF (1-
29), i.e., three mono-PEG-GRF (1-29)s (N-terminus-; Lys12-;
Lys21-), three di-PEG-GRF (1-29)s (N-terminus- and Lys12-
; N-terminus- and Lys21-; Lys12- and Lys21-) and one tri-
PEG-GRF (1-29). Size-exclusion HPLC (HPSEC) has been
used to separate PEGylated peptides with insufficient resolv-
ing power [10]. As shown inFig. 2, when the PEG-GRF
(1-29) mixture was applied to the HPSEC, three PEG-GRF
(1-29) species with unmodified GRF (1-29) were observed
in a size-dependent manner. Each peak was collected from
HPSEC and subjected to the MALDI-TOF-MS.Fig. 3shows
the MALDI-TOF-MS spectra of each peak fraction corre-
sponding to mono- (number-averaged molecular mass (Mn)
4420), di- (Mn: 5505) and tri-PEG-GRF (1-29) (Mn: 6580)
based on the PEG number from unmodified GRF (1-29) (m/z
3358). As both mono- and di-PEG-GRF (1-29) are still het-
erogeneous mixture containing three positional isomers, the
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Fig. 3. MALDI-TOF-MS spectra of (A) unmodified GRF (1-29), (B) mono-
PEG-GRF (1-29), (C) di-PEG-GRF (1-29), and (D) tri-PEG-GRF (* repre-
sents the [M+ 2H]2+ ion peak of each peak) collected from HPSEC.

in Fig. 4B. When the mono-, di- and tri-PEG-GRF (1-29)
collected from HPSEC were subjected to the RP-HPLC un-
der the same chromatographic condition, the RP-HPLC chro-
matograms of mono- and di-PEG-GRF (1-29)s showed three
distinct peaks, respectively, whereas that of tri-PEG-GRF (1-
29) represented single peak corresponding to the last peak
(h) in Fig. 4A (Fig. 4C–E). Each three peaks shown in chro-

F hro-
m RF
( ) tri-
P

ophisticated analytical method is necessary to separat
somer.

Based on the previous study of separation of three
ional isomers present in mono-PEGylated salmon calcit
18], a RP-HPLC method using gradient elution was app
o separate each isomers present in mono- and di-PEG
1-29).Fig. 4A shows the chromatogram of PEGylation m
ure separated by RP-HPLC, exhibiting 8 peaks (a–h):
ention time of 11.97 min (a), 15.10 min (b), 16.92 min
9.90 min (d), 20.65 min (e), 23.96 min (f), 25.98 min (
nd 28.07 min (h), respectively. These eight peaks ap

o correspond to those of one unmodified GRF (1-29)
even different isomers of PEG-GRF (1-29)s. The first p
a) was identified to be unmodified GRF (1-29) as sh
ig. 4. Separation of PEG-GRF (1-29) isomers by RP-HPLC. C
atograms of (A) PEG-GRF (1-29) reaction mixture, (B) unmodified G

1-29), (C) mono-PEG-GRF (1-29)s, (D) di-PEG-GRF (1-29)s, and (E
EGylated GRF.
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Table 1
Identification of PEGylation sites of PEG-GRF (1-29) isomers by MALDI-TOF-MS of Lys-C digested PEG-GRF (1-29)s

PEG-GRF (1-29)s PEGylation site Expected mass of
Lys C-treated
PEG-GRF (1-29)

Peaks
separated by
RP-HPLCa

Observed mass of
Lys C-treated
PEG-GRF (1-29)b

Peak identity

Mono-PEG-GRF (1-29)s N-terminus 2529 b 3008 Mono-PEG-Lys21-GRF (1-29)
Lys12 3482 c 3482 Mono-PEG-Lys12-GRF (1-29)
Lys21 3007 d 5520 Di-PEG-Lys12,21-GRF (1-29)

Di-PEG-GRF (1-29)s N-terminus, Lys12 4562 e 2514 Mono-PEG-Tyr1-GRF (1-29)
N-terminus, Lys21 2529, 3007 f 2533, 3004 Di-PEG-Tyr1, Lys21-GRF (1-29)
Lys12, Lys21 5518 g 4574 Di-PEG-Tyr1, Lys12-GRF (1-29)

Tri-PEG-GRF (1-29) N-terminus, Lys12, Lys21 6598 h 6598 Tri-PEG-GRF (1-29)
a Peak fractions were collected from chromatogram inFig. 4A.
b Mass was determined by MALDI-TOF-MS.

matograms of mono- and di-PEG-GRF (1-29) may indicate
separation of three possible positional isomers from each
PEG-GRF (1-29). Each peak represented inFig. 4A was iden-
tified as follows: the peaks of b, c and e are mono-PEG-GRF
(1-29)s; the peaks of d, f and g are di-PEG-GRF (1-29)s; the
peak of h are tri-PEG-GRF (1-29).

To identify the PEGylation sites of isomers of PEG-GRF
(1-29)s, the enzymatic digestion of PEGylated peptide fol-
lowed by comparison of the peptide mapping pattern with that
obtained for the parent peptide using MALDI-TOF-MS was
used[21,22]. The seven peaks (b–h) corresponding to PEG-
GRF (1-29) were collected and the fractions were subjected
to endoproteinase Lys-C digestion (Table 1). The endopro-
teinase Lys-C exclusively cleaves only the carboxy-terminal
side of the lysine residues. The Lys-C digestion of unmodified
GRF (1-29) results in three fragments of Tyr1–Lys12 (calcu-
lated mass; 1448.6), Val13–Lys21 (calculated mass; 971.2),
and Leu22–Arg29 (calculated mass; 974.2). As demonstrated
before, PEG attachment appears to increase the resistance
of the peptide to proteolytic degradation, probably result-
ing from the steric hindrance of the PEG strands[21,22].
Due to differences in the number and the site of PEG attach-
ment, Lys-C digested isomers of PEG-GRF (1-29)s resulted
in different mass spectrometric profiles of PEGylated frag-
ments.Table 1represents the expected and observed molec-
u s by
M d
f
a at-
t .
I s,
t 4
c
G two
p ,
w d to
T e-
t RF
( e to
t 9).
T -GRF

(1-29) found in RP-HPLC chromatogram are isomers having
different numbers of PEG at different amine sites.

In conclusion, all isomers of PEG-GRF (1-29)s were suc-
cessfully separated by a one-step RP-HPLC method with
high-resolution, and their attached PEG numbers and sites
were unambiguously assigned by MALDI-TOF-MS analysis
following proteolytic digestion. The procedures of chromato-
graphic separation and mass spectrometric identification used
in this study would be a valuable tool for the rational design
of specific PEGylated peptides with optimal bioactivity and
in vivo behavior in a future study.
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