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a b s t r a c t

Proteolytic mapping is a widely used tool in the BioPharmaceutical Industry for the analysis of
post-translation modifications as well as confirmation of protein identity by comparison to a well-
characterized reference standard. This manuscript presents an integrated chromatographic approach
which provides the ability to rapidly digest and analyze a PEGylated rhGH for methionine oxidation, iden-
tity confirmation and free (unPEGylated) N-terminal peptide by RP-HPLC using UV detection at 280 nm.
This approach utilizes an online procedure in which the digestion step is integrated to the RP-HPLC anal-
ysis via an external column switching valve. A Poroszyme Trypsin cartridge is used in the digestion step,
followed by delivery of the digested sample plug through a sample loop to an orthogonal RP-HPLC column
apping
hromatography

for separation and quantitation of the resulting tryptic peptides. Oxidation of the methionine (met14)
in the T2 tryptic fragment was quantified with a sensitivity of approximately 1.0% (peak area percent
relative to parent T2). The RP-HPLC profile obtained with the integrated system was nearly identical to
that obtained via traditional methods (e.g. batch digestion followed by RP-HPLC analysis). The integrated
technique, however, represents a 10-fold reduction in total analysis time when compared to the opti-
mized batch digestion procedure. In addition, the identity of the PEGylated rhGH compound could be
confirmed as well as the percentage of free N-terminus in a single injection.
. Introduction

Peptide mapping has long been recognized as a powerful tool
or protein analysis [1,2]. Since the late 1970s, the technique has
een providing researchers with valuable information regarding
he detection of post-translational modification, identification of
enetic variants, and the quality of genetically engineered protein
roducts [3–5]. Proteolytic mapping typically involves digestion of
he target protein in bulk solution followed by a chromatographic
r electrophoretic separation of the digested peptides. Trypsin is
idely used for proteolytic mapping due to its ability to quantita-

ive cleave at the N-terminus of arginine and lysine residues of the
rotein that statistically yields peptides of useful number and size
o efficiently characterize primary structure. In addition, RP-HPLC

as proven to be the separation technique of choice, in part, due to

ts ability to separate the resulting peptides that can span a wide
ange of hydrophobicity.
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Despite its popularity, batch digestion approaches to pep-
tide mapping require extensive sample preparation and typically
require 4–24 h to achieve complete digestion of the target pro-
tein [6]. This time is largely dependent on the size and structure
of the intact protein, pH of the digestion solution, incubation tem-
perature and enzyme:substrate ratio [6]. Additives can sometimes
reduce the time required to achieve complete digestion but often
the impact on the enzyme kinetics is minimal [6]. As a result, recent
research in the field has given rise to immobilized enzyme reac-
tors (IMERs) [7–10]. Typically, IMERs contain active enzyme that
has been chemically attached to inorganic or polymeric solid sup-
ports (monolithic or particle based) or magnetic microparticles
[7]. Packing of immobilized trypsin into continuous flow columns
allows for online proteolysis [8]. This approach has been reported
to reduce digestion times when compared to digestion in solution
[7]. IMERs offer higher digestion efficiency, larger enzyme to sub-
strate ratio, faster digestion times, reduced sample requirements

and increased enzyme stability when compared to batch digestion
[11–14]. Analysis time is even further reduced when IMERs are cou-
pled to separation techniques in an integrated or multidimensional
fashion [7,8]. Various configurations and equipment designs have
been reported in the literature [7]. Frequently, these configurations

http://www.sciencedirect.com/science/journal/15700232
http://www.elsevier.com/locate/chromb
mailto:jeffrey.m.schneiderheinze@pfizer.com
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The Poroszyme Immobilized Trypsin Cartridge (2.1 mm ×
30 mm) was obtained from Applied Biosystems (Carlsbad, CA). The
HPLC column used was a Vydac (Grace Vydac, Deerfield, IL) C18
Mass Spec (5 �m; 2.1 mm × 250 mm) 218MS52. The HPLC systems

Table 1
Gradient profile for the RP-HPLC analysis of the tryptic peptides.

Step Run time (min) Flow rate (mL/min) Phase B (%) Curve

1 0 0.5 0
2 3 0.5 0 Step
3 18 0.5 15 Linear
4 38 0.5 19 Linear
5 38.1 0.5 22 Step
ig. 1. Schematic which illustrates the configuration of the integrated HPLC system
to system 2 via a 6-port external switching valve.

nclude MS detection which provides the added benefit of peptide
ass confirmation [7].
Much of the research in the field is focused on well charac-

erized, model proteins. Little attention, however, has been given
o employing IMERs based on proteolytic enzymes to in-depth
haracterization of a therapeutic protein. In the Biopharmaceu-
ical industry, peptide mapping can yield powerful information
egarding the identity of the protein, the presence of structural iso-
ers as well as quantitative information about post-translational
odifications. All of these are factors that can potentially impact

he pharmacological profile and activity of the protein therapeu-
ic agent. Much of the work around IMERs is still in the research
tage and few applications have been reported so far. Subsequently,
dvances in the field, while promising have had limited applica-
ility to characterization of biotherapeutics in the Pharmaceutical

ndustry.
The test substrate of this study is a novel, PEGylated recombi-

ant human growth hormone (rhGH). Recombinant hGH has been
xtensively studied in the literature and is well characterized. The
mino acid sequence of rhGH, including the tryptic cleavage sites,
as determined and previously published [15]. PEGylation is an

pproach to extend the pharmacokinetic half-life of a therapeutic
gent via the chemical attachment of a polyethylene glycol (PEG)
oiety. The PEG reagent is not pharmacologically active but serves

o increase the circulating half-life of a therapeutic agent via sev-
ral known mechanisms. These include an increase in the aqueous
olubility of the protein, an increase in its resistance to enzymatic
egradation and a reduction of its renal uptake due to the increase
f the molecular weight [16]. This particular rhGH (approximately
2 kDa) is PEGylated selectively at the N-terminus with a 40 kDa,
ranched PEG moiety. The resulting PEGylated rhGH is approxi-
ately 62 kDa in molecular weight.
This article evaluates the ability of a commercially avail-

ble Poroszyme IMER to improve sample cycle time for a novel
EG-rhGH while preserving data integrity and method reliabil-
ty when compared to a traditional, batch digestion method of

ample preparation. This study evaluates the ability of an inte-
rated chromatographic approach (with an IMER in the first step)
o provide identity, oxidation and free N-terminus data of the
EG-rhGH utilizing ultraviolet (UV) detection at 280 nm. In addi-
ion, the precision of the system using the test substrate will
two HPLC systems operate independently. Sample eluent is delivered from system

be evaluated in comparison to the analogous batch digestion
method.

2. Materials and methods

2.1. Reagents and materials

Recombinant hGH was expressed and purified in house as pre-
viously described [15]. The 40 kDa linear PEG reagent was obtained
from Necktar Therapeutics (Huntsville, AL). Conjugation of the PEG
reagent to the rhGH protein and purification selectively at the N-
terminus was performed in house. The PEG-rhGH was then purified
using a Q Sepharose anion exchange column with a linear gra-
dient from 95/5 (20 mM HEPES, pH 8.0; Sigma–Aldrich, St. Louis,
MO) to 5/95 (20 mM HEPES, 125 mM NaCl, pH 8.0; Sigma–Aldrich,
St. Louis, MO). The purified material was then collected, buffer
exchanged and concentrated using an ultrafiltration/diafiltration
step (using a Sartorius ultrafiltration system; Sartorius Stedim
Biotech, France) to a concentration of approximately 25 mg/mL in
10 mM Sodium Phosphate, 3.7 mM glycine with a pH of 6.7. Ultra-
filtration/diafiltration was originally described for use in protein
purification by McPhie [17]. This formulated PEG-rhGH drug sub-
stance is the stock solution that is used in the mapping experiments.
6 50 0.5 40 Linear
7 55 0.5 50 Linear
8 55.1 0.5 90 Step
9 60 0.5 90 Linear

10 60.1 0.5 0 Step
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sed were Agilent HP1100s (Santa Clara, CA) equipped with an
xternal 6-port valve (Agilent, Santa Clara, CA). The external sam-
le loop in the 6-port valve was a 500 �L Rheodyne PEEK loop
Idex Health and Science; Oak Harbor, WA). Calcium chloride, Tris-
rizma base, l-methionine and acetonitrile were obtained from
igma (St. Louis, MO). Concentrated HCl and hydrogen peroxide
ere obtained from J.T. Baker (Phillipsburg, NJ). Trifluoroacetic

cid was obtained from Pierce Chemical (Rockford, IL). Modified
equencing grade lyophilized trypsin was obtained from Promega
Madison, WI). Mobile phase and buffers were prepared using an
n-house Millipore system (Billerica, MA).

.2. Online and batch digestion HPLC system configuration

Two Agilent HP1100 systems were configured orthogonally as
hown in Fig. 1. These systems were controlled and operated inde-
endently using Chemstation software. System 1 contained the
rypsin cartridge and effluent from the system was detected at
80 nm by a diode array detector (DAD). The mobile phase used

n this system consisted of 50 mM Tris, 10 mM CaCl2, pH 8.0 and
as delivered at 0.05 mL/min. The temperature of the trypsin car-

ridge was maintained at 37 ◦C. System 2 contained the Vydac HPLC
olumn and effluent from the system was detected at 280 nm by a
ulti-wavelength UV detector (MWD). The column temperature

f system 2 was maintained at 30 ◦C. The sample tray of system
(and system 2 in the batch digestion mode) was maintained at
◦C. Mobile phase A for system 2 consisted of 0.1% TFA in water.
obile phase B consisted of 0.085% TFA in acetonitrile. The tryptic

eptides were separated by gradient elution at 0.5 mL/min. Table 1
elow contains the gradient that was used. Experiments were per-
ormed to determine the optimum switching time for the external
alve (data not shown). Based on the results of this experiment, the
witching valve was programmed to change positions 8.4 min after
he injection of sample on system 1. Batch digestion sample analysis
as performed by disconnecting the external valve and operating

ystem 2 as an independent HPLC system with the aforementioned
perating parameters.

.3. Sample preparation

For online analysis, a drug substance solution of PEG-rhGH

described in Section 2.1) was diluted to 1 mg/mL in the 50 mM Tris
uffer described in Section 2.2 (approximately a 25-fold dilution
rom stock). After dilution, 60 �L of sample was injected onto sys-
em 1. After the peak eluted from the trypsin cartridge the column
witching valve was programmed to change positions (optimized

Fig. 2. Chromatographic overlay of a PEG-rhGH sample analyzed via
ogr. B 877 (2009) 4065–4070 4067

to 8.4 min after injection). In essence, this represented a 500 �L
injection of digested peptides onto the RP-HPLC column. At this
time, the gradient described in Table 1 was programmed to begin.

For batch digestion analysis, the lyophilized sequencing grade
trypsin was reconstituted in 20 �L of the 50 mM Tris buffer which
also contained 0.1 M methionine. The same stock solution of PEG-
rhGH (described in Section 2.1) above was diluted to 1 mg/mL with
the Tris buffer described above. 10 �L of the reconstituted trypsin
solution was then added to the diluted PEG-rhGH sample and incu-
bated at 37 ◦C for approximately 16 h. The digestion was quench by
the addition of 10 �L of 1N HCl. 40 �L of the quenched digest was
injected onto HPLC system 2 for analysis. For the force-oxidized
sample, the PEG-rhGH stock solution was oxidized in the presence
of 1% peroxide for 10 min.

2.4. Optimization of batch digestion conditions

Batch digestion conditions were optimized prior to the experi-
ments with the integrated system. Optimization experiments were
performed to assess optimal digestion temperature (ambient and
37 ◦C), enzyme to substrate ratio (1:30, 1:20, 1:12), and incubation
time (data not shown). In order to evaluate the optimal digestion
time, aliquots of the sample digest were taken at 2, 4, 6, 8, 16 and
24 h, quenched and analyzed by RP-HPLC. Although some diges-
tion is observed as early as 2 h, optimal digestion efficiency was
not obtained until the 16 h time point (data not shown). Therefore,
16 h was chosen as the incubation time for the batch digestion.

2.5. Confirmation of peak identification

The data and chromatograms presented in this manuscript were
collected with a UV detector. Development of the RP-HPLC separa-
tion was performed prior to the experiments using the integrated
system. During development of the separation, peak identifica-
tion was performed using LC/MS and compared to the previously
reported sequence and tryptic fragments of hGH [15]. An Agilent
1100 HPLC system was coupled to a Micromass LCT mass spec-
trometer and the digested rhGH, PEG-rhGH and oxidized PEG-rhGH
were analyzed using the same conditions as described in Section
2.2. The mass spectrometer was calibrated with myoglobin prior to
sample analysis and data was collected from 200–2500 Da based

on the mass to charge ratio (m/z) and acquired by MassLynx soft-
ware. In order to assign identities to the peaks in the RP-HPLC
chromatogram, the masses obtained for each peptide were com-
pared to the theoretical masses based on the reported sequence
of rhGH and the known cleavage sites of trypsin. The experimental

batch digestion (top) and via the integrated system (bottom).
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ig. 3. Chromatographic overlay of oxidized PEG-rhGH (top) and the PEG-rhGH con
o the region of interest.

nd theoretical masses are reported for each tryptic peak identified.
nce the peak assignment was complete, a UV detector was used

n the integrated system to demonstrate ease of implementation in
pharmaceutical research environment. Peaks were then assigned

n the chromatograms generated from the integrated system based
n retention time correlation with LC/MS characterized sample.

. Results and discussion

.1. Identity confirmation

Fig. 2 shows a chromatographic overlay of a peptide map
btained from a batch digestion compared to that obtained for

he same sample using the integrated system with the Poroszyme
MER. The RP-HPLC conditions are the same in each case. The
ryptic fragments labeled in the chromatogram are T12, T13,
20-ss-T21, T15, T19, T18-T19, T8, T2, T11, T4, T10 and T6-ss-
16. The previously reported theoretical masses (in Da) based

ig. 4. Chromatographic overlays of unPEGylated rhGH (top), PEGylated rhGH analyzed w
igestion (bottom).
without peroxide treatment (bottom). These chromatograms have been expanded

on the reported sequence of rhGH for these peaks are 772.37,
692.39, 1399.62, 1488.68, 763.42, 1272.84, 843.48, 978.50, 1360.67,
2341.13, 2261.12 and 3760.77, respectively. The experimental
masses (in Da) obtained for each of these fragments are 772.47,
692.48, 1399.82, 1488.86, 763.55, 1270.82, 843.61, 978.64, 1360.89,
2341.48, 2261.48 and 3761.58, respectively. Each of the experi-
mentally determined masses agrees well with theoretical values
for these fragments. Therefore, positive identity was established
and the peaks in the chromatograms were labeled appropriately.

As can be seen in Fig. 2, the peak shape, resolution and pro-
file of the peptide map is comparable in both chromatograms. The
sample load is the same in both chromatograms, however, there
appears to be a slight decrease in the sensitivity of the integrated

system as all peaks are slightly smaller in area compared to those in
the batch digestion chromatogram. This maybe indicative that the
delivery of the sample plug to the second HPLC system requires fur-
ther optimization. The tryptic peptides that are used for a positive
identity confirmation are consistent across both chromatograms.

ith the 2D system (middle) and the same PEGylated rhGH sample analyze via offline
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here are a few small peaks that are present in the integrated
igest chromatogram that are not present in batch digest chro-
atogram. These peaks were confirmed to be partially digested

ragments of the PEGylated rhGH compound based on comparison
f the chromatogram with those generated in the incubation time
ptimization experiments (see Section 2.4). In addition, there are
ome minor hydrophobic peaks in the online chromatogram that
ere not identified.

.2. Experimental confirmation of stability indication with
espect to protein oxidation

In addition to confirming product identity, the integrated sys-
em was evaluated for its ability to quantitate oxidation of the
EG-rhGH conjugate. Fig. 3 shows a chromatographic overlay of a
EG-rhGH sample that was force-oxidized prior to PEGylation (top)
nd an untreated PEG-rhGH conjugate (bottom). The mass obtained
or T2 in the PEGylated rhGH was 979.50 Da. This agrees with the
heoretical mass for T2 of 979.71 Da based on previously reported
ata. The mass obtained for the peak labeled as ‘Oxidized T2’ was
95.63 Da, which agrees with the theoretical mass for oxidized T2
f 995.50 Da. Both chromatograms were generated with the inte-
rated system. Of note is the increase in the OxT2 peak in the top
hromatogram. Resolution of the force-degraded peptide indicates
hat the integrated system is also stability indicating for oxidation.

.3. Quantitation of methionine oxidation and free N-terminus

Because the drug product is described as PEGylated only at
he N-terminus, it is necessary to monitor the amount of free N-
erminus present in the drug product as a key quality marker. Free
-terminus can be quantified based on a comparison of relative
eak areas (since T1 is the unPEGylated free N-terminus) according
o the following equation:

Free N = PApeg

PAhgh
× 100%

here PApeg is the peak area of T1 in the PEG-rhGH sample and
Ahgh is the peak area of T1 in the rhGH sample. Fig. 4 illus-
rates how this quantitation can be performed. This figure shows
chromatographic overlay of an rhGH (unPEGylated growth hor-
one standard; top) sample analyzed with the integrated system,
PEG-rhGH conjugate sample analyzed via the integrated system

middle) and the same PEG-rhGH conjugate sample analyzed via
atch digestion (bottom). The mass obtained for T1 in the unPEGy-

ated rhGH was 930.77 Da. This agrees with the reported theoretical
ass for T1 of 930.54 Da. It is clear from this figure that the inte-

rated system is able to resolve the unPEGylated T1 fragment.
race levels of the T1 peptide appear in PEG-rhGH samples ana-
yzed via batch digestion and by the integrated system at similar
evels. Quantitation of these peaks compared to the hGH standard
sing the above formula resulted in values of 4.3% T1 for the batch
igestion analysis and 2.9% T1 for the online analysis.

Quantitation of methionine oxidation in the T2 fragment can
lso be calculated and expressed as a relative peak area according
o the following formula:

Ox = PAox
PAT2

× 100%

here PAox is the peak area of the OxT2 peak and PAT2 is the peak
rea of the parent T2 peak. Fig. 4 shows that this information can

e obtained from the same chromatogram. Area quantitation of
he OxT2 yielded values of 1.8% oxidation for the batch digestion
nalysis and 1.0% oxidation for the integrated system. The online
ystem appears to have a slight bias relative to the batch digestion
nalysis. This could indicate either a reduced digestion efficiency
ogr. B 877 (2009) 4065–4070 4069

of the integrated system or a fractionation of the sample that is
delivered to the second HPLC system.

3.4. Evaluation of method precision of the online and offline
procedures

One critical method attribute for routine use in a pharma-
ceutical environment is method precision. Method precision was
evaluated for both the integrated system and the batch diges-
tion analysis. Batch digestion precision was evaluated by preparing
twelve separate trypsin digestions of the same PEG-rhGH sample.
These samples were then each analyzed by the RP-HPLC procedure.
Online precision was evaluated by performing twelve separate
injections of the same PEG-rhGH sample. The peak area %RSD for
the representative tryptic peaks (OxT2, T2, T1, T11 and T12) was
then calculated. The %RSD (n = 12) for the T2, OxT2, T1, T11 and
T12 via batch digestion analysis was 4.1%, 13.2%, 12.9%, 3.0% and
3.6%, respectively. While the %RSD for the same peaks via the inte-
grated approach was 1.7%, 4.9%, 6.4%, 2.2% and 1.5%, respectively.
The method precision of the integrated system was better than that
of the batch digestion procedure. Presumably, this is a consequence
of the inherently less precise manual sample preparation wherein
analyst error is a significant component. Conversely, the tempo-
ral and volumetric precision of the integrated system is inherently
higher.

4. Conclusions

This manuscript shows that currently available, commercial
IMER technology can be an effective alternative to more laborious
batch digestion approaches to peptide mapping. Sample digestion
times can be reduced from 16 h to less than 5 min, which represents
almost a 200-fold increase in throughput. Despite the dramatic
reduction in digestion time, the integrity of the peptide map was
preserved. Evidence of partially digested peaks were present in the
online system, however, these peaks did not interfere with the abil-
ity of the integrated system to positively confirm protein identity,
quantitate methionine oxidation or assay for free N-terminus of a
PEGylated rhGH conjugate.

Overall, the sensitivity of the batch digestion method was mod-
erately better than the integrated system. This could be due to
increased digestion efficiency in the batch digestion method and
therefore improved sensitivity in assessing oxidation (1.8% via
batch analysis vs. 1.0% online) and free N-terminus (4.3% via batch
analysis vs. 2.9% online). This may also indicate that further opti-
mization of the sample transfer to the second HPLC system is
required. Evidence was not presented to offer a definitive explana-
tion either way. Loss in sensitivity is offset not only by a dramatic
decrease in digestion time but also an increase in method preci-
sion. In comparing representative peaks across the peptide map,
area %RSD is better for the online system in every case. This can be
attributed to the removal of the manual sample handling steps that
are needed to complete the batch digestion. The integration of the
digestion and analysis into a single, online step improves the over-
all precision of the method and greatly increases the throughput of
the analytical laboratory.
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