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a  b  s  t  r  a  c  t

PEGylated  proteins  are  a rapidly  growing  class  of  biopharmaceutical  products,  but  their analytical  char-
acterization  remains  a  formidable  problem  due  to  the  extreme  heterogeneity  of  these  species.  While
significant  advances  have  been  made  in recent  years  in  this  field  due  to  integration  of  mass  spectrometry
in  the  analytical  workflow,  quick  identification  of PEGylation  sites remains  an  unmet  goal,  particularly  if
several  isoforms  of  the  protein–polymer  conjugate  are  present  in  the  sample.  To  achieve  this  objective,  a
new method  is  developed,  which  utilizes  a combination  of ion  exchange  chromatography  and  top-down
eywords:
EGylated protein
herapeutic protein
ovalent modification
ass spectrometry

on fragmentation, top-down
on exchange chromatography

mass  spectrometry  consisting  of two  consecutive  fragmentation  steps  (MS3)  to identify  various  conju-
gates.  The  method  is tested  with  a complex  mixture  of  products  of  ubiquitin  conjugation  with  5  kDa PEG.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

PEGylated proteins are a rapidly growing class of biopharma-
eutical products, which often demonstrate improved therapeutic
roperties due to their enhanced resistance to proteolytic degrada-
ion, lower rates of renal clearance resulting in increased circulation
ifetimes, and at least in some cases lower incidence of immuno-
enic response leading to better safety profiles [1].  While it is widely
xpected that the number of PEGylated therapeutic proteins will
ontinue to expand in the near future and beyond, rapid prolif-
ration of these biopharmaceuticals poses significant challenges
is-à-vis analytical characterization. PEGylated proteins are highly
omplex species, where structural heterogeneity is present at dif-
erent levels. Indeed, various protein isoforms may  differ from each
ther by (i) the number of PEG chains attached to a single polypep-
ide chain, (ii) location of the conjugation sites, and (iii) lengths of
EG chains. Protein separation methods, particularly size exclusion
hromatography (SEC), in most cases can easily resolve isoforms

f the first type based on significant differences in their physi-
al size in solution. The extent of heterogeneity associated with
nhomogeneity of PEG chain length can be visualized and evalu-
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ated by MALDI MS.  However, it is the heterogeneity of the second
type (protein–polymer conjugates differing in position of PEGyla-
tion sites in the polypeptide sequence) that is usually most difficult
to evaluate. While significant advances have been made in recent
years to address this problem, quick identification of PEGylation
sites frequently remains an unmet goal, particularly if several iso-
forms of the protein–polymer conjugate are present in the sample.

A pioneering work of Fenselau and co-authors nearly twenty
years ago opened the way for mapping the PEGylation sites in
therapeutic proteins by introducing an experimental strategy that
combines chemical treatment of the PEG chain, proteolysis and
peptide fragment identification using fast atom bombardment
(FAB) MS  [2].  In this approach base treatment of PEGylated protein
superoxide dismutase (conjugated via a succinyl bridge) removed
the PEG chain, but left a succinyl group on the polypeptide chain
as a marker of the PEGylation site, which was then localized by
examining the protein tryptic map. A similar approach to mapping
the PEGylation sites was used by Veronese et al., who  employed
new PEG derivatives, which could be easily removed by cyanogen
bromide treatment leaving “placeholder” tags on the polypeptide
chain [3].  An extension of this strategy employs monodisperse PEG

chains, whose position within the polypeptide side chain can be
determined directly by MS  [4].  Although in some cases peptide
mapping alone may  provide information on the PEGylation sites
within protein–polymer conjugates [5,6], incorporation of peptide

dx.doi.org/10.1016/j.ijms.2011.06.004
http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
mailto:Kaltashov@chem.umass.edu
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on fragmentation into the analytical workflow [7] or selective
nrichment of PEGylated peptides prior to MS  analysis [8] have
een shown to be advantageous.

Development of the top-down methods of protein ion frag-
entation and their rapid proliferation during the past decade

ed to a dramatic expansion of the capabilities of analytical mass
pectrometry in structural characterization of proteins [9].  Pro-
ein modification analysis was one of the areas where top-down

ethods made a significant impact [10], although until recently
he scope of inquiry was limited to mapping sites of enzymatic
ost-translational modifications (PTM). The few examples of suc-
essful applications of top-down MS  to localizing non-enzymatic
hemical modifications have been focused on relatively small mod-
fications of polypeptide chains, such as protein–drug conjugates
11] or oxidation [12].

The initial reports on utilizing top-down MS  for mapping conju-
ation sites in PEGylated proteins used MALDI ionization followed
y in-source fragmentation [13], and a combination of collision-
ctivated dissociation (CAD) in ESI interface followed by a second
tage fragmentation using electron-capture dissociation, ECD [14].
he latter approach gives an additional advantage of reducing
he complexity of the ion population during the initial fragmen-
ation stage by eliminating PEG chain from the protein while
eaving a small “placeholder tag” at the conjugation site, which
s identified by the second fragmentation step [14]. A similar
pproach was recently applied to identify the conjugation site
n a relatively small polypeptide (glucagon), although its appli-
ation to a larger protein system (light chain of a monoclonal
ntibody) still required utilization of a proteolytic step prior to
S/MS  [15].
The straightforward application of the top-down MS  method-

logy to mapping PEGylation sites within intact protein [15]
ailed due to the structural complexity (heterogeneity) of the
rotein–polymer conjugates. The abundance of lysine side chains
which are typically targeted by commonly used PEGylation strate-
ies [16]) in most proteins leads to a significant heterogeneity of
he products which differ from one another by the extent of PEGy-
ation (e.g., mono- and di-PEGylated species) and the position of the
onjugation site. Separation of the protein–PEG conjugates based
n the extent of PEGylation can be easily achieved in many cases
sing size exclusion chromatography (SEC), which also separates
he conjugates from unreacted PEG and protein molecules [17].
owever, this task can also be accomplished using ion exchange
hromatography (IXC), which often provides an additional ben-
fit of separating isomeric forms of PEGylated proteins differing
rom one another by the location of the conjugation site within the
rotein sequence [17]. In some favorable cases IXC can be used to
eparate a significant number of isomeric species [18], although
omplete separation may  not always be possible.

MS has been used in the past to identify IXC fractions of PEGy-
ated proteins based on the number of PEG chains attached to a
ingle protein molecule [19]; however, positional isomers cannot
e distinguished from each other based on mass measurement
lone. In this work we introduce a new method of mapping PEGy-
ation sites within a protein by combining the power of IXC and
op-down tandem MS  technologies. The method is tested with a
omplex mixture of an 8.6 kDa protein ubiquitin conjugated with

 5 kDa PEG chain at various locations. Even though IXC does not
rovide complete separation of several isomers of monoPEGy-

ated ubiquitin, monitoring intensity changes of various fragment
on peaks in response to changes of fraction collection times for
oorly resolved peaks allows conjugation sites to be confidently
dentified. Furthermore, combination of orthogonal ion fragmen-
ation techniques in MS3 experiments allows conjugation sites to
e localized even in protein segments with high density of lysine
esidues.
Scheme 1.

2. Experimental

2.1. Materials

5 kDa methoxy poly(ethylene glycol) propionaldehyde (mPEG-
PA) was purchased from Dow Chemical Company (Midland, MI);
ubiquitin was  purchased from Sigma–Aldrich Chemical Company
(St. Louis, MO), and used without further purification. All other
chemicals and solvents were of analytical grade or higher. Ubiqui-
tin PEGylation was  carried out using reductive alkylation chemistry
[20], which is a site directed method for conjugating proteins
to PEG activated with aldehydes (mPEG-PA) that are facilitated
by free amines from protein N-terminus or from lysine residues
(Scheme 1). Briefly, 4 mg  of mPEG-PA and 2.5 mg  of ubiquitin were
dissolved in 10 mM phosphate buffer at pH 5.0, and a 10 �L of
20 mM NaCNBH3 reducing agent was added to a final volume of
300 �L in a micro centrifuge tube at room temperature.
2.2. Methods

Separation of PEGylated ubiquitin forms was  carried out using
cation exchange chromatography (IXC) implemented with Agi-
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ig. 1. MALDI TOF mass spectrum of unseparated products of ubiquitin PEGylation.
ent 1100 series HPLC system (Agilent Technologies, Palo Alto, CA)
quipped with a PolyCAT A column (Western Analytical, Murri-
ta, CA). The column was equilibrated with 20 mM ammonium
cetate at pH 4.5, followed by an injection of a 40 �L PEGylated

ig. 2. IXC profile of PEGylated ubiquitin (A) and ESI mass spectra of pooled fractions r
hromatogram (inset in panel A) shows the elution profiles of mono-PEGylated product
ractions analyzed by MS  and MS/MS.
ass Spectrometry 312 (2012) 135– 143 137

ubiquitin previously filtered through a 0.2 mm Acrodisc syringe fil-
ter (Pall Life Sciences, Ann Arbor, MI)  to remove particulate matter.
Di-PEGylated and mono-PEGylated ubiquitin samples with several
isomers were eluted using 20 mM ammonium acetate at pH 5.0
with 200 mM  NaCl (5–65% of 200 mM NaCl at pH 5.0 within 40 min
as a gradient). Mass profiles of various forms of PEGylated ubiqui-
tin were obtained with a Reflex III (Bruker Daltonics, Billerica, MA)
time-of-flight (TOF) MS  with MALDI ionization prior to IXC sep-
aration, and with a QStar-XL (ABI Sciex, Toronto, Canada) hybrid
quadrupole/TOF MS  with electrospray ionization (ESI) following
IXC separation. MS/MS  and MS3 experiments were carried out using
an APEX III (Bruker Daltonics, Billerica, MA)  Fourier transform ion
cyclotron resonance (FT ICR) MS  with an ESI source. Ion fragmenta-
tion was  induced in the ESI interface (CAD without mass-separation
of precursor ions) and/or the ICR cell (ECD following separating the
precursor ion by mass).

3. Results and discussion

3.1. IXC and MS  analyses of the PEGylation reaction products
Ubiquitin has eight primary amines (seven lysine residues
and the N-terminus), and its conjugation with activated 5 kDa
PEG using reductive alkylation chemistry generates a range of

epresenting IXC peaks 4 and 5 (B) and 1, 2, and 3 (C). The magnified view of the
 (black trace), deconvoluted contributions of individual isomers (gray traces) and
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Fig. 3. Mass spectrum of fragment ions produced by collisional activation of PEGylated ubiquitin ions in the ESI interface region of a hybrid quadrupole/TOF MS (A). Clusters
o  indic
B e 3 for

p
a
r
+

f  fragment ions with truncated PEG chains are shaded and their charge states are
3

9+ fragment ion was used for the second-stage fragmentation (B). Refer to Schem

roducts as revealed by MALDI MS  analysis (Fig. 1). Both mono-

nd di-PEGylated ubiquitin ions are detected alongside ions rep-
esenting unconjugated protein molecules (charge states +1 and
2) and PEG chains. Analysis of the conjugation reaction products
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b12

y58
1 3
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Scheme 2.
ated. The inset shows a zoomed view of one such cluster (charge state +9), where
 the explanation of the fragmentation nomenclature.

with IXC reveals even greater heterogeneity, with at least five major
peaks being present in the chromatogram besides the peak rep-
resenting unconjugated ubiquitin (Fig. 2, top). These five major
peaks comprise two distinct clusters in the IXC chromatogram,
which correspond to the elution time ranges 25–29 min  and
30–33 min.

ESI MS  analysis of the IXC fraction representing the first clus-
ter of peaks reveals a very convoluted ionic signal (Fig. 2B). While
the deconvolution of this mass spectrum cannot be carried out in a
straightforward manner, charge state assignment for all groups of
ion peaks can be easily done by measuring the distances between

the adjacent peaks. Since the mass of a single repeat unit in PEG
is 44 u, dividing this number by the measured inter-peak distance
readily produces the number of charges carried by the ions of PEGy-
lated ubiquitin. Charge state assignment carried this way produces
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Fig. 4. Mass spectrum of fragment ions produced by collisional activation of PEGylated ubiquitin ions in the ESI interface region of a hybrid quadrupole/FT ICR MS (A). Clusters
of  fragment ions with truncated PEG chains are shaded and their charge states are indicated. The inset shows a zoomed view of one such cluster (charge state +9), where B3

9+,
B4

9+ and B5
9+ fragment ion were used to produce second-generation fragment ions using ECD in the ICR cell (B). Refer to Scheme 3 for the explanation of the fragmentation

nomenclature.
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 range of charges (from +18 to +21), yielding a mass distribution
entered around 18.7 kDa, which is in close agreement with the
alculated mass of di-PEGylated ubiquitin.

ESI MS  analysis of another large IXC fraction (comprising
he second cluster of peaks in IXC chromatogram) also reveals

 convoluted signal distribution (Fig. 2C). Charge state assign-
ent carried out using the approach described in the previous

aragraph yields a distribution of charges ranging from +11
o +15 (this assignment was later confirmed using isotopically
esolved FT ICR mass spectra, data not shown). Calculation of

asses of the ionic species based on this charge assignment

enerates a distribution centered around 13.7 kDa, which is in
lose agreement with the expected mass of mono-PEGylated
biquitin.
3.2. Top-down fragmentation of PEGylated ubiquitin: localizing
the conjugation site in the high primary amine-density region of
the polypeptide chain using a combination of CAD and ECD

While most of the peaks in IXC chromatogram of PEGylated
ubiquitin are not well-resolved, one of the mono-PEGylated prod-
ucts (peak 1 in Fig. 2A) can be easily separated from the rest.
In-source collisional activation of ions produced by ESI of this IXC
fraction generates a very convoluted spectrum (Fig. 3A), although
careful examination of the spectrum reveals the presence of two

abundant fragments of ubiquitin lacking conjugation (y58

5+ and
y58

6+). These ions (as well as complementary b18 fragment ions) are
among the most abundant CAD-generated fragments of intact ubiq-
uitin [21], although the spectrum in Fig. 3A contains no unmodified
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Fig. 5. CAD fragment ion spectra of tag-carrying ubiquitin ions B4
9+ (top), B5

9+ (mid-
dle), and B6

9+ (bottom) produced by collisional activation of intact PEG-ubiquitin
40 R.R. Abzalimov et al. / International Jour

18 fragments. This observation indicates that the conjugation site
n this product of ubiquitin PEGylation is localized within the first
ighteen residues of the protein, three of which possess primary
mine groups (Met-1, Lys- 6, and Lys-11, see Scheme 2).

Another feature of the CAD spectrum of PEGylated ubiquitin
s the presence of a group of ionic species whose mass distri-
utions indicate the presence of few PEG repeat units (shaded

n Fig. 3A). Masses of these ionic species slightly exceed that of
nmodified ubiquitin, suggesting that these fragment ions are
ormed by removal of most (but not all) of the PEG chain from the
rotein–polymer conjugate in the gas phase. The remaining linker
nd a few ethylene glycol repeat units can be used as convenient
arker of the conjugation site. Masses of these truncated ions are

n agreement with the notion of the PEG chain cleavage following
he route that produces B and C ions using the nomenclature pro-
osed by Lattimer and co-workers [22]. The proposed structures
f these first-generation fragment ions are presented in Scheme 3.
igh-resolution mass measurements of these ions produced by in-

ource CAD in the ESI interface region of FT ICR MS (Fig. 4A) further
upported this assignment by providing mass values that are within

 ppm of the calculated masses for Bk
9+ ions.

Unfortunately, CAD of Bk
m+ ions carried out in the collision cell

f a hybrid quadrupole/time-of-flight mass spectrometer is not
ery informative, as the fragmentation of the polypeptide back-
one gives rise to abundant b-ions carrying the placeholder tags
e.g., B3b12

2+ through B3b18
2+ derived from B3

9+ in Fig. 3B, refer
o Scheme 3 for the explanation of the fragmentation nomencla-
ure) that correspond to cleavages of amide bonds in the Ile13-Pro19

egment of the polypeptide chain (Scheme 2). No fragmentation
s observed in the segment comprising first eleven amino acid
esidues, which does not allow the conjugation site to be local-
zed with precision higher than that offered by the first stage of
ragmentation (vide supra).

Electron capture dissociation (ECD) often provides structural
nformation complementary to that deduced from CAD experi-

ents, and its incorporation into the top-down MS  routine typically
nhances the level of sequence coverage [23]. In order to enhance
patial resolution in localizing the conjugation site of PEGylated
biquitin species represented by IXC peak 1, ECD fragmentation of
biquitin ions containing placeholder tags was carried out in the

CR cell of a hybrid quadrupole/FT ICR MS.  The precursor ions for
CD fragmentation were produced by truncating the PEG chain by
arrying out CAD in the ESI interface region (Fig. 4A), followed by
ass-selection of B3

9+, B4
9+ and B5

9+ in the front-end quadrupole
s precursor ions for further dissociation. ECD of these ions pro-
uces a series of c-ions carrying the placeholder tags (Bkcm

+, refer
o Scheme 3 for the explanation of the nomenclature) that cover the
rst few amino acid residues in the N-terminal segment of ubiqui-
in (Fig. 4B). The only primary amino group in this segment of the
rotein is its N-terminus, which indicates that the conjugation site
f the PEGylation product represented by IXC peak 1 is Met-1.

.3. Assignment of PEGylation sites in poorly resolved IXC
ractions

Identification of the conjugation site within mono-PEGylated
biquitin discussed in the preceding section was possible due to
he ability to separate this species from other PEGylation prod-
cts. While the separation of the products differing by the extent of
onjugation can usually be accomplished using various chromato-
raphic techniques (SEC or IXC), complete separation of isomeric
orms (differing by the location of the conjugation site within

he polypeptide sequence) is usually more difficult to achieve. An
xample of this is presented in Fig. 2A, where IXC peaks 2 and 3
epresenting mono-PEGylated ubiquitin are only partially resolved,
nd the convoluted structure of peak 2 (a shoulder between 31′15′′
from fraction 3 in the ESI interface of a hybrid quadrupole/time-of-flight MS  showing
tag-carrying b-ions and tag-free y-ions.

and 31′40′′) suggests the presence of at least two different species
whose elution times are very close to each other. Assuming that
ideal chromatographic peaks should have Gaussian profiles, the
crowded region of the IXC chromatogram between 30 and 33 min
can be deconvoluted to yield contributions of four individual
species (inset in Fig. 2A).

Although the chromatographic peaks 2 and 3 have a signifi-
cant overlap, it is possible to isolate a species giving rise to peak
3 in a pure form by collecting an IXC fraction between 29′50′′ and
30′15′′, as indicated by a box labeled “fraction 3” in Fig. 2A inset.
Localization of the PEGylation site within this species is relatively
straightforward. MS/MS  analysis of protein ions with truncated PEG
chain (generated by collisional activation of intact ions in the ESI
interface region) yields abundant y58 fragment ions, whose masses
are consistent with the absence of a placeholder tag in this pro-
tein segment spanning residues 19–76 (Fig. 5). Presence of a series
of small b-fragments carrying the mass tags (Bkb6

2+, Bkb7
2+, and

Bkb9
2+) further reduces the number of possible PEGylation sites

to Met-1 (N-terminus) and Lys-6. Since the former site has been
already identified as the conjugation site of the species giving rise
to peak 1 (vide supra), the only remaining possibility for peak 3 is
conjugation at Lys-6.

Unfortunately, it is nearly impossible to isolate the two species
giving rise to peak 2 in IXC chromatogram. Fraction collection car-
ried out within a time window between 30′40′′ and 31′35′′ (to
eliminate contribution of peaks 1 and 3) yielded a mono-PEGylated
product, which clearly is a mixture of different protein–polymer
conjugates. Indeed, for this fraction the MS/MS analysis of protein
ions with truncated PEG chain (generated by collisional activation
of intact ions in the ESI interface region) yields abundant y24, y40,
and y58 fragment ions both with and without the mass tag (Fig. 6).
Since the protein segment corresponding to y24 fragment contains
only one potential conjugation site (Lys-63), one of the isomers
in this fraction must be conjugated at this residue. Another iso-
mer  must be conjugated at Lys-11, since this is the only remaining
potential conjugation out of three sites lying outside of the seg-
ment represented by y58 fragment. In order to understand which

site (Lys-11 or Lys-63) corresponds to the major species in peak 2,
mass analysis of fragment ions produced by in-source CAD was  car-
ried out on two  fractions that were collected such that (i) neither
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is located outside of this helical region, and yet it fails to participate
Sch

ontains contaminations from peaks 1 and 3, and (ii) the rela-
ive contributions of the species representing the main peak 2 and
ts shoulder 2′ are different for these two fractions (shown with
oxes in Fig. 2A inset). Mass analysis of fragment ions produced
y in-source CAD of PEGylated ubiquitin from these two  fractions
learly shows lower abundance of the tag-free b18 fragment (as
easured against tag-free y58 fragment) for the fraction contain-

ng a higher proportion of the shoulder peak 2′ (Fig. 7), suggesting
hat this fraction has a higher proportion of ubiquitin molecules
onjugated at Lys-63. This allows peak 2 and its shoulder 2′ to

e assigned as the products of conjugation at Lys-11 and Lys-63,
espectively.

It is rather surprising that only four (out of possible eight) pri-
ary amines are occupied in mono-PEGylated ubiquitin. A detailed
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.

analysis of ubiquitin structure (Fig. 8) suggests that only one out of
four lysine residues that fail to form mono-PEGylated products has
poor solvent accessibility (Lys-26). Furthermore, this lysine residue
and two  other (Lys-29 and Lys-33) are parts of the same alpha-
helix, one of the most structurally stable elements in this protein
under both native and denaturing conditions [21,24]. Therefore,
one might expect that decreased flexibility of this protein segment
may  make the reaction with activated PEG less favorable due to
higher steric hindrance at these sites. Lys-48 is the only residue that
in the conjugation reaction yielding a mono-PEGylated product,
suggesting that its chemical microenvironment might be the reason
for its low reactivity.
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Fig. 7. In-source CAD fragment ion spectra of PEGylated ubiquitin from frac-
tions 3 (top trace), 2 (middle) and 2′ (bottom) in the ESI interface of a hybrid
quadrupole/time-of-flight MS showing intensity change of the tag-free b18 ions
relative to tag-free y58 fragment ions.
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Fig. 8. Crystal structure of ubiquitin (PDB ID 1ubq) showing the positions of residues
carrying primary amines. Residues participating in conjugation to yield mono-
PEGylated products are colored in cyan, and those not participating in formation
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. Conclusions

Large size and high heterogeneity of protein–polymer con-
ugates present a formidable challenge vis-à-vis their structural
haracterization. A combination of IXC separation and multi-stage
op-down MS  characterization allows the complexity of these
ystems to be dramatically decreased, resulting in confident local-
zation of the conjugation sites. IXC easily separates the products
f the PEGylation reaction according to the extent of conjugation,
nd also provides at least some separation for the isomeric forms
f PEGylated proteins (which differ from one another by the loca-
ion of the conjugation site within the polypeptide chain). The
emaining heterogeneity due to the dispersity in the length distri-
ution of the PEG chains attached to the protein may  complicate the
nalysis of MS/MS  data, but can be dramatically reduced by trun-
ating the polymer chains in the gas phase using methods of ion
hemistry (collisional activation). While this process removes the
ajority of PEG repeat units, it leaves the linker group and a few PEG

epeat units still attached to polypeptide chain, which can be used
s a placeholder tag for localizing the position of the conjugation
ite. The latter is accomplished using a second fragmentation step,
here both CAD and ECD can be employed to induce dissociation of

ag-carrying protein ions. Electron-based ion fragmentation meth-
ds have been already shown to be very useful when dealing with
ighly heterogeneous biopolymers, such as glycoproteins with very
igh carbohydrate content [25]. Application of ECD to fragment-

ng PEGylated ions demonstrated in this work further expands the
cope of the application of this technique in structural analysis of
eterogeneous protein-based systems.

While tandem MS  is extremely powerful as far as identifying
pecific PEGylation products that are completely or only partially
esolved by IXC, it is likely that the separation step itself will become

 bottleneck in the analysis of larger and more heterogeneous
rotein–polymer conjugates. However, continuing improvements

n IXC [26] and recent progress in applying other separation tech-
iques to analysis of PEGylated proteins [27] provide firm basis

or optimism, suggesting that detailed structural characterization
f PEGylated biopharmaceuticals will be possible in the very near

uture. Hyphenated MS-based methods of protein analysis (both
C/MS and MS/MS) already play a vital role in characterization of
rotein pharmaceuticals [28–30],  and continued improvements of
hese experimental methodologies will undoubtedly expand the

[
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scope of complex protein therapies amenable to MS  characteriza-
tion.
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