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Abstract

A simple high-resolution capillary zone electrophoresis (CZE) method capable of rapidly assessing the micro-heterogeneity of a 24 kDa
molecular weight glycoprotein, has been developed. Separation is carried out using a bare silica capillary at a pH of 2.5 in a commercially
available electrophoresis buffer system composed of triethanolamine and phosphoric acid. Over 30 peaks were detected within a run tim
of 15min using a 27 cm capillary and approximately 60 peaks were detected using a 77 cm capillary. Although most of the peaks arise
from differences in the oligosaccharide structures present on the one glycosylation site on this molecule, other forms of micro-heterogeneit
due to the presence of the nonglycosylated form of this glycoprotein and various types of chemical degradation, e.g., deamidation, are als
responsible for the multitude of peaks observed. Although the exact chemical identity of each peak in the resulting electropherogram of this
glycoprotein is not known, useful information can be obtained for assessing comparability, stability, and batch consistency. Factors impacting
the resolution, precision, accuracy, and robustness of the assay are also discussed along with inherent advantages and limitations associc
with measuring the micro-heterogeneity of intact glycoproteins.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction (1) Enzymatic cleavage of the oligosaccharides from the in-

tact glycoprotein.
A majority of the therapeutic recombinant proteins de- (2) Purification of the released oligosaccharides.

veloped in biopharmaceutical companies are glycoproteins.(3) Chemical labeling of the oligosaccharides.

This class of proteins contains complex carbohydrate struc-(4) Additional purification of the oligosaccharides to remove

tures, referred to as oligosaccharides, which are chemically  labeling reagents.

linked to specific amino acid residues along the polypeptide (5) Electrophoretic or HPLC separation.

chain. Since the carbohydrate portions of glycoproteins play . o

an importantrole in their therapeutic activjiy-9], extensive An alternat|ve_ ameaCh that woul_d su_npln‘y and spee(_j—

characterization of the carbohydrates attached to these proYP the characterization of glycoprotein micro-heterogeneity

teins is often performed during the development of a biophar- INVolves direct analysis on the intact molecule. Mass spec-

maceutical10]. Although significant strides have been made rometry (MS) offers some capability in this arga], how-

in developing methods for analyzing carbohydrdids-23] ever, t_he reso_lut|_on (_)f com_p_lex high molec_ulqr mass species

these methodologies are complex and time-consuming. TheWith different ionization efficiency present limitations to this

key steps used in these methods include the following:

- 1 step is not required for oligosaccharide analysis when using high pH
* Corresponding author. ion exchange chromatography with pulsed amperometric detection (PAD)
E-mail addresssteven.berkowitz@biogenidec.com (S.A. Berkowitz). or mass spectrometry.
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approach. In the past, several CE methods for detecting gly-no impact in the resulting electropherograms. All samples
coprotein micro-heterogeneity, using the intact glycoprotein, were stored at-70°C and were run with an internal stan-
have been reportd@5-44] However, all these methods are dard, dynorphin A (fragments 1-13) peptide, which was dis-
applicable to certain types of proteins and are often not quan-solved in water at a concentration of 1 mg/mL and frozen
titative. In this work, we describe a new CZE methodto detect in 30pL aliquots at—70°C. In certain occasions, sample
and quantify differences in the various glycoforms and charge pre-concentration and/or buffer exchange were required. To
heterogeneity of a glycoprotein. achieve this, 0.5mL, 10 000 MW cutoff ultrafree centrifuga-
tion spin units were used at 228 in an Eppendorf model

5417R centrifuge (Hamburg, Germany).
2. Materials and methods

_ 2.2.2. Conditioning of capillary
2.1. Chemicals and reagents Capillary conditioning involved the following washing se-

. quence: deionized water, 0.1 M NaOH, deionized water, and
The CZE buffer used throughout this work was 100mM nning buffer (100mM triethanolamine—phosphoric acid,

triethan.olamine—phosphoric acid, pH 2.5 (catalog no. 05100y 2 5). Each wash was run for 5min. This same sequence
SB) (MicroSolv, Long Branch, NJ, USA), Neuraminidase 4t washing steps was also used between injections. For long-
(from Arthrobacter ureafaciensand PNGase F (from  orm storage, the capillary was flushed with deionized water

Flavobaceterium meningosepticimwere obtained from 4.4 stored at room temperature with the capillary inlet and
Boehringer Mannheim (Indianapolis, IN, USA), Leucinewas et immersed in vials containing deionized water.

obtained from Aldrich (Milwaukee, WI, USA), sucrose and

dynorphin A (fragments 1-13) were obtained from Sigma

(St. Louis, MO, USA). The uncoated bare silica CElect-FS 3. Results and discussion

or TSP050375 capillaries, 3n 1.D. and 375um O.D.,

were obtained from Supelco (Supelco Park, Bellefonte, 3.1. CZE of glycoprotein in 100 mM

PA, USA) and Polymicro Technologies (Bloomfield, NJ, triethanolamine/phosphoric acid pH 2.5 buffer

USA), respectively. The 0.5mL, 10000 molecular weight i .

(MW) cutoff membrane Ultrafree centrifugation filter units An electropherogram obtained for the glycoprotein used
(catalog no. UFV5BGCO0) were obtained from Millipore ~throughout this study on a 27.cm capillary in @ 100 mM

(Milford, MA, USA). triethanolamine/phosphate pH 2.5 electropherosis buffer, is
shown inFig. 1A. Results shown iifrig. 1B demonstrate the
2.2. Capillary electrophoresis reproducibility of this method. Further improvement in reso-

lution can be achieved using a 77 cm capillary (S&g 2A).

All studies were conducted on a P/ACE Model 5500, When neuramindase (an enzyme that removes the termi-
automated HPCE instruments equipped with a variable- nal sialic acids residues from oligosaccarides) was added
wavelength UV-vis detector (Beckman-Coulter Instruments, to the glycoprotein, a much simpler electrophoregram was
Fullerton, CA, USA). The Beckman-Coulter HPCE Windows obtained, se€ig. 2 Upon removal of the N-linked oligosac-
version software was utilized for all data acquisition, manip- charide, with PNGase-F, an even simpler CZE pattern was

ulation, calculations, and display. observedltig. 3). Hence, the complex electropherogram ob-
_ - _ tained for this glycoprotein, results from the glycosylation
2.2.1. Experimental conditions for conducting CZE and the variation in sialylation of the different oligosaccha-

All CZE experiments were performed using the ride structures attached to the single glycosylation site on
triethanolamine—phosphoric acid buffer mentioned in Section this protein. Additional evidence presented in Section
2.1 Unless stated otherwise, the CE running conditions for indicates that some of the micro-heterogeneity of this glyco-

a 27 cm capillary were as follows: separation voltage 10KV, protein, detected by this CZE method, is also due to factors
temperature of 25C, and UV detection at 214nm with a  other than differences in carbohydrate structures.

5nm bandwidth. Sample loading was performed hydrody-

namically with a typical time duration of 10s. The CE run- 3.2, Day-to-day reproducibility (intermediate precision)

ning conditions for a 77 cm capillary were the same as for of peak areas and migration times

a 27 cm with the exception of an increase in running volt-

age to 30kV and an increase in injection time to 30s. For  The day-to-day reproducibility of the migration times and

all CE runs, samples were held in the autosampler at ambi-peak areas of the seven major peaks indicateBign 1A

ent temperature. Typical glycoprotein sample concentration ysing Dynorphin A fragments 1-13 as an internal starddard

was between 1.0 and 1.5 mg/mL. The buffer matrix of the

samples contained 50 mM leucine, at a pH of 4.5 (pHwas —, _ _ _ . _ ,
hieved by titrating the buffer solution with HCI). In some Even with appropriate capillary conditioning the capillary-to-capillary

ac y 9 - : : and buffer-to-buffer variations caused variations in peak migration time and

cases, the samples contained sucrose at a concentration Qfeak area to be detected. Application of an internal standard, however, sig-

3.0 mg/mL, however, the presence or absence of sucrose hadificantly helps to reduce these variations.
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Fig. 1. (A) CZE electropherogram of the glycoprotein used in this study on
a 27 cm bare silica capillary. (B) The reproducibility of the CZE method

is demonstrated by the qualitatively reproducibility of the electrophero-
grams from three repetitive injections of the same glycoprotein sample.

Electrophoretic conditions used to conduct these runs are indicated in Sec-

tion 2.2.1 Although different glycoprotein samples were used in (A) and
(B), both glycoprotein samples were in a 50 mM leucine, pH 4.5 buffer at a
concentration of 1.5 mg/mL. Regions in the electropherogram labeled by bar
1 and 2, at the bottom of (A), and as bars at the bottom of (B) are discussed
in Sections3.5 and 3.7
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Fig. 2. CZE electropherogram of the glycoprotein used in this study on a
bare silica capillary 77 cm long (A) without neuraminidase and (B) with
neuraminidase. CZE electropherogram of the glycoprotein treated with neu-
romindase was conducted for 18 h atZ5 Electrophoresis conditions used

to conduct this run are indicated in Sectidr2.1 Regions in the electro-
pherogram labeled with bars at the bottom of each figure are discussed in
Section3.5.

was less than 0.7% and 7% (expressed as RSD), respectively.
Additional reproducibility data are also shown in Secto®

3.3. Effect of sample matrix

Results shown ifrig. 4A—C, for samples of the glycopro-
tein in three different buffers systems, indicates that the res-
olution between various peaks was dependent on the nature
of the sample matri¥45—-47] This data indicates improved
resolution obtained for samples in low ionic strength and low
pH buffer. The enhanced resolution achievable by injecting
a sample at a much lower ionic strength relative to the elec-
trophoretic buffer is well known and is due to stacking effects
[48-50] The effect of sample pH may be related to the iso-
electric point () of this glycoprotein, which spans a range
from 6.5 to 8.0. Hence the initial movement of the glycopro-
teinis actually in the direction of the anode instead of cathode,
reducing the resolution enhancing effect of electrophoretic
stacking. From this data, we have concluded that in order to
achieve high electrophoretic resolution, the samples matrix
should low conductivity and pH. A buffer system composed
of leucine or leucine/sucrose (see Sect?.l) was found
to satisfy the above mentioned buffer matrix requirements.
Since most of our work was conducted in this buffer, the
glycoprotein samples could be run as is, without any sample
pretreatment. However, when needed, glycoprotein samples
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Fig. 3. CZE electropherograms obtained on a sample of the glycoprotein 012
used in this study after treating it with PNGase F at @qwhich removes 0.14 1
the N-linked oligosaccharide from this molecule) for different lengths of
time. (A) Control, untreated sample; (B) after 3h; and (C) after 8h. Bar 1 L0.10
indicated at the bottom of (A) corresponds to where the nonglycosylated 0.124
form of this protein migrates (see Sectidrs.2).
were buffer exchanged into the leucine or leucine/sucrose 0.10 \{ -0.08
buffer by either overnight dialysis, at 28, or in 1 h using ﬁ
centrifugation filter units (see Secti@x?.]). 0.08
) L
- . N I ~ N
3.4. Stability of glycoprotein to the acidic pH of the
electrophoresis buffer 0.06 1 |
\ ~0.04
Since sialic acid residues are known to be labile under |
acidic conditiong51], the impact of the low pH used during ' , |
electrophoresis was explored. To achieve this, the glycopro- | / 10.02
tein was exposed to pH 2.5 for increasing amounts of time  0.02; c | ( :
by decreasing the running voltage potential. Results obtained ) | JU f WJJ ff"ﬂR
from this study are shown frig. 5. The data indicates no sig- 000 1 S ! UU\,\MWM ~ looo
nificant change in the electrophoresis pattern otherthansome | : : :
peak broadening, which is a characteristic phenomenon of 5.0 75 10.0 12.5

running samples under reduced volt§52]. Minutes

Fig. 4. The effect of the sample matrix buffer on the CZE electropherogram
of the glycoprotein used in this study: (A) sample buffer, 200 mM NacCl,
100 mM sodium phosphate, pH 7.2, (B) sample buffer, 50 mM NacCl, 25 mM

Prior characterization work on the glycoprotein used sodium phosphate, pH 7.2, and (C) sample buffer, 50 mM leucine pH 4.5.
this study, by a number of analytical techniques, showed
that about 60% of the glycoforms on this molecule have a the disialylated biantennary glycoforms. In addition, data
disialylated biantennary structure, BiNA2. Correlating this shown inFig. 2reveals that digesting the glycoprotein with
information with the electropherogram obtained for this neuramindase results in the loss of peaks 4 and 5 and the
glycoprotein has led us to speculate that the peak regionappearance of two new major peaks in the region indicated
indicated by bar 1 ifrig. 1A, which includes the two largest by bar 2 inFig. 2B. These two new major peaks are believed
peaks in the electropherogram, peaks 4 and 5, represent$o correspond to the nonsialylated biantennary glycoforms.

3.5. Identification of the protein glycoforms
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) - . ) . Fig. 6. A kinetic study on the enzymatic removal of the terminal sialic acid
Fig. 5. Stability of the glycoprotein at pH 2.5 in CZE electrophoresis buffer ojqes on the glycoprotein studied in this work by spiking a sample of this
assessed by increasing the exposure time of the glycoprotein to pH 2.5 byglycoprotein with neuramindase and holding it aP£5in the auto-injector.

reducing the running voltage: (A) 10kV, (B) 5kV, and (C) 2.5kV. Aliquots from this sample were then taken at different times to conduct CZE:

(A) control, untreated sample; (B) after 1 h; (C) after 2h; and (D) after 7 h.
To further identify other peaks in the electropherogram, Regions in the electropherograms labeled by bars 1-5, at the bottom of each

enzymatic hydrolysis studies as a function of time were electropherogram, are discussed in SecBignl
conducted using neuramindase and PNGase F. Results from

these studies are discussed in Sect@bsl and 3.5.2 Tetraantennary (4)

) ) Tetrasialylated (4)= trisialylated (4)= disialylated (4)
3.5.1. Neuramindase treatment of the glycoprotein as a

function of time

A series of electropherograms obtained for a glycoprotein
sample treated with neuraminidase as a function of time is
shown inFig. 6. The two predominant peaks initially present
in the electropherogram, see bar 1Hig. 6B, rapidly de-
creases with time. As time progresses, three sets of peaks

= monosialylated (4)= nonsialylated (4)

Note: () indicates the glycoform’s antennary structure.

Although all of the above glycoforms are positively
charged at pH 2.5, the strength of the net positive charge
tlecreases as the antennary structure of the oligosaccharide

labeled b\";‘\;_ch'T'F'g- GB'.baf[_S mli;]g. GC anfdﬂl?ar 4 "Eg_' 6,5] ) on the glycoform increases. This decrease in positive charge
emerge. With Increasing time the siz€ ot the peaks In € o ;¢ e 14 the associated increasing level of sialylation, and

areas, labeled as bar 2 and bar 3, decrease. The p(_aak_s ind{— erefore, negative charge (th& palues for most carboxyl
cated by bar 2, however, decrease faster than those indicate roups on sialic acids are in the pH 2.5 rarj§8]) with

by bar 3. At the end of the experiment, only the peak set . ' :
indicated by bar 4, which increased with time, remained. higher antennary structures. Hence glycoforms having

- i ) ... higher levels of sialylation have a lower electrophoretic
Theseresultsindicate a stepwise cleavage reaction of sialic

ili h hode. | iti he i [
acid residues from the intact glycoprotein, which for each mobility towards the cathode. In addition, the increasing

| £ ant veof hould d as indicat dhydrodynamic volume (and, therefore, frictional drag) of
E(:?)iv'o antennary glycotorms should proceed as indicate glycoforms containing higher antennary structures leads

: to a further reduction to electrophoretic mobility. Since
Biantennary (2) the electroosmotic flow at pH 2.5 is effectively zero, due
the reduced ionization of the silanol groups on the silica
capillary wall at this pH54], movement of all glycoforms
past the UV detector is totally dependent on their inherent
electrophoretic mobility. As a result, the combined effect
of net charge and hydrodynamic drag yields the following
predicted order of elution for the major glycoforms:

Disialylated (2) = monosialylated (2)= nonsialylated (2)
Triantennary (3)

Trisialylated (3)= disialylated (3)= monosialylated (3)
= nonsialylated (3)
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Fastest Type of glycoform Least hydrodynamic drag Most positive

nonglycosylated

nonsialylated biantennary
nonsialylated triantennary
nonsialylated tetraantennary
monosialylated biantennary
monosialylated triantennary
monosialylated tetraantennary
disialylated biantennary
disialylated triantennary

v disialylated tetraantennary v v
trisialylated triantennary

trisialylated tetraantennary

tetrasialylated tetraantennary

Slowest Most hydrodynamic drag Least positive

As aresult of the above information the peaks labeled by the glycoprotein. The initial amount of these peaks observed
bar 3inFig. 6most likely to correspond to the monosialylated in the electropherogrambig. 3A) most likely represents the
biantennary glycoforms. This is based on the dominance of amount of nonglycosylated form of the glycoprotein original
these peaks during the early phase of the reaction and theyresen As the size of this small cluster of peaks increases
subsequent loss of these peaks due to the eventual cleavaggith time, the relative ratios of the later eluting peaks appear
of the one remaining sialic acid. Hence, at the end of the to remain constant. This observation supports the conclusion
hydrolysis reaction, the two major peaks labeled by bar 4 in that the rate of the cleavage of the different types of oligosac-
Fig. 6D should correspond to the nonsialylated biantennary charides on the protein backbone is not dependent on the
glycoforms. The progressive increasing level of these peakschemical structure of the oligosaccharides present.
during the course of the reaction further supports this assign-

ment. Peaks migrating in the area labeled by barfAgn68 3.6, Anion-exchange fractionation of the protein

most likely correspond to monosialylated oligosaccharide

with higher antennary structure. Thisis based intheinitialin-  additional evidence supporting the assignments of
crease level of these peaks and their eventual disappearancgne various CZE peak regions made in Sect®f was
much like that observed for the monosialylated biantennary gptained by fractionating the glycoprotein via preparative
glycoforms, during the reaction. However, the level that these gpjon-exchange chromatography (AEC) (data not shown).
peaks reach is significantly reduced in comparison to thoseThe fractions collected across the AEC chromatogram were
peaks assigned as monosialylated biantennary glycoforms gnalyzed by both CZE and HPL[L5]. In the latter case,
This reduced transient level of the monosialylated higher fractions were deglycosylated and the released carbohydrates
antennary glycoforms is consistent with the overall lower ere analyzed. HPLC chromatograms of the oligosaccha-
amounts of tri and tetrasialylated glycoforms initially present rige profile for the AEC fractions (P1, P3, and P4) and the
in the glycoprotein preparation. Finally, the peaks in the re- non-fractionated glycoprotein (control) sample are shown in
gion between the non and monosialylated biantennary glyco-Fig. 7a. CZE electropherograms of the glycoform profile (in-
forms, labeled by bar 5 iffig. 6A, did not appear to change  tact glycoprotein) for the corresponding AEC fractions and
significantly during the course of the experiment. Hence its non-fractionated glycoprotein (control) sample are shown in
identity is unknown. Fig. 7B. Prior detail characterization work has shown that

3.5.2. PNGase F treatment of the glycoprotein as a

function of time 3 In conducting this experiment, the enzymatic removal of the oligosaccha-
A series of electropherograms obtained for a glycoprotein ride, from the asparagine residue, with PNGase F results in the conversion of

sample treated with PNGase F as a function of time is shown this asparagine to an aspartic acid. Such a modification increases the negative

. . . . . . . . charge on the modified glycoprotein. However, at the running pH of 2.5, the
in Fig. 3 With Increasing time the size of the initial minor free carboxyl group on the aspartic acid is assumed to be fully protonated.

peaks, indilcated by bar 1 ifig. 3A, progressively increase  Hence, the migration of the PNGase F treated glycoprotein should compare
and most likely correspondsto the nonglycosylated form of to the true nonglycosylated protein.
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region in the CZE electropherogram to the right of the peak
region labeled BINA2 in the control CZE electropherogram
(seeFig. 7B) as the region where glycoforms containing tri
and tetrantennary oligosaccharides sialylated with three or
more sialic acid residues migrate. Similarly, the region in the
electropherogram labeled BiNA2 has been assigned to the
area where glycoforms containing disialylated biantennary
oligosaccharides could be found. Finally, the regions labeled
BiNA1 and BiNAO correspond to where glycoforms con-
taining mono-sialylated biantennary oligosaccharides and
nonsialylated biantennary oligosaccharides migrate, respec-
tively. A comparison of the known key peak assignments in
the various HPLC profiles with the CZE results for the same
sample clearly provide additional experimental support to
the tentative CZE peak region assignments made in Section
3.5

3.7. Detection of other forms of micro-heterogeneity
(deamidation)

An interesting pattern in the electropherogram (see high-
lighted areas indicated by a series of small bars at the bottom
of Fig. 1B) is the appearance of multiple doublet peaks. A
possible explanation for this pattern is the occurrence of
an additional modification in the protein that impacts its
electropheoretic mobility. Other measurements have shown

| -0.10

0.12+

-0.08
0.104

Fig. 7. Characterization of the same AEC fractions (labeled P4, P2, and A
P1 that correspond to fractions obtained at increasing elution times, respec-u
tively) obtained across the glycoprotein AEC preparative elution profile by
(A) HPLC analysig15], which looks at the released oligosaccharides, and

by (B) CZE analysis, which looks at the intact glycoforms. In each case,

a control sample is shown at the top of each figure that corresponds to the
oligosaccharide, in the case of HPLC, and glycoform profiles, in the case of
CZE, for the unfractionated glycoprotein sample.

the region to the right of the peak area labeled BiNA2 in
the control HPLC chromatogram (s€&. 7A) contains tri

and tetrantennary oligosaccharides that were sialylated with
three or more sialic acid residues. Similarly, the region in the
chromatogram labeled BiNA2 corresponds to the area where
the diasialylated biantennary oligosaccharides migrate.
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A
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Minutes

Finally, the regions labeled BiNA1 and BiNAO correspond Fig. 8. The effect of deamidation on the resulting CZE electropherogram of

to where mono-sialylated biantennary oligosaccharides
and nonsialylated biantennary oligosaccharides migrated

the glycoprotein studied in this work is shown by running two samples of
this glycoprotein having known different amounts of deamidation (levels of

'deamidation are indicated in the figure). Deamidation levels were determined

respectively. In the case of CZE, information generated in py a separate HPLC peptide map assay specifically developed to monitor

the present work (see Secti8rb) has lead us to identify the

deamidation on this glycoprotein.
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Fig. 9. Peak region assignments in the glycoprotein electropherogram used to provide quantitative informatiofMia BqéA) peaks assigned in this figure
correspond to the following: BINAO (area #1), biantennary oligosaccharides with no terminal sialic acid residues; BiNA1 (area #2), biantgrseastalrides
with one sialic acid terminal residue; and BiNA2 (area #3), biantennary oligosaccharides with two terminal sialic acid residues and (B) nateglyuosgin
and monosialylated glycoforms (area #4).

that the glycoprotein is deamidaftetb a significant level, 100 (area 4)
typically 40-50% at a single asgaragine site. Two samples of total area
this glycoprotein with significantly different known levels of (1)
deamidation are shown Fig. 8 In the sample with a higher  percent biantennary glycoforms

level of deamidation, the height of the slower migrating

Percentnon and monosialylated glycoforgs

peak in each doublet is typically higher in comparison = 100 (area 1+ area 2+ area 3) 2)

to the corresponding peak in each doublet for the sample total area

with a lower level of deamidation. Hence, the peak region Percent sialylation of the biantennary glycoforms

containing the largest doublet (see bar Fig. 1A), that we

believe corresponds to the major disialylated biantennary 100 (area - 0.5[area 2]) 3)

glycoforms (see SectioB.5), has been used as a relative ~ areal+ area2+ area3

indicator of the amount of deamidation present in this 100 (area 6)

glycoprotein, see Eq4) in Section3.8. Additional data Percent deamidatiog ——— 4

supporting the use of these peaks to assess deamidation in areas+ area6

this glycoprotein is provided in Secti@9.2 Areas 1-4 used in Eq§1)~«3) correspond to peak areas
shown inFig. 9, while areas 5 and 6 in E¢4) correspond

3.8. Quantitation of sialylation, glycosylation, and to peak areas obtained from peaks 4 and 5, respectively, in

deamidation Fig. 1A.

_ _ _ _ These parameters provide quantitative information on the
~ Basedon peak assignments and peak information obtainedevel of sialylation{55,56], glycosylation and deamidation of
in Sections3.5-3.7 Egs.(1)4) were used to calculate the  the glycoprotein. Since all calculations were based on the ra-

following parameters: tio of peak areas obtained within the same electropherogram,
the use of an internal standard to improve reproducibility was

. . . . not necessary.
4 Although the additional negative charge resulting from deamidation @

should lead to areduction in this peaks migration time, the low pH oftheelec- ——

trophoresis buffer should neutralize it (as discussed in footnote 3). Hence, ° The linear behavior of these peak areas as a function of sample load
it is not clear how deamidation causes the reduction in peak migration time. was assessed by varying the time of injection by a factor of 4. Resulting

Possible interaction of the deamidation residue with other appropriate groups plots of peak area (nomalized with internal standard) versus injection time

on the glycoprotein could create a microenvironment allowing the negative gave linear plots (data not shown), which when analysed by linear regression
charge to persist. analysis gave correlation coefficients greater than 0.997.
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Table 1 0.144 L 0.12
Summary of quantitative data collected on the reference standard of the ' '
glycoprotein studied in this work over a period of 10 months !
Data set %Mono and %Biantennary %Sialylation %Deamidation 0124
nonsialylated of biantennary ’ l 1 0.10
|
1 126 536 966 355 \7
2 123 543 968 352 0401 !
3 122 545 969 365 ' I
4 131 534 966 354 i 008
5 129 532 963 357 N
6 123 542 97.0 350 0.08 !
7 136 525 964 367 A ‘-
8 135 535 962 361 u - 0-06
9 136 531 965 377
10 130 533 964 362 006+
11 122 545 970 356 Strain B
12 130 534 964 357 ‘ - 0.04
13 132 537 967 372 0.04+— '
14 143 515 962 374 Ly
15 125 531 968 358 t
16 130 532 966 360 002 | ! - 002
17 138 519 966 356 ha . :
18 135 515 962 364 StrainA |, |, |
19 143 514 964 388 (, )
20 143 518 965 387 0.004 —~0.00
21 144 523 964 376 @) 75  Minutes 100 125
22 133 533 966 371
Average 12 531 966 364
SD 07 10 0.2 11 0.12 -0.12
%RSD 54 18 0.3 30
In calculating the specific parameters, using Eijs-(4), 0.10- -0.10
it must be emphasized that the numerical values generated art
not absolute. This is due to the tentative peak identification.
Nevertheless, the ability to measure these parameters repro | | 008
ducibly was assessed by using the same control sample inall ™ f | '
CZE runs. Results obtained for this control sample, over time, A I
are shown ifrable 1 The data indicates d ibili ! o
good reproducibility -
of the method over a period of 10 months. 0.06 i ’ -0.06
Growth conditions B
3.9. Applications of the CZE method ! | o
0.044—— — o Loos
3.9.1. Changes in protein micro-heterogeneity due ! |
changes in host cells and growth media conditions i I. ‘i
The impact of using a different strain of CHO cells and (' 002
different growth media condition on the micro-heterogeneity (i '
of the glycoprotein was assessed by CZE. Results from this i
method are shown qualitatively Fig. 10A and B and quan- . S LIV I
titatively in Tables 2 and 3The data show unique qualitative =~ 0001~ T R —
and quantitative differences. (B) 75 Minutes 100 125

. - Fig. 10. (A) CZE electropherograms showing the effect of growing the same
3.9.2. As;t_assment of protein Stablllty . . glycoprotein in two different CHO cell strains. (B) The resulting CZE elec-

The ability of C;ZE_tO detect apd qugntl_fy changes in th? tropherograms showing the effect of growing the same glycoprotein in same
amounts of deamidation and desialylation in the glycoprotein CHO cell strain, but in two different growth media.

used in this study as a function temperature and pH over time

is shown inFig. 11 In this figure, CZE data is compared peptide map was used that could separate the intact and
to data obtained via two separate HPLC methods capabledeamidated peptide allowing the %deamindation to be cal-
of monitoring deamidation and desialylation on the glyco- culated via UV detection and appropriate peak integration. In
protein. In the case of deamidation, a reversed-phase HPLCthe case of desialylation, a separate HPLC method was used
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Table 2

Comparison of quantitative CZE data (obtained frieig. 10A) for the glycoprotein made using two different CHO strains (established cell lines)
Parameter %Mono and nonsialylated %Biantennary %Sialylation of biantennary %Deamidation
Strain ID A B A B A B A B
Sample 1 1 174 551 478 965 937 336 348
Sample 2 16 175 556 479 97.0 936 336 350
Sample 3 156 177 557 479 969 935 335 348
Average 116 175 555 479 96.8 936 336 349

SD 01 0.2 0.3 01 0.3 01 0.1 0.1
%RSD Q9 0.9 0.6 01 0.3 01 0.2 0.3

Monitorting Sialylation via CZE in Comparison with a HPLC Method Specfically Developed for this

Purpose
S 1200
= (A)
]
& 10001
@
=
[=]
.
2 80.01
§8
£C CZE
=T | o
g o 600 @ HPLC
n S
©
o
Q 400
o
2]
2 200
T
o
0.0
28C 28C  28C 25C Delta 25C Delta 25C Delta ~ 30C Delta 30C Delta 30C Delta  35C Delta 35C Delta 35C Delta
Delta pH Delta pH Delta pH pHOO pH-03 pH-05 pH00 pH-03 pH-05 pH0.0 pH-03 pH-05
0.0 03 0.5
Monitoring Deamidation via CZE in Comparison with a HPLC Method Specfically Developed for This
Purpose
250.0
(B)
200.0 1
{ =4
S
©
=)
‘E 3 15001
[
7]
a]

oCZE
100.0 1 mHPLC

50.0 1

(relative to 2-8C delta pH 0.0 which is set = 100)

0.0
2-8C 2-8C 2-8C 25C Delta 25C Delta 25C Delta 30C Delta 30C Delta 30C Delta 35C Delta 35C Delta 35C Delta
Delta pH Delta pH Delta pH pH0.0 pH+0.3 pH+05 pH0.0 pH+03 pH+05 pH0.0 pH+0.3 pH+05
0.0 +0.3 +0.5

Fig. 11. Results showing the stability indicating capability of the CZE method developed for the glycoprotein used in this study is demonstratatitpy it

to monitor changes in the amount of desialylation (using data obtained vi@ff@and deamidation (using data obtained via &j) when this molecule is
stored for 3 months at 2-8, 25, 30, 35 at target pH value and at pH value$.3 and+0.5 from target pH. In each case, data obtained by the CZE method
(indicated by the blue color bars) is compared with data obtained using a separate, but specific HPLC method (indicated by the red colored bars)gor meas
(A) deamidation and (B) desialylation (see discussion in Se@iér2for information about both HPLC methods). Values reported in both plots are percent
values relative to their initial value measured at 2€8at target pH (which was assigned an initial value of 100%). (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of the article).
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Table 3

Comparison of quantitative CZE data (obtained freig. 1(B) for the glycoprotein made using two different growth conditions

Parameter %Mono and nonsialylated %Biantennary %Sialylation of biantennary %Deamidation
Growth condition A B A B A B A B

Sample 1 1 6.5 551 382 965 980 336 315
Sample 2 16 6.4 556 37.8 97.0 980 336 312
Sample 3 16 6.5 557 378 969 979 335 313
Average 116 6.5 555 379 96.8 980 336 313

SD 01 01 0.3 0.2 0.3 01 01 0.2
%RSD Q9 09 0.6 0.6 0.3 01 0.2 0.5
based on the procedures outlined5s,56], which involves Results obtained in using this CZE method on other gly-

the separation and quantification of the enzymatic releasedcoproteins, at present, have been variable. In particular, for

and fluorescently tagged oligosaccharid&S]. Although glycoproteins having a much higher molecular weight, such

there are some differences in the actual levels of deamidationas antibodies, results have been disappointing. Opportunities

and desialylation determined by CZE and HPLC, the trends for achieving similar successful separations, as demonstrated

in the level of deamidation and desialylation are consistent. in this paper, with other glycoproteins appear to be limited
to glycoproteins of similar or lower molecular weight. These
observations point out the general difficulty in applying CZE

4. Conclusions methods developed in the literature from one protein to an-
other. This difficulty is most likely due to the wide variability

The micro-heterogeneity of the glycoprotein detected by in physico-chemical properties of proteins. However, when

the CZE method developed in this paper can be attributed tosuitable methods are found, the high efficiency and resolution

absence or presence of various forms of the oligosaccharide®f CZE can be realized. Such situations are illustrated by re-

and to the amount of deamidation on the glycoprotein. Al- sults reported in this paper and the use of CZE for the analysis

though the glycoprotein studied in this paper has only one of recombinant human erythropoief9] and carbohydrate-

site for carbohydrate attachment, the resulting CZE method deficient transferrii60].

has shown the level of micro-heterogeneity to be extensive

(similar level of complexity have been reported for other gly-

coproteins[57,58)). Using a long capillary, we have been Acknowledgements

able to detect over 60 peaks. Because sialic acid residues

contain carboxyl groups that havé&Kp values in the pH The authors would like to express their deepest appre-

range of the electrophoresis buffer used for the CZE sepa-ciation for the encouragement and enthusiasm, which they

ration[53], an increase in the number of sialic residues per received from the late professor Csaba Huhv His friend-

glycoprotein molecule increases the net negative charge onship and expertise in the separation sciences will be greatly

the glycoprotein. Variations in the amount of net negative missed.

charge along with differences hydrodynamic frictional drag

between various glycoforms allow for their electrophoretic
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