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Abstract

Seven forms of a therapeutic recombinant antibody that binds to the her2/neu gene product were resolved by
cation-exchange chromatography. Structural differences were assigned by peptide mapping and HIC after papain digestion.
Deamidation of light chain asparagine 30 to aspartate in one or both light chains is responsible for two acidic forms. A low
potency form is due to isomerization of heavy chain aspartate 102; the Asp102 succinimide is also present in a basic peak
fraction. Forms with both Asn30 deamidation and Asp102 isomerization modifications were isolated. Deamidation of heavy
chain Asn55 to isoaspartate was also detected. Isoelectric focusing in a polyacrylamide gel was used to verify the
assignments. All modifications were found in complementarity determining regions.  2001 Elsevier Science B.V. All
rights reserved.
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1. Introduction little potential for the discovery of novel or interest-
ing features, particularly for a large molecule with

The general structural features of immuno- four polypeptide chains. However, a number of
globulins have been known for decades, including reports are now available detailing variations of
the complete amino acid sequence and disulfide covalent structure that introduce undesirable prop-
bonding pattern for IgG [1] as well as the typical erties, including methionine oxidation that affects the1

N-linked oligosaccharides found at a conserved potency and stability of OKT3 [3], a mutation
position in the C 2 domain [2]. For recombinant unintentionally introduced during transfection [4],H

monoclonal antibodies whose light chain and heavy glycosylation differences that influence F effectorc

chain sequences are known in advance of any functions [5], or antibody fragmentation [6]. Assays
chemical characterization, there would appear to be for the determination of the extent of overall deami-

dation [7], the types of N-linked oligosaccharides
[8], or the extent of heavy chain glycosylation [9] are*Corresponding author. Tel.: 11-650-225-4187; fax: 11-650-
available. The processing of C-terminal lysine res-225-3554.

E-mail address: reed@gene.com (R.J. Harris). idues from antibody heavy chains has been noted by
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many [10], but this is not a significant issue except paper is the validated method used for the release of
that it introduces charge heterogeneity that can mask rhuMAb HER2 production lots. Seven forms can be
other structural variants. resolved by cation-exchange chromatography. All

The remaining challenge for the analytical chemist were assigned using a variety of analytical methods,
is to resolve minor forms, determine the structural including trypsin and endoproteinase Asp-N peptide
features that distinguish them from the major form, map analyses, hydrophobic interaction chromatog-
and to assign their potency or pharmacokinetic raphy (HIC) after papain digestion, isoelectric focus-
properties. This task is complicated for monoclonal ing in a polyacrylamide gel (IEF), and sequential
antibodies by the dimeric nature of the molecule, Edman degradation after alkaline hydroxylamine
since often only one light or heavy chain is affected, cleavage. Assignment of peptide fractions required
and by the overall size (approximately 148 kDa). A sequential Edman degradation and MALDI–TOF
number of analytical approaches have been de- mass spectrometry. The potencies of three forms
scribed, including peptide mapping [3,4,11], mass were determined using an assay that measures the
spectrometry [12,13], hydrophobic interaction chro- ability of rhuMAb HER2 to inhibit proliferation of a
matography [14–16], capillary electrophoresis [9], human breast carcinoma (BT-474) cell line that
and cation exchange after papain digestion [17]. over-expresses the her2/neu gene.
Approval by regulatory authorities for therapeutic
recombinant antibodies requires the development of
methods that can show key structural features, 2. Methods
particularly those that reveal instability that could
affect potency or pharmacokinetic aspects. In addi- 2.1. Materials
tion, such methods often have value for formulation
development and/or in the assignment of product Most rhuMAb HER2 samples were formulated at
expiration dating [18]. 25 mg/ml in 5 mM histidine, pH 6, 60 mM trehalose

rhuMAb HER2 (Herceptin , trastuzumab for in- and 0.01% polysorbate 20. Accelerated degradation
jection) has been licensed for the treatment of samples from an earlier clinical production process
metastatic breast cancer involving over-expression of were incubated for 90 days at 308C (degraded) or
the her2/neu gene [19]. In unpublished studies with 2–88C (control) in 5 mM NaOAc, pH 5, 145 mM
muMAb 4D5, the murine monoclonal anti- NaCl and 0.01% polysorbate 20 to enrich for minor

her2 / neup185 antibody [20] that is the parent of the structural variants that are found in trace quantities in
humanized antibody (rhuMAb HER2), we found that current production material.
light chain Asn30 was prone to deamidation when
stored at elevated temperatures in a pH 7.4 phos- 2.2. Cation-exchange chromatography
phate-buffered saline (PBS) excipient; this residue
was part of a muMAb 4D5 light chain CDR segment A 4.63250 mm analytical BakerBond CSX col-
that was transferred to the humanized antibody [21]. umn was equilibrated for 20 min with 90% buffer A
Subsequent studies with rhuMAb HER2 showed that (20 mM sodium phosphate, pH 6.9) and 10% buffer
a succinimide accumulated at the heavy chain B (20 mM sodium phosphate, pH 6.9, with 200 mM
Asp102 position when the humanized antibody was NaCl) at a 2 ml /min flow-rate, then the flow-rate
incubated at pH 5 in an acetate-NaCl buffer [14]. We was reduced to 1 ml /min. The column temperature
investigated the possibility that cation-exchange was maintained at 408C. Upon sample injection, a
chromatography could serve as a single analytical linear gradient changing from 10 to 45% buffer B
method that would allow monitoring of Asn30 over 55 min was begun. The column was washed
deamidation and Asp102 succinimide formation. In with 100% buffer B at 2 ml /min for 5 min, then
addition to these known charge variants, four other re-equilibrated with 10% buffer B. The column
minor peak fractions were isolated by cation-ex- effluent was monitored at 280 and 214 nm.
change chromatography and characterized. Peak fractions were collected manually and pooled

The cation-exchange method described in this from multiple 2.5 mg injections for analysis using
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the procedure(s) described below. The IEX-C peak digestion was allowed to proceed for 3 h at 378C; a
fraction was collected from the accelerated degra- second 1:200 aliquot was then added for another 3 h
dation (308C) sample, then exchanged by dialysis digestion at 378C.
into pH 7.4 PBS for incubation at ambient tempera- RP-HPLC was performed using a Hewlett-Packard
ture for 36 h. 1090M HPLC system equipped with a Vydac C18

(2.13250 mm) column; solvents A and B were 0.1%
TFA in water and 0.1% TFA in acetonitrile, respec-

2.3. Tryptic peptide map analysis tively. The column was equilibrated at a flow-rate of
0.25 ml /min with 100% solvent A at 308C. Three

S-carboxymethylation was performed prior to min after sample injection, a linear gradient was
digestion with trypsin. Samples were exchanged by developed from 0 to 50% solvent B in 75 min. Peak
dialysis into a pH 8.6 buffer containing 6 M fractions were collected manually.
guanidine, 0.36 M Tris and 1 mM EDTA. Dithio-
threitol (DTT; Sigma) was added to a final con-
centration of 10 mM and the samples were incubated 2.5. Peptide analyses
at 378C for 1 h. Iodoacetic acid (Sigma), freshly
prepared in 2.9 M NaOH, was then added to a Peptide identities for the collected peak fractions
concentration of 35 mM. After a 15-min incubation were assigned by either a comparison of masses
at 378C in the dark, the alkylation was quenched by obtained by matrix-assisted laser desorption ioniza-
adding dithiothreitol to a final concentration of 40 tion time-of-flight mass spectrometry (MALDI–
mM. TOF/MS) with the expected peptide masses, or by

The reduced and S-carboxymethylated samples sequential Edman degradation. MALDI–TOF/MS
were then exchanged by dialysis into a pH 7.5 buffer samples were crystallized in a 10% 29,49,69-trihydro-
containing 10 mM Tris and 0.1 mM CaCl . TPCK- xyacetophenone matrix containing 25% acetonitrile2

treated trypsin (Worthington) was added to the and 75% 13.3 mM ammonium citrate. MALDI–
samples at a 1:40 (w:w HER2) ratio. Digestion was TOF/MS positive-ion spectra were obtained using a
allowed to proceed for 4 h at 378C, then trifluoro- PerSeptive Biosystems Voyager Elite instrument.
acetic acid (TFA; Pierce) was added to bring the Edman degradation was performed using ABI 477A/
samples to 0.5% TFA by volume. 120, ABI 494 or Hewlett-Packard G1000A se-

Reversed-phase HPLC (RP-HPLC) was performed quencers, with quantitation by relative peak height
using a Hewlett-Packard 1090M HPLC system comparisons to external PTH-standard mixtures.
equipped with a Vydac C18 (4.63250 mm) column;
solvents A and B were 0.1% TFA in water and 0.1%
TFA in acetonitrile, respectively. The column was 2.6. Papain /HIC analysis
equilibrated at a flow-rate of 1 ml /min with 100%
solvent A at 308C. A period of 3 min after injection Samples were exchanged into 135 mM Tris, pH
of trypsin-digested material, a linear gradient was 7.2, 2 mM EDTA and 10 mM cysteine. Papain
developed from 0 to 40% solvent B in 80 min. Peak (Boehringer Mannheim) was added at a 1:200 (w:w
fractions were collected manually. HER2) ratio, and digestion was allowed to proceed

for 2 h at 378C, then a second 1:200 aliquot was
added for another 2 h digestion. A Hewlett-Packard

2.4. Asp-N peptide map analysis HP1090 system, equipped with a TosoHaas 4.6335
mm NPR-butyl column, was operated with a 1 ml /

Samples were S-carboxymethylated as described min flow-rate and a column temperature of 308C.
above, then exchanged by dialysis into a pH 8 buffer Solvent A was 2 M ammonium sulfate containing 20
containing 100 mM NaOAc, 10 mM Tris and 1 mM mM Tris, pH 7, while solvent B contained only 20
CaCl . Endoproteinase Asp-N (Boehringer Mann- mM Tris, pH 7. Papain fragments were eluted using2

heim) was added at a 1:200 (w:w HER2) ratio, and a 34 min linear gradient from 10 to 100% solvent B.
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2.7. Alkaline hydroxylamine cleavage (Gibco) supplemented with 10% fetal bovine serum
(HyClone) and 2 mM glutamine. BT-474 cell sus-

5Samples from the main cation-exchange peak pensions of 1310 per-ml were made; 100 ml were
(IEX-3) and the IEX-C peak were exchanged into 2 dispensed per-well in Costar 96-well tissue culture
M hydroxylamine and 0.2 M Tris, pH 9, for a 2-h plates, and then preincubated for 1–3 h at 378C. A
incubation at 408C. The samples were then loaded total of 100 ml of samples and standards of varying
onto the reversed-phase support of a Hewlett-Pac- concentrations were added and incubated for 5 days
kard G1000A protein sequencer, and analyzed using at 378C. At the end of the incubation, the cell
Edman degradation chemistry version 3.1. number was quantitated after adding alamarBlueE

(AccuMed International). AlamarBlueE is a redox
2.8. Isoelectric focusing in a polyacrylamide gel dye that fluoresces when reduced by live cells.

Relative fluorescence (530 nm excitation, 590 nm
An isoelectric focusing polyacrylamide gel, con- emission) was measured using a Cambridge Technol-

taining 3.9% acrylamide /bis (Pharmacia PlusOne ogy Model 7620 plate reader. A 4-parameter logistic
Ready Mix IEF, 30% [w/v] stock solution), 0.5% curve-fitting program was used to generate a stan-
Triton X-100, 0.17% pH 3.5–10 ampholines, 0.94% dard curve that reports the rhuMAb HER2 con-
pH 8–9.5 ampholines, and 0.88% pH 9–11 am- centration. Specific activity was relative to the
pholines (all Pharmacia), was degassed and cast antiproliferative activity of the reference lot (as-
vertically with 0.75 mm spacers on a GelBond PAG signed 100% specific activity).
film (Pharmacia). The gel was prefocused at 48C on
a LKB 2217 Ultraphor IEF apparatus at 400 V, 100
mA, and 5 W for 9 min with 1 N sodium hydroxide 3. Results
and 0.4 M HEPES for the cathode and anode.

Samples were concentrated using Amicon The primary sequences and complementarity-de-
Centricon-30 units prior to loading the gel. Samples termining regions (CDRs) of the rhuMAb HER2
and pI markers (Pharmacia) were loaded on paper light and heavy chain genes are given in Fig. 1.
applicator strips 2 cm from the anode. The voltage These sequences are based on the structure proposed
limit was increased to 450 V, 120 mA and 5 W after after humanization of the murine antibody [21], and
loading the samples. The voltage limit was gradually were verified by assignment of peptide fractions
increased over 25 min to 900 V, 120 mA and 7 W. obtained after tryptic digestion [4]. The heavy chain
After 60 min of gel focusing, the voltage was C-terminal Lys450 residue is not shown for this
increased to 1150 V to continue focusing for an sequence because it is removed from .99% of heavy
additional 120 min. chains, presumably by the action of basic carboxy-

The focused gel was fixed in a 10% trichloroacetic peptidases [24], during cell culture production. The
acid, 5% sulfosalicyclic acid (w/v) solution for 45 cation-exchange profile for rhuMAb HER2 is given
min, washed twice for 20 min each in a 20% ethanol, in Fig. 2. The major peaks are numbered (1–4) while
6.25% acetic acid solution, then stained in 0.125% the less abundant forms are labeled with letters (A,
Coomassie R-250, 0.05% Cu SO , 37.5% ethanol B, C).2 4

for 90 min. A 45-min intermediate destain of 0.5%
Cu SO , 7.5% acetic acid, 40% MeOH was used to 3.1. Assignment of IEX-12 4

help clear the background. Finally the gel was
destained in 20% EtOH/6.25% acetic acid until a A comparison of tryptic peptide maps obtained for
clear background was obtained. The destained gel IEX-1 and IEX-3 is given in Fig. 3, with peptide
was dried onto the attached gel backing. assignments for the collected peak fractions given in

Table 1. IEX-1 gave two forms of the LC:25-42
2.9. BT-474 cell proliferation assay peptide, with Asp (peak D30) or Asn (peak N30) at

the Asn30 position, consistent with an underlying
BT-474 human breast carcinoma cells (ATCC structure with one deamidated (Asp30) light chain

HTB 20) were grown in DMEM:F12 (1:1) medium and one light chain with the expected Asn30 se-
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Fig. 1. Primary sequences of the rhuMAb HER2 light and heavy chains. The heavy chain Asn300 glycosylation site is underlined.
Complementarity-determining regions are indicated by the boldface italicized type.

quence. The main peak fraction (IEX-3) shows only This isoAsp30 form is not present in the current
the Asn30 form of the LC:25-42 peptide. production samples, but can be detected in an

The expected deamidation of proteins and peptides accelerated degradation sample where the material
proceeds via a succinimide intermediate, followed by was held at 308C for 90 days in a pH 5 acetate / saline
partial hydrolysis of the succinimide ring to produce liquid formulation (peak I30 in Fig. 4). In the pH 5
isoaspartate (the major product) and aspartate (the accelerated degradation samples, the IEX-1 form
minor product) [22,23]. The Asn30 deamidation converts to the IEX-3 elution position (data not
product is aspartate, not isoaspartate, indicating that shown).
this reaction does not proceed via the succinimide HIC analysis after papain digestion was also
intermediate; an alternative mechanism, such as performed, with papain cleaving the heavy chains
nucleophilic attack, may be responsible. The elution between His227 and Thr228, producing two Fab

position of the LC:25-42 tryptic peptide with iso- fragments (each containing one light chain and one
aspartate at the Asn30 position has been established. heavy chain 1-227 fragment) and one dimeric Fc
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Fig. 4. Tryptic peptide map detail for stability samples. (A)Fig. 2. rhuMAb HER2 cation-exchange profile. Peak assignments
control (2–88C) sample. (B) sample stored at 308C for 90 days inare given in Table 6.
a pH 5 acetate-NaCl excipient.

(heavy chain 228-449) fragment. Analysis of IEX-1
by HIC after papain digestion shows two F forms,ab

one that elutes in the Asn30 position (HIC-III of Fig.
5), and a new peak that represents the Asp30 Fab

form (HIC-II of Fig. 5). IEX-1 also appears to be
more acidic by IEF analysis (Fig. 6).

3.2. Assignment of IEX-C

The assignment of peak C was performed using
material collected from the accelerated degradation
study. Edman sequence analysis after alkaline hy-
droxylamine cleavage of the heavy chain indicated
the position of the Asp102 succinimide in the IEX-C
fraction [14]. The results, summarized in Table 2,
show evidence of internal cleavage of the heavy
chain between Asp102 and Gly103 only in IEX-C

Fig. 3. Tryptic peptide map detail for (A) IEX-3 and (B) IEX-1. material, consistent with the presence of a suc-
Labeled peak assignments are given in Table 1.

cinimide at the Asp102 position of one heavy chain.

Table 1
Assignment of LC:25-42 peptides

a bPeak Observed Peptide sequence Assignment
Mass (Da)

I30 1991.2 ASQDVntavawyqqkpgk LC:25-42, isoAsp30
N30 1990.0 ASQDVNTAVAWYQQKPGK LC:25-42, Asn30
D30 1991.0 ASQDVDTAVAWYQQKPGK LC:25-42, Asp30

a Peak identifiers refer to labels in Figs. 3 and 4.
b Lower case letters refer to residues not observed by Edman sequence analysis.
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For IEX-C, the yield of the internal sequence starting
at Gly103 was about 25% of the overall heavy chain
sequence yield, indicating approximately 50% cleav-
age of one heavy chain. The IEX-3 control sample
was not susceptible to this internal cleavage by
hydroxylamine. The IEX-C form is apparently more
basic than the main peak form because the negative
charge found on the Asp102 side-chain has been
neutralized in the succinimide form.

Succinimides are typically unstable at neutral or
alkaline pH [22,23,25]; as a result, the collected
IEX-C material was already partially degraded upon
collection, with the IEX-C form representing 83% of

Fig. 5. Hydrophobic interaction chromatography after papain the total peak area (Fig. 7C). Further degradation of
digestion of material collected by cation exchange. Approximately

collected IEX-C material by incubation in phosphate20 mg were injected. (A) IEX-3. (B) IEX-1. (C) IEX-4.
buffered saline is demonstrated in Fig. 7B. The
principal degradation products are IEX-4 and IEX-3,
consistent with the known hydrolytic degradation
pathway for protein succinimides, in which the major
hydrolysis product is isoaspartate (represented by
IEX-4) and the minor hydrolysis product is aspartate
(represented by IEX-3). Trace amounts of the IEX-1
and IEX-2 forms also develop upon incubation in
PBS (Fig. 7B), due to deamidation of light chain
Asn30 as discussed below.

The instability of IEX-C in slightly alkaline
conditions may also be responsible for the observa-
tion that IEX-3 and IEX-4 appear at the same

Fig. 6. Isoelectric focusing in a polyacrylamide gel. Approximate-
ly 5 mg of each cation-exchange fraction were loaded. Approxi-
mate pI values for the standards are given at the left. (M) IEF
standards. (R) unfractionated rhuMAb HER2. (A) IEX-A. (B)
IEX-B. (1) IEX-1. (2) IEX-2. (3) IEX-3. (4) IEX-4. (C) IEX-C.

Table 2
Sequence analysis after alkaline hydroxylamine cleavage

Peak Observed sequences nmol yield Starting residue

IEX-3 DIQMTQSPSS 0.41 LC: 1–
EVQLVESGGG 0.56 HC: 1–

IEX-C DIQMTQSPSS 0.22 LC: 1–
Fig. 7. Cation-exchange chromatography of (A) unfractionated

EVQLVESGGG 0.22 HC: 1–
rhuMAb HER2, (B) IEX-C material incubated for 36 h in PBS at

GFYAMDYWGQ 0.06 HC: 103–
258C, or (C) IEX-C 2208C control.
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distinguish aspartyl from isoaspartyl residues based
on the relatively high resistance of the isoaspartyl
form to Asp-N digestion. The Asp-N digest maps of
F peaks I and III are given in Fig. 8, with peptideab

assignments given in Table 3. In Fig. 8A, F -IIIab

released primarily the HC:90-102 peptide (peak IIIa),
consistent with cleavage at Asp102. In Fig. 8B, F -Iab

released primarily the HC:90-107 peptide (peak Ib),
consistent with poor cleavage at isoAsp102. Con-
firmation of the isoAsp102 assignment for peak Ib
was achieved by sequential Edman degradation,
showing a complete loss of sequencing yield after
Gly101 of the peptide sequence, indicating the
presence of an isoaspartate residue at position 102

Fig. 8. Endoproteinase Asp-N digestion of F peaks collected byab [26]. The Asp102–Met107 peptide was not detectedHIC after papain digestion of IEX-4. (A) F -III (Asp102). (B)ab
in either Asp-N map.F -I (isoAsp102).ab

When a Lys450 residue is present on one heavy
position in the IEF gel (Fig. 6), with the succinimide chain, such a rhuMAb HER2 form will also elute in
degrading under the alkaline pH conditions used for the IEX-4 position (data not shown). The samples
loading the samples and/or running the gel. We have used to perform the studies described in this report
not tested this hypothesis, so it may also be possible did not contain any heavy chain Lys450 residues, but
that the pI differences between the IEX-3 and IEX-4 this type of interfering co-elution can easily be
forms are insufficient for IEF resolution. eliminated by pre-incubation with carboxypeptidase

B [15].
3.3. Assignment of IEX-4

The presence of isoAsp102 in one heavy chain of 3.4. Assignment of IEX-2
IEX-4 was first indicated by the conversion of IEX-C
primarily to the IEX-4 position after incubation in The poorly resolved IEX-2 peak pair was collected
PBS as described above (Fig. 7B). To confirm this from the control sample as a single fraction. The
assignment, HIC after papain digestion was used to tryptic peptide map of IEX-2 shows a mixture of the
resolve the IEX-4 F fragments; these appear as two Asn30 and Asp30 forms of the LC:25-42 peptideab

equal peaks, with F -III eluting in the same position (Fig. 9D), at approximately a 2:1 ratio. The papain /ab

as the IEX-3 F peak (Asp102) and F -I eluting HIC profile for IEX-2 shows the three known Fab ab ab

earlier (Fig. 5C). forms (Fig. 10D), including the isomerized (Asn30/
No differences were observed when the tryptic isoAsp102) F found in HIC-I, the deamidatedab

peptide maps of the F forms I and III were (Asp30/Asp102) F found in HIC-II, and the mainab ab

compared (data not shown). In our experience, F form (Asn30/Asp102) found in the HIC-IIIab

endoproteinase Asp-N digestion has been useful to position. As described above, thermal degradation of

Table 3
Assignment of Asp-N peptides from F -I and F -III (Fig. 8)ab ab

aPeak Observed Peptide sequence Assignment
mass (Da)

Ib 2120.3 DTAVYYCSRWGGdgfyam HC: 90-107, isoAsp102
IIIa 1435.3 DTAVYYCSRWGG HC: 90-101

a Lower case letters refer to residues not observed by Edman sequence analysis.
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each containing one deamidated Asp30 residue and
one isoAsp102 residue.

Each rhuMAb HER2 molecule contains two Fab

regions. Papain digestion of rhuMAb HER2 forms
with the Asp30 and isoAsp102 residues each found
in separate F regions would generate both theab

HIC-I (Asn30/ isoAsp102) and HIC-II (Asp30/
Asp102) forms. rhuMAb HER2 forms with both
these modified residues (Asp30 and isoAsp102) in
the same F region would release the unmodifiedab

HIC-III form (Asn30/Asp102) and a new form
(Asp30/ isoAsp102) that might elute in yet a differ-
ent position. The pattern observed for IEX-2 after

Fig. 9. Tryptic peptide map detail for cation-exchange peak
papain digestion is consistent with this model (Fig.fractions A, B and 2. D30 and N30 refer to the residue found at
10D), as the three known F forms are observed inposition 30 of the LC:25-42 peptide. (A) unfractionated rhuMAb ab

roughly equal amounts. Assuming deamidation andHER2. (B) IEX-A. (C) IEX-B. (D) IEX-2.

isomerization occur independently, the F formab

containing both modifications (Asp30/ isoAsp102)
the fraction containing the Asp102 succinimide should also be present, but this form was not
(IEX-C) gave rise to a small amount of both forms detected.
of IEX-2 (Fig. 7B). The IEX-2 fraction appears in
the same position in the IEF gel as IEX-1, both of 3.5. Assignment of IEX-A
which are more acidic than the main (IEX-3) form
(Fig. 6). Tryptic peptide mapping of IEX-A material shows

The combined data suggest that the IEX-2 peaks primarily the Asp30 form of the LC:25-42 peptide
represent forms of the rhuMAb HER2 antibody with (Fig. 9B). IEF analysis of this fraction shows that
both the Asp30 and isoAsp102 residue differences, IEX-A is more acidic than the IEX-1 material (Fig.
though both are not necessarily in the same F . The 6), at a position shifted twice the distance observedab

presence of IEX-2 as a peak pair after degradation of between IEX-3 and IEX-1. Papain /HIC analysis
the IEX-C (succinimide) form (Fig. 7B) suggests that shows that this fraction contains mainly the Asp30
two slightly different antibody types are formed, form of the F (peak II in Fig. 10B). These resultsab

are consistent with IEX-A representing the form with
two deamidated (Asp30) light chains.

3.6. Assignment of IEX-B

Tryptic peptide mapping of IEX-B material (Fig.
9C) shows the Asn30 and Asp30 forms of the
LC:25-42 peptide in approximately the same ratios
as the unfractionated sample (Fig. 9A). IEF analysis
of this fraction shows that IEX-B is no more acidic
than the IEX-1 material (Fig. 6). Papain /HIC analy-
sis shows that this fraction contains a mixture of the
Asn30 form of the F (peak III in Fig. 10C) and aab

new, broad F peak form. These results suggest theab

presence of an acidic modification that is differentFig. 10. Hydrophobic interaction chromatography after papain
from those described above.digestion of material collected by cation exchange. (A) IEX-3. (B)

IEX-A. (C) IEX-B. (D) IEX-2. Asp-N peptide mapping of IEX-B material showed
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Table 5
Relative potencies of IEX fractions in the BT-474 antiproliferation
assay

Sample Specific activity (%)
aUnfractionated 100

IEX-1 98
IEX-3 141

bIEX-4 12-30
a The reference material is assigned 100% potency.
b Curves did not dilute in parallel with the standard.

3.7. Potency determinations

Fig. 11. Endoproteinase Asp-N peptide map detail. Peptide as- In Table 5, the unfractionated rhuMAb HER2
signments for the labeled peaks are given in Table 4. (A) IEX-3.

reference standard is assigned a relative antiprolifer-(B) IEX-B.
ative activity of 100%. The main peak (IEX-3)
activity is higher for the main peak (141%). The
deamidated material found in IEX-1 has the same

enrichment of peak B1 when compared to the IEX-3 activity as the unfractionated material (98%), but this
control digestion pattern (Fig. 11). Peptide assign- is only 70% as potent as the main peak material.
ments are summarized in Table 4. Peak B1 contains Material collected as IEX-4 is very low in potency,
a peptide with the HC:31-61 sequence estimated at 12–30% relative antiproliferative activi-
(DTYIHWVRQAPGKGLEWVARIYPTNGYTRYA), ty (9–21% as potent as the main peak material); the

]
but with a mass that is 1 Da higher than the B2 form exact potency could not be assigned for this fraction
of the HC:31-61 peptide obtained for the IEX-3 because the data curve did not dilute in parallel with
profile, consistent with the conversion of an Asn the reference standard.
residue to Asp or isoAsp. Deamidation of Asn55 to
Asp would give the same 11 Da mass difference,
but is deemed unlikely because an Asp55 residue 4. Discussion
would be susceptible to Asp-N digestion. There was
insufficient material to assign the deamidation site Seven forms of rhuMAb HER2 can be resolved by
directly by sequencing techniques, but the only likely cation-exchange chromatography (Table 6). All six
deamidation site in this peptide is found at Asn55 (in minor forms could be assigned using a combination
the Asn–Gly sequence underlined above), so the of analytical techniques, but in general, the data
principal structural difference between IEX-B and supporting the assignments of the peak fractions are
IEX-3 was attributed to deamidation of Asn55 to easier to interpret for the more abundant forms.
isoaspartate. Asn30 is present as aspartate in an Asn–Thr se-

Table 4
Assignment of Asp-N peptides from IEX-3 and IEX-B

aPeak Observed Peptide sequence Assignment
mass (Da)

B1 3681.8 DTYIHWVRQAPGKGLEWVARIYPTXGYTRA HC: 31-61, isoAsp55
B2 3680.8 DTYIHWVRQAPGKGLEWVARIYPTNGYTRA HC: 31-61, Asn55

a The letter X refers to isoaspartate.
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Table 6
rhuMab HER2 cation-exchange peak assignments

Peak Peak area % Structural difference(s) At LC Asn30 At HC Asn55 At HC Asp102

A 0.5 Deamidated (to Asp) at Asn30 of both light chains Asp/Asp Asn/Asn Asp/Asp
B 1.1 Deamidated (to isoAsp) at Asn55 in one heavy chain Asn/Asn isoAsp/Asn Asp/Asp
1 13.6 Deamidated (to Asp) at Asn30 of one light chain Asn/Asp Asn/Asn Asp/Asp
2 1.7 Deamidated (to Asp) at Asn30 of one light chain, and Asn/Asp Asn/Asn Asp/ isoAsp

isomerized (to isoAsp) at Asp102 of one heavy chain
3 73.8 Main peak form Asn/Asn Asn/Asn Asp/Asp
4 8.5 Isomerized (to isoAsp) at Asp102 of one heavy chain Asn/Asn Asn/Asn Asp/ isoAsp
C 0.7 Succinimide (Asu) at Asp102 position of one heavy chain Asn/Asn Asn/Asn Asp/Asu

quence in one light chain in the most abundant minor prone to succinimide-mediated isomerization to iso-
form (IEX-1). The potency of IEX-1 is slightly Asp at pH 5.
reduced (70% as active as the main peak form). The discovery of stable succinimide structures in
However, even when |15% of the product pool is proteins is an increasingly common experience
represented by this form, this lower potency does not [25,28–31]. Formation of these succinimides appears
have a significant effect on the overall potency of the to be favored when these proteins are incubated near
pool. Thus, it was not necessary to remove the IEX-1 pH 5. Assignment of the rhuMAb HER2 IEX-C form
form during product recovery. A form that is deami- was performed previously using fractions isolated by
dated in both light chains is barely detectable as peak a different hydrophobic interaction chromatography
IEX-A. method [14]. This work was repeated using cation-

Deamidation of asparagine residues usually exchange chromatographic fractions collected from a
proceeds via a succinimide intermediate, with the stability sample, and the presence of the succinimide
favored product of deamidation being isoaspartate at the heavy chain Asp102 position was confirmed.
[22,23]. Deamidation of Asn30 to isoaspartate was Incubation of the IEX-C fraction at neutral pH
observed for the murine monoclonal antibody revealed links to the IEX-4 (Asn30/ isoAsp102) and
(muMAb 4D5) that is the parent of rhuMAb HER2, IEX-2 (Asp30/ isoAsp102) forms. Assignment of the
but for some reason that is not yet clear, the Asn30 IEX-4 form required peptide mapping after endo-
residues of the humanized antibody (rhuMAb HER2) proteinase Asp-N digestion of F fragments. Theab

do not deamidate to isoAsp during cell culture IEX-2 form was assigned after papain /HIC analysis,
production. It is possible that the hydrogen bonding which showed the presence of all known F forms,ab

or polypeptide bond angles are different between indicating that the IEX-2 forms contain a deamidated
muMAb 4D5 and rhuMAb HER2, as these structural light chain and an isomerized heavy chain, with
features are important determinants for protein these two modifications in either the same or sepa-
deamidation [27]. rate F regions.ab

Tryptic maps performed on unfractionated stability The IEX-B form is unrelated to the other forms
samples revealed an increase in the isoAsp30 form of resolved by cation-exchange chromatography, being
the LC:25-42 peptide along with a slight decrease in due to conventional deamidation, with heavy chain
the Asp30 form, indicating that although Asn30 Asn55 (found in an Asn–Gly sequence in a heavy
residues are stable at pH 5, Asp30 residues will form chain CDR) converted to isoAsp. Additional minor
the succinimide and ultimately will be converted to charge heterogeneity that is not resolved by cation-
isoAsp during tryptic map sample preparation. Thus, exchange seems unlikely given that the peak assign-
Asn30 residues deamidate to Asp at neutral pH ments are consistent with the charge patterns ob-
during cell culture production but appear to be stable served by isoelectric focusing in a polyacrylamide
at pH 5, whereas the Asp30 residues formed by this gel.
deamidation appear to be stable at neutral pH but are The rhuMAb HER2 potency assay measures the
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ability of the antibody to prevent the proliferation of graphic purity assay where altered interactions be-
a cell line derived from a human adenocarcinoma tween the antibody’s surface features and a station-
that over-expresses the her2/neu gene. The form ary phase are the basis for the separation. The same
with one deamidated light chain is only slightly factors that contribute to chromatographic resolution
reduced in potency, whereas the form with might not be achieved with IEF methods. In the
isoAsp102 in one heavy chain CDR is greatly example of rhuMAb HER2, cation-exchange chro-
affected. These potency differences are consistent matography provided excellent resolution of several
with earlier studies that demonstrated that rhuMAb closely-related minor forms, ultimately allowing us
HER2 antiproliferative activity requires a bivalent to delineate structural features with meaningful
antibody [32]. The other minor peak forms were not biological consequences, such as lower potency.
collected for potency determinations because they
would not have much effect on the potency of the
unfractionated pool given their relatively low abun- Acknowledgements
dance (Table 6).
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