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Introduction

Recombinantly produced monoclonal antibody (mAb) products 
usually contain size variants (e.g., aggregates, fragments) that 
are generated during manufacture and storage.1-3 Because aggre-
gates and fragments may potentially affect immunogenicity and 
potency, their levels are typically monitored during lot release, 
stability, and characterization.4-6

Size exclusion chromatography (SEC) separates size vari-
ants primarily based on the hydrodynamic volume of the mol-
ecules.7 Antibody size variants are typically monitored with 
SEC under native conditions. A typical SEC profile shows clear 
separations between aggregates, antibody monomer, and frag-
ments.2,3 Therefore, SEC is a widely used method for quality 
control and characterization of antibody therapeutics. Since the 
amount of light scattered is directly proportional to the prod-
uct of the weight-average molar mass and the macromolecule 
concentration, SEC coupled with multi-angle laser light scat-
tering (SEC-MALS) has been used to characterize the molec-
ular mass of individual species, size distribution within the 
peaks, and extent of aggregation and degradation as evidenced 
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by molecular weight increase or reduction and the change in 
monomer amount.8,9

Sodium dodecyl sulfate PAGE (SDS PAGE) is a traditional 
technique used to separate different size proteins according to 
their electrophoretic mobility differences.10 In 1999, a novel 
platform based on microfluidics technology with LabChip, the 
Agilent 2100 Bioanalyzer, was introduced to convert qualitative 
SDS-PAGE to quantitative electropherogram.11,12, Protein samples 
labeled with a fluorescence dye prior to the on-chip analysis using 
High Sensitivity Protein 250 Kit have a linear dynamic range of 
four orders of magnitude, enabling quantitation of resolved size 
variants.13

SEC-MALS and gel electrophoresis provide only rough esti-
mations of molecular mass. For more accurate data, electron 
spray ionization—time of flight mass spectrometry (ESI-TOF 
MS) can be used to obtain the mass of an intact antibody with an 
accuracy better than 25 ppm.14,15

MAb-A is a recombinant IgG1 subtype humanized monoclo-
nal antibody produced in CHO cells. Common antibody high 
molecular weight size variants include dimer, trimer, and tetra-
mer. MAb-A lots produced from different clones and production 
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ESI-TOF MS analysis of SEC Peak 1. The intact mass of 
MAb-A SEC Peak 1 from Lots A and B were analyzed with ESI-
TOF MS. After deconvolution the non-reduced SEC Peak 1 from 
Lot A shows two major masses of 172761 Da and 196464 Da (Fig. 
4A), and the non-reduced SEC Peak 1 of MAb-A Lot B shows 
two major masses of 172941 Da and 196461 Da (Fig. 4B). When 
the reduced SEC Peak 1 fractions were analyzed, only heavy chain 
and light chain were observed (data not shown). The theoreti-
cal MAb-A average intact mass (2H2L with G0F glycan, asialo-, 
agalacto-, biantennary, core-substituted with fucose) is 148809 
Da, and its theoretical light chain (LC) average mass is 23826 
Da when cysteine thiols are in the disulfide form. The theoreti-
cal mass of the intact antibody plus 2 light chains is 196461 Da, 
which correlates very well with the measured mass of the larger 
species observed in both Lot A and Lot B (Table 1). The theoreti-
cal mass of intact antibody plus 1 light chain is 172635 Da, which 
is 126 Da less than Lot A major mass 172761 Da and 306 Da less 
than Lot B major mass 172941 Da. MAb-A light chain contains 
5 cysteinyl residues (Cys, or C) and four of them form two intra-
chain disulfide bonds, therefore the 5th Cys could link to a free Cys 
(adding 121 Da) or glutathione (GSH, adding 307Da). Table 1 
shows the comparison of theoretical masses and observed masses 
of Peak 1 in MAb-A Lot A and Lot B. The ESI-TOF MS results 
suggest that SEC Peak 1 contains MAb-A with 1 and 2 extra 
light chains (2H3L or 2H4L). The 2H3L variants in Lot A and 
Lot B had different major masses because one of five light chain 
cysteines was capped by Cys or GSH at different levels, which 
may be caused by cell culture media composition variability. The 
masses of 2H4L with mono- and di-galactosylated glycans were 
observed. No masses of 2H4L+ Cys and 2H4L+GSH were found.

CE-SDS and SDS PAGE analyses of SEC Peak 1. The SEC 
Peak 1 purified from MAb-A Lot B was analyzed using Agilent 
2100 Bioanalyzer with High Sensitivity Protein 250 Kit. This 
CE-SDS Bioanalyzer method can determine the approximate 
size of the proteins and provide relative abundance of each com-
ponent. If the SEC Peak 1 contains 2H3L and 2H4L, then the 
reduced CE-SDS should give higher relative percentage of light 
chain than that of the 2H2L form.

scales all contain an unusual SEC peak that elutes between 
MAb-A monomer and dimer. The methods described above were 
used to characterize this size variant peak and demonstrated that 
this peak contains MAb-A with one and two extra light chains. 
This report summarizes the characterization results and pro-
posed structures of these unusual variants.

Results

SEC and SEC-MALS analyses of MAb-A. SEC analysis of 
MAb-A was used as a characterization and quality control 
method. Overlaid SEC-UV traces of a typical IgG1 monoclo-
nal antibody (IgG1 mAb), and Lots A, B, and reference mate-
rial (Ref) of MAb-A are shown in Figure 1. MAb-A Lot A was  
produced at 400 L scale, while Lot B was produced at 2,000 L 
scale using slightly different process parameters. As shown in 
Figure 1, the SEC UV trace of the IgG1 mAb shows a dimer peak 
and a monomer peak; however, SEC UV traces of the MAb-A 
lots show dimer and monomer peaks, but also have an unusual 
peak, Peak 1, that elutes between MAb-A monomer and dimer 
peaks and is present at approximately 0.2–0.3%. Peaks between 
21–25 min are sample formulation buffer components, and their 
peak profile difference was caused by differences in the formula-
tion buffer. Figure 2 shows the overlaid SEC UV trace with the 
calculated molar mass by MALS. Based on the MALS calculated 
results, the molar mass of MAb-A monomer is approximately 1.3 
× 105 g/mole, the dimer molar mass is about 3.0 × 105 g/mole, 
while the Peak 1 has a molar mass in the range of 1.6–2.0 × 105 g/
mole. Both SEC and SEC-MALS results suggest that Peak 1 con-
tains a species that is larger than MAb-A monomer, but smaller 
than MAb-A dimer.

To characterize SEC Peak 1, the SEC Peak 1 fractions were col-
lected, concentrated, and analyzed. The purified Peak 1 fractions 
were > 90% purity as determined by SEC (Fig. 3). These Peak 1 
fractions were characterized by ESI-TOF MS, Bioanalyzer, SDS 
PAGE, and peptide map analyses. SEC Main peak (the mono-
mer) was also collected and analyzed side-by-side with SEC Peak 
1 for comparison.

Figure 1. overlaid SeC UV traces of an IgG1 mAb and three lots of MAb-A materials shown in expanded scale to enable visualization of small peaks. 
IgG1 mAb sample has a typical SeC profile, while MAb-A contains an unusual peak, labeled peak 1.
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1% of 2H1L, and < 1% of other fragments and high molecu-
lar weight species, but no clear peaks at 2H3L or 2H4L region. 
MAb-A Lot B SEC Peak 1 fraction contains two major peaks, 
56% of 2H3L and 25% of 2H4L, and it also contains 7% 2H2L 
and < 10% high molecular weight species. The high molecu-
lar weight species were probably caused by MAb-A dimer that 
was incompletely separated from Peak 1 on SEC and aggregates 
formed during Peak 1 fraction collection and concentration. 
As shown in Figure 5B, the electropherogram of reduced SEC 

Similar to ESI-TOF MS, the electropherogram of non-reduced 
SEC Peak 1 fraction also shows two major peaks with calcu-
lated molecular weights of 175 KDa and 191 kDa, which are the  
approximate sizes of 2H3L and 2H4L, respectively (Fig. 5A). 
Figure 5A also shows the relative percentages of major peaks 
in MAb-A reference material (Ref) and SEC Peak 1 sample. 
Typically, when analyzed with Agilent 2100 Bioanalyzer using 
Protein 250 Kit, the MAb-A Ref and MAb-A final purified bulk 
samples contain one major peak—the MAb-A monomer 2H2L, 

Figure 2. overlaid SeC UV trace (____) with MALS calculated molar mass (…….) of MAb-A reference material.

Figure 3. overlaid chromatograms of MAb-A reference material and a purified SeC peak 1 fraction shown in full scale and expanded scale in insert.
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contains higher aggregates due to the buffer-exchange and con-
centration process after fraction collection. The SEC monomer 
fraction (Lane 8) does not have detectable 2H3L and 2H4L 
bands, demonstrating the removal of Peak 1 species upon frac-
tion collection. When Peak 1 fraction was loaded at 0.05 μg (1% 
of 5 μg) and 0.015 μg (0.3% of 5 μg) on the gel, the intensities 
of the 0.015 μg Peak 1 bands are very similar to the intensities of 
2H3L and 2H4L bands in 5 μg Lot B, which is consistent with 
SEC results of 0.2–0.3% of Peak 1. These observations demon-
strate that SDS PAGE is able to detect and resolve 2H3L and 
2H4L species in MAb-A bulk materials and SDS PAGE results 
are consistent with the results of SEC, CE-SDS and ESI-TOF.

Peptide mapping and LC/MS/MS analyses. Because the 
above experiments demonstrated that MAb-A peak 1 contains 
extra light chains and the linkage between the extra light chains 
and MAb-A appears to be through disulfide bonds, LC/MS/MS 
analysis was conducted to confirm the presence of extra light 

Peak 1 fraction contains mainly light chain and heavy chain. 
The MAb-A Ref and SEC monomer peak fraction contain about 
30% of light chain and 70% of heavy chain; however, the Lot B 
SEC Peak 1 fraction contains 43% of light chain and 51% heavy 
chain. The increased relative percentage of light chain in SEC 
Peak 1 fraction demonstrates that SEC Peak 1 contains more 
light chain than regular MAb-A monomer.

MAb-A bulk samples analyzed using non-reduced SDS 
PAGE contain two minor bands migrating just above the mono-
mer band, which are not typically seen in IgG molecules. Non-
reduced SEC Peak 1 fraction from Lot B contains two bands that 
match the two minor bands right above the monomer (2H2L) 
band in MAb-A bulk samples, marked as 2H3L and 2H4L in 
Figure 6. Only H and L were observed in reduced SEC Peak 1 
fraction (Fig. 6). The band above 2H4L in non-reduced samples 
and the bands above H in reduced samples are related to the level 
of aggregates in the sample. SEC monomer fraction presumably 

Figure 4. eSI-toF Deconvoluted masses and theoretical masses for (A) MAb-A Lot A SeC peak 1 fraction and (B) MAb-A Lot B SeC peak 1 fraction.
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whereas the peak area ratios of light chain peptides L5, L8 and L9 
between Peak 1 and MAb-A were 1.4, 1.3 and 1.5, respectively. 
The ratio of the expected inter-chain disulfide bond linked light 
chain C-terminal peptide L13 (at C218) and H12 (at C220) was 
also 1.0, which suggests that all heavy chain C220 are correctly 

chains in Peak 1 and locate the linkage site of the 
extra light chains. Both non-reduced and reduced 
samples were analyzed in the same sequence. 
Peptides without disulfide bonds were identified 
by matching their observed mass with theoretical 
mass, and then confirmed by their MS/MS frag-
mentation pattern. Peptides containing disulfide 
bonds were identified by matching their observed 
mass with theoretical mass, then confirmed by 
their disappearance upon reduction of the digested 
sample using Tris (2-carboxyethyl) phosphine 
hydrochloride (TCEP).

Figure 7 shows the overlaid total ion chro-
matograms (TIC) of Lys-C peptide maps of non-
reduced MAb-A Lot B, non-reduced MAb-A Lot 
B Peak 1, and reduced Lot B Peak 1. As indicated 
by arrows, non-reduced Peak 1 sample contains 
three peaks that are significantly higher than those 
in non-reduced MAb-A Lot B. Two of those peaks 
contain oxidized methionine residues M252 and 
M428 of heavy chain. M252 and M428 are sus-
ceptible to oxidation as they located at the solvent-
exposed CH2-CH3 interface,16 and the higher 
levels of oxidized M252 and M428 in Peak 1were 
probably generated during fraction collection and 
concentration. The peak containing clipped L6 
was unexpected, and the broken peptide bond 
was between arginine and glutamic acid. All three 
peaks are disulfide linked peptides and they are not 
in the reduced Peak 1 TIC.

To compare the relative levels of peptides 
between Peak 1 fraction and unfractionated MAb-
A, the normalized extracted ion chromatogram 
(EIC) peak areas of several peptides and their 
ratios between the same peptides in Lot B Peak 1 
fraction and unfractionated MAb-A Lot B (Peak 
1/MAb-A) were calculated (Table 2). The pep-
tides used for this comparison are expected light 
chain and heavy chain peptides with masses in the 
range of 1,000–3,000 Daltons and expected disul-
fide linked peptides with masses < 8,000 Daltons. Peptide H25 
was used for normalization because H25 has length and peak 
area comparable to many peptides of interest. After normaliza-
tion to heavy chain peptide H25, the peak area ratios of both 
H6 and H26 between Peak 1 and MAb-A were equal to 1.0, 

Figure 5. electropherograms of non-reduced (A) and reduced (B) MAb-A reference ma-
terial (Ref) and SeC peak 1 fraction obtained using Agilent 2100 Bioanalyzer with protein 
250 Kit. NG, non-glycosylated heavy chain.

Table 1. Comparison of theoretical masses with eSI-toF MS observed masses

Composition Theoretical mass (Da) Observed masses in Lot A Peak 1 (Da) Observed masses in Lot B Peak 1 (Da)

Intact MAb-A 2H2L 148809

2H3L+Cys 172755 172761 (major) 172758

2H3L+GSH 172941 172942 172941 (major)

2H3L+GSH+Hexose 173103 173105

2H4L 196461 196464 196461

L (S-S linked), 23826 Da; Cys, 121 Da; GSH, 307 Da. the intact mass of 148809 Da is the MAb-A containing G0F glycan (asialo-, agalacto-, biantennary, 
core-substituted with fucose).
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L13 forms have different compositions and ionization properties, 
the relative ratios may be different from their true relative abun-
dance. Expected masses that correspond to both disulfide-linked 
H12 with Cys or GSH were not observed. These findings sug-
gested that Peak 1 fraction contains extra light chains and the 
-SH at C218 of the extra light chains could be capped by Cys, 
GSH or another light chain.

Potency of SEC Peak 1. Sigmoidal shape dose-response 
curves, fluorescence absorbance units (proportional to the 
amount of live cell at the end of incubation) vs. MAb-A con-
centrations, were generated for potency determination. The slope 
differences between reference material and samples were ≤ 2%. 
The MAb-A concentration ratio between sample and reference 
material at 50% effective dose was used for sample potency 
determination. The potency test results of MAb-A Lot B, Lot 
B SEC monomer and Peak 1 fractions are listed in Table 4. The 
Lot B and its SEC monomer fraction had average potencies of 
100% and 99%, respectively. SEC Peak 1 fraction had an aver-
age potency of 50%.

Discussion

Size-based characterizations. This study used SEC, MALS, 
ESI-TOF MS, CE-SDS, and SDS PAGE for characterization of 
an unusual SEC peak referred to here as Peak 1. SEC and MALS 
suggested the size of Peak 1 is between monomer and dimer, and 
has an approximate mass of 160–200 kDa. The non-reduced 
Peak 1 analyses using ESI-TOF MS, CE-SDS, and SDS PAGE 
all demonstrated that Peak 1 contains two major species. The 
reduced Peak 1 analyses using ESI-TOF MS, CE-SDS, and SDS 
PAGE all show that Peak 1 contains only MAb-A heavy chains 
and light chains, and the relative peak areas obtained by the 
Agilent 2100 Bioanalyzer gave L:H ratios of 1.0:1.2 (43% L and 
51% H) for Peak 1 and 1.0:2.3 (29% L and 68% H) for the 
reference material. Based on the accurate masses obtained from 
ESI-TOF, the two major species agree with 2H4L and 2H3L 
with either a Cys or GSH linked through S-S bonds. Further 
peptide map LC/MS analysis demonstrated the presence of Cys 
or GSH-linked light chain C-terminal peptides. All the results 
are consistent and complementary.

Potency of SEC Peak 1. The potency value of MAb-A mate-
rials are determined as the ability to prevent cell killing rela-
tive to the MAb-A reference material. MAb-A binds a soluble 
antigen, thereby preventing the antigen from binding to the cell 
surface receptor and inducing cell killing. Studies of the iso-
lated MAb-A Fab fraction from papain-treated MAb-A show 
the Fab alone can bind MAb-A’s antigen and prevent cell-killing 
in the cell-based potency assay (data not shown). Therefore, 
each intact MAb-A molecule can bind two antigens because it 
has two Fab regions. The SEC Peak 1 fraction had 50% rela-
tive potency, which implies that one of the two Fab regions lost 
antigen-binding ability. The loss of Fab region antigen-binding 
ability of SEC Peak 1 may be caused by the steric hindrance of 
extra light chain(s) to the binding site.

Potential linkage of the extra light chains. A recombinant 
IgG1 antibody contains two heavy chains and two light chains 

linked to light chain C218. The ratios of intra-heavy chain disul-
fide linked peptides were in the range of 0.9–1.0. The ratio of 
sums of expected intra-light chain disulfide linked peptide L6-S-
S-L12 and L6 (clipped)-S-S-L12 was 1.5. Although the method 
has some inherent variability, the overall results show that Peak 1 
fraction contains a higher level of light chain, which is consistent 
with the predicted 2H3L and 2H4L structures. The area ratios of 
the disulfide containing peptides in both heavy chain and light 
chain variable domains in Lys-C peptide maps were not calcu-
lated because their signals were low due to their high masses (> 
9,500 Daltons) and low recoveries.

After an extracted ion mass search for all possible light chain 
C-terminal L13 disulfide linked peptides, besides the expected 
disulfide-linked peptide L13-S-S-H12, the only unexpected 
disulfide-linked peptides at > 1% level observed was L13-S-
S-L13, two C-terminal light chain peptides linked through a 
disulfide bond. Figure 8 shows the tandem mass spectrum of 
the precursor ion of doubly charged -S-S- linked L13 peptides 
SFNRGEC- SFNRGEC at m/z 811.33. Because the MAb-A 
and Peak 1 samples were treated with NEM before Lys-C diges-
tion, almost all free thiols were capped with NEM. Low levels 
of L13-NEM were observed in both MAb-A and Peak 1 frac-
tion. Expected masses that correspond to both disulfide-linked 
L13-S-S-Cys and L13-S-S-GSH were also observed. Table 3 lists 
the ratios of EIC peak areas of different L13 forms relative to 
the expected disulfide linked L13-S-S-H12. Because different 

Figure 6. SDS pAGe Sypro Ruby stained gel image of non-reduced and 
reduced MAb-A samples, SeC monomer and peak 1 fractions.
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that are linked through disulfide bonds. The arrangement of 
the IgG1 intra-chain and inter-chain disulfide bonds were first 
established by Edelman et al.17 MAb-A antibody light chain 
contains 5 cysteines—C23, C92, C138, C198 and C218. 
Normally, C23-C92 and C138-C198 form intra-chain disul-
fide bonds, while light chain C218 links to heavy chain C220 to 
form an inter-chain disulfide bond. ESI-TOF MS, Agilent 2100 
Bioanalyzer, and SDS-PAGE analysis results demonstrate that 
the SEC Peak 1 contains two variants, 2H3L and 2H4L. When 
treated with disulfide bond reducing agents TCEP or DTT, 
both 2H3L and 2H4L reduced to H and L. Therefore, the extra 
light chains in 2H3L and 2H4L are very likely linked to the 
antibody monomer (2H2L) through disulfide bond(s). To iden-
tify the cysteine residue(s) that formed disulfide bonds to the 
extra light chain(s), LC/MS analyses of both non-reduced and 
reduced peptide maps were conducted.

The levels of free thiols were determined using NEM pre-
treated peptide map. When MAb-A samples were treated with 
NEM during denaturation, LC/MS results of TECP reduced 
samples showed that all EIC peak areas of NEM-labeled Cys-
containing peptides were < 5% of the EIC peak areas of their 
corresponding free thiol containing peptides. Specifically, the 
free thiol levels at C23, C92, C138, C198, and C218 were all 
< 1%.

Based on the Bioanalyzer results in Figure 5A, SEC Peak 
1 contains 56% of 2H3L, 25% of 2H4L, and about 19% of 
2H2L, 2H1L and aggregates. Therefore, the average L:H ratio 
of Peak 1 fraction should be approximately 1.5.

Figure 7. overlaid total ion chromatograms (tIC) of Lys-C peptide maps of non-reduced MAb-A Lot B, non-reduced Lot B peak 1, and reduced Lot B 
peak 1. H14(ox.M252)-S-S-H18 is the disulfide linked heavy chain peptide containing oxidized methionine 252 (ox. M252). H24-S-S-H28(ox.M428) is 
the disulfide linked heavy chain peptide containing oxidized methionine 428 (ox. M428). L6(clipped)-S-S-L12 is the disulfide linked light chain peptide 
containing a non-specific clip.

Table 2. Comparison of peptides’ eIC peak areas of Lys-C digested  
non-reduced MAb-A Lot B and Lot B peak 1 Fraction

Peptidea
Normalizedb peak area

MAb-A  
Lot B

Lot B

Peak 1

Peak 1/

MAb-A
H25 1.00 1.00 1.0

H6 1.61 1.60 1.0

H26 1.83 1.81 1.0

L5 1.70 2.40 1.4

L8 0.90 1.20 1.3

L9 1.22 1.80 1.5

H7-S-S-H8 1.28 1.31 1.0

H13-S-S-H13 (inter-chain) 0.15 0.14 0.9

H14-S-S-H18 1.01 0.78
1.0 c

H14(ox.M252)-S-S-H18 0.02 0.22

H24-S-S-H28 0.50 0.41

H24-S-S-H28(ox.M428) 0.01 0.11 1.0 c

L13-S-S-H12 (inter-chain) 0.58 0.57 1.0

L6-S-S-L12 0.91 1.01

L6(clipped)-S-S-L12 0.00 0.33 1.5c

aH, heavy chain; L, light chain; -S-S-, disulfide linked peptides.  
bNormalized by dividing the peak area of peptide H25 in the same 
sample. cthe ratio of sums of expected and oxidized or clipped peptides.
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Light chain C218 is the C-terminal amino acid of light chain 
and is in Lys-C peptide L13. The light chain C218 normally 
links to heavy chain C220 in Lys-C peptide H12 to form the 
inter-chain disulfide bond. It is known that, among all the 
disulfide bonds in IgG1, the disulfide bonds between light 
chain and heavy chain are the most susceptible to scrambling 
under stressed conditions.18,19 The LC/MS analyses show that 
the inter-chain peptide L13-S-S-H12 had relative ratio of 1.0 
between Peak 1 and Lot B bulk material (Table 2), which sug-
gests that all heavy chain C220 is correctly linked to light chain 
C218. Extracted ion mass search results showed that except for 
the expected disulfide-linked peptides L13-S-S-H12 and unex-
pected disulfide-linked peptides L13-S-S-L13, no other Cys-
containing peptides were linked to L13 at > 1% level in Peak 
1 fraction. The relative EIC peak areas of the peptides L13-S-
S-L13, L13-S-S-GSH, and L13-S-S-Cys in Peak 1 fraction were 
16.5%, 9.9% and 4.9%, respectively, relative to the expected 
peptide L13-S-S-H12. The sum of L13-containing peptides is 
100.8% in MAb-A Lot B and the sum of L13-containing pep-
tides is 132.4% in Peak 1 fraction. The ratio of L13-containing 
peptides between peak 1 and MAb-A Lot B was 1.3, which is 
consistent with the relative ratios of L5, L8 and L9. The above 
results demonstrated that light chain C218 is extensively modi-
fied in Peak 1 compared with MAb-A reference material. LC 

C138 and C198 are in Lys-C peptides L6 and L12, respec-
tively. Although the clipped L6 was observed in Peak 1, the ratio 
of disulfide linked C138-C198 containing peptides between Peak 
1 and MAb-A Lot B was 1.5, which is consistent with the rela-
tive ratios of L5, L8, and L9 between Peak 1 and MAb-A Lot B. 
Therefore, C138 and C198 appear to have the correct disulfide 
linkage.

Figure 8. tandem mass spectrum of the precursor ion of doubly charged disulfide linked L13-S-S-L13 at m/z 811.33. y1-S is the y1 ion without 
N-terminal serine.

Table 3. Relative eIC peak areas of different forms of light chain C-
terminal peptide in non-reduced MAb-A and peak 1 fraction

Peptidea Extracted 
ion M2H+

Relative EIC peak area (%)b

MAb-A Lot B Lot B Peak 1

L13-S-S-H12 631.25 100 100

L13-S-S- L13 811.33 0.1 16.5

L13-S-S-GSH 559.21 0.2 9.9

L13-S-S-Cys 466.17 0.0 4.9

L13-NeM 469.19 0.5 1.1

L13 406.67 0.0 0.0

Sum 100.8 132.4
athe samples were treated with NeM and digested with Lys-C. L13, light 
chain N-terminal peptide with Cys at the N-terminus; -S-S-, disulfide link. 
bNormalized by dividing the peak area of peptide L13-S-S-H12 in the 
same sample.
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the extra light chain prevents the Fab from binding antigen, the 
2H4L with two light chain dimers should not have any potency. 
The 50% potency result of Peak 1 implies that one of the two 
Fab arms is normal and the other arm may have 3 light chains. 
If the light chain dimer is linked through C23 and C92 and 
one light chain C218 links to heavy chain H220, then the other 
LC C218 could be a free thiol, disulfide linked to Cys, GSH, or 
C218 of another LC. If the C218 of a light chain dimer links to 
C218 of another light chain, 2H4L structure forms. The pro-
posed 2H3L and 2H4L structures are shown in Figure 9.

Materials and Methods

Materials. Recombinant IgG1 monoclonal antibody MAb-A 
reference material and Lots A, B and C samples were gener-
ated in CHO cells and purified at Genentech. Mono and diba-
sic potassium phosphate, potassium chloride, calcium chloride, 
and SDS were obtained from Mallinckrodt. Tris base, TRIS-
HCl, sodium bicarbonate, dithiothreitol (DTT), iodoacetamide 
(IAM), and N-Ethylmaleimide (NEM) were purchased from 
Sigma. Trifluoroacetic acid (TFA), Tris (2-carboxyethyl) phos-
phine (TCEP) HCl, urea, and guanidine hydrochloride were 
obtained from Thermo Fisher. EDTA (EDTA) (disodium, dihy-
drate) and acetonitrile (HPLC grade) were purchased from J.T. 
Baker. Formic acid is from EMD Chemicals Inc. Amicon Ultra-
15 10,000 MWCO Centrifugal Filter Devices were purchased 
from Millipore Corporation. Endoproteinase Lys-C and trypsin 
were obtained from Roche Applied Science.

SEC analysis and fraction collection. SEC was performed 
on an Agilent 1100 binary pump HPLC system equipped with 
a TosoHaas TSK G3000SWXL, 7.8 mm ID × 300 mm column 
(Toso Biosciences). Isocratic flow of a mobile phase consisting of 
0.2 M potassium phosphate and 0.25 M potassium chloride (pH 
6.2) was at 0.5 mL/min. The separation was conducted at ambi-
ent temperature and the column effluent was monitored at 280 
nm. MALS analysis of a sample was performed continuously on 
the SEC column eluate, as it passed through a DAWN-HELEOS 
MALS photometer (fitted with a solid-state laser operating at 
658 nm and a K5-flow cell) in series with an Optilab rEX refrac-
tive index detector (both from Wyatt Technologies, Inc.). Data 
were analyzed using Astra software version 5.3.2.

Same method was used for both sample analysis and fraction 
collection. For sample analysis, the load was 25 μg; for frac-
tion collection, 1.5 mg of sample (10 μL of 150 mg/mL sample) 
was injected each run. The collected fractions were pooled and 

C218 is potentially involved in the addition of the extra light 
chain in Peak 1.

C23 and C92 are in Lys-C peptides L1 and L3, respectively. 
The peptide L1-S-S-L3 has a molecular weight of 11. Three 
kDa; it was thus not detected in the Lys-C map. The C23-C92 
disulfide bond linked tryptic peptide has a molecular weight of 
4.5 kDa and was detected in trypsin digested samples; however, 
the H25 normalized EIC ratio of C23-C92 linked tryptic pep-
tides between Peak 1 and MAb-A Lot B was only 0.66 (tryptic 
digestion results are not included in Table 2). This lower than 
expected level of C23-C92 disulfide linked peptide in Peak1 
fraction is inconsistent with other LC peptides, potentially due 
to incomplete digestion. We speculate that the extra light chain 
is linked through the variable region, which results in a very 
compact structure that limits protease accessibility to the cleav-
age sites; therefore relative low ratio of C23-C92 peptide was 
observed in Peak1.

The experimental results suggest that the formation of 2H3L 
and 2H4L is related to disulfide linkage. The potential linkage 
sites appear to be related to C23 and C92 in the variable region.

Formation of 2H3L and 2H4L. Hundreds of humanized 
antibody molecules have been produced in the past 20 y. To 
the authors’ knowledge, with the exception of THIOMABs20 
antibodies engineered to contain an additional cysteine, mAbs 
with 2H3L and 2H4L structures from conventional cell culture 
process have not been reported. The levels of SEC Peak 1 are in 
the range of 0.2–0.3% in the MAb-A materials produced from 
different cell lines, clones from different transfections, different 
cell culture media and process parameters. This suggests that 
the formation of 2H3L and 2H4L is probably related to the mol-
ecule’s sequence.

During mAb production by CHO cells, affinity purification 
of light chain containing polypeptides using Protein L adsorbent 
showed progressive accumulation of free light chain and light 
chain dimer.21 Stevens et al. reported that amino acids in com-
plementary-determining regions (CDRs) influence light chain 
dimerization, which is mediated by hydrogen bonds and van 
der Waals contacts.22 The variable region, more specifically the 
CDR3, appears to be responsible for the variation of light chain 
dimerization constant. Dimerization properties of light chains 
of known sequence suggest that the presence of an aromatic or 
hydrophobic residue at position 96 enhances dimer formation, 
whereas the presence of a charged residue at position 96 results 
in light chains remaining stable monomers.23 Because MAb-A 
has a tryptophan at its light chain 96 position, it may have more 
tendency to form light chain dimer. The higher tendency of 
dimer formation due to the aromatic tryptophan at position 96 
is consistent with predicted potential linkage sites of C23 and 
C92.

Immunoglobulin covalent bond assembly proceeds primarily 
through a heavy chain dimer intermediate and thereafter a con-
secutive assembly of two light chains.21 When the heavy chain 
dimer binds to two light chain monomers, then 2H2L is formed. 
If the heavy chain dimer links to 1 light chain monomer and 
1 light chain dimer, then 2H3L is formed. If the heavy chain 
dimer links to 2 light chain dimers, then 2H4L forms. Since 

Table 4. potency test results of SeC monomer and peak 1 fractions  
collected from MAb-A Lot B

Sample description
Relative potency (%)

Replicate 1 Replicate 2 Average

MAb-A Lot B 100.9 99.6 99

MAb-A SeC 
Monomer peak

101.8 97.6 100

MAb-A SeC peak 1 49.4 50.2 50
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fluorescence detector. The size and relative peak area were calcu-
lated using Agilent 2100 Expert software. The graphs in Figure 
5 were generated using Agilent ChemStation software with nor-
malization of Y-axis at the highest peak height. The X-axis was 
labeled based on the position of ladder proteins used in this assay.

SDS-PAGE analysis. Non-reduced samples were denatured 
by heating at 60°C for 5 min in the presence of SDS and IAM, 
while reduced samples were heated at 60°C for 15–20 min with 
SDS and reducing agent DTT. SDS PAGE of the denatured non-
reduced and reduced samples were performed on a BioRad 4–12% 
Bis-Tris gel (1.0 mm × 18 well) using a BioRad Criterion™ Cell, 
then the bands were visualized by SYPRO Ruby stain. The gel 
image was generated by a BioRad ChemiDoc XRS system.

Reversed-Phase HPLC and Online Liquid Chromatography-
Tandem Mass Spectrometry (LC-MS/MS) analysis. The 
MAb-A sample was diluted to 20 mg/mL in 100 mM sodium 
phosphate, pH 7.0 to a final volume of 10 μL. Peak 1 fraction was 
concentrated to 20 mg/mL. Then 2 μL of 0.1 M NEM and 38 
μL of 8 M guanidine HCl were added and the mixture was incu-
bated for 2 h at 37°C. Afterwards, 240 μL of digest buffer (100 
mM sodium phosphate, 2 mM EDTA, pH 7.0) was added. Lys-C 
was added at an enzyme to sample ratio of 1:10 by mass and the 
sample was incubated overnight at 37°C. To generate reduced 
sample, 120 μL of the digested sample was mixed with 15 μL of 
100 mM TCEP and incubated at room temperature for 30 min. 
Both the reduced sample and the remaining non-reduced sample 
were quenched by adjusting the pH to 2 with addition of 10% 
trifluoroacetic acid solution. Fifty microliters of the non-reduced 
and reduced sample were injected for analysis by LC/MS/MS. 
In one experiment, Lys-C digested samples were diluted with 10 
mM Tris and further digested with trypsin.

Peptide map analysis was performed on an Agilent 1200 
HPLC system using Agilent ZORBAX 300SB-C8 columns. 
Mobile phase A was water with 0.1% TFA and mobile phase 
B was acetonitrile with 0.08% TFA. A linear gradient from 0 
to 32% B in 106 min with flow rate of 0.2 mL/min was used 
on a 2.1 mm × 150 mm Zorbax 300SB-C8 (300 Å, 3.5 μm) 
column. The column temperature was 45°C. Liquid chromatog-
raphy-mass spectrometry (LC/MS) and LC/MS/MS analyses 
were performed with Thermo Fisher Scientific LTQ Orbitrap 

concentrated using Amicon Ultra-15 Centrifugal Filter Devices 
with 10,000 MWCO membranes.

LC/MS analysis of SEC Main peak and Peak 1. Both non-
reduced and reduced SEC Main peak and Peak 1 samples were 
analyzed with Agilent 6210 electrospray ionization time-of-flight 
mass spectrometry (ESI-TOF MS) coupled with a nano-Chip-
LC-ESI source. The SEC samples were diluted to 0.1 mg/mL 
with purified water. To reduce the sample, 20 μL of 2 mg/mL 
TCEP was mixed with 20 μL of the diluted sample and incu-
bated at 60°C for 10 min. About 5 nanograms of proteins 
were injected onto a custom chip with equivalent analytical 
column dimension of 43 mm × 75 μm, Zorbax 300SB-C8, 5 
μm (Agilent Technologies) for desalting and direct online MS 
analysis. Mobile phase A and B are 0.1% formic acid in water 
and 0.1% formic acid in acetonitrile, respectively. A gradient of 
25–90% mobile phase B in 7 min was used for the non-reduced 
samples and a gradient of 10–60% mobile phase B in 7 min was 
used for the reduced samples with 0.4 μL/min flow rate. The MS 
spectra were collected at 1 spectrum per second rate, with about 
10,000 transients per spectrum. Source capillary gas flow was 
at 8 L/min and 325°C. Fragmentor voltages of 400 V and 200 
V were used for the intact and reduced antibodies, respectively. 
Molecular masses were derived from multiple charged ions and 
deconvoluted using the Agilent MassHunter maximum entropy 
algorithms.

CE-SDS analysis. The CE-SDS analysis was performed on an 
Agilent 2100 Bioanalyzer using Agilent High Sensitivity Protein 
250 Kit. The samples were diluted to 1 mg/mL with labeling 
reaction buffer (0.1 M sodium bicarbonate, pH 8.3). The diluted 
sample was reacted with labeling dye at ambient temperature for 
30 min; then the reaction was stopped by adding ethanolamine 
(the labeling dye and ethanolamine were provided with the kit). 
For non-reduced sample analysis, the labeled sample was diluted 
with 60 mM IAM solution for 25-folds, then mixed with SDS-
containing sample buffer and heated at 70°C for 5 min. For 
reduced sample analysis, the labeled sample was diluted 25-fold 
with purified water, then mixed with SDS and DTT-containing 
sample buffer and heated at 70°C for 5 min. The chip prepara-
tion was performed according to the manual provided with the 
kit. Samples were then separated in this chip and detected using a 

Figure 9. proposed major structures of SeC peak 1 components through proposed disulfide linkages (structures due to non-specific binding in LC vari-
able region are not shown). the blue lines represent heavy chains and the orange lines represent light chains.
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Conclusions

ESI-TOF MS, Bioanalyzer, and SDS PAGE all demonstrated that 
MAb-A SEC Peak 1 contains two size variants: the MAb-A with 
one extra light chain (2H3L) and the MAb-A with two extra light 
chains (2H4L). The -SH on the extra light chain C-terminal Cys 
could be free thiol, or capped by glutathione, cysteine, or another 
light chain; and their relative quantities in Peak 1 are related to 
cell culture redox environment. The addition of light chains in 
MAb-A monomer has been demonstrated to be related to disul-
fide bonds.

In a cell-based potency assay, SEC Peak 1 had 50% potency 
relative to MAb-A reference material. This decreased potency is 
presumably due to steric hindrance of the extra light chains in 
2H3L or 2H4L and suggests that SEC Peak 1 may have reduced 
biological activity. Therefore, the level of SEC Peak 1 should be 
controlled.
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XL mass spectrometers equipped with an electrospray ionization 
source. Mass spectrometers were operated in a positive ionization 
mode with the following source conditions: 4.5 kV spray volt-
age, 300°C capillary temperature, 35 L/min sheath gas flow, and 
9 L/min auxiliary gas flow. Collision induced dissociation (CID) 
experiments were performed with a 4 amu isolation width and 
a normalized collision energy of 30%. Instruments were tuned 
and calibrated according to the manufacturer’s recommendations 
prior to data acquisition. The LTQ Orbitrap XL acquisition con-
ditions were one full-MS survey scan followed with MS/MS scan 
for the four most abundant ions. The peptide assignments were 
based on matching observed masses of the intact peptides in the 
LC/MS analysis to the predicted masses.

Potency analysis. The potency assay is a cell-based assay to 
measure the MAb-A activity on preventing cell-killing. If MAb-
A’s antigen enters the cell, the cell will be killed. MAb-A binds 
to the antigen and can prevent the antigen from entering the 
cell and keep the cell alive. In this assay, 0–13 nM of MAb-A 
samples were incubated with 5 nM of its antigen and H9 cells 
for 4 d, then the cell proliferation was indirectly quantified using 
a dye (alamarBlue®, TREK Diagnostic, Inc. 00-100), which is 
blue and non-fluorescent in its native state but generates a highly 
fluorescent pink color when reacting with live cells. Therefore, 
changes in color and fluorescence are proportional to the number 
of live cells present at the end of 4-d incubation. The results are 
expressed in relative fluorescent units and plotted against MAb-A 
concentration. A 4-parameter fit analysis was used to estimate 
the activity of the MAb-A sample relative to the MAb-A refer-
ence material. SEC Peak 1 was analyzed side by side with MAb-A 
reference material and SEC Main peak fraction in this cell-based 
potency assay.
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