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ABSTRACT: The aspartic acid residues (Asp) present in the complementarity-determining regions (CDRs)
of the light chains of two recombinant monoclonal antibodies (MAbs), MAb I and MAb II, are highly
susceptible to isomerization due to the presence of glycine residues (Gly) on their C-terminal ends. Asp
isomerization in these MAbs leads to formation of the isoaspartate (IsoAsp) and the cyclic imide (Asu)
variants of these MAbs. Both MAb I and MAb II, employed in this study, elicit their pharmacological
responses through binding human IgE. The formation of the MAb variants as a result of Asp isomerization
significantly reduces the binding affinities of these antibodies to IgE, thereby reducing their potencies.
Here we report on significant differences in the susceptibility of the MAb I and the MAb II to Asp
isomerization. The molecular basis for these differences in rates of Asp isomerization was elucidated.
The effect of primary sequence on Asp isomerization was evaluated using pentapeptide models of the
MAbs, which included the labile Asp residues and their neighboring amino acid residues. The separation
of the parent MAbs and pentapeptides from their isomerization products was achieved using hydrophobic
interaction chromatography (HIC) and rp-HPLC, respectively. Structural characterization of the MAbs
was performed using differential scanning calorimetry (DSC), circular dichroism (CD), and X-ray
crystallography. Our investigations demonstrate that the differences in the Asp isomerization rates between
MAb I and MAb II can be attributed to structural factors including the conformational flexibility and the
extent of solvent exposure of the labile Asp residue.

Recombinant humanized monoclonal antibodies (rhMAbs
or MAbs1) have evolved into a major class of therapeutics
due to their highly selective binding to an antigen, long
clearance times, and the possibility of revoking immune cell
effector responses (1). These therapies include treatment of
malignant lymphomas, colorectal carcinomas, allergic asthma,
and ulcerative colitis as well as reduction of organ rejection
in renal and cardiac transplant patients (2-5). The MAbs
bind the antigen or the ligand through interactions between
the residues in the complementarity-determining regions
(CDRs) of the antibody and those on the target sites of the
antigen. Any modification in the CDR of a MAb due to

physical and/or chemical degradation can lead to a loss of
the MAb binding affinity for the antigen and, thereby, its
potency (6, 7).

MAbs, similar to other proteins, are susceptible to physical
degradation processes such as aggregation, denaturation, and
precipitation (8). The MAbs are also subject to chemical
degradation reactions such as deamidation, isomerization,
racemization, and oxidation (6, 9, 10). Nonenzymatic post-
translational modification of the Asp residues, resulting in
isoaspartate (IsoAsp) and cyclic imide (Asu) products, is a
major route of protein degradation bothin ViVo andin Vitro
(7, 11-13). Asp isomerization causes problems such as
protein aging (14). Asp isomerization occurring in protein
therapeutics can often lead to a loss of their activities and
altered susceptibilities to proteolysis and can potentially
trigger autoimmune responses from these therapeutics (6, 15).
In the case of MAb I, variants of the MAb that contained
isomerization products resulted in an∼80% loss in the
binding affinity of the antibody to IgE (6). The variants
resulting from the isomerization reaction also present chal-
lenges to the manufacturing of antibodies and to the
consistency of their formulations (16). The impact of Asp
isomerization on the safety, efficacy, and shelf life of a
protein therapeutic is therefore an important formulation
concern.
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The mechanism for Asp isomerization occurring in pep-
tides and proteins was first proposed by Geiger et al. (17)
and is shown in Scheme 1. Asp isomerization, similar to
Asn deamidation, proceeds through a cyclic imide interme-
diate. This involves nucleophilic attack by the amide
backbone nitrogen on the Asp side chain carbonyl to generate
the cyclic imide. The cyclic imide then undergoes rapid
hydrolytic cleavage at theR or the â carbon to form
isoaspartate (isoAsp) or aspartate (Asp) products, respec-
tively, in a molar ratio of∼3:1 at equilibrium. Clarke
examined the effect of primary sequence and protein
conformation on Asp and Asn degradation in several well-
characterized proteins (13). These studies suggested two
factors to be principal determinants of the susceptibility of
an Asp residue to isomerization in proteins: (i) the residue
on the C-terminal side of the Asp and (ii) the conformational
flexibility of the protein in the region surrounding the Asp
(13). The effects of C-terminal residues on Asp isomerization
have been extensively investigated and well characterized
using model hexapeptides (12, 18-21). These investigations
have shown that the residue on the C-terminal side of the
Asp influences Asp isomerization through steric, inductive/
electrostatic, and catalytic effects. The studies also indicated
that the Asp in an Asp-Gly sequence in proteins was highly
susceptible to the isomerization reaction (12, 18-21). The
effect of local conformation of proteins on Asn deamidation
has been widely reported (22). Capasso et al. have observed
attenuation of deamidation rates in ribonuclease A due to a
reduced conformational flexibility of the Asn in proteins
compared to peptide models (23). Bischoff et al. (24) have
indicated the importance of local conformational flexibility
in a protein as an important determinant of Asn deamidation
rate in hirudin. A decrease in Asn deamidation rates due to
reduced conformational flexibility in proteins has also been
reported for recombinant human lymphotoxin (25) and
growth hormone releasing factor. Similar to the effects of
higher order protein structure on Asn reactivity in proteins,
the secondary and the tertiary structure of proteins could also
influence the rate of Asp isomerization (13). The extensive
hydrogen bonding observed in proteins may reduce the
flexibility of the Asp residue, leading to an attenuation of
isomerization rates in proteins (13).

The objective of the current studies was to investigate the
rates of Asp isomerization in the two MAbs, MAb I and
MAb II, and to elucidate the molecular basis for the rates of

Asp isomerization observed in these two MAbs. MAb I and
MAb II differ in the primary sequence of their CDR L1
region as shown in Figure 1. The two MAbs also differ in
the location of their labile Asp residue with Asp 32 being
the labile residue in MAb I and Asp 30 the labile residue in
MAb II (Figure 1). The isomerization of Asp 32 in the CDR
L1 of MAb I, which led to the formation of IsoAsp and Asu
residues, has been reported in samples incubated at pH 5.2
and 37 °C (6). Preliminary studies with MAb II under
identical pH and temperature conditions have demonstrated
that Asp isomerization occurs at Asp 30, leading to the
formation of IsoAsp and Asu degradants of MAb II
(unpublished work). As mentioned earlier, the Asp isomer-
ization in MAb I (6) has been shown to decrease its binding
affinity to the human IgE leading to a loss in the potency of
this MAb therapeutic.

In this study, the rates of isomerization of the labile Asp
residues in MAb I and MAb II were determined as a function
of formulation pH. The role of primary sequence, local
conformation, and tertiary structure of the MAbs upon Asp
isomerization occurring in these biomolecules was assessed.
This research advances the understanding of factors govern-
ing Asp isomerization in MAbs and provides a basis for
protein engineering of MAbs that are less susceptible to Asp
isomerization.

EXPERIMENTAL PROCEDURES

Materials.The recombinant humanized monoclonal anti-
bodies MAb I (rhuMAb E25) and MAb II were cloned,
expressed, and purified at Genentech (South San Francisco,
CA) using identical methodologies. The model peptides
VDYDG and VDGEG were synthesized and purified at
Genentech. The peptides had their N termini acetylated and
their C termini amidated. Papain and anti-papain (Antipain)
were purchased from Roche Diagnostics (Mannheim, Ger-
many) and Peptide International (Louisville, KY), respec-
tively. All chemicals and solvents used in making the
buffered solutions and mobile phases for chromatography
were purchased from Sigma (St. Louis, MO). Water used in
these experiments was purified using a Millipore MILLI-Q
system.

Formulation Buffers.The formulation buffers were 20 mM
acetate (pH 5.0), 20 mM histidine (pH 6.0), and 20 mM
phosphate (pH 7.0 and 8.0). The ionic strengths of the

Scheme 1. Pathway for Asp Isomerization in Peptides and MAbs (a) and the Kinetic Model (b) Used in Our Investigations
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buffered solutions were adjusted to 150 mM with sodium
chloride. The concentrations of the buffer components added
were corrected for the temperature of the stability studies
(50 °C) and the ionic strength (I ) 0.15 M) to yield the
desired pH. The pHs of the buffers were measured with an
Accumet AB15 pH meter.

Stability Studies.MAb solutions ([MAb] ) 20 mg/mL)
buffered at pH 5, 6, 7, and 8 were prepared for the stability
studies. Polypropylene (PP) vials were filled with these
solutions and then incubated at 50°C in a hot air oven.
Sample vials were periodically withdrawn and analyzed using
HIC assay to monitor the loss of the parent MAbs due to
the Asp isomerization. Peptide formulations (0.1 mg/mL)
buffered at pH 5, 6, 7, and 8 were placed in PP vials and
incubated at 50°C in the same oven. Sample vials were
withdrawn at predetermined time intervals and analyzed
using rp-HPLC to monitor loss of the parent peptides due to
Asp isomerization. The stability samples were monitored
during the initial stages of the degradation reaction and
showed∼20-30% loss of the parent forms.

Sample Preparation for HIC (Papain Digestion of MAbs).
Papain digest of MAbs was performed prior to HIC. The
digestion protocol consisted of incubating the MAbs at 37
°C and pH 7.4 (100 mM Tris) for 2 h in papain (papain:
MAb ratio 1:100 w/w), 4 mM EDTA, and 1 mM cysteine.
Upon incubation, antipapain (Antipain) was added (papain:
antipapain ratio 40:1 w/w) to quench the digestion reaction.
The digested samples were then injected onto an HIC
column.

HIC of MAbs.The separation and quantitation of the parent
MAbs and their IsoAsp and Asu variants were achieved using
HIC. Aliquots of the digested MAb (30µL) were injected
onto a TSKGel phenyl-5PW 7.5× 75 mm column (Fisher
Sci., Pittsburgh). Gradient elution was used with solvent A
consisting of 2 M ammonium sulfate solution buffered at
pH 7.5 and solvent B consisting of 20 mM Tris solution
buffered at the same pH. The gradient consisted of varying
the concentration of solvent B from 25-100% over a 0 to
50 min time period using a constant flow rate of 1 mL/min.
The column was washed for 10 min with 100% solvent B at
the end of each run. The column was maintained at 40°C
using a column heater. HIC was performed on a Hewlett-
Packard (Palo Alto, CA) 1100 HPLC system, which included
a UV detector set at 214 nm for quantitation.

rp-HPLC of Peptides.The parent peptides and their
degradation products were separated using an ODS Hypersil
C-18, 4.6× 250 mm column (Fisher Sci., Pittsburgh, PA).
The mobile phase consisted of 0.1% v/v trifluoroacetic acid
with 8%-15% v/v acetonitrile as the organic phase modifier
set at a constant flow rate of 1 mL/min. rp-HPLC was
performed using a Hewlett-Packard 1100 HPLC system,
which included a UV detector set at 210 nm for quantitation.

The degradation products were identified based on the rp-
HPLC retention times of the parent and the IsoAsp peptides
and the observed product ratios.

Data Analysis.The disappearance of the parent MAbs and
the peptides from the solution was fitted to a pseudo-first-
order kinetic model. Nonlinear least-squares regression
analysis using Origin (Micrococal Software Inc., Northamp-
ton, MA) was used to fit the data set and obtain the pseudo-
first-order rate constant (kobs). The following equation was
used for the fitting:

whereA was the concentration of the parent MAb or the
peptide at timet, A0 was the initial concentration of the parent
MAb or the peptide.

Protein L-Based Separation of Fab Fragments.The intact
MAbs were digested with papain as discussed in the section
Sample Preparation for HIC (Papain digestion of MAbs).
The Fab fragments were separated using an AffinityPak
immobilized protein L column (Pierce Biotechnology, Rock-
ford, IL). The protein L column was washed with binding
buffer consisting of 0.1 M phosphate buffer and 0.15 M
sodium chloride solution (pH 7.2) prior to loading of the
digested MAb onto the column. Upon loading of the digested
MAb, the column was further washed with the binding buffer
to elute the Fc fragment. The Fab fragment was then eluted
from the protein L column using an elution buffer that
consisted of 0.1 M glycine solution (pH 2.5). The eluant
containing the Fab was then neutralized to pH 7.0 using 1
M Tris buffer and stored at 5°C prior to crystallization.

X-ray Crystallography of the Fab Fragments.The solu-
tions containing the Fab fragment were dialyzed into 10 mM
Hepes, 150 mM sodium chloride (pH 7.2) at 4°C and then
concentrated to 10 mg/mL. Crystals were grown using the
sitting drop method by mixing equal quantities of the Fab
solution (10 mg/mL) and the ammonium sulfate solution.
The crystals obtained were immersed in a cryoprotectant
solution containing ammonium sulfate and 20% w/v glycerol
and then flash cooled by immersion in liquid nitrogen. Data
extending to 2.2 Å (MAb II Fab) and 3.0 Å (MAb I Fab)
were collected in space groupP2(1)2(1)2(1) at the Advanced
Light Source’s Berkeley Center for Structural Biology beam
line 5.0.1 and reduced using the HKL (27) and CCP4 suites
(28). Structural data was solved by a molecular replacement
method that employed the “Phaser” technique (29). Structural
refinement was performed using CNX (Accelrys, San Diego,
CA). Model building and inspection were performed using
“XtalView” ( 30).

DSC Analysis.Thermal analysis of MAb I and MAb II
was performed using a VP-DSC Micro calorimeter (Micro-
Cal, Northampton, MA). Solutions of the MAbs (1 mg/mL),
buffered at pH 5, 6, 7, and 8, were prepared. The solutions
were then degassed under vacuum for 15 min at 5°C. The
solutions were scanned in the temperature range 20-100°C
at a scan rate of 50°C/h. The DSC thermograms were then
analyzed using Origin software.

CD Analysis.CD scans of the MAbs were performed in
both the far-UV and near-UV regions using a CD spectro-
photometer (Aviv, Lakewood, NJ). MAb solutions, buffered
at pHs 5, 6, 7 and 8, at concentrations of 1 mg/mL and 20
mg/mL were used to perform CD scans in the far-UV and

FIGURE 1: The differences between the primary sequences of MAb
I and MAb II.

A ) A0 exp(-kobst) (1)
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near-UV regions, respectively. A scan rate of 0.5 nm/min
was employed, and the spectrum for each of the MAbs was
corrected for the respective buffer solutions. The bandwidth
and the slit size for the instrument were both set at 2 nm.
The sample holder was maintained at 25°C during the scans
using a thermostat. Sample cuvettes with 1 mm path length
were used. The spectral data obtained were plotted using
Origin software.

RESULTS

Analysis of Asp Isomerization in MAbs. The separation
and the quantitation of the parent MAbs and their IsoAsp
and Asu variants were achieved using an HIC assay (6).
Figure 2 shows the HIC elution profiles of the Fab and the
Fc fragments of MAb I and MAb II sampled at 0, 2, and 8
days of storage at 50°C and pH 8. These MAb fragments
were generated through selective protease digestion of the
MAb using papain. Papain cleaves the MAbs on the
C-terminal side of His 228 located in the heavy chain region
of the MAbs leading to the formation of two Fab fragments
and one Fc fragment for each MAb. The MAb digests were
then passed through an HIC column, which resulted in the
separation of the Fab and Fc fragments. The Fab region of
the HIC profile of MAb I showed six distinctive peaks: peak
1 was attributed to a nonspecific papain clip in the Fab region

of the MAbs; peaks 2 and 2′ were the disulfide and the free
thiol forms of the parent MAb I, respectively; peaks 3 and
3′ were the disulfide and the free thiol forms of IsoAsp MAb
I, respectively; and peak 4 was the disulfide form of the Asu
MAb I. The free thiol form of Asu MAb I was not detectable.
The disulfide forms of the MAbs arise from an intrachain
disulfide bond between residues Cys 22 and Cys 26 in the
heavy chain region of the Fabs, and the free thiol forms were
the MAbs with the disulfide bond reduced. The identities of
the individual peaks in the HIC profile were established from
earlier work that involved tryptic mapping, mass spectrom-
etry, and N-terminal sequencing of the different peaks in
the HIC profile (6). The Asp isomerization rates of the
disulfide and the free thiol form of the MAbs were compared
and observed to be identical (data not shown). For the
purpose of our studies, the free thiol and the disulfide forms
of the parent MAbs were considered to be kinetically
equivalent.

To investigate the Asp isomerization in MAb I, the
changes in the Fab region of the HIC profile were monitored.
The loss of Asp 32 in MAb I (peaks 2 and 2′) and the
formation of IsoAsp 32 (peaks 3 and 3′) and Asu 32 (peak
4) variants were monitored as a function of time. The changes
in the peak areas of MAb I and its degradants, which were
observed as a function of incubation time, demonstrate the

FIGURE 2: HIC elution profiles of MAb I (panel A) and MAb II (panel B) and their variants IsoD32 and AsuD32 in samples incubated in
pH 8 buffers at 50°C for 0, 2, and 8 days. Panel A. Peak 1 was attributed to a nonspecific papain clip in the Fab region of the MAbs; peaks
2 and 2′ were the disulfide and the free thiol forms of the parent MAb I, respectively; peaks 3 and 3′ were the disulfide and the free thiol
forms of IsoD32 MAb I, respectively; and peak 4 was the disulfide form of the AsuD32 MAb I. Panel B. The HIC elution profile of MAb
II (peak 2) and its variants IsoD30 (peak 3) and AsuD30 (peak 4) in samples incubated in conditions similar to those mentioned for MAb
I samples is shown. Peak 1 is the nonspecific papain clip.
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utility of HIC for monitoring this isomerization reaction
(Figure 2). As shown in Figure 2, the HIC elution profile
for MAb II was similar to that observed for MAb I except
for the absence of the free thiol form in the Asp and the
IsoAsp species of MAb II. The identity of individual peaks
in the MAb II elution profile was based on results from
tryptic mapping, mass spectrometry, and protein sequencing
studies (unpublished data).

Figure 3 shows the time course for the disappearance of
Asp 32 in MAb I and the appearance of its IsoAsp 32 and
Asu 32 degradation products. As shown in the figure, an
increase in the concentration of Asu 32 product was observed
with time. However, this increase in Asu product is modest
at pH 8 relative to the increase observed at lower pHs. This
is expected since the Asu product is unstable at higher pHs
and therefore undergoes rapid hydrolysis under these condi-
tions. The loss of parent MAb I was fitted to a pseudo-first-
order rate model to obtain the apparent isomerization rate
constant (kobs). Thekobsvalues were obtained for both MAbs
at different pH values and were plotted as a function of pH
(Figure 6).

Analysis of Asp Isomerization in Peptides. For the purpose
of evaluating the role of primary sequence on Asp isomer-
ization, we synthesized pentapeptides VDYDG and VDGEG,
which consisted of residues 29 to 33 in MAb I and Mab II,
respectively. These peptide models permitted determination

of the role of the residues neighboring to the labile Asp
residues on their isomerization rates without the complica-
tions associated with the structural features of the MAbs.
Both peptides had their N and C termini blocked to eliminate
possible effects of terminal charges on the Asp isomerization
rates.

An rp-HPLC method was developed for separation of the
parent peptides and their degradation products. The degrada-
tion products were identified based on the rp-HPLC elution

FIGURE 3: A time course for the disappearance of the parent MAb
I (9) and the appearance of its IsoD32 (b) and AsuD32 (2)
degradation products in samples incubated in pH 8 buffers at
50 °C.

FIGURE 4: rp-HPLC elution profile of VDYDG and its degradation
products VDYIsoDG and VDYAsuDG in samples incubated for 2
days in pH 8 buffers at 50°C.

FIGURE 5: A time course for the disappearance of the parent peptide
VDYDG (b) and the appearance of its degradation products
VDYIsoDG (9) and VDYAsuDG (2) in samples incubated in pH
8 buffers at 50°C.

FIGURE 6: The pH-rate profiles for Asp isomerization occurring
in MAb I (0) and MAb II (O) and the peptide models VDYDG
(9), for MAb I, and VDGEG (b), for MAb II, are shown. Thekobs
values for plotting the pH-rate profiles were obtained by pseudo-
first-order fits to the data obtained from the stability studies
conducted with the MAb and peptide samples. The solid lines were
fitted to the data by nonlinear regression analysis using the equation
kobs) (Ka/[H+] + Ka)(kH

+[H+] + ko) whereKa is kinetic dissociation
rate constant,kH

+ is the rate constant for acid catalyzed attack on
the ionized aspartate, andko is a rate constant that includes
contributions from both acid and base catalyzed attack on the
ionized aspartate. The stability studies were performed by buffering
the MAb and peptide samples in pH 5, 6, 7 and 8 buffers ([buffer]
) 20 mM, I ) 150 mM) and then incubating the samples at
50 °C.

1538 Biochemistry, Vol. 46, No. 6, 2007 Wakankar et al.



profiles of VDYIsoDG and VIsoDGEG, the product ratios,
and the rp-HPLC elution profiles reported for Asp-containing
peptides undergoing isomerization (20). The rp-HPLC elution
profile of VDYDG upon incubation at 50°C and pH 8 for
2 days is shown in Figure 4. The elution profiles for VDGEG
and its degradation products were similar to those of
VDYDG and its degradants (data not shown). The IsoAsp
degradants were the predominant products arising from these
peptide models at all pHs studied except pH 5, where
significant amounts of the Asu degradants were also detected.
The loss of the parent peptide, as shown in Figure 5, was
fitted to a pseudo-first-order rate equation (eq 1), and the
kobs values were calculated. Thekobs values obtained at
different pHs were then used to generate the pH-rate profiles
for the two peptides (Figure 6).

pH-Rate Profile of Asp Isomerization in Peptide Models

The pH-rate profiles obtained for the peptides VDYDG
and VDGEG are shown in Figure 6. Both the pH-rate
profiles show a pH-dependent region in the pH range of 5
to 7. Further increases in pH result in the isomerization rates
becoming pH-independent. Oliyai et al. (20) have studied
the pH dependency of Asp isomerization in the peptide
VYPDGA. Our results for the pH dependency of isomer-
ization rates in VDYDG and VDGEG are in agreement with
their observations. A comparison of the pH-rate profiles of
VDYDG and VDGEG also revealed that the isomerization
rates of VDGEG were faster than the isomerization rates of
VDYDG at all pHs investigated.

pH-Rate Profile of Asp Isomerization in MAbs

The pH-rate profiles of Asp isomerization in the MAbs
are illustrated in Figure 6. A comparison of the profiles for
the two MAbs indicate the following: (i) the isomerization
rates of MAb I were faster than those observed for MAb II
at all pHs investigated; (ii) the isomerization rates of MAb
I were less affected by changes in pH than were those of
MAb II; and (iii) MAb II showed increased stability to
isomerization at higher pH.

A comparison of isomerization rates between MAb I and
its peptide model VDYDG showed that Asp isomerization
in the antibody was faster than that of the peptide at pH>
6. A similar comparison between the isomerization rates of
MAb II and its peptide model VDGEG showed Asp
isomerization rates in the antibody to be slower than those
of the peptide at all pHs investigated.

Biophysical Characterization of MAbs

DSC Analysis.DSC of the MAbs was performed to
examine the potential role of the structural stability of the
antibodies in their susceptibilities to chemical degradation,
i.e., Asp isomerization. The DSC thermograms were obtained
in the pH range of 5 to 8. The DSC thermograms for the
antibodies at pH 5 and 8 are as shown in Figures 7 and 8,
respectively. At pH 5, the DSC thermograms of both MAbs
showed four transitions: (i) an Fc melting transition at 65
°C; (ii) a second Fc melting transition at 77°C; and (iii) a
Fab melting transition at 83°C that coincided with transition
(iv), which was an exothermic transition due to MAb
aggregation (unpublished data wherein assignments of Fab
and Fc transitions were determined using isolated Fab and

Fc samples of several MAbs). The thermograms for the two
MAbs at pH 6 were identical to those observed at pH 5. At
pH 8, the DSC thermograms showed two transitions for MAb
I and three transitions for MAb II. The DSC thermograms
for MAb I showed an Fc melting transition and a Fab melting
transition. The DSC thermograms for MAb II also showed
an Fc and a Fab transition in addition to an exothermic
transition due to MAb aggregation. The low-temperature Fc
transition at 65°C was not observed in either MAb. The
melting temperature of the Fab transition for MAb I
decreased by 5°C following an increase in pH from 5 to 8.
The temperature of the Fab transition for MAb II was
unaffected by a similar change in pH. The DSC curves
obtained at pH 7 for the two MAbs were similar to those
reported at pH 8 (data not shown).

CD Analysis.The secondary and the tertiary structure of
the MAbs were evaluated using far-UV and near-UV CD,
respectively. The CD spectra for MAb I and MAb II, in both
the far-UV and near-UV regions, were identical at pH 8 as
well as at other pHs under investigation (data not shown).
The CD analysis was not suggestive of any significant

FIGURE 7: The DSC melting curves of MAb I (solid line) and MAb
II (dashed line) in solutions buffered at pH 5 ([buffer]) 20 mM,
I ) 150 mM).

FIGURE 8: The DSC melting curves of MAb I (solid line) and MAb
II (dashed line) in solutions buffered at pH 8 ([buffer]) 20 mM,
I ) 150 mM).

Aspartate Isomerization in Monoclonal Antibodies Biochemistry, Vol. 46, No. 6, 20071539



differences in the secondary and the tertiary structures of
the two Mabs (data not shown).

Determination of Local MAb Structure Using X-ray
Crystallography

Separation of Fab Portions of MAbs Using a Protein L
Column.The intact MAbs were digested with papain. The
Fab portions were then separated from the Fc portions using
a protein L column. Protein L specifically binds to the Fab
in the kappa light chain region and thus provides an efficient
method for separation of the Fab and the Fc regions in MAb
following papain digestion. As shown in Figure 9, the
separation of the Fab fragment was confirmed by injection
of the papain-digested MAb and the purified Fab fragment
onto an HIC column.

X-ray Crystallographic Structures of MAb I and MAb II.
X-ray crystal structures of the Fab regions of the MAbs were
determined since the Fabs were easier to crystallize than were
the MAbs. Prior to crystallization, the Fab fragment was
purified from the Fc fragment using protein L chromatog-
raphy post papain digestion of the MAbs. As shown in Figure
9, successful purification of the Fab portions of both the
MAbs was achieved using this technique.

Upon purification, the Fabs were crystallized and X-ray
crystal structures were obtained. X-ray crystal structure data
extending to resolutions of 3.0 Å and 2.2 Å were obtained
for the Fabs of MAb I and MAb II, respectively (Figures
10a and 10b). The solvent accessibility parameters were
determined for residues 29 to 33 for each of the MAbs (Table
1) (31). Based on these solvent accessibility parameter values
(Table 1), the labile Asp in MAb I (Asp 32) was observed
to be located in a more solvent-exposed region of the
antibody whereas the labile Asp in MAb II (Asp 30) was
considerably more buried.

To examine the possible influence of MAb conformation
on the Asp isomerization rates in MAbs, we compared the
local structures consisting of the CDR residues 29 to 33 of

the two MAbs (Figures 10a and 10b). The structure shows
residues 29 to 32 in a type Iâ turn in both MAbs. The
structure also revealed that the labile Asp (Asp 32) in MAb
I was more exposed to a solvent environment than the labile
Asp (Asp 30) in MAb II. The distances between the Asp
side chain carbonyl and the succeeding amide nitrogen atom
were measured using the crystal structure data. These
distances were 5.1 Å in MAb I and 5.4 Å in MAb II.
Proximity between the side chain carbonyl and the amide
nitrogen would ease the formation of the cyclic imide and
lead to faster Asp reactivity (13). The fact that these distances
are comparable would suggest similar reactivity for the two
Asp residues and thus does not explain the observed trend
in isomerization rates for these MAbs.

From the X-ray crystal structure data, the atomic displace-
ment parameters, theB values, were determined for each
atom in the amino acid sequence 29 to 33 for both MAbs.
TheB values of theâ carbons of residues 30 and 32 of the
MAbs were used as indicators of the conformational flex-
ibility of their side chains (Table 2). TheB values obtained
from the X-ray crystal structure of MAb I could not be used
to indicate local flexibilities due to the lower structural
resolution obtained for this structure. The variability in the
B values associated with the MAb I structure far exceeded
the differences inB values observed between theâ carbon
atoms of residues at positions 30 and 32. A higher structural
resolution of the MAb II X-ray crystal structure resulted in
lower variability for theB values obtained for MAb II. The
B values obtained from the MAb II X-ray crystal structure
could then be used for estimating local flexibilities along a
MAb sequence. TheB value for theâ carbon of the residue
at position 30 was considerably lower than theB value for
the â carbon of the residue at position 32 in MAb II. This
observation suggests lower conformational flexibility of the
side chain of the residue at position 30 compared to that of
the residue at position 32 in MAb II.

FIGURE 9: The HIC elution profiles of MAb I following papain digestion of the MAb (A), and after separation of the papain digest using
a protein L column (B).
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DISCUSSION

Asp isomerization in the CDR L1 regions of MAb I and
MAb II leads to the formation of IsoAsp and Asu variants,
causes a loss of binding affinity of these antibodies to human
IgE (6, unpublished work). The MAbs differ in primary
sequence of their CDR L1 regions and the location of the
labile Asp residues as shown in Figure 1. Asp 32 is the labile
residue in MAb I, and Asp 30 is the labile residue in MAb
II. These two labile Asp residues are followed by Gly
residues on their C-terminal side. This primary sequence

information would suggest that the rate of Asp isomerization
in MAb I would not be significantly different from the rate
of Asp isomerization in MAb II. However, our data show
that the isomerization rate in MAb I is faster than the
isomerization rate in MAb II. This observation suggests that
the primary sequence effects may not be the only factors
governing isomerization rates in these MAbs. Local confor-
mational differences in these MAbs could be another
important factor determining the rates of isomerization in
these biomolecules.

Peptide models VDYDG and VDGEG, encompassing
residues 29 to 33 in the CDR L1 region of MAb I and MAb
II, respectively, were synthesized and their kinetics of Asp
isomerization determined. Peptide models have been shown
to be useful tools in developing a mechanistic understanding
of reactions such as deamidation of Asn residues and
isomerization of Asp residues (12, 17, 20). The use of peptide
models precludes the potential effects of higher order
structure of proteins on Asp isomerization rates and enables
determination of the effects of primary sequence on the
isomerization reaction (12). The disappearance of the parent
peptides and the appearance of the degradants were moni-
tored using an rp-HPLC assay. The rp-HPLC profile shown
in Figure 4 illustrates the separation of the parent peptides
from their IsoAsp and Asu products. Based on a comparison
of the degradation profiles for the MAbs and their peptide
models, the distribution of the IsoAsp products and the Asu
products formed during Asp isomerization was similar in
both the MAbs and the peptides (Figures 3 and 5). This
demonstrates that the mechanism for Asp isomerization in
peptide models is similar to mechanism of Asp isomerization
in the Mabs.

In previous literature reports, the rates of Asp isomerization
in peptides have been determined using pseudo-first-order
reversible reaction rate models (17, 20). These reports along
with other published literature on peptide and protein
deamidation/isomerization have demonstrated that contribu-
tions of the forward reaction, the formation of the IsoAsp
from the Asp, to the observed isomerization rate are∼3- to

FIGURE 10: (a) X-ray crystal structure of the CDR L1 region
(residues 29 to 33) of MAb I. (b) X-ray crystal structure of the
CDR L1 region (residues 29 to 33) of MAb II.

Table 1: Solvent Accessibility Parametersa of the Amino Acid
Residues 29 to 33 of MAb I and MAb II

MAb I MAb II

residue
solvent accessibility

parameter (%) residue
solvent accessibility

parameter (%)

Val 29 0 Val 29 0
Asp 30 37.2 Asp 30 39.1
Tyr 31 54.5 Gly 31 10.2
Asp 32 71.3 Glu 32 77.9
Gly 33 94.4 Gly 33 95.9

a Reference31.

Table 2: B Valuesa of the â Carbons of the Asp and the Glu
Residues

MAb I MAb II

residue B values residue B values

Asp 30 32.7( 16 Asp 30 50.3( 6
Asp 32 49.8( 16 Glu 32 66.4( 6

a The B values for theâ carbons of the Asp and the Glu residues
were determined on the basis of the X-ray crystal structures of MAb I
and MAb II.
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4-fold greater those of the reverse reaction, the formation of
the Asp from the IsoAsp (17, 20, 32). One limitation in the
present study was that isomerization in the antibodies could
not be monitored till equilibrium concentrations of the Asp
and the IsoAsp species were attained. A significant degree
of protein precipitation (>20%) was detected in antibody
samples maintained at 50°C for a period beyond 12 days
(data not shown). Thus, the isomerization reaction was
monitored in both peptides and proteins during the initial
stages of reaction (∼30% isomerization). The isomerization
data obtained from these stability studies were fitted to a
pseudo-first-order kinetic model based on the assumption that
the contributions of the reverse reaction to the observed
isomerization rate (kobs) are minimal during the initial stages
of the reaction. The rates of Asp isomerization (kobs) obtained
from pseudo-first-order fits to the peptide and MAb stability
data were used for comparing Asp reactivity among these
biomolecules.

The rates of Asp isomerization (kobs) obtained from
pseudo-first-order fits to the peptide and MAb stability data
at pH 5, 6, 7, and 8 were used to generate the pH-rate
profiles shown in Figure 6. The pH-rate profiles for the
peptide models were similar to the pH-rate profiles reported
earlier for the peptide VYPDGA in the pH range of 5 to 8
(20). The residue on the C-terminal side of an Asp has a
major influence on its isomerization kinetics, and the residue
on the N-terminal end has a minor influence on Asp
isomerization (12). The labile Asp residues in both the
peptides are followed by a Gly residue on their C-terminal
side. The similarity in the C-terminal residue would suggest
similar chemical reactivities of the Asp residues in the two
MAb peptide models. However, a small difference in the
isomerization rates was observed between the two MAbs
peptide models; specifically, the rate of Asp isomerization
in VDYDG was slower than the rate of Asp isomerization
in VDGEG. This difference in isomerization rates could be
due to a difference in the residues N-terminal to the labile
Asp residues for the two peptides. The residue N-terminal
to the labile Asp in VDYDG, which is Tyr, could sterically
hinder the reactivity of Asp, which leads to a decrease in
isomerization rates (12).

As shown in Figure 6, the isomerization rates of MAb I
were faster than those of MAb II throughout the pH range
studied. This was the opposite of what was observed for the
peptide models, where the isomerization rates in the peptide
model for MAb I were slower than the isomerization rates
in the peptide model for MAb II. The fact that the trend in
isomerization rates for MAbs does not correlate with the
trend observed for their respective peptide models suggests
that the primary sequence of the MAbs is not the only factor
that determines the isomerization rates in these biomolecules.

The isomerization rates in MAb I were less pH-dependent
than in its peptide model. As shown in Figure 6, at pH> 6,
the isomerization rates in MAb I were faster than those
observed for its peptide model. Previous studies have shown
that the rates of deamidation and isomerization are signifi-
cantly slower in proteins compared to their peptide models
due to structural effects (13, 23, 25, 26). Structural stability
and conformational effects in proteins are known to be
responsible for this attenuation in the isomerization rates (23,
33). The fact that the isomerization rates in MAb I are faster
than those in its peptide model could suggest a potential

catalytic effect due to secondary or tertiary structural features
found in the protein. The Asp isomerization rates for MAb
II and its peptide model showed an attenuation in isomer-
ization rates as pH was increased. As was expected, the
isomerization rates in MAb II were slower than those in its
peptide model.

To evaluate the potential effects of MAb secondary and
tertiary structure and its conformational stability on Asp
isomerization rates, CD and DSC analyses of the two MAbs
at pHs 5, 6, 7, and 8 were performed. The DSC thermograms
(Figure 7) obtained for the two MAbs at pH 5 demonstrate
comparable structural stability of the two MAbs since the
Fc and the Fab melting transitions for the MAbs occur at
the same temperatures. A comparison of the DSC thermo-
grams at pH 5 and 8 for MAb I (Figure 8) indicates decreased
structural stability of the MAb I Fab at pH 8 compared to
its structural stability at pH 5. This decreased structural
stability at higher pHs in MAb I Fab also correlated with its
increased susceptibility to Asp isomerization at higher pH.

A comparison of the CD spectra of the two MAbs, in both
the far UV and the near UV regions, demonstrates similarity
in the secondary and the tertiary structure of Mabs (data not
shown). The CD spectra observed for both the MAbs in the
far UV region show predominantly aâ-sheet structure that
is consistent with other MAbs of its class (34). The CD
spectra determined at pH 8 for the two MAbs were consistent
with those observed in the pH range 5 to 7 (data not shown).
These observations suggest that the pH of the formulation
does not alter the secondary or the tertiary structural
characteristics of the MAbs.

The possible influence of the local conformation around
the labile Asp residues in these MAbs was investigated using
X-ray crystal structures. Based on the X-ray crystal structure,
the solvent accessibilities of residues 29 to 33 were calculated
using the method developed by Lee and Richards (31). The
results from these calculations are summarized in Table 1.
The solvent accessibilities of the residues increased with
increasing residue number from 29 to 33 in both MAbs. The
results demonstrate that the Asp residue in MAb I (residue
32) lies in the more solvent-exposed regions of theâ turn
compared to the Asp in MAb II (residue 30). The regions
with greater solvent accessibility are also likely to be
associated with more flexible regions in a protein (35).

The local flexibilities of the amino acid residues were
determined using theB values. TheB values of theâ carbons
of residues at position 30 and 32 were used as indicators of
the flexibilities of their respective side chains. The goal was
to compare local flexibility of residue 32 in MAb I to that
of residue 30 of MAb II. However, due to differences
associated with X-ray crystal structure resolution of MAb I
and MAb II this goal was altered to comparing local
flexibility of residue 30 to that of residue 32 within each
Fab structure. TheB values of theâ carbons of residue 30
and residue 32 in MAb I and MAb II are shown in Table 2.
The B values of theâ carbons in MAb II demonstrate that
residue 30 lies in less flexible regions of the MAb than does
residue 32. The lesser local flexibility at residue 30 in MAb
II (Table 2) also correlates with its lower solvent accessibility
(Table 1). The local flexibilities of residues 30 and 32 in
MAb I could not be accurately determined due to lower
resolution of the MAb I X-ray structure. The lower resolution
in the X-ray crystal structure of the MAb I led to increased

1542 Biochemistry, Vol. 46, No. 6, 2007 Wakankar et al.



variability in the B values. The variability in theB values
for the MAb I X-ray crystal structure far exceeded the
differences in theB values observed for theâ carbon atoms
of residues 30 and 32 (Table 2). Therefore, for MAb I
structure we assumed that residue 32 would be more flexible
than residue 30 based on its higher solvent accessibility. This
assumption is based on correlations observed between solvent
accessibility and residue flexibility for the MAb II structure
and similar correlations reported for other protein structures
(35). In the case of MAb I, the greater flexibility of Asp
residue 32 will decrease the energy required for its cyclization
to Asu in the MAb. As shown in Scheme 1, the rate-
determining step in the isomerization pathway was the
cyclization step and, thus, greater flexibility of the Asp would
lead to faster reactivity to isomerization. This was in agree-
ment with the results from our kinetic studies (Figure 6).

Based on the pH-rate profile (Figure 6), the Asp isomer-
ization rates in MAb I were faster than those in its peptide
model VDYDG under neutral-to-basic conditions (pHs>
6). Residues that H-bond to a labile Asp in proteins could
catalyze its reactivity to isomerization (36). The X-ray crystal
structure for MAb I shows a Tyr residue located within
H-bonding distance of the labile Asp residue (Figure 10a).
The presence of an H-bond-donating residue such as Tyr
could potentially catalyze Asp reactivity, especially under
pH conditions where the Asp is ionized, i.e., at pH> pKa
of the Asp (pH> 4). The lack of a similar catalytic effect
in peptide model VDYDG could be attributed to the
flexibility of the peptide which does not favor a stable
H-bond formation between the Asp and the Tyr.

This research demonstrates that the reactivity of the Asp
residues to isomerization in MAbs not only is affected by
their primary sequences but also is a function of the solvent
accessibility (as per X-ray crystallography) and the local
conformational flexibility (as perB values) of the Asp
residues. Greater solvent accessibility and therefore greater
flexibility of the Asp lead to an increase in its reactivity. A
decrease in the MAb structural stability (as per DSC) and
the presence of H-bond-donating residues within close
proximity to a labile Asp (as per X-ray crystal structure)
could accelerate Asp reactivity in MAbs.
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