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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 | and MAD II, are highly
susceptible to isomerization due to the presence of glycine residues (Gly) on their C-terminal ends. Asp
isomerization in these MADbs leads to formation of the isoaspartate (ISoAsp) and the cyclic imide (Asu)
variants of these MAbs. Both MAb | and MAb II, employed in this study, elicit their pharmacological
responses through binding human IgE. The formation of the MADb 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 | and the MADb Il 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
MADbs, 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
MADb I and MAD Il 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 physical and/or chemical degradation can lead to a loss of
or MAbs!) have evolved into a major class of therapeutics the MAb binding affinity for the antigen and, thereby, its
due to their highly selective binding to an antigen, long potency 6, 7).
clearance times, and the possibility of revoking immune cell

effector responsed). These therapies include treatment of q MAI(ajs,t_5|m|Iar to other pror':elns, are sust_ceptijble t? pht)_/smal d
malignant lymphomas, colorectal carcinomas, allergic asthma, egradation processes such as aggregation, denaturation, an

and ulcerative colitis as well as reduction of organ rejection Precipitation 8). The MADbs are also subject to chemical
in renal and cardiac transplant patien?s-6). The MAbs degradathn reactlon§ sgch as deamidation, |so'mer|zat|on,
bind the antigen or the ligand through interactions between "acemization, and oxidatior6(9, 10). Nonenzymatic post-
the residues in the complementarity-determining regions translational modification of the Asp residues, resulting in
(CDRs) of the antibody and those on the target sites of the isoaspartate (IsoAsp) and cyclic imide (Asu) products, is a
antigen. Any modification in the CDR of a MAb due to major route of protein degradation bathvivo andin vitro

(7, 11—-13). Asp isomerization causes problems such as
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Scheme 1. Pathway for Asp Isomerization in Peptides and MAbs (a) and the Kinetic Model (b) Used in Our Investigations
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The mechanism for Asp isomerization occurring in pep- Asp isomerization observed in these two MAbs. MAb | and
tides and proteins was first proposed by Geiger etlal) ( MAb Il differ in the primary sequence of their CDR L1
and is shown in Scheme 1. Asp isomerization, similar to region as shown in Figure 1. The two MAbs also differ in
Asn deamidation, proceeds through a cyclic imide interme- the location of their labile Asp residue with Asp 32 being
diate. This involves nucleophilic attack by the amide the labile residue in MAb | and Asp 30 the labile residue in
backbone nitrogen on the Asp side chain carbonyl to generateMADb Il (Figure 1). The isomerization of Asp 32 in the CDR
the cyclic imide. The cyclic imide then undergoes rapid L1 of MAb I, which led to the formation of IsoAsp and Asu
hydrolytic cleavage at thex or the g carbon to form residues, has been reported in samples incubated at pH 5.2
isoaspartate (isoAsp) or aspartate (Asp) products, respecand 37 °C (6). Preliminary studies with MAb Il under
tively, in a molar ratio of~3:1 at equilibrium. Clarke identical pH and temperature conditions have demonstrated
examined the effect of primary sequence and protein that Asp isomerization occurs at Asp 30, leading to the
conformation on Asp and Asn degradation in several well- formation of IsoAsp and Asu degradants of MAb I
characterized proteinsl®). These studies suggested two (unpublished work). As mentioned earlier, the Asp isomer-
factors to be principal determinants of the susceptibility of ization in MADb | (6) has been shown to decrease its binding
an Asp residue to isomerization in proteins: (i) the residue affinity to the human IgE leading to a loss in the potency of
on the C-terminal side of the Asp and (ii) the conformational this MAb therapeutic.

flexibility of the protein in the region surrounding the ASp |n this study, the rates of isomerization of the labile Asp
(13). The effects of C-terminal residues on Asp isomerization residues in MAb | and MAb Il were determined as a function
have been extensively investigated and well characterizedof formulation pH. The role of primary sequence, local
using model hexapeptide$Z, 18—-21). These investigations  conformation, and tertiary structure of the MAbs upon Asp
have shown that the residue on the C-terminal side of thejsomerization occurring in these biomolecules was assessed.
Asp influences Asp isomerization through steric, inductive/  This research advances the understanding of factors govern-
electrostatic, and catalytic effects. The studies also indicateding Asp isomerization in MAbs and provides a basis for
that the Asp in an Asp-Gly sequence in proteins was highly protein engineering of MAbs that are less susceptible to Asp
susceptible to the isomerization reactidr2,(18—21). The isomerization.
effect of local conformation of proteins on Asn deamidation
has been widely reporte@Z). Capasso et al. have observed EXPERIMENTAL PROCEDURES
attenuation of deamidation rates in ribonuclease A due to a
reduced conformational flexibility of the Asn in proteins  Materials. The recombinant humanized monoclonal anti-
compared to peptide model&3). Bischoff et al. 4) have bodies MAb | (rhuMAb E25) and MADb II were cloned,
indicated the importance of local conformational flexibility ~expressed, and purified at Genentech (South San Francisco,
in a protein as an important determinant of Asn deamidation CA) using identical methodologies. The model peptides
rate in hirudin. A decrease in Asn deamidation rates due to VDYDG and VDGEG were synthesized and purified at
reduced conformational flexibility in proteins has also been Genentech. The peptides had their N termini acetylated and
reported for recombinant human lymphotoxi@5)( and their C termini amidated. Papain and anti-papain (Antipain)
growth hormone releasing factor. Similar to the effects of were purchased from Roche Diagnostics (Mannheim, Ger-
higher order protein structure on Asn reactivity in proteins, many) and Peptide International (Louisville, KY), respec-
the secondary and the tertiary structure of proteins could alsotively. All chemicals and solvents used in making the
influence the rate of Asp isomerizatioh3). The extensive  buffered solutions and mobile phases for chromatography
hydrogen bonding observed in proteins may reduce thewere purchased from Sigma (St. Louis, MO). Water used in
flexibility of the Asp residue, leading to an attenuation of these experiments was purified using a Millipore MILLI-Q
isomerization rates in proteingJ). system.

The objective of the current studies was to investigate the  Formulation BuffersThe formulation buffers were 20 mM
rates of Asp isomerization in the two MAbs, MAb | and acetate (pH 5.0), 20 mM histidine (pH 6.0), and 20 mM
MADb Il, and to elucidate the molecular basis for the rates of phosphate (pH 7.0 and 8.0). The ionic strengths of the
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Ficure 1: The differences between the primary sequences of MAb
I and MAD II.

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 strengthl (= 0.15 M) to yield the

Wakankar et al.

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 AnalysisThe 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 constankg,y. The following equation was
used for the fitting:

A= Ay exp(—kypd)

where A was the concentration of the parent MAb or the

(1)

desired pH. The pHs of the buffers were measured with an peptide at time;, A, was the initial concentration of the parent

Accumet AB15 pH meter.

Stability StudiesMADb 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 8GQ 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

MADb or the peptide.

Protein L-Based Separation of Fab Fragmerike intact
MADbs were digested with papain as discussed in the section
Sample Preparation for HIC (Papain digestion of MADSs).
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

the Asp isomerization. Peptide formulations (0.1 mg/mL) buffer consisting of 0.1 M phosphate buffer and 0.15 M
buffered at pH 5, 6, 7, and 8 were placed in PP vials and sodium chloride solution (pH 7.2) prior to loading of the
incubated at 50C in the same oven. Sample vials were digested MAb onto the column. Upon loading of the digested
withdrawn at predetermined time intervals and analyzed MADb, the column was further washed with the binding buffer
using rp-HPLC to monitor loss of the parent peptides due to to elute the Fc fragment. The Fab fragment was then eluted
Asp isomerization. The stability samples were monitored from the protein L column using an elution buffer that
during the initial stages of the degradation reaction and consisted of 0.1 M glycine solution (pH 2.5). The eluant

showed~20—30% loss of the parent forms.

Sample Preparation for HIC (Papain Digestion of MADbs).
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) o2 h in papain (papain:
MADb 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.

containing the Fab was then neutralized to pH 7.0 using 1
M Tris buffer and stored at 8C prior to crystallization.
X-ray Crystallography of the Fab Fragmentshe solu-
tions containing the Fab fragment were dialyzed into 10 mM
Hepes, 150 mM sodium chloride (pH 7.2) at@ 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 digested samples were then injected onto an HIC The crystals obtained were immersed in a cryoprotectant

column.
HIC of MAbs.The separation and quantitation of the parent

solution containing ammonium sulfate and 20% w/v glycerol
and then flash cooled by immersion in liquid nitrogen. Data

MADbs and their IsoAsp and Asu variants were achieved using extending to 2.2 A (MAb Il Fab) and 3.0 A (MAb | Fab)

HIC. Aliquots of the digested MADb (3@L) were injected
onto a TSKGel phenyl-5PW 7.5 75 mm column (Fisher
Sci., Pittsburgh). Gradient elution was used with solvent A
consisting ® 2 M ammonium sulfate solution buffered at
pH 7.5 and solvent B consisting of 20 mM Tris solution

were collected in space grof2(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 HK27) and CCP4 suites
(28). Structural data was solved by a molecular replacement
method that employed the “Phaser” technic@.(Structural

buffered at the same pH. The gradient consisted of varying refinement was performed using CNX (Accelrys, San Diego,

the concentration of solvent B from 24.00% ove 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@0
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

CA). Model building and inspection were performed using
“XtalView” (30).

DSC AnalysisThermal analysis of MAb | and MAb I
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 @€ 5The
solutions were scanned in the temperature rangel20°C

degradation products were separated using an ODS Hypersiht a scan rate of 58C/h. The DSC thermograms were then

C-18, 4.6x 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.

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
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Ficure 2: HIC elution profiles of MAb | (panel A) and MAD Il (panel B) and their variants IsoD32 and AsuD32 in samples incubated in
pH 8 buffers at 50C 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 MAD I, respectively; peaks 3 anet@®the disulfide and the free thiol
forms of IsoD32 MAD I, respectively; and peak 4 was the disulfide form of the AsuD32 MADb I. Panel B. The HIC elution profile of MAb
Il (peak 2) and its variants 1soD30 (peak 3) and AsuD30 (peak 4) in samples incubated in conditions similar to those mentioned for MAb
| samples is shown. Peak 1 is the nonspecific papain clip.

near-UV regions, respectively. A scan rate of 0.5 nm/min of the MAbs; peaks 2 and 2vere the disulfide and the free
was employed, and the spectrum for each of the MAbs wasthiol forms of the parent MAb I, respectively; peaks 3 and
corrected for the respective buffer solutions. The bandwidth 3' were the disulfide and the free thiol forms of IsoAsp MAb
and the slit size for the instrument were both set at 2 nm. I, respectively; and peak 4 was the disulfide form of the Asu
The sample holder was maintained at’®5during the scans ~ MADb I. The free thiol form of Asu MAb | was not detectable.
using a thermostat. Sample cuvettes with 1 mm path lengthThe disulfide forms of the MAbs arise from an intrachain
were used. The spectral data obtained were plotted usingdisulfide bond between residues Cys 22 and Cys 26 in the

Origin software. heavy chain region of the Fabs, and the free thiol forms were
the MAbs with the disulfide bond reduced. The identities of
RESULTS the individual peaks in the HIC profile were established from

earlier work that involved tryptic mapping, mass spectrom-

Analysis of Asp Isomerization in MAbShe separation etry, and N-terminal sequencing of the different peaks in

nd Asu variants were achieved using an HIC aspy (e HIC profie 6). The Asp isomerization rates of the
Figure 2 shows the HIC elution profiles of the Fab and the disulfide and the free th'c’l fqrm of the MAbs were compared
Fc fragments of MAb | and MADb Il sampled at 0, 2, and 8 and observed to b.e identical (d_ata not ShO.W”)Z For the
days of storage at 50C and pH 8. These MAb fragments purpose of our studies, the free thl_ol and the dlsulf_lde _forms
were generated through selective protease digestion of the®’ the parent MAbs were considered to be kinetically
MAb using papain. Papain cleaves the MAbs on the €duivalent

C-terminal side of His 228 located in the heavy chain region ~ To investigate the Asp isomerization in MADb |, the
of the MADbs leading to the formation of two Fab fragments changes in the Fab region of the HIC profile were monitored.
and one Fc fragment for each MAb. The MAb digests were The loss of Asp 32 in MAb | (peaks 2 and)2and the
then passed through an HIC column, which resulted in the formation of IsoAsp 32 (peaks 3 an¢) &nd Asu 32 (peak
separation of the Fab and Fc fragments. The Fab region of4) variants were monitored as a function of time. The changes
the HIC profile of MAb | showed six distinctive peaks: peak in the peak areas of MAb | and its degradants, which were
1 was attributed to a nonspecific papain clip in the Fab region observed as a function of incubation time, demonstrate the
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FiGURE 3: A time course for the disappearance of the parent MAb FIGURES: A time course for the disappearance of the parent peptide
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Ficure 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 50C.

0.02

utility of HIC for monitoring this isomerization reaction

(Figure 2). As shown in Figure 2, the HIC elution profile LA B A A AL A R
for MAD Il was similar to that observed for MAb | except >0 53 60 65 70 75 80
for the absence of the free thiol form in the Asp and the pH

IsoAsp species of MAD II. The identity of individual peaks Ficure 6: The pH-rate profiles for Asp isomerization occurring
in the MADb Il elution profile was based on results from in MAb | (O) and MAb Il (O) and the peptide models VDYDG

tryptic mapping, mass spectrometry, and protein sequencing(®). for MAb |, and VDGEG @), for MADb I, are shown. The,
st)l/deies (urr)lrp))uglished daF;a) y P g gvalues for plotting the pHrate profiles were obtained by pseusdo-

first-order fits to the data obtained from the stability studies
Figure 3 shows the time course for the disappearance ofconducted with the MAb and peptide samples. The solid lines were
Asp 32 in MADb | and the appearance of its IsoAsp 32 and fitted to the data by nonlinear regression analysis using the equation
Asu 32 degradation products. As shown in the figure, an Xobs= (Kd[H'] + Ka)(k'[H ] + ko) whereK,is kinefic dissociation
. i th . f Asu 32 duct b ’ rate constantky™ is the rate constant for acid catalyzed attack on
increase in the concentration of Asu 32 product was observedie jonized aspartate, ank, is a rate constant that includes
with time. However, this increase in Asu product is modest contributions from both acid and base catalyzed attack on the
at pH 8 relative to the increase observed at lower pHs. This ionized aspartate. The stability studies were performed by buffering
is expected since the Asu product is unstable at higher pHsthe '\gAb,\";l‘”‘lj p_eplt'S%e Si;“p'esd'“th 5 6, t7) and SE”ﬁers ([Ibuffer]
and therefore undergoes rapid hydrolysis under these condigysc ™" '~ mM) and then incubating the samples at

tions. The loss of parent MAb | was fitted to a pseudo-first-

order rate model to obtain the apparent isomerization rate of the role of the residues neighboring to the labile Asp

constantkony. Thekoss values were obtained for both MADS resjdues on their isomerization rates without the complica-

at different pH values and were plotted as a function of pH tions associated with the structural features of the MAbs.

(Figure 6). Both peptides had their N and C termini blocked to eliminate
Analysis of Asp Isomerization in Peptidé®sr the purpose  possible effects of terminal charges on the Asp isomerization

of evaluating the role of primary sequence on Asp isomer- rates.

ization, we synthesized pentapeptides VDYDG and VDGEG, An rp-HPLC method was developed for separation of the

which consisted of residues 29 to 33 in MAb | and Mab 1, parent peptides and their degradation products. The degrada-

respectively. These peptide models permitted determinationtion products were identified based on the rp-HPLC elution
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profiles of VDYIsoDG and VIsoDGEG, the product ratios,

and the rp-HPLC elution profiles reported for Asp-containing
peptides undergoing isomerizatid®20f. The rp-HPLC elution
profile of VDYDG upon incubation at 50C 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 F.\_)
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. Thie,s values obtained at
different pHs were then used to generate the-piie profiles

for the two peptides (Figure 6).

0.0000
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-0.0010

-0.0015

40 60

Temperature (°C)

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

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 pkate
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 a0} 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 pkhate 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.

0.0005

0.0000

- — = -

Cp(cal/’C)
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pH—Rate Profile of Asp Isomerization in MAbs

The pH-rate profiles of Asp isomerization in the MAbs -0.0010
are illustrated in Figure 6. A comparison of the profiles for
the two MADs indicate the following: (i) the isomerization
rates of MAb | were faster than those observed for MAD I
at all pHs investigated; (ii) the isomerization rates of MAb

| were less affected by changes in pH than were those of
MADb 1I; and (iii) MAb Il showed increased stability to
isomerization at higher pH.

A comparison of isomerization rates between MAb | and
its peptide model VDYDG showed that Asp isomerization Fc samples of several MAbs). The thermograms for the two
in the antibody was faster than that of the peptide atpH  MADbs at pH 6 were identical to those observed at pH 5. At
6. A similar comparison between the isomerization rates of pH 8, the DSC thermograms showed two transitions for MAb
MAb I and its peptide model VDGEG showed Asp | and three transitions for MAb Il. The DSC thermograms
isomerization rates in the antibody to be slower than those for MAb | showed an Fc melting transition and a Fab melting
of the peptide at all pHs investigated. transition. The DSC thermograms for MAb Il also showed

) ) o an Fc and a Fab transition in addition to an exothermic
Biophysical Characterization of MAbs transition due to MAb aggregation. The low-temperature Fc

DSC Analysis.DSC of the MAbs was performed to transition at 65°C was not observed in either MAb. The

examine the potential role of the structural stability of the melting temperature of the Fab transition for MAb |
antibodies in their susceptibilities to chemical degradation, decreased by 5C following an increase in pH from 5 to 8.
i.e., Asp isomerization. The DSC thermograms were obtained The témperature of the Fab transition for MAb Il was
in the pH range of 5 to 8. The DSC thermograms for the unaffected by a similar change in pH. The DSC curves
antibodies at pH 5 and 8 are as shown in Figures 7 and 810bta|ned at pH 7 for the two MAbs were similar to those
respectively. At pH 5, the DSC thermograms of both MAbs "€Ported at pH 8 (data not shown).

Temperature (°C)

Ficure 8: The DSC melting curves of MAb | (solid line) and MAb
Il (dashed line) in solutions buffered at pH 8 ([buffer]20 mM,
| = 150 mM).

showed four transitions: (i) an Fc melting transition at 65
°C; (ii) a second Fc melting transition at 7T; and (iii) a
Fab melting transition at 83C that coincided with transition
(iv), which was an exothermic transition due to MADb

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 | and MAD I, in both
the far-UV and near-UV regions, were identical at pH 8 as

aggregation (unpublished data wherein assignments of Fabwell as at other pHs under investigation (data not shown).
and Fc transitions were determined using isolated Fab andThe CD analysis was not suggestive of any significant
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Ficure 9: The HIC elution profiles of MAD | following papain digestion of the MAb (A), and after separation of the papain digest using
a protein L column (B).

differences in the secondary and the tertiary structures ofthe two MAbs (Figures 10a and 10b). The structure shows

the two Mabs (data not shown). residues 29 to 32 in a type/ turn in both MAbs. The
o ) structure also revealed that the labile Asp (Asp 32) in MAb

Determination of Local MAb Structure Using X-ray | was more exposed to a solvent environment than the labile

Crystallography Asp (Asp 30) in MAb II. The distances between the Asp

Separation of Fab Portions of MAbs Using a Protein L Side chain carbonyl and the succeeding amide nitrogen atom
Column.The intact MAbs were digested with papain. The were measured using the crystal structure data. These
Fab portions were then separated from the Fc portions usingdistances were 5.1 A in MAb | and 5.4 A in MAb II.

a protein L column. Protein L specifically binds to the Fab Proximity between the side chain carbonyl and the amide
in the kappa light chain region and thus provides an efficient nitrogen would ease the formation of the cyclic imide and
method for separation of the Fab and the Fc regions in MAD lead to faster Asp reactivityl8). The fact that these distances
following papain digestion. As shown in Figure 9, the are comparable would suggest similar reactivity for the two
separation of the Fab fragment was confirmed by injection Asp residues and thus does not explain the observed trend
of the papain-digested MAb and the purified Fab fragment in isomerization rates for these MADbs.

onto an HIC column.

X-ray Crystallographic Structures of MAb | and MAD I1.
X-ray crystal structures of the Fab regions of the MAbs were
determined since the Fabs were easier to crystallize than wer
the MADs. 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.

From the X-ray crystal structure data, the atomic displace-
ment parameters, thB values, were determined for each
atom in the amino acid sequence 29 to 33 for both MAbs.
®rhe B values of the3 carbons of residues 30 and 32 of the
MAbs were used as indicators of the conformational flex-
ibility of their side chains (Table 2). ThB values obtained
from the X-ray crystal structure of MADb | could not be used
to indicate local flexibilities due to the lower structural

Upon purification, the Fabs were crystallized and X-ray resolution obtaiped for'this structure. The variability in the
crystal structures were obtained. X-ray crystal structure dataB Valués associated with the MAD | structure far exceeded
extending to resolutions of 3.0 A and 2.2 A were obtained the differences irB values observed between tfiecarbon
for the Fabs of MAb | and MAD II, respectively (Figures atoms pf residues at positions 30 and 32. A higher struct_ural
10a and 10b). The solvent accessibility parameters wererésolution of the MADb Il X-ray crystal structure resulted in
determined for residues 29 to 33 for each of the MAbs (Table lower variability for theB values obtained for MAD II. The
1) (31). Based on these solvent accessibility parameter valuesB values obtained from the MAb Il X-ray crystal structure
(Table 1), the labile Asp in MAb | (Asp 32) was observed could then be used for estimating local flexibilities along a
to be located in a more solvent-exposed region of the MAb sequence. Th& value for thes carbon of the residue
antibody whereas the labile Asp in MADb Il (Asp 30) was at position 30 was considerably lower than Bi@alue for
considerably more buried. the g carbon of the residue at position 32 in MAb II. This

To examine the possible influence of MAb conformation observation suggests lower conformational flexibility of the
on the Asp isomerization rates in MAbs, we compared the side chain of the residue at position 30 compared to that of
local structures consisting of the CDR residues 29 to 33 of the residue at position 32 in MADb II.
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a HisH97 Table 1: Solvent Accessibility Parameteo$ the Amino Acid
Residues 29 to 33 of MAb | and MAD I
MAD | MADb Il
solvent accessibility solvent accessibility
HisH100 residue parameter (%) residue parameter (%)

Val 29 0 Val 29 0

Asp32 324 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 Reference3l.

Table 2: B Value$ of the 5 Carbons of the Asp and the Glu

Residues
MAD | MADb Il
residue B values residue B values
Asp 30 32.7+ 16 Asp 30 50.3t 6
Asp 32 49.8+ 16 Glu 32 66.4+ 6

2The B values for thes carbons of the Asp and the Glu residues
were determined on the basis of the X-ray crystal structures of MADb |
and MAD II.

information would suggest that the rate of Asp isomerization

b - in MAb | would not be significantly different from the rate
/’ HisH97 of Asp isomerization in MAb Il. However, our data show
(" that the isomerization rate in MAb | is faster than the

[R]
'] isomerization rate in MAb Il. This observation suggests that

the primary sequence effects may not be the only factors
HisH100a governing isomerization rates in these MAbs. Local confor-
0 mational differences in these MAbs could be another
important factor determining the rates of isomerization in
< these biomolecules.
HisH100c Peptide models VDYDG and VDGEG, encompassing
N \ residues 29 to 33 in the CDR L1 region of MAb | and MAb
N I, respectively, were synthesized and their kinetics of Asp
isomerization determined. Peptide models have been shown
HisL92 to be useful tools in developing a mechanistic understanding
R of reactions such as deamidation of Asn residues and
ﬁ Y isomerization of Asp residue&Z, 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
4 isomerization reactiornl@). The disappearance of the parent
{1 peptides and the appearance of the degradants were moni-
LA tored using an rp-HPLC assay. The rp-HPLC profile shown
""\\\ ——— in Figure 4 illustrates the separation of the parent peptides
A\ ( from their IsoAsp and Asu products. Based on a comparison
Ficure 10: (a) X-ray crystal structure of the CDR L1 region of the degradgtpn p_roflleS for the MADbs and their pepiide
(residues 29(t()) 33) gf I\ZyAb . (b) X-ray crystal structure o? the Models, the d'St”bUt'Qn of the.ISOASP perUCts a“‘?' the Asu
CDR L1 region (residues 29 to 33) of MADb II. products formed during Asp isomerization was similar in
both the MAbs and the peptides (Figures 3 and 5). This
DISCUSSION demonstrates that the mechanism for Asp isomerization in
Asp isomerization in the CDR L1 regions of MAb | and peptide models is similar to mechanism of Asp isomerization
MAD Il leads to the formation of IsoAsp and Asu variants, in the Mabs.
causes a loss of binding affinity of these antibodies to human In previous literature reports, the rates of Asp isomerization
IgE (6, unpublished work). The MADbs differ in primary in peptides have been determined using pseudo-first-order
sequence of their CDR L1 regions and the location of the reversible reaction rate models/( 20). These reports along
labile Asp residues as shown in Figure 1. Asp 32 is the labile with other published literature on peptide and protein
residue in MADb |, and Asp 30 is the labile residue in MAb deamidation/isomerization have demonstrated that contribu-
Il. These two labile Asp residues are followed by Gly tions of the forward reaction, the formation of the IsoAsp
residues on their C-terminal side. This primary sequence from the Asp, to the observed isomerization rate-a8e to
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4-fold greater those of the reverse reaction, the formation of catalytic effect due to secondary or tertiary structural features
the Asp from the IsoAspl(7, 20, 32). One limitation in the found in the protein. The Asp isomerization rates for MAb
present study was that isomerization in the antibodies couldll and its peptide model showed an attenuation in isomer-
not be monitored till equilibrium concentrations of the Asp ization rates as pH was increased. As was expected, the
and the IsoAsp species were attained. A significant degreeisomerization rates in MAD Il were slower than those in its
of protein precipitation ¥20%) was detected in antibody peptide model.
samples maintained at 5C for a period beyond 12 days To evaluate the potential effects of MAb secondary and
(data not shown). Thus, the isomerization reaction was tertiary structure and its conformational stability on Asp
monitored in both peptides and proteins during the initial isomerization rates, CD and DSC analyses of the two MAbs
stages of reaction30% isomerization). The isomerization at pHs 5, 6, 7, and 8 were performed. The DSC thermograms
data obtained from these stability studies were fitted to a (Figure 7) obtained for the two MAbs at pH 5 demonstrate
pseudo-first-order kinetic model based on the assumption thatcomparable structural stability of the two MAbs since the
the contributions of the reverse reaction to the observed Fc and the Fab melting transitions for the MAbs occur at
isomerization ratel{,9 are minimal during the initial stages the same temperatures. A comparison of the DSC thermo-
of the reaction. The rates of Asp isomerizati&gd obtained grams at pH 5 and 8 for MADb | (Figure 8) indicates decreased
from pseudo-first-order fits to the peptide and MADb stability structural stability of the MAb | Fab at pH 8 compared to
data were used for comparing Asp reactivity among theseits structural stability at pH 5. This decreased structural
biomolecules. stability at higher pHs in MAb | Fab also correlated with its
The rates of Asp isomerizationksy obtained from increased susceptibility to Asp isomerization at higher pH.
pseudo-first-order fits to the peptide and MAD stability data A comparison of the CD spectra of the two MAbs, in both
at pH 5, 6, 7, and 8 were used to generate the-te the far UV and the near UV regions, demonstrates similarity
profiles shown in Figure 6. The pHate profiles for the in the secondary and the tertiary structure of Mabs (data not
peptide models were similar to the pifate profiles reported  shown). The CD spectra observed for both the MAbs in the
earlier for the peptide VYPDGA in the pH range of 5to 8 far UV region show predominantly @sheet structure that
(20). The residue on the C-terminal side of an Asp has a is consistent with other MAbs of its clas84). The CD
major influence on its isomerization kinetics, and the residue spectra determined at pH 8 for the two MAbs were consistent
on the N-terminal end has a minor influence on Asp with those observed in the pH range 5 to 7 (data not shown).
isomerization {2). The labile Asp residues in both the These observations suggest that the pH of the formulation
peptides are followed by a Gly residue on their C-terminal does not alter the secondary or the tertiary structural
side. The similarity in the C-terminal residue would suggest characteristics of the MADbs.
similar chemical reactivities of the Asp residues in the two  The possible influence of the local conformation around
MADb peptide models. However, a small difference in the the labile Asp residues in these MAbs was investigated using
isomerization rates was observed between the two MADbs X-ray crystal structures. Based on the X-ray crystal structure,
peptide models; specifically, the rate of Asp isomerization the solvent accessibilities of residues 29 to 33 were calculated
in VDYDG was slower than the rate of Asp isomerization using the method developed by Lee and Richagd}. (The
in VDGEG. This difference in isomerization rates could be results from these calculations are summarized in Table 1.
due to a difference in the residues N-terminal to the labile The solvent accessibilities of the residues increased with
Asp residues for the two peptides. The residue N-terminal increasing residue number from 29 to 33 in both MAbs. The
to the labile Asp in VDYDG, which is Tyr, could sterically  results demonstrate that the Asp residue in MAb | (residue
hinder the reactivity of Asp, which leads to a decrease in 32) lies in the more solvent-exposed regions of fghieirn
isomerization rateslg). compared to the Asp in MADb Il (residue 30). The regions
As shown in Figure 6, the isomerization rates of MAb | with greater solvent accessibility are also likely to be
were faster than those of MAb Il throughout the pH range associated with more flexible regions in a proted®)(
studied. This was the opposite of what was observed for the The local flexibilities of the amino acid residues were
peptide models, where the isomerization rates in the peptidedetermined using thB values. TheB values of thes carbons
model for MADb | were slower than the isomerization rates of residues at position 30 and 32 were used as indicators of
in the peptide model for MAD II. The fact that the trend in the flexibilities of their respective side chains. The goal was
isomerization rates for MAbs does not correlate with the to compare local flexibility of residue 32 in MADb | to that
trend observed for their respective peptide models suggestof residue 30 of MAb Il. However, due to differences
that the primary sequence of the MADs is not the only factor associated with X-ray crystal structure resolution of MAb |
that determines the isomerization rates in these biomoleculesand MAb Il this goal was altered to comparing local
The isomerization rates in MAb | were less pH-dependent flexibility of residue 30 to that of residue 32 within each
than in its peptide model. As shown in Figure 6, at pH§, Fab structure. Th® values of the3 carbons of residue 30
the isomerization rates in MAb | were faster than those and residue 32 in MADb | and MADb Il are shown in Table 2.
observed for its peptide model. Previous studies have shownThe B values of the3 carbons in MAb Il demonstrate that
that the rates of deamidation and isomerization are signifi- residue 30 lies in less flexible regions of the MAb than does
cantly slower in proteins compared to their peptide models residue 32. The lesser local flexibility at residue 30 in MAb
due to structural effectdl 8, 23, 25, 26). Structural stability Il (Table 2) also correlates with its lower solvent accessibility
and conformational effects in proteins are known to be (Table 1). The local flexibilities of residues 30 and 32 in
responsible for this attenuation in the isomerization rd28s ( MAb | could not be accurately determined due to lower
33). The fact that the isomerization rates in MAb | are faster resolution of the MAD | X-ray structure. The lower resolution
than those in its peptide model could suggest a potential in the X-ray crystal structure of the MAb I led to increased
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variability in the B values. The variability in th® values 3.
for the MAb | X-ray crystal structure far exceeded the
differences in thé3 values observed for th& carbon atoms

of residues 30 and 32 (Table 2). Therefore, for MAb |
structure we assumed that residue 32 would be more flexible 4.
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 Il 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 pHrate profile (Figure 6), the Asp isomer-
ization rates in MAb | 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 isomerizatioB6). The X-ray crystal
structure for MAb | 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 pHpKa
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 MADs. 17,
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