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The origin of the microheterogeneity of a highly purified antiinflammatory humanized monoclonal
antibody prepared in mammalian cell culture has been investigated. This antibody is an IgG directed
toward human CDI18 (a subunit of leukocyte integrins). When the IgG preparation is subjected to
isoelectric focusing, it is found to contain four major species with pl values ranging from 6 to 7.
Although the relative amounts of each form differ and some species are present only in small quan-
tities, each has been isolated by a combination of high-resolution anion-exchange chromatography and
isoelectric focusing. Comparative studies reveal no detectable differences in overall secondary (far UV
circular dichroism) or tertiary (intrinsic fluorescence) structure, molecular weight (laser-desorption
mass spectroscopy), or antigen binding activity. When each of the isolated species is incubated under
conditions which favor deamidation, it is converted to forms of lower pI which appear to correspond
to naturally observed species. While the isolated light chain is relatively homogeneous, the heavy
chain exhibits a pattern of isoelectric focusing bands similar to that of the intact immunoglobulin.
These results suggest that in this case, charge microheterogeneity is due to the sequential deamidation

of the immunoglobulin heavy chain.
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INTRODUCTION

Monoclonal antibodies are under intensive development
for a wide variety of therapeutic and diagnostic uses. This is
due to a combination of their high intrinsic specificity, the
ease of production, and recent advances in converting mu-
rine monoclonal antibodies to their humanized analogues (1-
4). Although monoclonal antibodies are the product of
unique genes from single clonal cell lines, it is well-known
that they exhibit considerable charge heterogeneity. In this
regard, it is usually found that isoelectric focusing of mono-
clonal antibodies resolves three to seven distinct species
(5,6). The pattern of isoelectric focusing bands manifested by
any individual antibody is referred to as its ‘‘spectrotype’’
.

This intrinsic heterogeneity poses a number of potential
problems in the use of monoclonal antibodies as both ther-
apeutic and diagnostic agents since the biological activity of
such an antibody presumably reflects the sum of the prop-
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erties of each form. It is important to investigate whether the
various forms possess different antigen binding activities,
effector functions, or circulation lifetimes. Although qualita-
tive changes in spectrotype are easily detectable by analyt-
ical isoelectric focusing, it is more difficult to quantify un-
ambiguously subtle shifts in the relative proportions of each
form which might influence overall functional activity. Even
though consistency of spectrotype may be sufficient for
structural and functional definition of a monoclonal antibody
(8), it is essential to understand the structural origin of this
microheterogeneity and its potential effects upon the prop-
erties of each form.

Two major nonmutually exclusive hypotheses have
been proposed to explain the presence of monoclonal anti-
body charge variants (9-12). According to one, microheter-
ogeneity results from differences in glycosylation; in partic-
ular, varying contents of charged sugars such as terminal
sialic acid. The second idea is that posttranslational modifi-
cations of the protein itself such as deamidation lead to
forms of increasing negative charge. The spontaneous, non-
enzymatic deamidation of asparagine and glutamine residues
is perhaps the most commonly observed covalent change in
proteins both in vitro and in vivo (13,14). The deamidation of
pharmaceutical products such as human growth hormone
during storage has recently been described (15). In the
course of development of a humanized anti-CD18 monoclo-
nal antibody (h1B4) as an antiinflammatory agent, studies
were undertaken to characterize more fully the structural
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basis of charge heterogeneity in this protein. We report here
that in the case of h1B4, the charge heterogeneity is probably
due to deamidation in the immunoglobulin’s heavy chain
without detectable changes in protein structure or functional
(antigen binding) activity.

MATERIALS AND METHODS

Materials. The humanized monoclonal antibody (h1B4)
was expressed in mammalian cells and purified by a combi-
nation of protein affinity chromatography and gel filtration
chromatography as described previously (16,17). Murine
1B4 was propagated and purified as indicated previously
(18). Iodination of murine 1B4 was carried out using chlora-
mine-T and the protein isolated by HPLC-gel filtration chro-
matography. Endoglycosidase F and recombinant N-glyca-
nase were obtained from Genzyme Corporation. All chemi-
cals and reagents used were of analytical grade.

Isoelectric Focusing. Isoelectric focusing was per-
formed in 19 agarose gels containing ampholytes of pl 5-8
(Pharmalyte) with a Pharmacia FBE-3000 flatbed apparatus
thermostated at 15°C. Samples (approximately 30 pg) were
focused at 15-W constant power for 1800 V-hr using a Phar-
macia VH-1 volt-hour integrator. NaOH (1 M) was used as
the catholyte, and 0.05 M H,SO, as the anolyte. Gels were
fixed and stained with Coomassie blue as described previ-
ously (19). Chromatograms were analyzed with a LKB Ul-
trascan XL laser densitometer.

Ion-Exchange Chromatography. Native monoclonal
antibody preparation was loaded onto a Pharmacia Mono Q
column (HR5/5) equilibrated with 20 mM Tris~HCI, pH 8.2,
and eluted with a 0-0.25 M NaCl gradient in 20 mM Tris—
HCI, pH 8.2. The gradient was developed over 30 min at a
flow rate of 0.5 mL/min. Elution was monitored by absor-
bance at 280 nm and antibody-containing fractions were col-
lected and analyzed by isoelectric focusing.

Preparative Isoelectric Focusing. For preparative pur-
poses, antibody samples were loaded on a 1 X 15-cm gel
strip (all sample wells); after focusing, one lane of the gel was
removed and proteins were stained and identified. The cor-
responding unstained h1B4 containing areas were cut from
the remaining gel, homogenized in the presence of phos-
phate-buffered saline, and extracted by shaking overnight.
The insoluble agarose gel was removed, and the aqueous
sample dialyzed into 10 mM sodium phosphate (pH 7.4) and
concentrated for further investigation.

Spectroscopic Methods. Circular dichroic (CD) spectra
were obtained with a Jasco J-720 spectropolarimeter. Each
spectrum represents the average of three (baseline-
corrected) scans between 184 and 260 nm using a 1-mm-path
length quartz cuvette. All of the CD measurements were
performed in 10 mM sodium phosphate, pH 7.4, at 10°C with
a protein concentration of approximately 0.1 mg/mL. Fluo-
rescence spectra were measured with either an SLM 8000 or
an Hitachi F-2000 spectrofluorometer at 4- to 10-nm resolu-
tion. Solutions of immunoglobulins at 0.1 mg/mL in 10 mM
sodium phosphate, pH 7.4, were excited at 295 nm, and
emission spectra recorded at 10°C from 305 to 450 nm in a 2
X 10-mm cuvette.

Competitive Binding Assay. Bioactivity was assessed
by competitive binding experiments conducted with phorbol
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myristate acetate-stimulated U-937 cells (20). Following ac-
tivation, cell viability was >95% as determined by trypan
blue exclusion. After washing in binding buffer (Hanks bal-
anced salt solution containing 20 mM Hepes, pH 7.2,0.14 U
Aprotinin, and 2% human serum albumin), cells were incu-
bated in 2—-4 X 107" M 'I-m1B4 in the presence of in-
creasing concentrations of various purified species of un-
labled h1B4 for 1 hr at 4°C. Cell-bound radiolabeled m1B4
was separated from unbound antibody on a sucrose gradient
and quantitated using an LKB gamma counter. The IC,
value (h1B4 concentration required to reduce binding of the
labeled antibody by 50%) was calculated using a four-
parameter logistic regression fit.

Matrix-Assisted Laser Desorption Time-of-Flight Mass
Spectroscopy. Samples were prepared by mixing 1 nL of the
IgG (at 0.5-1.0 pmol/pL in 0.1% TFA) with 1 pL of matrix
solution (sinapinic acid saturated in a 2:1, 0.1% TFA:ACN
solution). This solution was applied to a stainless-steel in-
sertion probe tip and allowed to air-dry. Mass spectrometric
analysis was performed with a Vestec VT 2000 laser desorp-
tion time-of-flight mass spectrometer equipped with a fre-
quency-tripled Nd: YAG laser (355 nm, 10-nsec pulse width).
Spectra were obtained by signal averaging 50 consecutive
laser shots (using a 200 megasample/sec transient recorder)
while monitoring the shot-to-shot signal acquisition to main-
tain the optimal, or threshold, laser power density at the
sample surface. Time to mass/charge conversion was per-
formed using calibration curves (with horse heart apomyo-
globin, MW = 16950.7, as the standard) that were generated
immediately prior to acquisition of the immunoglobulin spec-
tra. The mass assignments were taken from the centroid of
the top ~30% of the ion signals and, because of the peak
widths, are considered accurate to =0.1%.

Preparation of Carboxymethylated Heavy and Light
Chains. An antibody preparation (20-30 mg/mL) was dia-
lyzed overnight into 0.3 M Tris—HCI, pH 8.2. Disulfide re-
duction was performed by incubating dialyzed IgG in 20 mM
DTT for 1 hr at room temperature. lodoacetamide was then
added to a final concentration of 42 mM and the reaction
allowed to proceed for 1 hr at 4°C in the dark. The reduced
and alkylated IgG was extensively dialyzed at 4°C, first
against 10 mM Tris, pH 8.2, and then against 10% acetic acid
overnight. The dialysate was loaded onto a Pharmacia
Sephacryl S-200 column and eluted with 10% acetic acid at a
flow rate of 25 mL/hr. Fractions containing heavy and light
chains were monitored by absorbance at 280 nm and identi-
fication was confirmed by SDS-PAGE.

Monosaccharide Compositional Analysis. Samples of
h1B4 were hydrolyzed in 2 N trifluoroacetic acid (TFA) at
100°C for 15 hr. The TFA was removed from the hydrolysate
by a stream of N, and samples reconstituted in deionized
water. For sialic acid determination, mild hydrolysis was
induced by 0.5 N TFA at 80°C for 70 min. Monosaccharides
were analyzed using high-pH anion-exchange chromatogra-
phy (HPAEC) with a Dionex BioL.C unit equipped with Car-
boPac PA1 and guard columns as described previously (21).
The detection of the separated monosaccharides was moni-
tored by a pulsed amperometric detector using a gold elec-
trode.

Glycosidase Treatment. Each isoform of h1B4 was
treated with endoglycosidase F (30 mU/ml) in 0.1 M sodium
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acetate, pH 6.0, for 1-2 days at 37°C or peptide:N-
glycosidase F-recombinant N-glycanase (10 U/mL) in 0.2 M
sodium phosphate, pH 7.2, for 16 hr at 37°C. Samples were
evaluated for completeness of digestion by migration shifts
employing SDS-PAGE (16% gel), compared to native un-
treated antibody.

RESULTS AND DISCUSSION

Apgarose gel isoelectric focusing of h1B4 in a pH 5-8
gradient revealed five distinct isoforms of pI 6.2, 6.35, 6.5,
6.8, and 7.0, with most of the protein focusing in the three
middle bands (Fig. 1). This spectrotype was typical and
highly reproducible both qualitatively and quantitatively
with h1B4 obtained from several different production
batches. To characterize the individual isoforms, a high-
resolution anion-exchange chromatographic method was de-
veloped to generate sufficient quantities of each isoform for
further analysis. As shown in Fig. 2, when h1B4 was chro-
matographed on an anion-exchange column and eluted with
a 010 0.25 M NaCl gradient, two major peaks (B and C), two
clear shoulders (A and D), and a small, well-resolved trailing
peak (E) were obtained. Isoelectric focusing of these frac-
tions showed that each was enriched in one of the five iso-
forms (Fig. 2B). Further purification was performed by iso-
electric focusing on individual slab gels using an entire gel for
each fraction. After focusing was completed, individual
bands were cut from the portion of the gel containing the
major isoform in that fraction and eluted with phosphate-
buffered saline. The purified isoforms were found to be ho-
mogeneous upon refocusing. No additional change in the

7.35 6.85 6.55
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isoelectric focusing behavior was detected for any of the
isoforms during storage in 6.2 mM sodium phosphate, 0.15
M NaCl, pH 7.2, at 5°C for at least 6 months.

The overall secondary and tertiary structures of the ma-
jor isoforms were examined by a combination of far-UV cir-
cular dichroism and intrinsic fluorescence emission spectra.
Because of limited quantities of forms 1 and 5, CD analysis
was carried out on forms 2, 3, and 4 only. The results of these
studies are summarized in Table I. Forms 2, 3 and 4 display
essentially the same CD spectra between 184 and 260 nm,
each manifesting a minimum at 218 nm and a maximum at
202 nm with a negative shoulder near 230 nm. These char-
acteristics are consistent with the predicted presence of ex-
tensive B-sheet. The fluorescence spectra of the four iso-
forms examined are also identical, displaying tryptophan
emission maxima at 331 nm (Table I). Thus, by these criteria,
the secondary and tertiary structures of the major h1B4 iso-
forms are similar if not identical.

The antigen-binding activity of the four major h1B4 iso-
forms was compared by a competitive binding assay (Table
I). Within the rather wide experimental error of this assay
(RSD of approximately 25%), all four forms bind U937 cells
similarly and cannot be distinguished from the unfraction-
ated antibody (IC,, 1.1 nM).

The molecular weight of the four major forms was mea-
sured by the recently developed technique of matrix-assisted
laser desorption time-of-flight mass spectroscopy (LD-TOF-
MS). An average molecular weight of 150,465 was found for
the four forms (see Table I). The observed variance between
the four forms is less than 0.03% and well within the exper-
imental error of the measurement (+0.1%). This corre-
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Fig. 1. Agarose gel isoelectric focusing (pH gradient, 5-8) of native h1B4 monoclonal
antibody (pI marker proteins are shown by arrows). A densitometric scan of the gel
is shown in the lower panel and associated quantitation is summarized in the accom-

panying table.
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Fig. 2. (A) Chromatographic separation of h1B4 isoforms on a monoQ anion-exchange column. A
gradient of 0—-250 mM NaCl in 20 mM Tris-HCI (pH 8.2) was generated over 30 min at 1 mL/min. (B)
Isoelectric focusing analyses of fractions A~E collected from the ion-exchange column. Reference p/

protein markers and native h1B4 are also shown.

sponds to a maximum observed difference in molecular
weight between the four forms of only 70 mass units, an
amount significantly less in size than any potentially charged
monosaccharide unit of triose-sized or larger. Thus, h1B4
charge heterogeneity is probably not the result of differences
in carbohydrate content but, rather, result from some lower
molecular weight modification of the protein.

The carbohydrate composition of the unfractioned h1B4
as well as that of the corresponding heavy and light chains
was determined by high-performance anion-exchange chro-
matography (HPAEC). Based on previous studies, it was
assumed that four N-acetyl glucosamine residues exist per
oligosccharide chain (22). Table II shows that both the native
protein and the isolated heavy chain had similar composi-
tions. In addition, negligible quantities of sialic acid were
measured. No carbohydrate could be detected in the light
chain, a finding also supported by LD-TOF-MS, in which the
molecular weight of the light chain was in agreement with the
value calculated from the amino acid sequence (data not
shown).

To eliminate any potential role for covalently attached
carbohydrate in the isoelectric heterogeneity of h1B4, gly-
cosidases were used to remove sugar residues from the pro-
tein. A representative analysis for the purified band 2 iso-
form is shown in Fig. 3. The native form of purified band 2
migrates as a single species upon IEF (lane B). Incubation of
band 2 under deamidating conditions (pH 8 solution for 24 hr
at 40°C) causes a change in a small portion of the protein,
resulting in a species of lower p/ which corresponds in mi-

Table I. Biochemical and Biophysical Properties of h1B4 Isoforms

Binding
Isoform  CD max/min  Fl. max LD-TOF-MS assay
(p]) (nm) (nm) MW) IC,o (nd)
1(7.0) ND? 331 150,450 1.6
2(6.8) 202/218 331 150,480 1.1
3 (6.5) 202/218 331 150,500 1.2
4 (6.35) 202/218 331 150,430 1.7

gration to that of band 3 (lane C). When band 2 is incubated
in the buffer used for endo F treatment for 36 hr at 37°C
without enzyme addition, most of band 2 exhibits unchanged
mobility (lane D). Treatment of the band 2 isoform with en-
doglycosidase F also has no detectable effect (lane E). In
both lane D and lane E a small portion of higher p/ material
is observed. This is probably either an artifact of sample
manipulation involving desalting and concentration, since
this band occurs in samples subjected to desalting and con-
centration with or without enzyme present, or due to cyclic
imide formation, which would result in the loss of a negative
charge. The lower-pI band observed in lane E is probably
due to deamidation during incubation (see below). Examina-
tion of endo F-exposed samples by SDS-PAGE shows a re-
duction in molecular weight consistent with carbohydrate
removal. In contrast, exposure of band 2 to N-glycanase
results in the conversion of the protein to a new species of
substantially reduced p/ (Iane F). Similarly, treatment of un-
fractionated h1B4 with N-glycanase results in a similar spec-
trotype (i.e., same number of bands and relative intensities)
but with identical acidic shifts for each of the four species
(data not shown). Thus, as predicted, removal of carbohy-
drate by endo F which cleaves between the chitobiose units
of the oligosaccharide chains does not alter the charge on the
molecule. Conversely, removal of carbohydrate by N-glyca-
nase leaves new acidic residues (aspartyl groups in the pep-

Table II. Monosaccharide Compositional Analysis of h1B4

Monosaccharide (mol)

% total
Sample Fuc GIluNAc Gal Man NeuAc -carbohydrates
h1B4 0.90 4 071 4.5 <0.002 1.8
h1B4,
heavy
chain  0.94 4 0.7 4.2 ND“ ND
hiB4,
light
chain 0 0 0 0 ND

“ Not determined.

“ Not determined.



1584

A B C D E F
8.15 » s
6.8 » g 3 m S
4 Y
585 » wm
52 » =

Fig. 3. Isoelectric focusing gel of purified band 2, either under de-
amidating conditions or after glycosidase digestion. (A) p/ stan-
dards; (B) native band 2; (C) band 2 incubated at 40°C, pH 8, for 1
day (deamidating conditions); (D) band 2 incubated in endo F reac-
tion buffer with no enzyme; (E) band 2 treated with endo F as in D;
(F) band 2 treated with N-glycanase (see text for details).
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tide chains), which produces the observed acidic shift. None
of these results are consistent with differential glycosylation
being responsible for the observed isoelectric heterogeneity
of the untreated h1B4 antibody. These results do not rule out
potential differences due to variable amounts of neutral sug-
ars (23), which would not be detected as charge differences
upon isoelectric focusing.

Attempts to detect deamidation in immunoglobulins di-
rectly are hampered by the very slight molecular weight
change of a single dalton that results from such an event.
Therefore, an indirect approach was undertaken to ascertain
any potential role for deamidation in the generation of charge
microheterogeneity. To this end, experiments were designed
to accelerate the physiological deamidation process by incu-
bation at higher pH and elevated temperatures. These con-
ditions are known to favor deamidation (13-15). It was
found that the individual isoforms could be converted to
more acidic species by incubation at 37°C for 4 days at pH 9.
As shown in Fig. 4, each isoform of h1B4 was transformed to
approximately four more acidic species under these condi-
tions. Form 1 appears to convert partially to species with p/
values similar to forms 2, 3, and 4; form 2, to species such as
3, 4, and a lower-p/ form; form 3, to 4 and more acidic bands;
etc. These conditions lead to spectrotypes that appear re-
lated to the unfractionated native protein. Furthermore, the
process is unidirectional, suggesting a sequential precursor/
product relationship.

The deamidation of asparagine residues involves the for-
mation of a cyclic imide intermediate, with the concomitant
release of ammonia, followed by hydrolysis to a mixture of

6 7 8 9 10 11 12
L.
i
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Fig. 4. Isoelectric focusing (pH 5-8 gradient) of native h1B4 and purified individual
bands under normal and stress conditions. Lanes 1 and 12 are p/ standards, lanes 2
and 3 are native h1B4, lanes 4, 6, 8, and 10 are isolated isoforms 1, 2, 3, and 4
respectively, and lanes 5, 7, 9, and 11 are the bands resulting from incubation of the
individual isoforms (1-4) in 50 mM sodium borate, pH 9, at 37°C for 4 days.
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o/f aspartyl residues (13-15). Thus, an enzymatic assay
with glutamate dehydrogenase which catalyzes the forma-
tion of glutamate from 2-oxoglutarate and ammonia with
concomitant oxidation of NADH can be used to measure the
ammonia content of deamidated samples stored in sealed
containers (24). Native h1B4 was incubated under a variety
of conditions (pH 7.2 and 8 at both 30 and 40°C) for up to 12
weeks and samples were analyzed by both isoelectric focus-
ing and ammonia content. As shown in Fig. 5, both the
amount of ammonia released and the predicted ammonia
evolution based on densitometry of IEF bands were mea-
sured (each new acidic band is assumed to represent native,
mono, di, tri, etc., deamidated 1B4, respectively, and the
theoretical ammonia evolution is taken to equal the sum of
the area percentage of each band multipled by its deamida-
tion state) (25). It can be seen that the rate of accumulation
of lower-pI bands on IEF correlates well with the deamida-
tion phenomena as measured by ammonia evolution.

In an attempt to localize the microheterogeneity to a
subregion of the molecule, h1B4 was reduced and carboxy-
methylated to generate heavy and light chains. As shown in
Fig. 6, the purified heavy chain focused in a series of closely
spaced bands (lane C). This pattern is very similar to that
seen in the unfractionated native protein (lanes B and E) but
occurs in a higher-p/ region. In contrast, the light chain is
present as a single band (lane D). The heavy-chain isoforms
were also isolated and found to focus as single bands. When
the heavy and light chains were exposed to deamidating con-
ditions as above, a series of lower-pI bands was generated by
the heavy chain but the light chain remained homogeneous
(not illustrated). These data suggest that a precursor/product
deamidation relationship exists between the heavy-chain iso-
forms that is similar to that seen with the intact protein.
Because the charge homogeneity of the light chain is un-
changed under these conditions, it is unlikely that the light
chain contributes to the spectrotype of the whole molecule.
Interestingly, preliminary IEF data of F(ab’), and Fab frag-
ments of h1B4 also show microheterogeneity but over a

Measured NH3 Release (Enzymatic)

0 1 2
Calculated NH3 Release (1EF)

Fig. 5. Time course of ammonia release (measured vs theoretical)
for native h1B4. Samples were incubated for up to 12 weeks at pH
7.2,30°C (O); pH 7.2, 40°C (O); pH 8, 30°C (@®); and pH 8, 40°C (W).
The enzymatic determination of ammonia is monitored by the de-
crease in NADH absorbance at 340 nm (22). The theoretically pre-
dicted ammonia evolution is based upon densitometry of IEF bands
(where each new acidic band is assumed to represent native, mono,
di, tri, etc., deamidated h1B4, respectively). The line is drawn by
linear regression and has a correlation coefficient of 0.987.
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Fig. 6. Isoelectric focusing of carboxymethylated heavy and light
chains. (A, F) pl marker; (B, E) native h1B4; (C) heavy chain; (D)
light chain.

higher range of pl values. Future studies will be directed
toward identification of specific deamidation sites using pep-
tide mapping and sequencing technology.

CONCLUSIONS

Because the presence of sialic acid in h1B4 is extremely
low or not detectable, it is unlikely that this sugar contrib-
utes significantly to the charge heterogeneity observed. The
results of these studies strongly suggest that the charge het-
erogeneity of the h1B4 anti-CD18 monoclonal antibody is
due primarily to deamidation of the heavy chain. These mod-
ifications are not accompanied by detectable changes in the
secondary or tertiary structure or antigen binding capability
of the protein. Additional properties such as effector func-
tions (e.g., complement activation) and serum half-life re-
main to be assessed. It is likely that deamidation occurs
spontaneously in conditioned medium during cell culture and
that conditions of cell culture could greatly affect the pro-
portion and distribution of isoelectric focusing forms (11). It
is not yet known the extent to which these findings can be
extended to other monoclonal immunoglobulins. Analysis of
a variety of other monoclonal antibodies employing the
methods used here should establish the generality or lack
thereof of this explanation for the ubiquitous occurrence of
the isoelectric heterogeneity of these important proteins. We
caution that it is probable that in some instances differential
sialation does play a role in the charge heterogeneity of cer-
tain immunoglobulins (26).



1586

ACKNOWLEDGMENT

We thank J. O. Gress for performing the bioassay of

h1B4.

REFERENCES

1

2.

10.

11.

J. T. DiPiro, R. G. Hamilton, and J. P. Wei. Novel antibody
drug products. Am. J. Surg. 164:77-84 (1992).

G. L. Boulianne, N. Hozumi, and M. J. Shulman. Production of
functional chimeric mouse/human antibody. Nature 312:643—
646 (1984).

. L. Riechmann, M. Clark, H. Waldmann, and G. Winter. Re-

shaping human antibodies for therapy. Nature 332:323-327
(1988).

. L. I. Singer, D. W, Kawka, J. A. DeMartino, B. L. Daugherty,

K. O. Elliston, K. Alves, P. M. Cameron, G. C. Cuca, P. Da-
vies, M. J. Forrest, D. M. Kazazis, M.-F. Law, A. B. Lenny,
D. E. Maclntyre, R. Meurer, E. A. Padlan, S. Pandya, J. A.
Schmidt, T. C. Seamans, S. Scott, M. Silberklang, A. R.
Williamson, and G. E. Mark. Optimal humanization of 1B4, an
anti-CD18 murine monoclonal antibody, is achieved by correct
choice of human V-region framework sequences. J. Immuno.
150:2844-2857 (1993).

. Z. L. Awdeh, A. R. Williamson, and B. A. Askonas. One cell-

one immunoglobulin. Origin of limited heterogeneity of my-
eloma proteins. Biochem. J. 116:241-248 (1970).

. E. Wenisch, S. Reiter, S. Hinger, E. Steindl, C. Tauer, A. Jung-

bauer, H. Katinger, and P. G. Righetti. Shifts of isoelectric
points between cellular and secreted antibodies as revealed by
isoelectric focusing and immobilized pH gradients. Electropho-
resis 11:966—969 (1990).

. R. D’Amelio, R. Biselli, R. Nisini, P. M. Matricardi, A. Aiuti, I.

Mezzaroma, E. Pinter, O. Pontesilli, and F. Aiuti. Spectrotype
of anti-gp120 antibodies remains stable during the course of HIV
disease. J. AIDS 5:930-935 (1992).

. R. G. Hamilton, C. B. Reimer, and L. S. Rodkey. Quality con-

trol of murine monoclonal antibodies using isoelectric focusing
affinity immunoblot analysis. Hybridoma 6:205-217 (1987).

. A. R. Williamson, M. R. Salaman, and H. W. Kreth. Microhet-

erogeneity and allomorphism of proteins. Ann. N.Y. Acad. Sci.
209:210-224 (1973).

D. R. Hoffman. Studies on the structure and synthesis of im-
munoglobulins by isoelectric focusing. In N. J. Catsimpoolas
and Drysdale (eds.), Biological and Biochemical Applications
of Isoelectric Focusing, Plenum Press, New York and London,
1977, pp. 121-153.

B. J. Compton, J. S. Gerald, D. A. Lowe, and R. P. Elander.
Micro isoelectric point heterogeneity of a murine monoclonal
antibody (L6) originating from cell cultivation conditions. Bio-
tech. Tech. 3:349-354 (1989).

M. F. Goldfarb. Two-dimensional electrophoretic analysis of

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.
24.

25.

26.

Tsai et al.

immunoglobulin patterns in monoclonal gammopathies. Elec-
trophoresis 13:440-444 (1992).

H. T. Wright. Nonenzymatic deamidation of asparaginyl and
glutaminyl residues in proteins. Crit. Rev. Biochem. Mol. Biol.
26:1-52 (1991).

S. Clarke, R. C. Stephenson, and J. D. Lowenson. Lability of
asparagine and aspartic acid residues in proteins and peptides:
Spontaneous deamidation and isomerization reactions. In T. J.
Ahern and M. C. Manning (eds.), Stability of Protein Pharma-
ceuticals: Chemical and Physical Pathways of Protein Degra-
tion, Part A, Plenum Press, New York and London, 1992, pp.
1-29.

B. A. Johnson, J. M. Shirokawa, W. S. Hancock, M. W. Spell-
man, L. J. Basa, and D. W. Aswad. Formation of isoasparate at
two distinct sites during in vitro aging of human growth hor-
mone. J. Biol. Chem. 264:14262—-14272. (1989).

J. A. DeMartino, B. L. Daugherty, M. F. Law, G. C. Cuca, K.
Alves, M. Silberklang, and G. E. Mark. Rapid humanization
and expression of murine monoclonal antibodies. Antibody Im-
munoconj. Radiopharm. 4:829-835 (1991).

M. F. Law, G. E. Mark, J. A. Schmidt, and I. I. Singer. Recom-
binant human anti-CD18 antibodies. Europe Patent Office Ap-
plication 0-440-351-A2 (1991).

X. Saez-Llorens, H. S. Jafari, C. Severien, F. Parras, K. D.
Olsen, E. J. Hansen, I. I. Singer, and G. H. McCracken. En-
hanced attenuation of meningeal inflammation and brain edema
by concomitant administration of anti-CD18 monoclonal anti-
bodies and dexamethasone in experimental haemophilus men-
ingitis. J. Clin. Invest. 88:2003-2011 (1991).

Isoelectric Focusing: Principles and Methods, Technical Book-
let Series, Pharmacia Fine Chemicals, Uppsala, Sweden; 1982,
p- 97.

C. Sundstrom and K. Nilsson. Establishment and characteriza-
tion of a human histiocytic lymphoma cell line (U 937). Int J.
Cancer 17:565-577 (1976).

C. C. Yu Ip, W. J. Miller, D. J. Kubek, A.-M. Strang, H. van
Halbeek, S. J. Piesecki, and J. A. Alhadeff. Structural charac-
terization of the N-glycans of a recombinant hepatitis B surface
antigen derived from yeast. Biochemistry 31:285-295 (1992).
R. J. Rothman, L. Warren, J. F. G. Vliegenthart, and K. J.
Hird. Clonal analysis of the glycosylation of immunoglobulin G
secreted by murine hybridomas. Biochemistry 28:1377-1384
(1989).

A. Kobata. Function and pathology of the sugar chains of hu-
man immunoglobulin G. Glycobiology 1:5-8 (1990).

E. Kun and E. B. Kearney. Ammonia. Methods Enzym. Anal.
(2nd ed.) 4:1802-1806 (1974).

S. E. Zale and A. M. Klibanov. Why does ribonuclease irre-
versibly inactivate at high temperatures? Biochemistry 25:5432—
5444 (1986).

C. R. Middaugh and G. W. Litman. Atypical glycosylation of an
IgG monoclonal cryoimmunoglobulin. J. Biol. Chem. 262:3671—
3673 (1987).



