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ABSTRACT. The integral membrane protein CD20 has been identified as an important therapeutic target in
the treatment of non-Hodgkin’s lymphoma (NHL). CD20 binding of many antibodies including the
therapeutic antibody, rituximab, has been shown to be critically dependent upon the conformation of a
loop structure between the third and fourth helical transmembrane regions. In this work, human and murine
CD20 proteins expressed kscherichia coliare shown to be localized with the cell membrane and are
purified in nondenaturing detergent solutions. The purified human and murine CD20 proteins have a
substantial helical structure as measured by circular dichroism spectroscopy. Only small changes in the
secondary structure are observed following the reduction of CD20, with the addition of SDS, or after
heating. The rituximab antibody is shown to bind to purified human CD20 with nanomolar affinity.
Rituximab binding is abolished by reduction and alkylation of CD20, with data consistent with the proposed
antibody epitope being within the disulfide-bonded loop formed between cysteine residues 167 and 183.
Disulfide-bond-dependent antibody binding is partially recovered following reoxidation of reduced CD20.
Antibody binding is unaffected by mutations of cysteines proposed to be in the intracellular domain of
CD20. The affinities of intact rituximab and its Fab fragment to the isolated and purified CD20 are similar
to the observed affinity of rituximab Fab for CD20 on the surface of B cells. However, the intact rituximab
antibody shows much higher affinity for CD20 on B cells. This suggests that B cells display CD20 in
such a way that allows for marked avidity effects to be observed, perhaps through cross-linking of CD20
monomers into lipid rafts, which limits receptor diffusion in the membrane. Such cross-linking may play
arole in partitioning CD20 into lipid rafts and in enhancing antibody-dependent B-cell depletion activities
of rituximab and other therapeutic anti-CD20 antibodies.

The integral membrane protein CD20 was first identified  Despite early progress, research on the function of CD20
as a marker for B cells over 20 years adp (t is expressed  has progressed slowlyLQ, 11). However, the effectiveness
on pre-, naive, and mature B cells but not on plasma cells of the recently introduced monoclonal antibody therapy
or early pro-B cells. It has further been established that this (rituximab) in the treatment of non-Hodgkin’s lymphoma
marker is present on the majority of B-cell ymphomas ( (12) has renewed interest in the study of the gene and gene
Cloning of the gene for CD20 revealed an integral membrane product. Recently, CD20 has been shown to specifically
protein with four transmembrane domains and a potential associate with lipid rafts in response to antibody bindit®).(
extracellular disulfide bond3j. CD20 has been shown to  This relocalization appears to be enhanced by cross-linking
associate with MHC class Il molecules by immunoprecipi- with a subset of antibodies binding the extracellular loop of
tation and fluorescence energy transt#rs) studies. Inthis ~ CD20 (14). Lipid raft association of CD20 may also be
regard, CD20 shows similarity to two other proteins, CD19 mediated in part by the intracellular region of CD20 because
and CD21, which have been shown to interact with MHC deletion of residues 239225 reduced this localization effect
class Il complexes in B cell)]. However, at the primary  (15).
sequence level, CD20 itself shows little sequence homology Although CD20 does not share significant homology with
to CD19 and CD21, instead showing significant sequence any known ion channel, initial work on signaling of CD20
homology to the high-affinity IgE receptor, hematopoietic |eq (o the hypothesis that CD20 might act as an ion channel
cell-specific protein HTm44), and the MS4A gene family {5 girectly mediate cell signaling). Experiments demon-
of 16 tetra-spanning membrane proteifisq). Although no gyrating increased calcium conductance in transfected cells
crystal structure of a tetra-spanning membrane protein is expressing CD20 supports a role for CD20 in regulating
currently available, the proposed topology of CD20 iS c4icium conductancelf). More recently, siRNA experi-
represented in Figure 1. ments demonstrated reduced ion influx in B cells following
reduced CD20 expression, potentially through a pathway
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Protein Purification To determine detergent extraction
conditions for the His-tagged human CD20 expresseds. in
coli, 5 g of cells were resuspended using a Polytron
(Brinkmann, Westbury, NY) in 50 mL of buffer A (20 mM
Extracellular Region © Tris at pH 8.0 and 5 mM EDTA) and centrifuged at 12600
for 30 min. The cell pellet was then resuspended in buffer
A, lysed by cell disruption using a microfluidizer (Microf-
luidics Corp., Newton, MA), and centrifuged at 125@d0r
1 h. The pellet was washed once in the same buffer without
EDTA and pelleted as before. The pellet was resuspended
in 20 mL of buffer B (20 mM Tris at pH 7.5 and 300 mM
NacCl) and aliquoted. Detergents were added to individual
aliquots at the following concentrations: 1% SDS, 1%
n-dodecyIN,N-dimethylamineN-oxide (LDAO), 1% dode-
cylphosphocholine (DDPC, Fos-Choline 12), i8dodecyl-
p-p-maltoside (DDM), 1% Triton-X 100, and 2.5% CHAPS.
Pellets were extracted overnight at@, except for the SDS
sample, which was extracted at room temperature. The
following day, the samples were centrifuged and the super-
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% nitrocellulose membranes probed with horseradish-peroxi-
©) 0 dase-conjugated anti-His antibodies (Roche Applied Science
@) Q) Jug pp ,
600999‘30@9 SCECUCCCCM Indianapolis, IN).
00000090 ®agr For large-scale extraction, 16Q00 g of cells were lysed

and the insoluble fraction was prepared as previously
er(n; d“;foléosce'gnggrsaﬁ”tg;%rl‘ézgqg gDCzetl)l ;"ser’)?g;irr‘]?é dsﬁlq;]heen((::ill- described. To extract CD20 from the insoluble fraction, the
surface membrane. Human and murine CD20 share 72% identityﬂr|a| pellet was resuspended in buffer B_at approximately
over all and 63% identity in the large extracellular loop. 1:2.5 wt/vol from the starting wet cell weight, DDPC was

added to 1%, and the solution was stirred overnight @@ 4

Although important advances have been made in under- The next day, the detergent-insoluble fraction was pelleted

standing the biological functions of CD20, a significant Dy ultracentrifugation at 1250@Cfor 1 h. The supernatant
hurdle has existed in the direct analysis of CD20 becausewas loaded onto a Ni-NTA Superflow (Qiagen, Inc., Va-
purified recombinant or native protein was unavailable for lencia, CA) column pre-equilibrated in buffer C (20 mM Tris
study. We, therefore, undertook to address this problem byat pH 7.5, 300 mM NaCl, and 5 mM DDPC). The column
expressing the CD20 gene in bacterial cells and purifying was washed with 10 CV of buffer C with 20 mM imidazole
the protein in sufficient quantities to allow for initial and eluted with buffer C with 250 mM imidazole. All

biophysical and structural studies. purification steps through column loading were performed
at4°C.
MATERIALS AND METHODS Eluant fractions containing CD20 were concentrated and

loaded onto a Superdex 200 column (Amersham Biosciences,

All detergents were obtained from Anatrace, Inc., Maumee, piscataway, NJ) pre-equilibrated in buffer C. The His-tagged
OH. Unless otherwise mentioned, all chemicals were ob- \jld-type human CD20 and murine CD20 were further
tained from SigmaAldrich, St. Louis, MO. purified ove a 5 mLHiTrap HP Q (Amersham Biosciences,

Cloning and Expressiofi.he cDNA for human and murine  Piscataway, NJ) column prior to gel filtration.
CD20 was subcloned, using standard molecular biology For detergent exchange, samples were passed over a
techniques18), into a pBR322-derived plasmid containing Superdex 200 column in buffer D (0.1% DDM, 150 mM
the pB-lactamase gene and tRNA genes for three rare NaCl, and 20 mM HEPES at pH 7.2). Alternatively, samples
Escherichia colicodons &rgU, glyT, and pro2). A short were bound to a small Ni-NTA column, washed with buffer
MKHQHQQ sequence was added to the N terminus of CD20 B and detergent, and eluted in buffer B with detergent and
to ensure high translation initiation, and an octa-His sequence300 mM imidazole. These samples were then dialyzed
was placed at the C terminus to aid in detection and against buffer B and detergent to remove imidazole.
purification. Gene transcription was under control of the  For affinity purification of human CD20, rituximab was
phoA promoter. Gene expression was induced by dilution immobilized at 6 mg/mL on 10 mL of Actigel ALD
of a saturated LB carbenicillin culture into C. R. A. P. Superflow resin (Sterogene, Carlsbad, CA). This resin was
phosphate-limiting medial@). The culture was then grown  placed in a column and equilibrated in buffer D. Human
at 30 °C for 24 h. Cysteine residues 111 and 220 were CD20 C2S mutant, purified as previously described for native
mutated to serines by site-directed mutagenesis to improvehCD20, was passed over the column, and the unbound
protein behavior (C2S mutant). Fermentor expression of protein was removed by extensive washing in buffer D.
CD20 was performed by the Genentech Process Science$rotein was eluted in 0.1% DDM, 150 mM NacCl, and 20
group (D. Reilly) @9). mM sodium citrate at pH 3.5. Eluted samples were im-
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mediately neutralized, concentrated, and dialyzed againstypq 1. IgG and Fab Binding to Isolated Human CB20
buffer D. The protein concentration was determined by BCA

Rituximab Full-Length Ig®&

(20) (Pierce Biotechnology, Rockford, IL), and samples were /10 ko104 KJ10F Kg10-9
stored at—80 °C prior to use. CD20 sample M1s?) (s (MY (M)

Full-length r|tu_X|mab_ anpbody was obtained from Genen- 559 o5 a1 66 160
tech Manufacturing. Rituximab Fab was expresse#.inoli C2S CD20 4.5 7.6 5.9 170
and purified by protein A and cation-exchange chromatog- affinity-purified C2S CD20 8.7 7.3 12 84
raphy. Rituximab Fap

Density Gradient CentrifugatiorA discontinuous sucrose ko/10® kot /107% KJ10° Kg/10°°
gradient was generated by layering 1.9, 1.4, and 0.8 M CD20 sample M7sh) () M) M)
sucrose solutions buffered with 150 mM NaCl and 20 mM CD20 1.7 4.8 35 280
HEPES at pH 7.2, in centrifuge tubes. Cells were lysed in C2S CD20 4.9 11 4.4 230

buffer A containing 1 mM EDTA by cell disruption. The affinity-purified C2S CD20 4 14 54 190
insoluble fraction was isolated by centrifugation at 38§00 CSZ%”gii;‘?apa?éne:;reS"?fgtzugimﬁf’ar'ﬁ%fogurri;l;ﬂ"éagz';aggg *;?fmﬁ“
for 1 h. The S.Upemata.m was dlsoarded, an.d. the pellet Waspurified CZSg%DZBP Binding to full-length rituximab® Bfnding to /
resuspended in the lysis buffer with the addition of 0.25 M it ximab Fab. Data are fit to a single binding site mod&j.andKa
sucrose at 1:5 wt/vol; 106L of this resuspension was mixed values are calculated from association and dissociation rates.

with 900 uL of the 1.9 M sucrose solution. The resulting

mixture has a final concentration of 1.75 M sucrose. This

mixture was then placed at the bottom of a_centrifuge tube, binding kinetics for isolated human CD20 proteins were
and 1 mL of the 1.4 and 1.8 M sucrose solutions was layered yq o mine using a Biacore-3000 instrument (Biacore, Inc.,
above. A final 20QuL layer of the 0.25 M sucrose solution Piscataway, NJ). A CM5 sensor chip was activated for
was then added to the top of the tubes. Samples were Io""de%ovalent coupling of rituximab or rituximab Fab using
Into a?hSWSS r]otﬁr an(lj Sg“grf‘i g at 10|.000(?' fSamptlﬁs N-ethyl-N'-(3-dimethylaminopropyl)-carbodiimide hydro-
\t/veref tﬁn (t:akr)e ully '“:n Oa(‘j % Igag%(;;lqlio S from q f chloride and\-hydroxysuccinimide according to the instruc-
op ot the 1Ube, analyzed Dy - , ransierred 10— ions of the supplier. Rituximab or rituximab Fab were
nitrocellulose, and probed with horserad|sh—perOX|dase—diluteol 5-10-fold to a concentration of 108g/mL in 10
Cogjﬂ%iteg anu—?;}s a9n6t|bo<?|y ' | d iah mM sodium acetate at pH 5.0 and injected onto the activated
1°C shse%so E f_\(l;vgzg atesl We/reLcoatIeDBgver_nt:g t chip. The remaining active coupling sites were blocked with
at Wit ML O at 1pgimL in wit 1 M ethanolamine. Intact rituximab was deposited at 8000

solubilizing detergent diluted to below its cr.itical m_icelle 12 000 RU, and the rituximab Fab was deposited at 4000
concentration. Plates were then washed 3 times with PBS?OOO RU

containing 0.05% Tween-20 (PBST) and blocked for 45 min
at room temperature with 2Q€L of PBST containing 0.5%
BSA (blocking and assay buffer). Plates were again washed
3 times with PBST and probed with the primary antibody.
A total of 150 uL of rituximab at 60ug/mL in the assay

Surface Plasmon Resonandituximab affinities and

For kinetic measurements, seven 2-fold dilutions (a total
of eight samples) of human CD20 from a starting concentra-
tion of 5uM in 0.1% DDM, 150 mM NaCl, and 20 mM
HEPES at pH 7.2 and 25 were injected with a flow rate
buffer was added to the appropriate wells, and 3-fold serial OT 30 _yL/mm for 100 s. Bound protein was allowed to
dilutions were performed in the subsequent wells by taking dissociate for 720 s. At the end of each sam.plie measurement,
50 uL from the first well and mixing with 10Q:L of the the sensor surfaces were regenerated by |nject|n@L2@f
assay buffer in the next and subsequent wells to a final 10 mM HCI. After sensograms were corrected.for S|gnals
concentration of approximately 2 ng/mL. After 90 min of from a reference flow, kinetics were calculated using a simple

incubation at room temperature, the plates were washed with1:1 model with Biaevaluation 3.0 (Biacore) as shown in
PBST and bound rituximab was detected with 200 of Table 1.

horseradish peroxidase conjugate goat anti-human’)2(ab  Circular Dichroism (CD) Detergent solutions of CD20
(Jackson ImmunoResearch Laboratories, Inc., West Grove,in either 0.1% DDPC or 0.1% DDM were prepared by
PA) diluted 1:2000 in the assay buffer, washed 6 times with dialysis against 100 mM sodium phosphate at pH 7.2 and
PBST, and developed with 1Q0./well of TMB Microwell either 0.1% DDPC or 0.1% DDM. CD data were collected
Peroxidase Substrate System (KPL, Gaithersburg, MD) Using an AVIV202 instrument on-25 uM protein samples
mixed according to the instructions of the manufacturer. The in @ 1 mmquartz cuvette; wavelength scans were performed

reaction was halted by the addition of 100/well of 1.0 M at 25°C over the indicated regions in 2 nm increments with
phosphoric acid, and the absorbance was measured at 45@ 10 s averaging time. Data are plotted over the range from
nm using a plate reader. 185 to 285 nm, except for samples containfixgnercapto-

Reduced and a|ky|ated CD20 Samp|es were prepared byetha.r]OI, for which data are truncated at 200 nm because
reduction with 10 mM DTT and alkylation by addition of ~/A-mercaptoethanol interferes with data collection at lower
25 mM iodoacetamide. The reaction was halted by a further wavelengths.
addition of 100 mM DTT. After each step, the reaction was  Scatchard Analysis of Rituximab IgG and Fab Binding to
allowed to proceed for 3060 min at room temperature at Normal Human B CellsEquilibrium dissociation constants
pH 8.0. For reduction and reoxidation, the CD20 sample was (Kq4) were determined for rituximab 1gG and rituximab Fab
reduced with 10 mM DTT prior to plating and allowed to fragments for binding to B cells using radiolabeled protein.
reoxidize in the absence of DTT for several hours on the All dilutions were performed in binding assay buffer (DMEM
plate before antibody binding. media containing 0.5% bovine serum albumin, 25 mM



Characterization of CD20 Biochemistry, Vol. 44, No. 46, 20095153

HEPES at pH 7.2, and 0.01% sodium azide). Aliquots (0.05 Sucrose Gradient
mL) of rituximab 29-1gG (iodinated with lodogen) ot?3- a) 0.8M o 1.75M
Fab (iodinated with lodogen or lactoperoxidase) at a 14 58 910 1112 13 14 1516

concentration of 0.005 or 0.05 nM, respectively, were
dispensed into wells of a V-bottom 96-well microassay plate,
and serial dilutions (0.05 mL) of cold antibody were added
and mixed. Purified human B cells (125 000 in 0.05 mL)
were then added. The plate was sealed, incubated at room b) We
temperature for 24 h, and then centrifuged for 15 min at )

2500 rpm. The supernatant was aspirated, and the cell pellet
was washed and centrifuged. The supernatant was again
aspirated, and the pellets were dissolved. iIN NaOH and

transferred to tubes for counting. The data were used for c) 123456
Scatchard analysi{) using the program Ligand2p).

Normal human B cells were isolated from 100 mL of
heparinized normal human blood by negative selection using
the RosetteSep B Cell Enrichment Cocktail (Stemcell
Technologies, Vancouver, Canada) according to the protocol — - e
of the manufacturer. B cells were further separated over
Ficoll-Pague (Amersham Biosciences, Peapack, NJ) and then
isolated and washed in phosphate-buffered saline. Any Ficure 2: Localization and isolation of CD20. (a) Anti-His-tag
remaining red cells were lysed by a 30 s exposure to a Western blot of human His-tagged CD20 following sucrose gradient
hypotonic solution. The purified B cells were then adjusted gotatlon. Sample fractions are indicated at the top of the gel.

. - e amples from the fractions-#4, 5—8, and 9-10 were pooled, and
to a concentration of-+2 million cells/mL in binding buffer.  gach pool was run in a single lane; samples from fractions1Bl

were run in individual lanes as indicated. An immunopositive band

RESULTS AND DISCUSSION was isolated just after fraction 11, which corresponds to the
transition from the 1.491.75 M sucrose layers. (b) Anti-His-tag

The primary structure of human CD20 is shown in Figure Western blot of human His-tagged CD20 following detergent

1. The proposed topology of CD20 is that of a tetra-spanning extraction frome. coli cell membranes. WC, whole cell extracts;

: ; s S, supernatant; P, pellet; sample 1, SDS; sampler-Ruryl
membrane protein, with both termini in the cytoplasm. The sarcosine; sample 3, LDAO: sample 4, DDPC: sample 5, DDM:

two extracellular loops of CD20 are strikingly different in - sample 6 Triton-X 100; sample 7, CHAPS. Insoluble fractions of

size. The first loop between helix one and helix two is E. coliexpressed His-tagged human CD20 were extracted with 1%
extremely small and seems unlikely to protrude extensively of the indicated detergent. The samples were centrifuged; the pellets
from the membrane. The size of this loop is highly conserved and supernatants were suspended in equal volumes of SDS buffer;

; ; and equal volumes of each were electrophoresed on-$12&E
in other members of the MS4A famil(9). The second under reducing conditions. For comparison, an equal volume of a

loop between helix three and helix four is approximately 46 \ypole cell (WC) fraction was suspended in SDS buffer after lysis
amino acids in length extending from the region of residue but without any manipulation. (c) Anti-His-tag Western blottaf

140 to the region of residue 185 and contains one possiblecoli cells expressing the His-tagged native and the C2S mutant of
disulfide bond between residues 167 and 183. The size ofhiuman CD20. Lane 1 and 4, control empty vector; lanes 2 and 5,

; ; ; . . His-tagged human CD20; lanes 3 and 6, C2S mutant human CD20.
this loop varies widely among the amino acid sequences of Samples in lanes-13 were run under nonreducing conditions;

the genes in the MS4A family, although most of these samples in lanes-46 were reduced with 100 mM DTT. Each lane
sequences retain the ability to form an extracellular disulfide contains equal volumes of cells normalized by optical density.

bond g, 9). On the cytoplasmic side of the membrane in
resting B cells, CD20 is phosphorylate@3], whereas density because of the presence of lipid around the protein.
phosphorylation is increased in response to antibody cross-These data are consistent with the localization of human
linking (24). No other post-translational modifications have CDZ20 to a cellular membrane fraction of the bacteria because
been identified on CD20, and the human protein lacks any E. colimembranes have a reported density of 1.15-1.25%/cm
consensus N-glycosylation sites in the extracellular region. (26). These observations are similar to previous reports on
To ascertain the structure of CD20 and the potential role the expression of other eukaryotic membrane proteins in a
of disulfide bond formation in antibody binding, His-tagged native conformation in the cellular membranes of bacteria
human CD20 protein was expressedincoli as described. (27, 28).
The potential for native expression of the proteirEincoli Solubilization conditions for CD20 were determined by
was evaluated by localizing the cellular expression of CD20 screening an array of nondenaturing and denaturing deter-
to the membrane by density gradient centrifugation and by gents (Figure 2b). A substantial fraction of CD20 was soluble
testing protein solubility in native detergents. in the nondenaturing zwitterionic detergent DDPC; thus, this
Approximately half of the total protein expressed in detergent was selected for further work in extraction and
bacteria was found to be localized with the bacterial purification of CD20.
membrane, migrating to a sucrose layer with a density less Human CD20 was extracted frobh colimembranes with
than 1.29 g/ch (1.75 M sucrose) as shown in Figure 2a. DDPC and purified by Ni* chelation using the C-terminal
Typical soluble proteins have a density of 1-3842 g/cnd His tag. The addition of N- and C-terminal His tags to
(25 and would be found at the bottom of the sucrose proteins has previously been shown to have a limited effect
gradient, while membrane-bound proteins migrate to a lower on the structures of both soluble and membrane-localized
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Ficure 3: Purified His-tagged human CD20, C2S human CD20,
and murine CD20. (a) Coomassie-stained SDS gel of purified CD20.
Lane 1, human CD20 nonreduced; lane 2, C2S human CD20
nonreduced; lane 3, murine CD20 nonreduced; lane 4, Mark12
(Invitrogen) molecular-weight markers; lane 5, human CD20
reduced; lane 6, C2S human CD20 reduced; lane 7, murine CD20
reduced. Each lane containg@ of protein. (b) Coomassie-stained
SDS gel of purified murine CD20. Lane 1,2 of murine CD20
nonreduced; lane 2, Mark12 molecular-weight markers; lane 3, 2
ug of murine CD20 reduced. Molecular weights of protein markers Antibody Concentration [M]
shown in a and b are 200, 116, 97, 66, 55, 36, 30, 22, 14, and Fgure 4: Disulfide-dependent antibody binding to His-tagged
6 kDa. human CD20. Binding of rituximab to nonreduced CD26, @),
CD20 reduced and alkylated (gray lirig), reduced CD20 that has
proteins. The isolated protein was further purified using size- been allowed to reoxidize (- - @), and control (PBS)<, O). The

exclusion and anion-exchange chromatographies as describe?urves for rituximab binding were determined from a four-parameter
earlier. Approximately 1620 ug of purified His-tagged ' analysis

CD20 protein were obtained o 1 g of bacterial cells. not be essential because mutated human CD20 in which the
Representative samples of purified His-tagged human cysteine at this location has been changed to alanine shows
CD20 are shown in the SDS polyacrylamide gel in Figure gjmjlar expression and antibody-dependent lipid raft associa-
3a (lanes 1 and 5). The protein migrates with an apparentjgn as compared to wild-type protein when expressed in
molecular weight of approximately 38 kDa under reducing eycaryotic cells15). We, therefore, mutated both cysteine
conditions, which is in reasonable agreement with the residues 111 and 220 in the human CD20 sequence to serine

Absorbance 450 nm

n e ~r .|
10" 10" 10? 10 107 10 10°

calculg'ted molecular weight of 35 kDa. _ _ residues (C2S mutant) and expressed and purified this protein
Purified CD20 also shows a modest change in mobility in a method similar to the His-tagged human CD20. As
under nonreducing and reducing conditions on SBPAGE. expected, these mutations of human CD20 showed improved

This can be clearly seen in Figure 3b, where reduced andprotein behavior relative to the native protein. The C2S
nonreduced murine CD20 have been run in neighboring laneshuman CD20 was expressed at a higher levél.igoli and

for emphasis. This suggests that CD20 exists in a more showed less disulfide-dependent aggregation (see Figure 2c).
compact, faster migrating structure because of the disulfide The purified protein, likewise, showed less aggregation
bond in the large extracellular loop, which is abolished upon (compare lanes 1 and 2 and 5 and 6 in Figure 3a) with an
addition of the reducing agent. approximately 2-fold higher protein yield.

Although the nondenaturing detergents DDM and LDAO  We next sought to assess whether purified, recombinant
demonstrated only limited ability to solubilize CD20, large- CD20 adopts a native conformation. To do this, we took
scale purification was attempted with these reagents to assesadvantage of the properties of the chimeric antibody ritux-
if detergent solubilization frork. coliwas indeed accurately  imab. This antibody is known to bind to a structurally
quantitated by Western blots using the conditions describedconstrained extracellular loop of human CD20 expressed on
in Figure 2b. Protein purified using either DDM or LDAO  the surface of B cells29). An ELISA assay was developed
was significantly less pure, and the procedures yielded on the basis of the binding of rituximab to purified human
significantly less protein than purifications performed with CD20. In this assay, rituximab binds His-tagged human
DDPC. However, CD20 could be successfully exchanged CD20 with an EG, of 9.4 nM as determined from a four-
into nonionic detergents following purification, indicating parameter fit of the data (see Figure 4). Rituximab binding
that DDPC does not possess a unique ability to solubilize has been localized to the extracellular loop of CD20 between
CD20. residues K142 and Y18429). Two residues in this region

We purified murine CD20 under similar conditions to C167 and C183 are thought to form a disulfide boBj (
those used to purify human CD20. Results of this purification Rituximab binding, in turn, is thought to be critically
are shown in Figure 3a (lanes 3 and 7). We noticed that thisdependent upon the presence of this disulfide bond. To
material was significantly better behaved than human CD20, evaluate the importance of this disulfide bond in CD20 for
showing less aggregation on nonreducing SDS gels (comparéghe binding of rituximab, CD20 was reduced, alkylated, and
lanes 1 and 3 of Figure 3a) and providing a higher final assayed for rituximab binding. As can be seen in Figure 4,
protein yield. Inspection of the primary sequence of murine this procedure substantially reduced the ability of rituximab
and human CD20 shows that cysteine residue 111 (Figureto bind CD20. As an additional control, we reduced CD20,
1) in the human sequence is a serine in the murine protein;removed the DTT, and allowed the protein to reoxidize under
this implies that Cys 111 is not essential for the activity of simple air-oxidation conditions. Rituximab binding was
CD20. Additionally, it has been shown that cysteine 220 may partially restored in this procedure, consistent with the
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Ficure 5: Biacore sensograms showing binding of rituximab and human His-tagged CD20. Binding of human CD20 to immobilized
rituximab, at CD20 concentrations of 5, 2.5, 1.25, 0.63, 0.31, 0.16, 0.08, andi®lL.O@oncentrations for the first 4 samples are labeled

on the sensogram. The calculated theoretical fits to a noncooperative, monovalent, model are shown in black for each concentration. Full-
length rituximab was deposited at 10 000 RU, and human CD20 at the indicated concentrations was applied to the sensor chip at a flow rate
of 20 uL/min in 150 mM NaCl, 20 mM HEPES at pH 7.2, and 0.1% DDM.

reformation of the disulfide bond in CD20, thus demonstrat- for by surface effects because of coupling of the smaller Fab
ing that antibody binding is dependent upon disulfide bond fragment to the sensor chip or to minor changes in the
formation. Because antibodies for the extracellular region structure of the Fab after removal of the Fc region.

of murine CD20 are currently unavailable, it was not possible
to develop a similar assay for murine CD20.

The ELISA assay of CD20 described above may incor-
porate avidity effects in the antibody-binding data. To

It is possible that any CD20, which is aggregated in the
detergent micell may be contributing an avidity effect to the
affinity of both IgG and Fab binding. Although the influences
of avidity effects are difficult to rule out, we do not feel

evaluate the binding of rituximab to human CD20 indepen- that they contribute significantly to the binding observed in
dent of such effects, we utilized surface plasmon resonance njs assay for two reasons.

This technique has the added advantage of providing both

kinetic binding information and equilibrium binding con-

stants. In these experiments, rituximab or rituximab Fab WasOthe IgG and Fab data show excellent agreement to the

theoretical fit predicted for monovalent binding. Divergence

from theoretical monovalent binding should be particularly

deposited on a Biacore sensor chip and soluble human CD2

was passed over the chip at various concentrations. Interest

ingly, although CD20 could be isolated in DDPC, binding
of CD20 to immobilized rituximab was significantly reduced

in the presence of this detergent (data not shown). Therefore,
affinities from surface plasmon resonance experiments were
determined in the presence of DDM. Representative data

from these experiments can be seen in Figure 5, and

summary of the results of these experiments are shown in
Table 1. Data are representative of multiple experiments.

a

First, affinities of the soluble CD20 for intact rituximab
IgG or Fab fragment show less than 2-fold differences. Both

evident for the Biacore experiment using rituximab 1gG;
however, as can be seen in Figure 5, the theoretical
monovalent fit and the actual experimental data for CD20
binding to rituximab IgG are in very close agreement. Thus,
the soluble CD20 does not appear to be aggregated, and no
additional binding modes need to be postulated to account

for the experimental data.

From Table 1, it can be seen that both His-tagged human Second, the affinity measurements of both the rituximab

CD20 and the C2S mutant of human CD20 have ap-
proximately the same binding properties with both full-length

IgG and Fab fragment, as determined by Biacore, are in close
agreement to the affinity measurements of the rituximab Fab

rituximab antibody and the Fab fragment, indicating that fragment determined from Scatchard analysis of binding on
these Cys-to-Ser mutations have no effect on antibody normal human B cells. Typical displacement plots of the

binding, as would be expected from the predicted location
of these residues in the intracellular region of the primary

binding experiments of rituximab IgG and Fab are shown
in Figure 7, and the data from different binding experiments

structure (see Figure 1). To determine the percentage ofwith different B-cell donors are summarized in Table 2. As

CD20 that is present in our preparations with the proper
conformation for antibody binding, we further purified the
C2S mutant of human CD20 over a rituximab-affinity
column. Although the yields were low, the binding data
before and after affinity purification are in general agreement,
demonstrating that the majority of purified human CD20 is
in a conformation capable of binding rituximab. We do
observe a modest improvement in antibody binding after
affinity purification with immobilized rituximab. This im-
proved affinity may be due to either improved purity of
CD20 or removal of inactive CD20 molecules, and this

can be seen from these data, a smatddold difference
exists between the monovalent affinity of rituximab Fab for
isolated human CD20 as determined by Biacore and the
monovalent affinity of rituximab Fab for CD20 expressed
on isolated human B cells (19280 nM affinities in the
Biacore experiments versus 560 nM affinities from
Scatchard analysis). This small difference may represent
inherent differences in the assay methods, physical differ-
ences in the protein environment, the presence of detergent,
or the lack of CD20-binding partners in the isolated material,
among other causes. It is interesting to note the large

question is currently under investigation. We observed a difference between rituximab IgG and Fab binding to B cells.

small difference in affinity of CD20 for full-length antibody

This suggests that avidity effects may play a role in the

relative to the Fab; this slight difference may be accounted binding of rituximab to B cells.



15156 Biochemistry, Vol. 44, No. 46, 2005 Ernst et al.

30 0.18
14
a) 0.1
— 012
[
g 0.10
£ 0.08f
o
0 ©@ 0.06
0.04
-10 0.02

0.00
-20 T T T T 107 10° 10! 102 103
Total IgG Bound (nM)

a)
20

[8] (x1073 deg cm2 dmol-1)

30

- b) 0.08 b)

[=]
o
.
L}

Bound/Total
o ©
2 &

i

[8] (x10°3 deg cm2 dmol-1)

101
0.03

-20 . . . . 0.02
190 210 230 250 270 100 10! 102 10% 10%

Wavelength (nm) Total Fab Bound (nM)

Ficure 6: Circular dichroic spectra of human and murine CD20. FiGURE 7: Typical displacement plots of rituximab IgG and Fab
Far-ultraviolet circular dichroic spectra of C2S human CD20 and binding to isolated normal human B cells. Binding was determined
murine CD20. (a) Human CD20 in the presence of 0.1% DDPC by competition of unlabeled rituximab 1gG agairidt-lgG for
(red), 0.1% DDPC in the presence of 10 nfMmercaptoethanol donor 1 (a) or unlabeled rituximab Fab agaitfst-Fab for donor
(black), and after a thermal scan to 95 in the presence of 1% 4 (b). See Table 2 for affinities and number of receptors from each
SDS (cyan). (b) Murine CD20 in the presence of 0.1% DDPC (red), donor.

0.1% DDM (green), or 0.1% DDM with the addition of 1% SDS

andp-mercaptoethanol after 2 min at 9& (navy blue). Data are  1pje 2: IgG and Fab Binding to Isolated Human B Cells
expressed as molar ellipticities.

Rituximab Ig@

As would be expected from th€, of rituximab for isolated human rituximab 19G number of receptors/
human CD20 (84170 nM), the association and dissociation B cells Ky/107° (M) cell (10)
binding rates are relatively rapid, particularly in comparison donor 1 0.32+0.053 160+ 12
to high-affinity antibodies such as the affinity-matured anti- ggﬂg:g 2;% 8-%51) f’éi g-?
VEGF antibody 80), which has &, of <0.15 nM, ako, of Satting -

3.6 x 10M 151, and akos of <0.05x 10745t at 25°C. A dmab Fab o recentors
However, because the affinities of rituximab IgG or rituximab ~ g'roje r:(l:fl'gag (M;" Rty (1r§;):ep ors
Fab _fragment as determinegl by Bia(_:ore_ for isolated (_SDZO Jonor 4 Y] 570% 52
are in close agreement with the rituximab Fab affinity donor 5 63t 23 2304 75

determi_ned from Scatchard analysis C-m- normal -B cellls,. it a Experiments were performed by competition of unlabeled rituximab
seems likely that the low monoyglent affinity value is ,rea"s“c 1I9G or?:ab again§€5|-lng or rituxan¥25|-FaFt; bound to CD20 displayed
and does not result from significant amounts of misfolded o isolated human B cells. Binding experiments utilized triplicate
or non-native conformations being present in isolated hCD20 samples at multiple concentrations of unlabeled protein with cells from
preparations. a si_ngle donor_P Summary of results from Scatchard analysis c_)f

CD20 was further analyzed for secondary structure by CD r|tu>_(|m_ab 19G blnd!ng_.c Summary of results from Scatchard analysis

- . of rituximab Fab binding.

spectroscopy. Sample spectra from this analysis are shown
in Figure 6. On the basis of the predicted topology of CD20
as a tetra-spanning membrane protein, CD20 should have &r brief heating, are almost identical to the spectra of the
helical content 0f~35%. It can be seen that both the C2S native proteins (see Figure 6). A temperature scan from 25
version of human CD20 and murine CD20 demonstrate ato 95°C does indicate that human CD20 loses approximately
significant signal in the 222 nm region of the spectra as 35% of the 222 nm helical signal at 9& (data not shown).
would be expected for proteins with a significahelical Although there is no evidence of cooperative unfolding or
component (Figure 6). cooperative refolding, the majority of this signal is recovered

The addition of the reducing agent did not significantly when the sample is returned to lower temperatures, at least
alter the secondary structure of either murine or human CD20following brief heating (Figure 6). The small difference in
in either the presence of DDPC or SDS (Figure 6). Further, heated and unheated human CD20 samples may indicate that
the secondary structure of CD20 appears to be very stablesome structure is lost permanently and that, perhaps, the
in a broad variety of detergents and temperatures. CD spectraamount of permanently denatured protein may increase with
of human CD20 in the presence of SDS or murine CD20 in a longer exposure to heat. The observation that the addition
the presence SDS and reducing agent, after a thermal scaf the reducing agent to murine CD20 does not significantly
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affect thermal stability of the protein in SDS is interesting. Missildine for assistance in the large-scale expression of

It is possible that the disulfide bond, which is outside the CD20, M. Ultsch for providing the rituximab Fab, A.

regions of CD20 that are predicted to haweehelical Namenuk for help with the ELISA, and M. Sliwkowski and

structure, may contribute very little to the overall structural D. Dowbenko for helpful discussions.
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