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Binding Motifs of Copolymer 1 to Multiple Sclerosis- and
Rheumatoid Arthritis-Associated HLA-DR Molecules?!

Masha Fridkis-Hareli,* John M. Neveu,” Renee A. Robinsorl, William S. Lane,"
Laurent Gauthier, ¥ Kai W. Wucherpfennig,* Michael Sela® and Jack L. Strominger,?**

Copolymer 1 (Cop 1, poly (Y, E, A, K)) is a random synthetic amino acid copolymer effective in the treatment of relapsing forms
of multiple sclerosis (MS). Cop 1 binds promiscuously, with high affinity and in a peptide-specific manner to purified MS-
associated HLA-DR2 (DRB1*1501) and rheumatoid arthritis-associated HLA-DR1 (DRB1*0101) or HLA-DR4 (DRB1*0401)
molecules. In the present work at least 95% of added Cop 1 could be bound to recombinant “empty” HLA-DR1 and -DR4, and
80% could be bound to HLA-DR2 proteins. Amino acid composition, HPLC profiles, and sequencing patterns of Cop 1 eluted by
acid extraction from HLA-DR molecules were similar to those of the unseparated Cop 1. Protruding N-terminal ends of Cop 1
bound to HLA-DR1, -DR2, or -DR4 molecules were then treated with aminopeptidase [, followed by elution, HPLC, and pool
sequencing. In contrast to untreated or unbound Cop 1, this material exhibited distinct motifs at some positions with increases in
levels of E at the first and second cycles, of K at the second and third cycles, and of Y (presumably at P1 of the bound peptide)
at the third to fifth cycles, regardless of the HLA-DR molecule employed. No preference was seen at the following cycles that were
mainly A. These first pooled HLA-DR binding epitopes provide clues to the components of Cop 1 that are biologically active in
suppressing MS and possibly rheumatoid arthritis. The Journal of Immunology,1999, 162: 4697—4704.
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amino acid copolymer effective both in suppression of (16). The characterization of the active component(s) of the mix

experimental allergic encephalomyelitis (EAE) (1-12) ture of random polypeptides has thus been of particular importan
and in the treatment of relapsing forms of multiple sclerosis (MS)in view of the therapeutic applications of Cop 1 in MS and pos-=:
(13, 14). The mechanisms proposed for the activity of Cop 1 in-sibly RA patients. 3
volve binding to class Il MHC molecules on APCs (9), leading to Because Cop 1 is a mixture of random polypeptides, it mayg
induction of Ag-specific suppressor cells (4, 6) and/or competitioncontain different sequences that bind to different HLA proteins;z;
with myelin Ags for activation of specific effector T cells (7, 8). in this case only a fraction out of the whole mixture would beQ
Indeed, the binding of Cop 1 to purified human HLA-DR mole- an “active component.” Alternatively, the whole mixture may &
cules within the peptide binding groove has been reported (15)pe competent, i.e., all polypeptides binding to any HLA-DRE
Cop 1inhibited the binding of HA 306 -318 peptide, a high-affinity mplecule. In view of the crystallographic analysis of several®
epitope of influenza virus, to both HLA-DR1 (DRB1*0101) and H| A-DR molecules complexed with the antigenic peptidesS
-DR4 (DRB1*0401) molecules, and of myelin basic protein (17_19) as well as the binding motifs of natural MHC-associ-Z
(MBP) 84-102, a human immunodominant epitope of MBP, t04eq ligands that were elucidated by acid-extraction and seg
HLA-DR2 (DRB1*1501) molecules (15). Moreover, Cop 1 has 4,encing (20-25), it has been intriguing to find out whether all3

been recently found to compete with collagen type Il (Cll) 261, aming acids that compose Cop 1 are involved in its binding .
273, a candidate autoantigen in rheumatoid arthritis (RA), forin the groove of HLA-DR molecules (=)

binding to RA-associated HLA-DR1 (DRB1*0101) and -DR4 o study here was undertaken to attempt to identify these a@

tive components present in the bound Cop 1 and to determine thef?
binding motifs. To isolate the bound fraction of Cop 1 with no
*Department of Molecular and Cellular Biology, afilflicrochemistry Facility, Har- i i ; “ "
vard University, Cambridge, MA 02138Dana Farber Cancer Institute, Harvard interference from endernous peptldes’ recomt_aln_ant empty
Medical School, Boston, MA 02115; arfiDepartment of Immunology, The Weiz- HLA-DR1, -DR2, and -DR4 molecules produced in insect cells
mann Institute of Science, Rehovot, Israel were employed. Because the average length of the Cop 1 polypep-
Received for publication July 14, 1998. Accepted for publication January 19, 1999tides used is 75—80 amino acids, the epitopes lying in the groove
The costs of publication of this article were defrayed in part by the payment of pagedf HLA-DR molecules are likely to be found internally in the
charges. This article must therefore be hereby maddurtisemenin accordance 1 i ; i i i i
with 18 U.S.C. Section 1734 solely to indicate this fact. polypeptide Ch.ams V\_”th protruding ends.’ making Q|rect analysis of

) ) ) the bound amino acid sequences by microchemical methods very
* This work was supported by grants from the National Institutes of Health (R35-CA . . . .
47554 and NOL-Al 45198) and Teva Pharmaceutical Industries, Ltd., Israel. M.F.-HCOMplicated. To access these regions, N-terminal peptidase treat-
is the recipient of a National Multiple Sclerosis Society advanced postdoctoral fel-ment of the protruding ends of Cop 1 polypeptides was employed.
ggsgzisl(é\:)vémyls a Harry Weaver Neuroscience Scholar of the National Multiple This approach proved to be useful in trimming of N-terminal ends
2 Address correspondence and reprint requests to Dr. Jack L. Strominger, Departmeﬁ! pgptlde§ that prOtrUde out of class Il MHC prOtemS’_Wh"e pro-
of Molecular and Cellular Biology, Harvard University, 7 Divinity Avenue, Cam- tecting epitopes bound to the groove from proteolysis (26, 27).
bridge, MA 02138. E-mail address: jistrom@fas.harvard.edu Various characteristics relating to the fraction bound and its mo-
° Abbreviations used in this paper: Cop 1, copolymer 1; ClI, collagen type II; HA, tifs, including amino acid composition, HPLC profiles, and pool
influenza virus hemagglutinin; MBP, myelin basic protein; MS, multiple sclerosis; sequencing, together with the immunological recognition of these

RA, rheumatoid arthritis; EAE, experimental allergic encephalomyelitis; RP, reverse :
phase. fractions, are presented here.

C opolymer 1 (Cop 3, poly (Y, E, A, and K)) is a synthetic (DRB1*0401) molecules, and to inhibit Cll-reactive T cell clones

Copyright © 1999 by The American Association of Immunologists 0022-1767/99/$02.00
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4698 BINDING MOTIFS OF COPOLYMER 1 TO HLA-DR1, -DR2, AND -DR4 MOLECULES

Materials and Methods Table I. Amino acid composition of Cop 1 bound to and eluted from
Protein expression and purification recombinant HLA-DR1, -DR1 and -DR4 molecules

Solut_)le HLA-DR1, -DR;, and -DR4 molecules were expre_ssed in Dro- Cop £ AmounP v £ A K
sophila S2 cells as described (18, 28, 29). Cells were grown in roller bottles

in ExCell 401 medium (JRH Biosciences, Lenexa, KS) supplemented with  Untreated 223 0.8 1.7 4.3 3.2
0-5% fetal bovine serum (Sigma Chemicals, St. Louis, MO) at 26°C. Cells  gJuted from DR1 21.5 (96) 0.8 1.3 4.3 43
were harvested 4-5 days after induction by 1 mM CpS@munoaffinity Eluted from DR2 17.8 (80) 1.0 2.0 4.3 4.0

purification of HLA-DR1, -DR2, and -DR4 molecules was performed as  Eluted from DR4 21.7 (97) 0.8 1.1 4.3 57
reporte(l:il preV|ouchth(l8).i:3nefIy, supematant from garvested cells was S|e_ 2Cop 1 (8150) either incubated with recombinant HLA-DR1, -DR2, and -DR4
uential assed throu rotein A, protein G, and protein A-LB3.1 col- - ) - . R
Smns f0>lll(?wed by eIutign gf the bourF]]d HLA-DR witfrl) 50 mM 3-[cyclo- molecules and eluted by acid extraction, or untreated, was subjected to amino acid
- - p - .qanalysis as described iMaterials and Methods. Values represent molar ratios of
hgxylam|no]—1-propanesu|f0n|c acid (CA.PS) (pH 11.5) and nemrallzec1amin0 acids and were calculated with reference to A, whose yields are not reduced by
with 200 mM phosphate (pH 6.0). Proteins were concentrated on a Cery,g hydrolysis process.

triprep 10 membrane (Amicon, Beverly, MA). > Nanomole copolymer in the sample, determined by amino acid analysis after
acid extraction. Percent binding is shown in parentheses.
¢ Higher levels of K may be due to a contamination with isophenylthiourea. This
Antigens and Antibodies interpretation is compatible with the observation that no such increase was observed
in the more precise pool sequencing data in Fig. 2.
Cop 1 is a synthetic random copolymer prepared by polymerization of the

N-carboxyanhydrides af-tyrosine, y-benzyli-glutamate,L-alanine, and

e,N-trifluoroacetyle-lysine (1) (the end product is a mixture of acetate salts

of random polypeptides). Cop 1, batch 52596, in the molar ratio of 1 Y:1.5Re€SUItS

E:4.3 A:3.3 K, with an average m.w. of 8150, was obtained from Tevalsolation of the bound fraction of Cop 1

Pharmaceutical Industries (Petach Tikva, Israel). Rabbit anti-Cop 1 poly- o . . X

clonal Abs (IgG fraction, biotin-labeled) were also from Teva Pharmaceu-Quantitation and amino acid analysis of Cop 1 bound to HLA-
tical Industries. DR1, -DR2, and -DR4 moleculesCop 1 was incubated with wa-

ter-soluble HLA-DR1, -DR2, or -DR4 molecules at the molar ratio

Treatment of HLA-DR-Cop 1 complexes with aminopeptidase | of 1:1 for 40 h at 37°C. These recomblnant empty” HLA-DR
) ) ) molecules are usually stably assembled in the presence of exog:

Cop 1 (1 mM) was incubated with recombinant water-soluble “empty” enously added peptide Ag. However, Cop 1 can substitute for pegg

HLA-DR1, -DR2, or -DR4 molecules (10@M) in PBS for 40 h at 37°C. . . . i . . =
Aminopeptidase | (2 units) (Sigma Chemicals) was added for the last 18 ﬁldes In promoting stabilization and with no interference from en

of incubation. Samples were then spin-concentrated to a final volume offogenous peptides (15). Unbound Cop 1 was separated fro
~100 pl using Centricon 10 ultrafiltration devices (Beverly, MA). Bound bound Cop 1 by Centricon ultrafiltration. Bound Cop 1 was then=.
Cop 1 was eluted from HLA-DR by addition of acetic acid (10%) and extracted from the HLA-DR by acid treatment (22) and subjecte%
|ncuba§ed at 70°C for 15 min, followed by ultr'aflltratlonland vacuum con- 14 amino acid analysis. At least 95% of added Cop 1 was bound tg
centration in a SpeedVac (Savant), as described previously (12). isolated HLA-DR1 and -DR4, and 80% was bound to HLA-DR2 3.
proteins (Table I). Cop 1 eluted from HLA-DR1, -DR2, and -DR4§
HPLC separation and microsequencing molecules showed ratios of Y:E:A:K similar to unseparated Cop 15
After elution as above, typically 5-10% of the Cop 1 mixtures were frac- (T@ble 1). These results indicate that the bound fraction of Cop &
tionated by microbore HPLC using a ZorbaxgCl.0-mm reverse-phase reflects the amino acid composition of the whole mixture and sugg
(RP) column (Saratoga, CA) on a Hewlett-Packard 1090 HPLC with 1040gest that there is little or no preferential binding of Cop 1 compo-o
diode array detector. At a flow rate of gd/min, Cop 1 was eluted witha nens to different HLA-DR proteins. These data were supported bg
gradient of 0.055% trifluoroacetic acid in acetonitrile (0% at 0—10 min, . - . . . .
33% at 73 min, and 60% at 105 min). Strategies for peak selection, RE different set of experiments in which Cop 1 was incubated with2
separation, and Edman microsequencing have been described previousi) excess of HLA-DR1, -DR2, and -DR4 molecules that had bee%
(22, 30). Pooled fractions were submitted to automated Edman degradatiqourified from human homozygous EBV-transformed B cell lines,®
ona lHeW'ett'PaCklard G1005A protein sequencer using the manufacturer'énd then passed through a size-exclusion column. Near|y all of thg
Routine 3.5 analytical method. Cop 1 was found in the fractions corresponding to the high m.way
complexes with each of the HLA-DR molecules (data not shown) 5
PAGE with <10% in each case at the lower m.w. position of Cop 1, also
SDS-PAGE was conducted with the NOVEX (San Diego, CA) minicell indicating that‘most of the copolymer k_Jinds to these mole_cules.
electrophoresis system. Separation gel was 10% in acrylamide and stackidgPLC separation. To further characterize the bound fraction of
gel was 5%. HLA-DR1-Cop 1 complexes were run under nonreducingCop 1 by means of hydrophobicity and size, samples were sepa-
conditions for 1 h at 200 \stained with Coomassie Brilliant blue, fixed for - rated on RP-HPLC (Fig. 1) using an acetonitrile gradient, as de-
3 h in 10% methanol/10% acetic acid, and dried on Cellophane papeg iheq jnMaterials and Methods. In contrast to typical profiles of
(Bio-Rad, Richmond, CA) at 25°C. . X .
single peptides or peptide pools (22, 31-34), untreated Cop 1
showed a very broad peak with several smaller peaks, which
Ab binding assay spread betweer-40- and 75-min elution time (Fig. 1A). This elu-
The cross-reactivity between Cop 1 and its fractions was detected by diredfon profile is characteristic of a mixture of random polypeptides
ELISA assay using biotinylated anti-Cop 1 polyclonal Abs. Cop 1 or frac- and resembles HPLC separations of other batches of Cop 1 (un-
tions were diluted to 0.4 and 2/8y/ml and plated in duplicate on a 96-well published data). Similar profiles were obtained when Cop 1 was

microtiter immunoassay plates (PRO-BIND, Falcon, Lincoln Park, NJ) _ ; _ : _ ;
(100 wl per well). All incubations were for 1 h at 37°C and washes were eluted from HLA-DR1 (Fig. B), -DR2 (Fig. L), or -DR4 (Fig.

three times with Tris-buffered saline (TBS)/0.05% Tween-20 (F8$37  1D) molecules, suggesting that the bound fraction is similar to the
mM sodium chloride, 25 mM Tris (pH 8.0), 2.7 mM potassium chloride). whole Cop 1 mixture in its chemical properties.
The wells were then blocked with TBS/3% BSA, followed by addition of Pool sequencing.To analyze the sequence of Cop 1 bound to

b:mi”y'atEd agti'c‘)pdl Abs (1:5000'_(}9“] per We”)(-j Alkl’(‘"?a”d r?om_h HLA-DR1, -DR2, and -DR4 molecules, HPLC fractions within the
plexes were detected using streptavidin-conjugated alkaline phosphata: : . . .
(1:3000, Bio-Rad) ang-nitrophenyl phosphate in triethanolamine buffer &ea described in the previous section, were pooled and sequenced.

(Bio-Rad). The absorbance at 410 nm was monitored by a microplatdn all cases, the four amino acids of Cop 1 showed random pat-
reader (Dynatech MR4000). terns, with significantly higher levels of A over E, Y, and K (Fig.
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FIGURE 1.

Separation of untreated Cop A)( Cop 1 eluted from HLA-DR1 (B), -DR2 (C), and -DR4 (D) molecules on RP-HPLC. From 5% to 10%

of the protein mixtures were fractionated by microbore HPLC using a Zorhgt.0-mm RP column on a Hewlett-Packard 1090 HPLC with 1040 diodéQ.
array detector. At a flow rate of 5dl/min, Cop 1 was eluted with a gradient of 0.055% trifluoroacetic acid in acetonitrile (0% at 0—10 min, 33% at &3

min, and 60% at 105 min). Upper solid line, absorbance at 205 nm; lower solid lines, absorbance at 277 and 292 nm. Q

c

o
2, A-D), which corresponds to the initially higher molar ratio of A of the HLA-DR molecules, as well as to digest the unbound Cop%
in Cop 1 (1). There was no sequence specificity or preferentiall. The resulting Cop 1-HLA-DR complexes were analyzed by2
positioning of any amino acid of Cop 1, indicating that the boundSDS-PAGE. As shown in Fig. 4, Cop 1-DR1 complexes were re-g
fraction is also random, similar to the entire Cop 1. The yields ofsistant to SDS-induced dissociation, forming higher m.w. com-8
other amino acids resulting from endogenous peptides of HLA-DRplexes with HLA-DR1af heterodimers that were observed as nu-k;
molecules were minor (data not shown). It should be noted thamerous bands on the polyacrylamide gel above the molecular ma}(;)s
these data represent sequencing of the first 20-25 amino acigisotein standard of 50 kDdane 5), and as described previously
from the N termini of bound Cop 1 polypeptides, which most (15). In the presence of aminopeptidase | (a 33-kDa protein ap-
likely protrude from the groove of HLA-DR molecules, and there- pearing as a thin band below the molecular mass protein standard

fore do not reflect the actual binding motif(s).
Recognition of bound Cop 1 by anti-Cop 1 Ab#nti-Cop 1 poly-

of 35 kDa, lanes 2,4, and6), all the unbound Cop 1 (a smear in
the lower part of the gelanes 1and5) was completely digested

clonal Abs were used to determine whether fractions of Cop 1(lanes 2and 6), whereas Cop 1-DR1 complexes were protected
eluted from different HLA-DR molecules contain epitopes similar (lane 6). It should be noted that upon incubation of aminopeptidase
to unseparated Cop 1. Binding assays were conducted as describedith HLA-DR1 alone a complex was formed, represented by a
in Materials and MethodsThe results (Fig. 3) showed that all the band below the 50-kDa molecular mass protein standare(4)
fractions were similarly recognized by anti-Cop 1 Abs, suggestingorobably caused by binding of some aminopeptidase I-derived di-
that these fractions share similar epitopes with each other and witjestion products to HLA-DR1. Similar treatment with aminopep-

Cop 1.

Characterization of binding motifs of Cop 1

tidase | was applied to Cop 1 bound to HLA-DR2 and -DR4 mol-
ecules. Bound Cop 1 remaining after aminopeptidase | treatment
was eluted from HLA-DR by acid extraction, as described/ia-

Treatment of Cop 1 bound to HLA-DR1, -DR2, or -DR4 mole- terials and Methods

cules with aminopeptidase |To determine the actual binding mo- HPLC separation. After elution, Cop 1 digestion products were
tifs, Cop 1 was incubated with HLA-DR molecules at the molar separated on RP-HPLC (Fig. 5) using an acetonitrile gradient, as
ratio of 10 Cop 1:1 HLA-DR in PBS for 40 h at 37°C. Amino- described inMaterials and Methods. In contrast to a very broad
peptidase |, a metalloprotein isolated frdBtreptomyces griseus peak corresponding to untreated Cop 1 (Figsa®d 5A), proteo-
(35), was added for the last 18 h of incubation, to remove N-lytic Cop 1 fragments eluted from HLA-DR1 (FigC), -DR2 (Fig.
terminal ends of Cop 1 polypeptides, protruding from the groove5E) or -DR4 (Fig. %) showed profiles similar to peptide pools
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4700 BINDING MOTIFS OF COPOLYMER 1 TO HLA-DR1, -DR2, AND -DR4 MOLECULES
A Untreated Cop 1 B Eluted from HLA-DR1
75 pmol E 75 pmol 50 pmol E 50 pmol

FIGURE 2. Pool sequencing of untreated
Cop 1 @), and Cop 1 eluted from HLA-DR1

(B), -DR2 (C), and -DR4 D) molecules. HPLC
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g

isolated from purified human HLA-DR molecules (31-33). On theand second cycles, of K at the second and third cycles, and of
other hand, almost no peptides were eluted from “empty” HLA- (presumably at P1 of the bound peptide) at the third to fifth cycleé
DR1 (Fig. 5D), -DR2 (Fig. &), or -DR4 (Fig. 31) molecules, or  for peptides bound to HLA-DR1 (Fig.®), -DR2 (Fig. &), or 3
from a total Cop 1 digestion with no HLA-DR added (FiB)5  -DR4 (Fig. 6G). This spread of residues over two or three positions§
Peaks for further analysis were selected in the region where thi the pool sequencing data is probably caused by the ragged &
untreated Cop 1 was eluted (Fig#h and 5A), between-40 and  termini of the Cop 1 components after aminopeptidase treatmen®
75 min elution time. For each HLA-DR molecule, only peaks cor- similarly to other treated naturally processed class Il MHC ligand$
responding to Cop 1 peptides, which did not overlap those eluted
from that same HLA-DR molecule with no Cop 1, were pooled for
sequencing.

Pool sequencing.To analyze the sequence of the Cop 1 bound to ';:l": ! = & & & @
HLA-DR1, -DR2, and -DR4 molecules, Cop 1 fractions were oo
Cop 1 + + - - + +

pooled and sequenced. In contrast to random patterns of the un- o1
- + - + - +

treated Cop 1, showing no sequence specificity or preferential po-
sitioning of any of the four amino acids that comprise Cop 1 (Figs.
3Aand 6A), significantly higher levels of E were found at the first

GTOZ ‘9T OqWBAON UO 1S9

. 4 L"l - DRaf:Cop 1 complexes
5010 -
0.8
=) 35KD -
© 061 - — T
2 . Cop 1 - -DRa
3 04- E] Cop 1-DR1 25k’
g 4 O Cop1-DR2 -Cop 1
§ 0.2 - B Cop 1-DR4 -—— . .ORp
5 J
0.0~ FIGURE 4. SDS-PAGE of soluble Cop 1-DR1 complexes treated with

0.31 0.62
Cop 1 concentration { w g/ml)

aminopeptidase I. Recombinant “empty” HLA-DR1 molecules (100

per sample) were incubated with unlabeled Cop 1 (8, 150) (1 mM) in PBS
for 40 h at 37°C. Aminopeptidase | (2 units) was added for the last 18 h of
FIGURE 3. Detection of Cop 1 bound to HLA-DR1, -DR2, and -DR4 incubation. Cop 1 alondgne 1), or treated with aminopeptidasédr(e 2);
molecules by anti-Cop 1 Abs. Bound fractions were diluted and plated ilHLA-DR1 alone (lane 3), or treated with aminopeptidaséahé 4); and
duplicates on a 96-well microtiter plates, followed by blocking with HLA-DR1-Cop 1 complexes alonéafe 5), or treated with aminopeptidase
TBS/3% BSA and addition of biotinylated anti-Cop 1 polyclonal Abs. For | (lane 6). Separation gel was 10% in acrylamide and stacking gel was 5%.
other details seMaterials and MethodsBackground levels werg10% of HLA-DR1-Cop 1 complexes were run under nonreducing conditions for
the binding. 1 h at 200 V and stained with Coomassie Brilliant blue.
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