with BHBN and amino acids than in the
group treated with BHBN alone, and the
amino acids exhibited dose-dependent ef-
fects (Table 2). However, the incidences of
simple hyperplasia, PN hyperplasia, and
papilloma in groups 1 through 4 were not
significantly different from those in group 5.
Groups 6, 7, and 8 did not show any
abnormalities of the bladder epithelium.
These results confirm that L-isoleucine and
L-leucine have tumor-promoting effects on
bladder carcinogenesis in rats.

The amounts of free L-isoleucine in the
urine of rats given CE-2 diet or CE-2 diet
supplemented with 2.0 percent or 4.0 per-
cent L-isoleucine were 0, 149, and 1008 p.g/
ml, respectively (11); the amount of free L-
leucine in the urine of rats given CE-2 diet
without or with 2.0 percent or 4.0 percent
L-leucine were 0, 309, and 1141 pg/ml,
respectively. The concentrations of L-isoleu-

cine and L-leucine as protein in the CE-2
diet were 1.03 and 1.80 percent, respective-
ly. Animals given the CE-2 diet alone excret-
ed neither L-isoleucine nor L-leucine in their
urine. When we added 2.0 or 4.0 percent
free L-isoleucine or 2.0 or 4.0 percent free L-
leucine to the diet, the amounts of the free
forms of both amino acids detected in the
urine were less than 0.5 percent of those
given orally. There may be a relation be-
tween the tumor-promoting effects of these
two amino acids and the high incidence of
human bladder cancer in western countries,
where the diet is rich in protein (12).
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Expression Cloning of a Lymphocyte Homing
Receptor cDNA: Ubiquitin Is the Reactive Species

ToMm St. JoHN,* W. MICHAEL GALLATIN,* MARK SIEGELMAN,
Harry T. SMITH, VICTOR A. FRIED, IRVING L. WEISSMAN

The lymphocyte cell surface receptor for the high endothelial venules (HEV’s) of
peripheral lymph nodes is specifically recognized by the monoclonal antibody MEL-
14. Three independent complementary DNA (cDNA) clones, each of which encodes
the protein ubiquitin, were detected by virtue of the expression of the MEL-14
antigenic determinant on cDNA~B-galactosidase bacterial fusion proteins. The anti-
genic determinant defined by MEL-14 resides in the carboxyl terminal 13-amino-acid
proteolytic peptide of ubiquitin, but is undetected in intact undenatured ubiquitin and
other cellular ubiquitinated proteins. Antisera and monoclonal antibodies to ubiquitin
determinants bind to the surface of both HEV-receptor positive and negative cell lines.
The MEL-14—identified cDNA clones hydridize to RNA transcripts that encode
tandemly repeated ubiquitins. Sequence analysis of these polyubiquitin cDNA’s does
not identify a leader sequence for export to the cell surface. The expression of the
MEL-14 epitope of ubiquitin depends upon its local environment. The steady-state
levels of expression of the ubiquitin messenger RNA’s do not correlate with either the
tissue derivation of the RNA or the expression of the lymphocyte HEV receptor.
Regulation of the expression of the HEV receptor is not likely to reflect the
transcriptional control of ubiquitin genes, but rather to reflect control of the
expression of the HEV core polypeptide or its level or form of ubiquitination.

ATURE LYMPHOCYTES CIRCU-

i \ / I late throughout the body, passing
through the lymphoid organs be-

tween the blood vasculature and lymphatic
systems (I1). The mobility of these cells
allows them to encounter the various micro-
environments necessary for maturation, to
interact with the various other lymphocyte
subsets, and to interact specifically with
antigen. A major event in the migration
pathway occurs when lymphocytes specifi-
cally recognize and adhere to specialized
high endothelial cells of the postcapillary
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venules (called HEV’s) of the peripheral
lymph nodes and the gut-associated Peyer’s
patches. These bound lymphocytes transmi-
grate into the parenchyma of the lymphoid
organ, and may eventually return by way of
the lymphatic system to the bloodstream
).

Most normal murine small lymphocytes
express receptors for HEV cells in peripheral
nodes and Peyer’s patches (2, 3). The organ
distribution of lymphocyte subsets may be
determined in part by the HEV adherence
properties of individual lymphocytes. These

adherence properties may be measured both
in vivo and in vitro. Lymphocytes, incubat-
ed on a tissue section of peripheral lymph
nodes or Peyer’s patches, adhere avidly and
specifically to the exposed HEV’s (4, 5).
Some murine lymphomas express a virtually
unispecific preference for one or the other
type of HEV (2, 6, 7). These data suggest
that there are at least two types of lympho-
cyte HEV receptors, one for the HEV of
peripheral lymph nodes and one for the
HEV of Peyer’s patches.

A monoclonal antibody, MEL-14, ap-
pears to recognize the lymphocyte receptor
for peripheral lymph node HEV (7). The
expression of the cell surface MEL-14 epi-
tope correlates without known exception to
the peripheral lymph node adhesion pheno-
type of both normal cells and neoplastic
lymphoid cell populations (7, 8). All periph-
eral node HEV binding lymphomas express
a MEL-14 reactive antigen, while Peyer’s
patch HEV unispecific or nonbinding tu-
mors lack MEL-14 antigen. In addition,
clonal variants of lymphoid tumors, selected
for the expression of high or low levels of
the MEL-14 antigen (9), express the expect-
ed adhesion phenotype. Treatment of both
MEL-14 antigen-positive lymphoid tumors
and normal mesenteric node lymphocytes
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with MEL-14 antibodies specifically inhibits
their adhesion in vitro and homing in vivo
to peripheral lymph node HEV’s (7). In
contrast, treatment with MEL-14 antibod-
ies has no effect on adhesion of either a
DPeyer’s patch—specific lymphoma or normal
lymphocytes to Peyer’s patch HEV (7). This
specificity strongly suggests that the MEL-
14 epitope is a component of, or is tightly
associated with, the lymphocyte cell surface
receptor for peripheral lymph node HEV.

MEL-14 recognizes a cell surface glyco-
protein designated gp90MEL1* with an ap-
parent molecular size of 90 + 10 kD, differ-
ing slightly between cell lines. This molecule
is not disulfide-linked to any other polypep-
tide chain, although there is evidence for
internal disulfide bonding (7).

We report here that the MEL-14 mono-
clonal antibody detects hybrid B-galacto-
sidase complementary DNA (cDNA) fusion
proteins (10, 1I) expressing the MEL-14
epitope from a bacteriophage N cDNA-lacZ
gene fusion library. This cDNA library was

A
glu phe arg ala asn Met Gln Ile Phe
1 GAA TTC CGC GCC AAC ATG CAG ATC TTC
Gly Lys Thr Ile Thr Leu Glu Val Glu
43 GGC AAG ACC ATC ACT CTT GAG GTC GAG
Glu Asn Val Lys Ala Lys Ile Gln Asp
85 GAG AAT GTC AAG GCC AAG ATC CAA GAC
Pro Asp Gln Gln Arg Leu Ile Phe Ala
127 CCT GAC CAG CAG AGG CTG ATA TTC GCG
Asp Gly Arg Thr Leu Ser Asp Tyr Asn
169 GAT GGC CGC ACC CTG TCC GAC TAC AAC
Thr Leu His Leu Val Leu Arg Leu Arg
211 ACC TTG CAC CTG GTG CTG CGT CTG CGC
pro ser leu arg gln leu ala gln lys
253 CCA TCC CTT CGT CAG CTT GCC CAG RAG
met arg gly gly gly gly gly gly
295 ATG AGG GGG GGG GGG GGG GGG GGG G
B
glu phe arg Arg Leu Arg Gly Gly Met
1 GAA TTC CGT CGC CTC AGA GGT GGC ATG
Thr Leu Thr Gly Lys Thr Ile Thr Leu
43 ACC CTG ACA GGC AAG ACC ATC ACC CTIG
Asp Thr Ile Glu Asn Val Lys Ala Lys
85 GAC ACC ATA GAG AAT GTC AAG GCA AAG
Gly Ile Pro Pro Asp Gln Gln Arg Leu
127 GGC ATC CCC CCT GAC CAG CAG AGG CTG
Gln Leu Glu Asp Gly Arg Thr Leu Ser
169 CAG CTG GAA GAT GGC CGC ACC CTG TCA
Lys Glu Ser Thr Leu His Leu Val Leu
211 AAA GAG TCC ACC CTG CAC CTG GTC CTIT
Met Gln Ile Phe Val Lys Thr Leu Thr
253 ATG CAG ATC TTT GTG AAG ACC CTG ACA
Leu asp Val Glu Pro Ser val Thr thr
295 TTG GAC GTC GAG CCC AGT GTT ACC ACC
gly gly gly
337 GGG GGG GGG GG
846

constructed from messenger RNA (mRNA)
isolated from the B-cell lymphoma 38C-13,
which is the cell line used (7) for the immu-
nization that led to the production of the
MEL-14 monoclonal antibody. Using this
antibody screening technique, we detected
three independent ¢DNA clones, each of
which encodes a well-studied protein, ubig-
Ubiquitin is a highly conserved 76-ami-
no-acid protein (8.5 kD) (12). The sequence
of ubiquitin is identical between species as
diverse as human, cow, Mediterranean fruit
fly, Xenopus (13), and chicken (14). Ubiqui-
tin is found within cells as free monomer,
and as a part of branched chain polypep-
tides. It may be exceptional in its ability to
form branched chain conjugates with a
number of cellular proteins by means of an
“isopeptide” bond between its COOH-ter-
minal carboxyl group and the e-amino
groups of lysine residues of selected cyto-
plasmic and nuclear proteins (15-17). The
best studied such isopeptide structure is

uH2A (ubiquitinated histone 2A), the A24
chromosomal protein (15). Functions sug-
gested for ubiquitin include roles in specific
proteolysis (18—~20) and chromatin structure
and gene regulation (21, 22). An absolute
cellular requirement for an intact ubiquitin
conjugation system is strongly supported by
genetic evidence (23). A mammalian cell
cycle mutant, ts85, has been shown to have a
temperature-sensitive defect in the ubiqui-
tin-activating enzyme El. Recentdy, the
gene structures encoding the precursor poly-
ubiquitin in human (24), Saccharomyces (25),
Xenopus (13), and chicken (I4) have been
described.

At present, ubiquitin has only been de-
tected as a component of the cytoplasm and
nucleus. We now show that the cell surface
MEL-14 epitope is located in the ubiquitin
polypeptide, and that antisera to B-galacto-
sidase—ubiquitin fusion proteins bind to the
surfaces of both gp90MEL-14.positive and
gp90MEL-1.negative lymphoid tumors. We
have also demonstrated (26), by amino acid

C
Val Lys Thr Leu Thr ARF2 fran--->--=----=---- - - - - =
GTG AAG ACC CTG ACG 42 UB LVRLRGGMQIFVKTLTGKTITLEVE
ARF3 L I
Pro Ser Asp Thr Ile
CCC AGT GAC ACC ATC 84
ARF2 - = = = — = — = — = — - - — - - - - - - - - - - -
Lys Glu Gly Ile Pro UB PSDTIENVKAKIQDKEGIPPDOQQRL
AAG GAA GGC ATC CCA 126  BRF3 - - = = = = — = = = = = — = = — - - - - - - - - -
Gly Lys Gln Leu Glu
GGC AMA CAG CTG GAG 168  ARF2 - = - = — = = = — = = = — — = — — — — — — — — — -
UB IFAGKQLEDGRTLSDYNIQKESTLH
Ile Gln Lys Glu Ser ARF3 - - - = = - - - - - - - - - - - - - - - - - - - -
ATC CAG AAA GAG TCC 210
Gly Gly ile ile glu ARF2 - - -~ - = - - ilepslrglagkyncdk
GGT GGC ATC ATT GAG 252  UB LVLRLRGGMQIFVKTLTGKTITLEYV
ARF3 - = - = - = = = - = - - - - - - - - - - - - d -
tyr asn cys asp lys
TAC AAC TGT GAC AAG 294 ARF2 mrgggggg
UB EPSDTIENVKAKIQDKEGIPPDOQ ...
ARF3 ---v-tkkgggggg
319 . o )
Fig. 1. Ubiquitin is encoded by the cDNA sequences detected with
MEL-14. The MEL-14 monoclonal antibody was used to isolate Agt11
cDNA~@-galactosidase gene fusion clones expressing the epitope de-
tected on the cell surface protein gp90MEL-14 a5 described below. The
Gln Ile Phe val Lys complete DNA sequences of the cDNA inserts of two of these clones,
CAG ATC TTT GTG AAG 42 arf2 (A) and arf3 (B), and their protein coding sequence in frame with
Glu val Glu Pro Ser that of the lacZ gene is shown. These sequences begin with the Eco RI
GAG GTC GAG CCC AGT 84 linker installed during cDNA synthesis. The first ubiquitin amino acid
le Gln Asb Lys Glu in arf2 is a ubiquitin NH,-terminal methionine, located at position 6.
ATC CAC Cap Are ong 12 ¢ In arf3 the COOH-terminal ubiquitin sequence RLRGG (Arg, Leu,
Arg, Gly, Gly) precedes a compléte 76-amino-acid ubiquitin coding
Ile pPhe Ala Gly Lys sequence and a second, truncated, ubiquitin coding unit beginning
ATC TTT GCA GGC AAG 168  \with the Met residue (underlined) located at nucleotide 253. The
Asp Tyr Asn Ile Gln amino acids corresponding to those of the ubiquitin sequence are
GAC TAC ARAC ATC CAG 210  capitalized. (C) Comparison of these sequences with the ubiquitin
Arg Leu Arg Gly Gi sequence. Ubiquitin amino acids are shown as dashes in arf2 and arf3.
CGE Cre nGa oan GG% 252  Arf2 contains seven nucleotides of nonubiquitin sequence between the
linker sequence and the first ubiquitin amino acid, and encodes a single
glg TI;’XE zhé ;ég };hé 294 ubiquitin coding unit, terminated with nonubiquitin amino acids. Arf3
¢ ¢ < encodes about 1.25 ubiquitin coding units with a single COOH-
lys lys gly gly gly terminal to NHy-terminal ubiquitin junction. Single-letter abbrevia-
AAG AAG GGG GGG GGG 336 tions for the amino acid residues are: A, alanine; B, aspartic acid or
asparagine (ASX); C, cysteine; D, aspartic acid; E, glutamic acid; F,
347  phenylalanine; G, glycine; H, histidine; I, isoleucine; K, lysine; L,

leucine; M, methionine; N, asparagine; P, proline; Q, glutamine; R,
arginine; S, serine; T, threonine; Tyr, tyrosine; V, valine; and W,
tryptophan.
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sequencing, that the purified MEL-14 reac-
tive cell surface protein has two NH, termi-
ni, one of which is ubiquitin, the other a
novel sequence to which ubiquitin is pre-
sumably conjugated. We here demonstrate
that independent monoclonal antibodies to
ubiquitin (27), distinct from MEL-14, also
stain the surface of lymphoid cells. Taken
together, these data suggest that ubiquitin is
an important component of the lymphocyte
receptor for peripheral lymph node HEV,
and that ubiquitin may be a component of
other cell surface structures.

Antibody screening of fusion proteins has
been used to isolate both yeast (10) and
mouse (11) genes encoding the B-galacto-
sidase fusion partner. We have screened
Agtll c¢DNA libraries with the MEL-14
antibody to isolate cDNA clones encoding
the homing receptor antigen. The C3H
mouse B lymphoma cell line 38C13 was
chosen as the source of mRNA for cDNA
library construction. This lymphoma ex-
presses high levels of the MEL-14 cell sur-
face antigens, and was the immunizing cell
line used to develop the MEL-14 monoclo-
nal antibody (7). Complementary DNA
clones expressing the MEL-14 determinant
were rare, being identified and successfully
plaque-purified at a frequency of 1 X 107>,
The three cDNA clones arf2, arf3, and arf4
were ultimately examined. These three
cDNA’s cross-hybridized to each other, yet
represented independent isolations of relat-
ed DNA sequences.

The complete DNA sequences of arf2 and
arf3 are shown in Fig. 1, A and B. The arf2
¢DNA encodes a single open reading frame
in each direction extending the entire length
of the clone. However, arf3 encodes only
one long reading frame. The reading frame
of arf3 and one of the reading frames of arf2
are in frame with the upstream B-galacto-
sidase coding sequences. These reading
frames encode the entire sequence of the 76-
amino-acid protein ubiquitin.

The ubiquitin portion of the protein se-
quence encoded by arf2 and arf3 is identical
to the sequence of human ubiquitin (Fig.
1C). In arf2, the ubiquitin coding sequence
begins with the ubiquitin NH,-terminal me-
thionine residue which is four amino acids
from the point of fusion with B-galacto-
sidase and proceeds through the entire 76
amino acids of ubiquitin before diverging
from the ubiquitin sequence. In arf3, the
76-amino-acid ubiquitin sequence is flanked
on the NH,-terminal side with seven amino
acids, five of which are derived from the
ubiquitin COOH-terminal sequence; it is
flanked on the COOH-terminal side with 25
amino acids derived from a ubiquitin-related
sequence (Fig. 1, B and C). The arf2 and
arf3 ¢cDNA clones both encode nonubiqui-
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Fig. 2. Rat antisera to the B-galactosidase—ubiquitin fusion protein detects antigenic determinants on
the cell surface. The cell surface staining of (A) the C3H B-cell lymphoma 38C-13 (MEL-14—positive),
(B) the C57Bl/Ka T-cell lymphoma EL-4 (MEL-14 low), and (C) the DBA/2 mastocytoma P815
(MEL-14-negative) was performed as described in the legend to Fig. 3. The B-galacrosidase~ubiquitin
fusion protein was purified from induced $G1041 (lacU169, proA™, lon~, araD139, StrA) lysogens of
the arf2 cDNA phage by ecither SDS—acrylamide gel electrophoresis or by immunoprecipitation with
MEL-14-Sepharose. In some cases, the cleared lysate was used as a source of soluble fusion protein,
although the bulk of the fusion protein material was located in the insoluble sedimented fraction. Rats
were immunized (by intraperitoneal injection) with either crushed acrylamide gel slice, or with material
eluted from MEL-14~coupled Sepharose 4B.

tin-derived amino acids located downstream
from a ubiquitin COOH-terminus. The
downstream nucleotide and amino acid se-
quences in arf2 are unrelated to ubiquitin.
In arf3, the downstream DNA sequence
completely diverges from that of the ubiqui-
tin coding region after several nucleotide
differences that result in amino acid substi-
tutions. The sequence of these cDNA clones
compared to additional full-length ¢cDNA
clones indicates that the arf2 and arf3
cDNA clones are derived from sequences
near the 3’ ends of two different ubiquitin
mRNA’s. The arf3 encodes a novel ubiqui-
tin head-to-tail tandem repeat junction, with
NHo,-terminal ubiquitin sequences adjacent
to COOH-terminal ubiquitin sequences. A
feature common to these two clones is the
exact ubiquitin coding unit, suggesting that
the MEL-14 antigenic determinant is en-
coded within the ubiquitin portion of these
clones.

The asymmetrically located Bgl II site in
the arf2 cDNA clone allows the orientation
of this insert relative to the lacZ gene to be
verified. The arf2 cDNA encodes a fusion of
B-galactosidase and ubiquitin coding se-
quences. The partial DNA sequence analysis
of the Pvu II fragment that spans the lacZ-
cDNA junction (beginning 358 nucleotides
5’ to the Eco RI insertion site of lacZ and
ending at the Pvu II site 160 nucleotides
into the arf2 insert) confirms the fusion of
B-galactosidase with ubiquitin coding se-
quences.

While the antibody-reactive arf cDNA
clones each encode a ubiquitin unit, the
MEL-14 determinant is present on only a
rarely occurring subset of B-galactosidase—
ubiquitin fusion proteins. In these experi-
ments, three cDNA’s expressed the MEL-14

determinant. These clones were present in
the ¢cDNA library at a frequency of approxi-
mately 107°. Screening the library with a
nucleic acid probe encoding ubiquitin indi-
cated that 0.5 percent of all cDNA clones
contained ubiquitin sequences. Since one-
sixth of these cDNA’s can be expected to be
in-frame ubiquitin fusions to [B-galacto-
sidase, it appears that MEL-14 reactivity is
unusual, occurring in about 1 percent of the
in-frame fusions. Thus, only a specific subset
of B-galactosidase—ubiquitin structures can
mimic the conformation of the cell surface
antigen.

To examine whether other ubiquitin epi-
topes might be accessible on lymphocyte cell
surfaces, rat antisera to a B-galactosidase
ubiquitin fusion protein were prepared.
These sera bind to MEL-14 determinant
positive (38C13), low (EL-4), and negative
(P815) cell lines. Fluorescence-activated cell
sorter (FACS) analysis of these cell lines by
indirect immunofluorescence with nonim-
mune sera and antisera to the ubiquitin
fusion protein is shown in Fig. 2. The sera
bind at high levels to these cells. Thus
ubiquitin—B-galactosidase antigenic deter-
minants are present on the cell surface. This
antibody binding may be due to the detec-
tion of ubiquitin determinants, to determi-
nants generated by the linear fusion of the
two -dissimilar polypeptides in the fusion
protein, or to determinants of B-galacto-
sidase. The last possibility seems unlikely;
we have not observed cell surface binding
with bona fide monoclonal or polyclonal
antibodies to B-galactosidase. These antisera
must contain antibodies with epitope speci-
ficities in addition to that of MEL-14 in that
they also stain MEL-14 negative cells
(RAW112, P815) (Fig. 2). The presence of
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these epitopes on MEL-14 positive and
negative cells led us to test for the existence
of other ubiquitin determinants on the cell
surface using authentic monoclonal antibod-
ies to ubiquitin. At the same time we found
that the putative lymph node homing recep-
tor glycoprotein contains at least one ubiq-
uitin peptide (26). Mouse monoclonal anti-
bodies to human ubiquitin have been pre-
pared and characterized (27); the specificity
of these monoclonal antibodies to ubiquitin
was determined by solid-phase immunoas-
says [radioimmunoassay (RIA) and Western
blots] as these reagents have a relatively low
affinity for free ubiquitin in solution. Of the
ten monoclonal antibodies to ubiquitin test-
ed, 12H11 and 43E12 unequivocally react-
ed with structures expressed at the cell sur-
face. The FACS analysis of the indirect
immunofluorescence data obtained with
these reagents of an EL-4 variant (EL-4/
MEL-14™), which was sclected by flow
cytometry for high-level expression of the
MEL-14 antigen (9, 26), is shown in Fig.
3A. Although neither antibody exhibited
binding at levels comparable to MEL-14,
both reagents bound to the cell surface at
levels significantly higher than that observed
with the isotype-matched negative control
antibodies. These two monoclonal antibod-
ies also bind the surfaces of MEIL-14 nega-
tive cell lines. The median fluorescence with
these antibodies differs between cell lines.
These differences suggest that the monoclo-
nal antibodies to ubiquitin are not recogniz-
ing the same ubiquitin epitopes or have
different affinities. The fact that binding
above background was not observed with
the other eight antibodies may simply be
due to lower afhinities, or perhaps, more
significantly, it may reflect the location of
the reactive epitopes within ubiquitin and
their availability in the context of ubiquitin
presentation on the cell surface. In any case,
the fluorescence of MEL-14 antigen—nega-
tive cells observed with the antisera to the
arf2 fusion protein and with monoclonal
antibodies to ubiquitin suggests that cell
surface structures other than the lymphocyte
receptor for HEV may contain ubiquitin, a
finding confirmed by immunoprecipitation
analysis (20).

Radioimmunoassay (RIA) of ubiquitin
and its enzymatically prepared peptides re-
veals the epitope specificity of MEL-14 and
other ubiquitin monoclonal antibodies (Ta-
ble 1). The mouse monoclonal antibodies
42D8 and 12HI11 to ubiquitin bind to
intact ubiquitin, but not to the NH;- and
COOH-terminal peptides tested (27).
MEL-14 binds specifically to the COOH-
terminal peptide of ubiquitin, but not intact
monomeric ubiquitin, unless the ubiquitin
had been denatured in sodium dodecy! sul-
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Table 1. MEL-14 recognizes a carboxyl terminal
epitope on ubiquitin. The binding of monoclonal
antibodies to ubiquitin epitopes was determined
b;f radioimmunoassay. Wells were coated with
125]-labeled peptide. The coated wells were incu-
bated with antibody and washed, and developing
reagents were added. Binding of 42D8, 12 H11,
and 61C8 mouse antibodies to the wells was
assayed with '*I-labeled goat antibody to mouse
Ig as a second-stage reagent. MEL-14 is a rat
antibody and was identified in a three-stage assay;
the developing reagents were a second-stage rab-
bit antibody to mouse Ig, followed by '*I-labeled
protein A. The three-stage reaction gave higher
backgrounds than the two-stage reaction.

Monoclonal antibodiesT
Antigens* (count/min, bound)
4-2D8 1-2H11 61C8 MEL-14
None 250 369 300 1350
Ub1-11 249 364 379 1215
Ub 64-76 241 400 ND 8135
Ub 6870 2424 328 1800+

*Ub, ubiquitin; Ub 1-11, the NH,-terminal 11-amino-
acid fragment of ubiquitin. Ub 64-76, the COOH-
terminal 13-amino-acid fragment of ubiquitin. All pep-
tides were solubilized in phosphate-buffered saline before
application to plates, Peptides were prepared as described
in (27). +4-2D8 and 61C8 are mouse IgG; antibod-
ies; 1-2H11 is a mouse IgM antibody, and MEL-14 is a
rat IgG,, antibody; 61C8 is an isotype control, and its
antigen is an anion transport protein (27). tIf ubig-
uitin is first denatured in SDS-containing buffer, this
value approaches that of the Ub 64-76 peptide.

fate (SDS) prior to placement in the RIA
plastic microwell. Thus by two independent
assays MEL-14, the lymph node homing
receptor antibody, is an antibody to ubiqui-
tin.
Our findings suggest that ubiquitin is a
component of the lymph node HEV recep-
tor and of other cell surface proteins. We
have used MEL-14 antibodies to isolate the
gp90MEL-14 for amino acid sequence analysis
and have evidence that the murine lympho-
cyte lymph node HEV receptor is a cell
surface protein modified by the attachment
of the highly conserved 76-amino-acid pro-
tein, ubiquitin (26).

MEL-14 antibody is directed against an
unusual conformational determinant of the
8.5-kD protein ubiquitin. This determinant
is not revealed in undenatured monomeric
ubiquitin, or other ubiquitin conjugates, as
determined by direct examination of puri-
fied ubiquitin and as evidenced by the lack
of significant cytoplasmic or cell surface
staining on most cells (8, 28). These experi-
ments provide evidence that this amino acid
sequence—specified antigenic determinant
may depend on its microenvironment for its
expression, as proposed for other peptide
antigens (29). The impressive selectivity of
expression of a particular antigenic determi-
nant on a highly conserved, ubiquitous pro-
tein suggests a specific effect on the tertiary
structure of the ubiquitin polypeptide by the

associated protein. The portion of ubiquitin
most likely to be affected is the COOH-
terminal region, the portion nearest the
carrier sequences. Indeed, by analysis of the
reactivity of MEL-14 with proteolytic frag-
ments of ubiquitin, the MEL-14 determi-
nant is located within the COOH-terminal
13 amino acids (numbers 64 to 76) of
ubiquitin (Table 1) (27). Examination of
the Dayhoff Protein Sequence Data Base
indicates that residue sequence 64 through
76 is unique to ubiquitin, as are the eight
possible six-amino-acid residue subfrag-
ments. Consistent with these observations,
the three-dimensional structure of ubiqui-
tin, as determined by x-ray diffraction meth-
ods (30), indicates that the COOH-termi-
nus of ubiquitin projects outward from the
rest of the molecular structure and may be
either unordered, or highly flexible. As such,
it appears to be accessible for covalent inter-
actions with other proteins.

The absence of immunohistochemical
staining of all cells with MEL-14 in mouse
or human tissue sections, despite the omni-
present nature of the ubiquitin polypeptide
(present, at least, as free ubiquitin, and the
well-characterized nuclear protein uH2A)
suggests that other specific conformations of
ubiquitin may exist which do not display the
MEL-14 determinant, while one specific
structure, the lymphocyte receptor for pe-
ripheral lymph node HEV, does (8, 28).

In view of the conformation-dependent
aspects of the expression of the MEL-14
epitope, many traditional approaches to the
isolation of the genes encoding the
branched chain polypeptide expressing the
epitope would not have been successful.
Owr immunological detection techniques
described here and determination of the
NH,-terminal amino acid sequences by Sie-
gelman ez al. (26) are complementary routes
to the isolation of the HEV receptor gene
sequences.

The developmentally regulated expression
on lymphocytes of the MEL-14 epitope (28,
31) may result solely from the regulation of
the expression of the carrier polypeptide
(26), or by regulation of the ubiquitination
of this protein. Because the MEL-14 epi-
tope is located within ubiquitin, and not
within the associated core polypeptide, we
are unable to detect nonubiquitinated forms
of the HEV receptor structure and cannot
yet assess independently the level of expres-
sion of the HEV receptor core polypeptide.

We have been able to show (32) that the
arf2 ¢DNA clone hybridizes to several inde-
pendent polyadenylated RNA transcripts in
all cell types tested. The sequence of the
three largest transcripts are mainly made up
of head-to-tail polyubiquitin multimers;
none of these polyubiquitin transcripts con-
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tain 5’ sequences encoding the type of hy-
drophobic amino acid stretches characteris-
tic of membrane-targeting signal sequences
(32). The levels of these ubiquitin mRNA
transcripts do not differ in any obvious
fashion between MEL-14 antigen—positive
and MEL-14 antigen—negative lymphoid
tumors. Therefore, differences in the level of
expression of the cell surface HEV receptor
are probably not a consequence of the regu-
lation of ubiquitin gene expression at the
transcriptional level. If, however, there is
regulation of the level or form of ubiquitina-
tion, or the rate at which ubiquitination and
ubiquitin removal occurs, such regulation
may allow rapid alteration of HEV receptor
activity. Antigen-activated mouse lympho-
cytes, for example, lose the MEL-14 epitope
from their surfaces very rapidly after stimu-
lation (31). Maintenance of the MEL-14
epitope on the cell surface could involve
mechanisms to remove and restore ubiquitin
to the carrier polypeptide (26), perhaps by
endocytosis and receptor recycling, in addi-
tion to de novo synthesis.

The extreme amino acid sequence conser-
vation of ubiquitin suggests that its cellular
function is critical. However, the function of
ubiquitin is not strictly associated with the
mammalian immune system. Both genetic
and biochemical analyses demonstrate that
ubiquitin is a cofactor in a cellular proteoly-
sis system (18-20), required for cellular
function (23), may play a role in chromo-
some organization and gene expression (21,
22), and is a heat shock protein in chickens
(14). We present evidence that ubiquitin
probably plays a role in the recognition of
HEV cell surface molecules by circulating
lymphocytes. The sequence conservation of
ubiquitin may be the result of the require-
ment that it interact with many different
proteins. Such a requirement would reduce
the acceptability of mutational events that
significantly dltered its ability to interact
with its various companion sequences. The
strict conservation of the tandemly repeated
ubiquitin coding unit gene structure (32)
suggests that the primary product, poly-
ubiquitin, may also have a critical function
in cellular metabolism, perhaps distinct from
the function of monomeric ubiquitin. For
example, polyubiquitin may be an important
polypeptide-specific conjugation substrate
in vivo, Because these ubiquitin transcripts
contain no obvious signal sequences (32),
the means by which polyubiquitin gains
access to the cell surface is yet to be discov-
ered: The functional significance of the asso-
ciation of ubiquitin with the lymphocyte
HEV receptor is, at present, unclear. Qur
data, here and in (26), indicate that other
cell surface proteins also contain ubiquitin
epitopes, and therefore may be conjugated

21 FEBRUARY 1986

to ubiquitin. Rat antiserum to the B-galac-
tosidase—ubiquitin  fusion protein and
monoclonal antibodies to ubiquitin recog-
nize epitopes on one or more cell surface
structures. A priori, it is possible that the
lymphocyte endothelial cell receptor is the
only ubiquitinated cell surface protein and is
expressed on non-HEV binding cells in an
inactive form. A concealed MEL-14 ubiqui-
tin epitope could then be revealed by further
modification of the preexisting ubiquitinat-
ed structure. We consider it more likely that
the detection of ubiquitin epitopes on the
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Fig. 3. Monoclonal antibodies to ubiquitin
detect antigenic determinants present on the cell
surface. EL-4-11/MEL-14" cells (10°) or, as in
Fig. 2, 38C-13, El-4, and P815 cells were incu-
bated at 0°C for 30 minutes with each rat antise-
rum (Fig. 2) or monoclonal antibody (Fig. 3),
EL-4-11/MEL-14" is an EL-4 variant selected via
single-cell cloning on the basis of FACS for high-
level expression of the MEL-14 determinant (9).
The cell samples were then washed, resuspended,
and incubated with 2 ug of either a fluoresceinat-
ed goat antiserum to rat or mouse immunoglob-
ulin (Ig) or, in the case of mouse IgM monoclonal
reagents, with a fluoresceinated goat antibody to
mouse IgM (second stage). Samples were then
incubated at 0°C for 5 minutes, washed, resus-
pended, and analyzed immediately with a Becton-
Dickinson FACS-II. All incubations and wash-
ings were carried out in the presence of 10 maf
sodium azide to prevent capping. Propidium io-
dide (1 mM) was added to the second-stage
incubations to facilitate identification of dead cells
on the FACS and to exclude them from analysis.
The MEL-14 antibody was purified from serum-
frée culture supernatant and used at 1 ug per 10°
cells. For each analysis, 5 ml of each dilution of
monoclonal antibody to ubiquitin was concen-
trated fivefold by filtration. The 38C-13 immuno-
globulin was used at 50 ug/ml, 0.5 ml per 10°
cells, as an isotype-matched (IgM), negative con-
trol for binding with 1-2H11 and 43E12 (Fig. 3}.
Normal nonimmune rat serum was used as a
negative control for the rat antiserum to the
fusion protein (Fig. 2). The background fluores-
cence obtained with a (MEL-14 isotype-matched)
rat IgG,, negative control antibody was essential-
ly identical to that observed with 38C-13 immu-
noglobulin and is excluded from the histograms.
Dots and dashes, binding with MEL-14; dotted
line, staining with 38C-13 Ig (negative control);
dashed line, binding with 1-2HII1; solid line,
binding with 4-3E12.

surfaces of MEL-14 antigen negative cells
suggests the presence of other ubiquitinated
cell surface proteins (26). The biology of
this and other cell surface ubiquitinated
proteins may suggest functions for ubiquitin
in those structures.

A working model for the HEV receptor is
suggested by analogy to the chromosomial
protein uH2A (A-24). This molecule is a
branched chain polypeptide consisting of
one molecule of histone 2A and one mole-
cule of ubiquitin (15). The example of
uH2A suggests that another polypeptide is
involved in the structure of the peripheral
lymph node HEV receptor, and the findings
of Siegelman ez al. confirm that hypothesis
(26). The ubiquitination of the lymphocyte
HEV receptor raises the following ques-
tions. Is the other major lymphocyte HEV
receptor, that for the venule endothelium of
Peyer’s patches, also ubiquitinated? Is. the
structure of its carrier polypeptide related to
that of the peripheral lymph node HEV
receptot? Is ubiquitination a general proper-
ty of cell adhesion receptors? Are other cell
surface receptors ubiquitinated? We have
identified one cell surface ubiquitinated pro-
tein. That there is only one cell surface,
lymphoid-specific, ubiquitinated protein
seems unlikely—we expect that numerous
other cell surface ubiquitinated proteins spe-
cific to various cell types will be discovered.
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Long-Term Cultures of HTLV-III-Infected T Cells: A
Model of Cytopathology of T-Cell Depletion in AIDS

D. ZAGURY, J. BERNARD, R. LEONARD, R, CHEYNIER, M. FELDMAN,

P. S. Sarin, R. C. GALLO

- Long-term cultures were established of HTLV-III-infected T4 cells from patients
with the acquired immune deficiency syndrome (AIDS) and of T4 cells from normal
donors after infection of the cells in vitro, By initially reducing the number of cells per
milliliter of culture medium it was possible to grow the infected cells for 50 to 60 days.
As with uninfected T cells, immunologic activation of the HTLV-III-infected cells
with phytohemagglutinin led to patterns of gene expression typical of T-cell differenti-
ation, such as production of interleukin-2 and expression of interleukin-2 receptors,
but in the infected cells immunologic activation also led to expression of HTLV-III,
which was followed by cell death. The results revealed a cytopathogenic mechanism
that may account for T4 cell depletion in AIDS patients and suggest how repeated
antigenic stimulation by infectious agents, such as malaria in Africa, or by allogeneic
blood or semen, may be important determinants of the latency period in AIDS.

THE PATHOGENESIS OF THE AC-
quired immune deficiency syndrome
(AIDS) involves a decrease in the
number and function of mature T4 lympho-
cytes. When cultured in vitro, these cells are
the main target of infection by the human T-
lymphotropic retrovirus designated HTLV-
II/LAV (1-3), and it is from these cells that
HTLV-II/LAV is usually isolated (4). T4
lymphocytes from normal donors infected
by HTLV-III in vitro, as well as HTLV-III-
infected primary T4 cells from AIDS pa-
tients, have been difficult to maintain in
culture for longer than 2 weeks (4, 5), and it
has often been assumed that the virus has a
direct cytolytic effect on these cells (4, 5).
However, in this report we describe culture
conditions that permit the long-term
growth of HTLV-III-infected T cells de-
rived from AIDS patients and of normal
donor T cells infected with HTLV-III in
vitro. In the long-term cultures, the expres-
sion of HTLV-IIT was always preceded by
the initiation of interleukin-2 secretion,
both of which occurred only when T cells
were immunologically activated. Thus, the
immunologic stimulation that was required
for IL-2 secretion also induced viral expres-
sion, which led to cell death.

For these experiments we obtained hepa-
rinized peripheral blood lymphocytes (PBL)
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from six patients with AIDS and from three
normal donors. The T cells were separated
from mononuclear cells by Ficoll-Hypaque
gradients. The sera of the six AIDS patients
were positive for antibodies to HTLV-III,
whereas sera from the normal donors were
negative. The PBL (6 x 10° per milliliter)
were activated by 0.1 percent (PHAp;
Difco) in round-bottom tissue culture tubes
(white caps RBTC, Falcon) containing 2 ml
of medium composed of RPMI 1640, 20
percent fetal calf serum (FCS), sheep antise-
rum to a-interferon (neutralizing titer 6 IU
at 107° dilution), and goat antiserum to
human vy-interferon (neutralizing titer 1 IU
at 1077 dilution). After 2 to 3 days, IL-2
was added to the cultures. The medium was
changed twice each week.

The primary PBL cultures from AIDS
patients proliferated for about 12 to 15 days
and consisted of adherent macrophages, T
cells, and a few B cells. After this period they
exhibited abundant cell lysis. However,
when these cultures were activated with
phytohemagglutinin (PHA), they first se-
creted IL-2 (days 1 and 2 after activation)
and then transiently produced virus (days 6
to 12), as indicated by reverse transcriptase
(RT) activity in the culture supernatants (3—
5) and by the presence of HTLV-III pl5
and p24 antigens on the surface of a few

acetone-fixed cells detected by specific
monoclonal antibodies (6). These observa-
tions suggested that agents that inhibit IL-2
production might enhance virus expression
[for example, hydrocortisone (6, 7)] and
favor cell death, whereas inhibitors of virus
production might be associated with in-
creased IL-2 secretion (for example, v inter-
feron) (8).

To obtain cultures of T cells from AIDS
patients, we used the conditions described
previously for the long-term growth of nor-
mal T-cell clones, with certain modifications
(9). The modifications consisted of dilution
of the cell number from 10° to 10° cells per
milliliter (usual culture conditions) to 10° to
10* cells per milliliter and the addition of a
feeder cell layer of 10° to 10° irradiated
(4000 rads) PBL pooled from 10 to 20
normal human donors (Fig. 1). With these
conditions, the HTLV-III-infected T cells
could be maintained in the presence of
exogenous IL-2 for 50 to 60 days. The
initial reduction of the cell concentration
was sufficient to select out those cells that
could survive; the lack of further antigenic
stimulation and, presumably, the reduced
concentrations of toxic substances released
by the mature cells, permitted cell survival at
concentrations ranging from 5 x 10° to
1 x 10° per milliliter. However, after this
period, cell degeneration occurred in a man-
ner similar to that of normal T cells grown
under the same conditions (9).

The cultures of infected T cells showed
other similarities to cultures of normal T
cells. When T-cell surface antigens were
measured by the rosette technique in the
presence of specific monoclonal antibodies
(10), the proportion of infected cell cultures
exhibiting T4, T8, and Tac antigen were in
the same range as normal T cells. No cytoge-
netic changes occurred in the T-cell cultures
from three AIDS patients when the cultures
were stained by the Giemsa banding tech-
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