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Fig. 3. Detection of Tgl protein A
transfer from donor cells to recip- D
ient cells. (A) Immunoblots lane 1,

Tol » —
donor cells, DK8606; lane 2,

recipient cells, DK8602; and lane

3, the harvested stimulated recip- GFP(a)-

ient cells (SRs). The GFP(a) row is
a fluorogram of GFP~ donor
strain, DK8601, GFP* recipient,
DK8607, and their harvested SRs.
The GFP(b) row shows GFP+
donor, DK8606, the GFP~ recipi-
ent, DK8602, and their harvested
SRs. GroEL is the loading control.

GFP(b)> s

(B) Fluorescence profile of a mixture of GFP~ donor cells (strain DK8601) with
GFP+ recipient cells (strain DK8607), separated by fluorescence-activated cell
sorting (FACS) 36 hours after mixing. (C) Tgl Immunoblot of fractions from

After 36 hours, the cells remained in a 1:1
ratio in two distinct populations: GFP~, which
has 0.35 units of autofluorescence, and GFP+,
which has 8 units of GFP fluorescence (Fig.
3B). The presence of the Tgl protein was eval-
uated before and after stimulation. As expected,
before stimulation, Tgl was present in the do-
nor cells and absent in the recipients (Fig. 3C).
After 36 hours of mixed swarming, Tgl was
detected in both the donor cells and the popu-
lation of stimulated recipient cells (Fig. 3C).

The only gene that can be stimulated in the
S motility system is Tgl. However, five A motility
genes can be stimulated: cg/B, cgIC, cgID, cglE,
and cglF' (17). The cglB gene has been cloned
and sequenced; it encodes a lipoprotein that has
no similarity to #g/, apart from a type II signal
sequence (/8). To test protein transfer in A
motility stimulation, stimulated cg/B recipient
cells were separated from the donor cells after
they had spread beyond the edge of the original
spot. Indeed, the harvested, stimulated cglB
mutant recipients contained large amounts of
the CglB protein (Fig. 3D).

The concentration of Tgl and CgIB proteins
in stimulated cells was similar to the concentra-
tion in donor cells (Fig. 3), as if the donor and
recipient cells shared their outer membrane
lipoproteins equally. Myxobacteria may have
evolved an efficient sharing of outer membrane
lipoproteins, because they need to reverse their
gliding direction frequently, 20 or more times
per division cycle (19). Frequent reversal means
frequently reconstructing the A and the S
engines (4). Tgl and CgIB (and perhaps CglC,
D, E, and F) are needed to specify which cell
poles have pili and which are active in slime
secretion. This sharing of outer membrane
lipoproteins among the thousands of cells in
a swarm creates a primitive tissue.
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Ubiquitination on Nonlysine
Residues by a Viral E3
Ubiquitin Ligase

Ken Cadwell and Laurent Coscoy*

Ubiquitination controls a broad range of cellular functions. The last step of the
ubiquitination pathway is regulated by enzyme type 3 (E3) ubiquitin ligases. E3
enzymes are responsible for substrate specificity and catalyze the formation of
an isopeptide bond between a lysine residue of the substrate (or the N terminus
of the substrate) and ubiquitin. MIR1 and MIR2 are two E3 ubiquitin ligases
encoded by Kaposi's sarcoma-associated herpesvirus that mediate the
ubiquitination of major histocompatibility complex class | (MHC 1) molecules
and subsequent internalization. Here, we found that MIR1, but not MIR2,
promoted down-regulation of MHC | molecules lacking lysine residues in their
intracytoplasmic domain. In the presence of MIR1, these MHC | molecules were
ubiquitinated, and their association with ubiquitin was sensitive to B,-
mercaptoethanol, unlike lysine-ubiquitin bonds. This form of ubiquitination
required a cysteine residue in the intracytoplasmic tail of MHC | molecules. An
MHC | molecule containing a single cysteine residue in an artificial glycine and
alanine intracytoplasmic domain was endocytosed and degraded in the
presence of MIR1. Thus, ubiquitination can occur on proteins lacking accessible
lysines or an accessible N terminus.

Ubiquitination is a highly regulated process con-
served in all eukaryotes (I, 2) that regulates
many fundamental cellular processes. Many
pathogens mimic, block, or redirect the activity
of the ubiquitin system. The modulators of im-
mune recognition (MIR) 1 and 2, two proteins
encoded by Kaposi’s sarcoma—associated

herpesvirus (KSHV), specifically down-regulate
the expression of MHC I from the surface of
infected cells, presumably to prevent lysis of
infected cells by cytotoxic T lymphocytes
(3-6). MIR1 and MIR2 are highly homolo-
gous structurally and functionally, and they
belong to a large family of E3 ubiquitin
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ligases (3, 7). E3 ubiquitin ligases function as
adaptors to facilitate positioning and transfer
of ubiquitin (Ub) from an E2 enzyme directly
onto the E3-bound substrate (/). The nature
of the bond between Ub and its substrate has
been well characterized: The Ub C-terminal
glycine carboxy group forms an isopeptide
bond with the e-amino group of lysine residues
or, less commonly, with the amino group at the
N terminus of the substrate protein (8). MIR
proteins recruit E2 enzymes with their N-
terminal RING-CH domain (3). Either direct
or indirect interactions between the transmem-
branes of the MIRs and MHC I molecules
ultimately lead to the ubiquitination of lysine
residues present in the MHC I intracytoplasmic
tail (3, 9). Ubiquitinated molecules are then
endocytosed and degraded by the lysosome
(3, 7, 10-12). Mutating all the lysines to ar-
ginines in the intracytoplasmic domain of
HLA.B7 (henceforth referred to as the HLA.B7
2R mutant or lysineless HLA.B7) abolishes
internalization mediated by MIR2 (3).

However, in the presence of MIR1, the cell
surface expression of both wild-type (wt)
HLA.B7 and HLA.B7 2R was strongly down-
regulated, even in cells expressing low levels of
MIR1 (Fig. 1). In contrast, even high levels of
MIR2 (Fig. 1) did not induce HLA.B7 2R
down-regulation. Thus, the MIR1 protein can
mediate the down-regulation of MHC I
molecules lacking lysines. Similar results were
observed in HeLa cells, suggesting that
HLA.B7 2R down-regulation by MIR1 is not
restricted to B cells. In the presence of MIR1,
HLA.B7 2R molecules are endocytosed, trans-
located toward the lysosome, and degraded,
which is similar to the effects of MIR1 on
HLA.B7 wt molecules.

To test whether a particular motif encoded in
the intracytoplasmic domain of HLA.B7 2R was
required for MIR1-mediated down-regulation,
we generated a set of HLA.B7 2R molecules
lacking different parts of the intracytoplasmic
domain (Fig. 2A) and tested their susceptibility
to MIR1-mediated down-regulation. Deletion of
the last seven amino acids in HLA.B7 2R did
not prevent down-regulation (HLA.B7 AC),
whereas further truncations (constructs HLA.B7
A, AA, and AB) inhibited internalization (Fig.
2C). Thus, a critical determinant for MIR1-
mediated down-regulation is encoded in the last
seven residues of HLA.B7 AC.

Although we observed down-regulation of
lysineless HLA.B7 by MIRI, a lysine-less
HLA.A2 molecule is not down-regulated by
MIRL1 (7). Within the region identified above,
HLA.B7 encodes a cysteine in the same
position that HLA.A2 encodes a serine (Fig.
2B). We generated a HLA.B7 mutant lacking
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both cysteine and lysine in its cytoplasmic tail,
which we call HLA.B7 2RS (Fig. 2B).
Mutation of the cysteine decreased the extent
of MIR1-mediated endocytosis (Fig. 2D). We
then introduced by mutagenesis a cysteine into
the intracytoplasmic tail of HLA.A2 in which
all the intracytoplasmic lysines were previous-
ly mutated (Fig. 2B). HLA.A2 without lysines
(HLA A2 3R) was slightly down-regulated in
the presence of MIR1, and introduction of the
cysteine in HLA.A2 3R (HLA.A2 3RC)
allowed full down-regulation (Fig. 2E). We
also substituted the last arginine residue of
HLA.B7 2RS (HLA.B7 without lysines or cys-
teines) with a cysteine and observed that this
mutant was as susceptible as HLA.B7 wt to
MIR1-mediated down-regulation (Fig. 2, B
and D). This strongly suggested that the
cysteine was not acting within a linear motif.
Thus, in addition to the lysine- and Ub-
dependent pathway, MIR1 can down-regulate
surface molecules in a lysine-independent
manner through a process that requires a
cysteine in the intracytoplasmic tail of the target
molecule. Other determinants may also be
important, because HLA.B7 2RS and HLA.A2
3R, neither of which contains lysines or
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cysteines, are both partially down-regulated
(Fig. 2, D and E).

To further demonstrate that a single cysteine
was sufficient to promote MIR1-mediated
down-regulation, we replaced the intracy-
toplasmic tail of HLA.B7 by a stretch of glycine
and alanine residues (GA stretch) (Fig. 3A). To
this GA stretch, we added each of the 20
amino acids at position X (Fig. 3B). As ex-
pected, the GA stretch did not allow down-
regulation, whereas the presence of a lysine
did. Thus, lysine is sufficient to promote
ubiquitination-mediated down-regulation in-
dependent of surrounding motifs. The same
phenotype was observed in the presence of
a cysteine (Fig. 3B). None of the other
amino acids lead to down-regulation in the
presence of MIR1 (Fig. 3B), except serine.
The extent of the down-regulation in the
presence of a serine was modest but highly
reproducible. This is consistent with the
fact that HLA.B7 2R (which does not have
lysines but has a cysteine) is strongly down-
regulated, and HLA.B7 2RS (no lysines or
cysteine) is partially down-regulated (Fig. 2D).
Indeed, HLA.B7 2RS contains nine serine res-
idues in its cytoplasmic tail. Overall, it appears
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Fig. 1. MIR1, but not MIR2, down-regulates the MHC | allele HLA.B7 in the absence of intracytoplasmic
lysines. BJAB cells stably expressing wt HLAB7 or the HLAB7 2R mutant lacking the two intra-
cytoplasmic lysines were transiently transfected with a vector expressing MIR1 or MIR2 fused to
enhanced green fluorescent protein (EGFP). Cells were stained with a phycoerythrin-conjugated
monoclonal antibody against HLA.B7 and analyzed by flow cytometry.
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that MHC I molecules can be down-regulated
independently of lysines, in a cysteine-dependent
(and possibly serine-dependent) fashion.

We examined the possibility that lysineless
MHC I molecules could be ubiquitinated in
the presence of MIR1. We used the hamster
CHO cell line, which is permissive for MIR1-
mediated down-regulation and does not express
endogenous human MHC I molecules. We
stably transduced CHO cells with the different
HLA B7 constructs and MIR1. After selection,
human MHC I heavy chains were specifically
immunoprecipitated, and their ubiquitination
status was analyzed. No ubiquitinated forms
were observed in the absence of MIR1, or when
MIR1 was coexpressed with the HLA.B7
construct lacking almost all its intracytoplasmic
domain, HLA.B7 A (Fig. 4A). However, in cells
expressing MIR1, ubiquitination of HLA.B7 wt
and, to a lesser extent, HLA.B7 2R (no lysines)
was readily detectable, because it produced a
characteristic heterogeneous array. In addition,
a small but detectable degree of ubiquitination
was observed in HLA.B7 2RS (no lysines or
cysteine), consistent with the lower level of
down-regulation observed (Fig. 4B). Thus, a
residue other than lysine was being ubiqui-
tinated by MIRI.

We next examined the possibility that this
cysteine was the ubiquitination site for HLA.B7
2R. We immunoprecipitated wt HLA.B7, as
well as HLA.B7 2R, from CHO cells expressing
MIR1, and we incubated these immunoprecipi-
tates in the presence of B,-mercaptoethanol
at pH 11 in order to break potential thiol-ester
bonds (cysteine-Ub bond) but not isopep-
tide bonds (lysine-Ub bond). Ubiquitination of
HLA.B7 2R, but not HLA.B7 wt, was com-
pletely eliminated by this treatment (Fig. 4, B
and C). Similarly, treatment drastically dimin-
ished the cysteine-Ub bond from the E2 en-
zyme UBE2E3 (fig. S1).

Altogether, our results show that in the
absence of lysine, HLA.B7 molecules are
ubiquitinated in a cysteine-dependent manner.
Moreover, the bond between ubiquitin and the
lysineless HLA.B7 shares the same chemical
property as the bond between ubiquitin and
E2s, which strongly suggests that cysteine is
the ubiquitin-attachment site for HLA.B7 2R.
Direct visualization of the cysteine-ubiquitin
bond by mass spectrometry is hindered by the
small amount of ubiquitinated molecules avail-
able for purification.

The foregoing shows that the side chain
of residues other than lysine can serve as

REPORTS

receptors for substrate ubiquitination. It is puz-
zling that, although ubiquitination has been ex-
tensively studied, in particular using large-scale
proteomic, such a modification has never
been observed in the past. A thiol-ester bond
(cysteine-ubiquitin) is more labile than an iso-
peptide bond (lysine-ubiquitin), which certainly
hinders its detection. This may explain why the
level of ubiquitination detected with HLA.B7
2R is not as robust as the one observed with
HLA.B7 wt (Fig. 4A). In addition, we believe
that this form of ubiquitination might be re-
stricted to a subfamily of E3 ubiquitin ligases,
such as the MIR1 E3 ubiquitin ligase family
(MIR1 and its homologs) (13) (SOM text and
fig. S2). The regulation processes mediated
by ubiquitination may be more complex be-
cause nonlysine residues are also targets of
ubiquitination. For example, the number of po-
tential substrates could be extended to mole-
cules that do not contain accessible lysines or an
accessible N terminus, and/or transient ubiquiti-
nation of substrates may occur, because thiol-
ester bonds (Ub-cysteine) are more labile than
isopeptide bonds (Ub-lysine). It will be impor-
tant to determine whether this alternate form of
ubiquitination requires the same cellular co-
factors as the ones involved in lysine ubiqui-

Intracytoplasmic Tail

A B
Transmembrane
i . 11
Transmembrane . Intracytoplasmic Tail Wt HLA.B7
HLAB7A —---VVIGAVVAAVMCR
HLAB7 2R
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HLA.B7AC ----VVIGAVVAAVMCRRRSSGGRGGSY SQAA CSDSAQG WHLA A2
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Fig. 2. An intracytoplasmic cysteine residue is critical for lysine-
independent down-regulation by MIR1. (A) Polymerase chain reaction
(PCR) mutagenesis was used to create serial deletion mutants in the
intracytoplasmic tail of HLA.B7 2R. (B) We generated several mutations
within the intracytoplasmic region of HLA.B7 and HLA.A2 so as to analyze
the requirement of the cysteine residue unique to HLA.B7. (C) BJAB cells
stably expressing the mutants in (A) were transiently transfected with a
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construct expressing MIR1-EGFP and analyzed for surface expression of
HLA.B7 by flow cytometry. (D) BJAB cells stably expressing MIR1-EGFP
along with the various HLA.B7 mutants were analyzed for surface HLA.B7
expression by flow cytometry. (E) HeLa cells stably expressing MIR1-EGFP
and various HLA.A2 mutants were analyzed for surface HLA.A2 expression.
No down-regulation is indicated by cells stably expressing HLA.A2 and
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Fig. 3. One lysine or cysteine residue is sufficient to promote down-regulation of HLA.B7 by MIR1. (A)
Amino acid sequence of the intracytoplasmic tail of HLA.B7 mutants where the tail has been replaced
by a random GA stretch. Each of the 20 amino acids was substituted at position X. (B) BJAB cells stably
expressing the HLA.B7 GA mutants were transfected with MIR1-EGFP and an EGFP control, then
analyzed for surface expression of HLA.B7 using flow cytometry.

Fig. 4. A novel form of ubiquitination is detect-
able on HLAB7 2R. (A) Lysates from CHO cells
stably expressing wt HLA.B7, HLA.B7 2R, HLA.B7
2RS, and HLA.B7 A with or without stable ex-
pression of MIR1 were used in an immunopre-
cipitation reaction. The reaction was carried out
using the antibody against human MHC | wé/32
(which recognizes only properly folded human
MHC | molecules), and ubiquitinated species were
detected by Western blot with an antibody
against ubiquitin. (B) Lysates from CHO cells
stably expressing wt HLA.B7 or HLA.B7 2R with
MIR1 were immunoprecipitated with an anti-
body against MHC |, eluted in the presence of
the reducing agent B,-mercaptoethanol at either
pH 8 or pH 11, and analyzed by Western blot
using an antibody against ubiquitin. (C) Wt HLA.B7
and HLAB7 2R were immunoprecipitated as
above, and the presence of HLA.B7 was deter-
mined by staining with the antibody against
human MHC |, HC10.

tination. The physiological relevance, for the
virus, of this alternate form of ubiquitination is
still unclear. An attractive hypothesis is that the
ability of MIR1 to act on lysineless molecules
allows it to broaden its potential targets.
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Reports: “Ubiquitination on nonlysine residues by a viral E3 ubiquitin ligase” by
K. Cadwell and L. Coscoy (1 July 2005, p. 127). In Fig. 3B, the top left panel was

inadvertently duplicated and printed a second time as the top right panel. The correct
version of the top right panel of Fig. 3B appears here. The conclusions of the paper are

not affected by this error.
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