gene can now be compared with those of
men with multiple long-wave genes. The
absolute difference from the mean (mean =
0.50) was determined for each R/(R + G)
value given in Table 1. The absolute devi-
ation from the mean color match was, on
average, larger for the men with only one
long-wave gene (0.056) than for those with
multiple long-wave genes (0.032). This dif-
ference is unlikely to have arisen by chance
(Mann-Whitney U test = 42.5; P = 0.02).
The fact that individuals with multiple
long-wave genes tend to make more inter-
mediate color matches hints that some may
be expressing more than one long-wave pig-
ment. If that is true, in total they would
express at least four different cone pig-
ments: two long-wave, a middle-wave, and
a short-wave pigment. This would seem
counter to the Young-Helmholtz theory

that has held sway for more than two cen-
turies, in which the presence of three pig-
ments is proposed to explain human
trichromatic color vision. In any case, we
can now seek to understand how normal
color vision phenotypes can arise from such
an enormous variety of genotypes and to
reexamine how the normal genotypes might
have been altered to result in color vision
defects.
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Peptide Specificity in the Recognition of
MHC Class | by Natural Killer Cell Clones

Mauro S. Malnati,* Marta Peruzzi, Kenneth C. Parker,
William E. Biddison, Ermanno Ciccone, Alessandro Moretta,
Eric O. Longf¥

Recognition by natural killer (NK) cells of major histocompatibility complex (MHC) class
| molecules on target cells inhibits NK-mediated lysis. Here, inhibition of NK clones by
HLA-B*2705 molecules mutated at single amino acids in the peptide binding site varied
among HLA-B*2705-specific NK clones. In addition, a subset of such NK clones was
inhibited by only one of several self peptides loaded onto HLA-B*2705 molecules
expressed in peptide transporter-deficient cells, showing that recognition was pep-
tide-specific. These data demonstrate that specific self peptides, complexed with MHC
class |, provide protection from NK-mediated lysis.

Natural killer cells are a distinct lympho-
cyte population that controls the early
phase of infection by various pathogens
such as viruses, intracellular bacteria, pro-
tozoa, and fungi (1). Natural killer cells can
eliminate infected cells by direct cell lysis,
but they also influence subsequent T cell
responses by secreting potent mediators of
inflammation (1). Class I molecules of the
MHC expressed on target cells play an im-

M. S. Malnati, M. Peruzzi, E. O. Long, Laboratory of
Immunogenetics, National Institute of Allergy and Infec-
tious Diseases (NIAID), National Institutes of Health (NIH),
Rockville, MD 20852, USA.

K. C. Parker, Laboratory of Molecular Structure, NIAID,
NIH, Rockville, MD 20852, USA.

W. E. Biddison, Neuroimmunology Branch, National In-
stitute of Neurological Diseases and Stroke, NIH, Be-
thesda, MD 20892, USA.

E. Ciccone, Istituto Nazionale per la Ricerca sul Cancro,
16132 Genova, ltaly.

A. Moretta, Istituto di Istologia e Embriologia Generale,
University of Genova, 16132 Genova, ltaly.

*Present address: Department of Biotechnology, H. San
Raffaele, 20132 Milan, Italy.
1To whom correspondence should be addressed.

1016

portant role in the specificity of recognition
by NK cells (2-5). Engagement of NK re-
ceptors for class I molecules turns off the
lytic machinery and lymphokine produc-
tion (3, 5-7). In humans, several NK mol-
ecules are involved in the recognition of
human leukocyte antigen (HLA)-C (6)
and HLA-B (8) alleles. However, the na-
ture of the specific interaction between NK
receptors and target class I molecules re-
mains obscure. For example, it is still not
known whether NK cells recognize a con-
ventional trimolecular class I complex of
heavy chain, B,-microglobulin, and peptide
or other, less stable conformations of class |
(9). Here, the well-defined HLA-B*2705
allele was used as a tool to test how NK cells
recognize class I molecules.

To isolate NK clones specific for HLA-
B*2705, we generated a large panel of
clones (10) from two individuals and
screened the clones for their ability to lyse
the B cell line C1R, which expresses HLA-
Cw4 as the only serologically detectable

SCIENCE « VOL.267 < 17 FEBRUARY 1995

5. T. Chan, M. Lee, T. P. Sakmar, J. Biol. Chem. 267,
9478 (1992); A. J. Wiliams, D. M. Hunt, J. K. Bow-
maker, J. D. Mollon, EMBO J. 11, 2039 (1992); S. L.
Merbs and J. Nathans, Science 258, 464 (1992);
Photochem. Photobiol. 58, 706 (1993); A. B. Asenjo,
J. Rim, D. D. Oprian, Neuron 12, 1131 (1994).

6. D. Volirath, J. Nathans, R. W. Davis, Science 240,
1669 (1988).

7. J. Neitz and M. Neitz, in Molecular Genetics of Inher-
ited Eye Disorders, Modern Genetics Book Series, A.
S. Wright and B. Jay, Eds. (Harwood Academic,
Chur, Switzerland, 1994), chap. 9.

8. J. Winderickx et al., Nature 356, 431 (1992).; J. Win-
derickx, L. Battisti, Y. Hibiya, A. G. Motulsky, S. S.
Deeb, Hum. Mol. Genet. 2, 1413 (1993).

9. S.L.Merbs and J. Nathans, Nature 356, 433 (1992).

10. J. Neitz, M. Neitz, G. H. Jacobs, Vision Res. 33, 117
(1993).

11. J. Neitz and G. H. Jacobs, ibid. 30, 620 (1990);
Nature 323, 623 (1986).

12. We thank A. Grishok for technical assistance. Sup-
ported by NIH grants EY09303, EY09620, and
EY01931 and by a Research to Prevent Blindness
Career Development Award to M.N.

18 July 1994; accepted 30 November 1994

allele (11), and its transfected derivative
C1R-B*2705 (12). As expected from previ-
ous work (5, 13), B*2705 molecules on
CIR cells provided protection from NK
lysis by several, but not all, NK clones. The
specificity of 10 randomly chosen B*2705-
specific NK clones was assessed further with
two other CIR transfectants (14) that ex-
press equivalent surface amounts of B*0801
or B*1402 molecules (Fig. 1A). Seven
clones (including 2wA-08 and 2wA-29)
recognized only B*2705, whereas three
clones (such as 10wA-16) also recognized
B*0801. Protection by several HLA-B al-
leles has been reported with other NK
clones (5), perhaps the result of expression
of several receptors on a single NK clone, or
cross-reactivity of NK receptors with relat-
ed class I alleles.

To show that B*2705 molecules were
directly involved in recognition by the NK
clones, we used monoclonal antibody
(mAb) A6/136 (anti—class I) (15) to inter-
fere with class I-mediated protection. At
saturating conditions, A6/136 inhibited the
protection from lysis—that is, it restored
lysis— by all six NK clones tested (three are
shown in Fig. 1B). A control isotype-
matched immunoglobulin M (IgM) mAb
had no effect. The IgM mAb B27.2M
(anti-HLA-B27) (15) restored lysis by only
one out of the six clones tested (2wA-08 in
Fig. 1B), suggesting that NK clones can
recognize B*2705 molecules in different
ways.

Functional  heterogeneity among
B*2705-specific NK clones was shown by
use of B¥2705 molecules mutated at single
amino acid residues in the peptide binding
site (Fig. 2). Surface expression of mutants
E45T, L951, and D116F (16) transfected in
CIR cells was comparable to that of wild-
type B*2705 molecules, except for mutant
E45T, whose expression was lower (Fig.



2A). Recognition of these mutants varied
greatly among NK clones (Fig. 2B). For
instance, two clones (2wA-08 and 10wA-
17) shared the same recognition pattern,
that is, protection maintained by mutant
L951 but not by the other two mutants.
With clone 10wA-16, in contrast, protec-
tion was maintained with mutant E45T, in
spite of the low surface expression, but was
lost partially with mutant L95I and com-
pletely with DI116F. Residues E45 and
D116 contribute substantially to the sta-
bilization of bound peptides (17). In vitro
assembly (18) and in vivo binding (19)
assays revealed differences in both the sta-
bility and type of peptides bound to the
mutated molecules E45T and D116F.
These data and our findings suggest that
peptides bound to class I molecules con-
tribute to the specificity of target cell rec-
ognition by NK cells.

To demonstrate directly the role of
peptides in providing protection from NK
lysis, we loaded class I molecules on cells
deficient in the transporter for antigen
presentation (TAP) with defined pep-
tides. This approach was made possible by
the identification of self peptides associat-
ed with B*2705 molecules (17) and by the
isolation of specific NK clones. Previous
studies with NK populations reported a
partially increased sensitivity of target
cells incubated with exogenous peptides
(20). Such data do not imply a direct role
of peptides in protection from NK cells,
because binding of exogenous peptides to
class I may have unmasked a NK-trigger-

2wWA-08 10wA-16 2wA-29
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Fig. 1. Specific recognition of HLA-B*2705 by
human NK clones. (A) Lysis of untransfected C1R
cells (O) and of C1R cells transfected with HLA
alleles B*2705 (M), B*0801 (A), or B*1402 (O) by
the three indicated NK clones (70). (B) The protec-
tion conferred by B*2705 is abrogated by some
anti-class | antibodies (75). Lysis of C1R-B*2705
cells was assayed in the absence of Ab (l) or in
the presence of a saturating amount of mAb A6/
136 (&), mAb B27.2M (100 wg/ml) (O), or an iso-
type-matched irrelevant IgM (100 wg/ml) (O).
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ing target structure (2). We used the
TAP2-deficient mouse cell line RMA-S
cotransfected with the human B,-micro-
globulin and B*2705 genes (21), and the
human cell line T2, which lacks the entire
class II MHC region, transfected with
B*2705 (21) (Fig. 3A). Peptide loading at
the cell surface was maximized by a com-
bination of low temperature (22) and high
doses of peptide. Incubation of RMA-S—
B27 cells at 26°C alone led to a doubling
of surface B*2705 molecules. Further ad-
dition of any one of four synthetic pep-
tides during the 26°C incubation resulted
in a five- to sixfold increase of surface
B*2705 molecules (Fig. 3A). Three of the
peptides correspond to predominant pep-
tides eluted from B*2705 molecules in a
wild-type B cell line (17). The fourth was
a synthetic peptide that promotes efficient
in vitro assembly of B27 molecules (18).
Even though turnover of these reconsti-
tuted B*2705 molecules was rapid upon

Fig. 2. NK clones are differentially A

REPORTS

return at 37°C, amounts substantially
higher than initial levels at 37°C re-
mained after 3 hours (Fig. 3A), which
corresponds to the length of the cytotox-
icity assay.

The ability of B*2705 molecules that
were loaded with specific peptides to pro-
vide protection from NK lysis was tested
with four NK clones (Fig. 3B). As expect-
ed for TAP-deficient cells (23), RMA-S-
B27 cells were lysed by the NK clones. In
contrast, RMA-S-B27 cells incubated
with one of the four peptides became pro-
tected from two of the four clones. These
two NK clones were also related to each
other by their sensitivity to mutations in
the peptide binding site (Fig. 2). Two
other clones did not recognize B*2705
molecules loaded with peptide 1, and none
of the clones recognized B*2705 mole-
cules loaded with the other three peptides
(Fig. 3B). The unique ability of peptide 1
to restore a protective conformation to

wt E45T LosI D116F

sensitive to single amino acid sub-
stitutions in the peptide-binding site
of the B*2705 molecule. (A) Surface
expression of B2705 molecules on
C1R cells (=) or C1R cells trans-
fected with wild-type B*2705 (wt) or

Cell number

with mutants E45T, L95I, and
D116F, as indicated. These mu- B
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tants have been described (79). 95
Cells were incubated with the B27- 85
specific mAb ME.1 (15), washed, s
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Dickinson). Profiles on the left rep- 15
resent cells incubated with the sec- 5
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ond reagent alone. (B) Lysis of the
indicated cells by NK clones 2wA-
08 (&), T0WA-16 (O), 2wA-29 (A),

3 1 3 1 3 1
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2w-14/C1R (0), and 10wA-17 (ll). Similar data were obtained in two other independent experiments.
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Fig. 3. Peptide-specific recognition of B*2705 by NK clones. (A) Peptide-induced stabilization of
B*2705 molecules on RMA-S-B27 cells incubated at 37°C (filled bar) or at 26°C for 24 hours (shaded
bars) without (—) or with peptide 1, peptide 2, peptide 3, or peptide 4, as indicated. These peptides
have been described (26). Peptide (100 wM) was added at the onset of the culture and another 100
M added after 12 hours. Surface B27 expression was determined as in Fig. 2. Cells without peptide
(O) or cells incubated with peptide 1 (W), peptide 2 (A), peptide 3 (@), or peptide 4 () were washed,
incubated at 37°C for the indicated time, and assayed for surface B27. The dashed line represents
B27 expression at 37°C. (B) Lysis by the indicated NK clones of RMA-S-B27 cells incubated with

peptides as described in (A).
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B*2705 was not due to a quantitative
effect, because peptide 4 generated a more
stable conformation of B*¥2705 molecules
(Fig. 3A) yet did not restore protection
from any NK clone (Fig. 3B). The protec-
tive effect of peptide 1 required B*2705
expression: Untransfected RMA-S and T2
cells incubated with peptide 1 were still
lysed by NK cells (Fig. 4). Data obtained
with T2-B27 cells confirmed the protec-
tive effect of peptide 1 with clones 2ZwA-
29 and 2w-14/C1R (Fig. 4).

The requirement for a specific peptide in
the formation of a protective structure virtu-
ally eliminates the possibility that NK cells
are triggered by a target structure bound to
class I and released by peptide binding, as
postulated by the masking hypothesis (2).
The peptide specificity in class I recognition
by NK cells can explain the heterogeneity
among NK clones in their ability to lyse
virus-infected targets (24): The loss of pro-
tection from NK lysis caused by virus infec-
tion no longer implies replacement of most
endogenous peptides but could occur
through interference with the formation of
specific class [-peptide complexes.

Our data show that a fully assembled
class I molecule is competent for an effec-
tive interaction with NK receptors, as mea-
sured by the protection of target cells from
NK-mediated lysis, and that peptides con-
tribute directly to such protective confor-
mations. In addition, NK cells exhibit pep-
tide specificity, as suggested by the distinct
sensitivity of different NK clones to single
amino acid changes in the peptide binding
site and as demonstrated by the ability of
two NK clones to discriminate among four
peptide-dependent configurations of the
same B*2705 molecule. These results also
imply the existence of multiple NK recep-
tors able to distinguish among different
class I-peptide complexes.

Lysis (%)

Lysis (%)

T2 T2-
B27 B27

Fig. 4. The protection from lysis provided by pep-
tide 1 is dependent on B*2705 expression, both in
RMA-S and in T2 cells. (A) Lysis by NK clone
2wA-29 (effector:target ratio of 0.5) of the indicat-
ed cells incubated without (shaded bars) or with
peptide 1 (filled bars) as in Fig. 3. (B) Lysis by NK
clone 2w-14/C1R as in (A).
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Correlation of Terminal Cell Cycle Arrest of
Skeletal Muscle with Induction of p21 by MyoD
Orna Halevy,*t Bennett G. Novitch,” Douglas B. Spicer,

Stephen X. Skapek, James Rhee, Gregory J. Hannon,
David Beach, Andrew B. Lassar:

Skeletal muscle differentiation entails the coordination of muscle-specific gene ex-
pression and terminal withdrawal from the cell cycle. This cell cycle arrest in the G,
phase requires the retinoblastoma tumor suppressor protein (Rb). The function of Rb
is negatively regulated by cyclin-dependent kinases (Cdks), which are controlled by
Cdk inhibitors. Expression of MyoD, a skeletal muscle-specific transcriptional regu-
lator, activated the expression of the Cdk inhibitor p21 during differentiation of murine
myocytes and in nonmyogenic cells. MyoD-mediated induction of p21 did not require
the tumor suppressor protein p53 and correlated with cell cycle withdrawal. Thus, MyoD
may induce terminal cell cycle arrest during skeletal muscle differentiation by increasing

the expression of p21.

Myogenic basic helix-loop-helix (bHLH)
proteins, such as MyoD, promote skeletal
muscle—specific gene expression and perma-
nent cell cycle arrest (I). Forced expression
of MyoD can inhibit cell cycle progression
independently of muscle differentiation (2),
but the molecular basis for this effect and its
relation to differentiation of normal skeletal
muscle are not known. Members of the
retinoblastoma family of tumor suppressor
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proteins are important for myogenic differ-
entiation. Their inactivation by viral onco-
proteins both blocks differentiation and in-
duces DNA synthesis in otherwise termi-
nally differentiated myocytes [reviewed in
(3)]. A specific role for Rb has been dem-
onstrated as differentiated skeletal muscle
cells express large amounts of hypophos-
phorylated (active) Rb (4, 5), and specific
loss of Rb through gene inactivation pre-



