parsimonious tree conforming to each of the 15 possi-
ble phylogenetic topologies for the four ecomorphs (in
the case of the two twig anoles on Hispaniola, we used
A. insolitus because A. sheplani is the sister taxon of
Cuban twig anoles and is nested within a clade of Cu-
ban species) using the “backbone constraints” optionin
PAUP*, which constrains the relationships of a subset of
the taxa but allows the remaining taxa to occur any-
where on the tree (that is, the subset of constrained taxa
does not necessarily form a monophyletic group, but
the relationships among these taxa must conform to the

constraint). We compared each of these trees to the
most parsimonious tree (Fig. 1B) using the Wilcoxon
signed-ranks test. In addition, we compared the maxi-
mum-likelihood tree with each constraint tree using the
Kishino-Hasegawa test. Each of the 15 possible eco-
morph topologies was rejected for at least one island.
Hence, we conclude that the topology of ecomorph
evolution differed among islands. In addition, when an-
cestral ecomorph states were reconstructed with par-
simony, each island exhibited a different order of eco-
morph evolution.

Monoallelic Expression of the
Interleukin-2 Locus

Georg A. Hollander,* Saulius Zuklys, Corinne Morel,t
Emiko Mizoguchi, Kathrine Mobisson, Stephen Simpson,
Cox Terhorst, William Wishart, David E. Golan,

Atul K. Bhan, Steven J. Burakoff*

The lymphokine interleukin-2 (IL-2) is responsible for autocrine cell cycle progression and
regulation of immune responses. Uncontrolled secretion of IL-2 results in adverse re-
actions ranging from anergy, to aberrant T cell activation, to autoimmunity. With the use
of fluorescent in situ hybridization and single-cell polymerase chain reaction in cells with
different IL-2 alleles, IL-2 expression in mature thymocytes and T cells was found to be
tightly controlled by monoallelic expression. Because IL-2 is encoded at a nonimprinted
autosomal locus, this result represents an unusual regulatory mode for controlling the

precise expression of a single gene.

IL2 s a growth factor important in the
regulation and differentiation of lympho-
cytes and natural killer cells (I). Produced
by a subpopulation of activated T cells, IL-2
also plays a pivotal role in the generation of
an adoptive immune response. Decreased
secretion or the complete absence of IL-2 in
humans is associated with primary and sec-
ondary immunodeficiencies (2). Mice ho-
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mozygous for an IL-2 null mutation
(IL-27/7) have a compromised immune sys-
tem with alterations of both cellular and
humoral functions (3). Overproduction of
IL-2 results in an impaired immune re-
sponse with autoimmunity, breaking of
clonal anergy, and suppression of certain T
cell functions (4). IL-2 expression, there-
fore, is firmly controlled by multiple signal-
ing pathways emanating from the T cell
receptor and antigen-independent corecep-
tors (5). These signals regulate the tran-
scriptional control of ubiquitous and T cell-
specific factors, which transactivate tran-
scription of the gene encoding IL-2 in vivo
through binding to the promoter and en-
hancer sequences using an all-or-nothing
mechanism (5). Coreceptors also transduce
signals that stabilize IL-2 mRNA (6).

The number of functional IL-2 alleles
may also determine the amount of IL-2 pro-
duced. Therefore, we investigated whether T
cells heterozygous for the IL-2 null mutation
produce less [L-2 than wild-type T cells. We
stimulated CD4™ T cells purified from wild-
type and heterozygous mice. The amount of
IL-2 produced by concanavalin A {(Con A)—
treated IL-2*/~ T cells was decreased by half
when compared with that produced by T
cells from wild-type mice (Fig. 1). As expect-
ed, Con A stimulation of IL-27/~ T cells did
not result in detectable IL-2 secretion.

Was each heterozygous CD4* T cell pro-
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ducing only half of the amount of IL-2 pro-
duced by wild-type cells, or were only half of
the CD4™* T cells secreting amounts of IL-2
comparable with that secreted by wild-type T
cells? Concurrent transcription from both
(that is, the mutant and the wild-type) alleles
of the IL-2 gene would lead to the first result,
whereas the latter result would be obtained if
allele-specific expression occurred from only
one of the two copies of the IL-2 gene. To
distinguish between these two mutually ex-
clusive models, we determined IL-2 secretion
at the single-cell level. Mature CD4* thymo-
cytes and CD4™ peripheral T cells were stim-
ulated with Con A and subsequently stained
for the presence of IL-2 (7). About half of the
CD4* T cells from 3- to 4-week-old het-
erozygous mice stained positively for IL-2
(Fig. 2, A and B, left). In agreement with
these data, limiting dilution assays showed
that the relative frequency of IL-2—secreting
CD4™" T cells was diminished by a third to a

half in heterozygous mice in comparison with
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Fig. 1. The genotype of IL-2 mutant mice controls
the amount of IL-2 secreted. IL-2 production in
response to Con A stimulation. Purified T cells from
heterozygous and homozygous IL-2 mutant mice
and from wild-type mice were stimulated in vitro by
Con Ain RPMI 1640 medium (Gibco-BRL) supple-
mented with 10% fetal bovine serum (Sigma), pen-
icillin, streptomycin, and 2-mercaptoethanol. After
24 hours in culture, serial dilutions of supematant
were assayed on 5 X 10° CTLL-20 cells in the
presence of mAb to IL-4 (11B11). Proliferation was
measured by [PHJthymidine incorporation during
the last 4 hours of a 24-hour assay. The graph is
representative of three independent experiments
and each experiment had less than 10% variability.
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wild-type animals (Fig. 2C) (8). In contrast,
older (>6 weeks) heterozygous mice dis-
played a relative frequency of IL-2—positive
cells that had increased to about 75% of all
peripheral CD4" T cells, whereas the corre-
sponding frequency among thymocytes re-
mained at about 50% (Fig. 2B, right). Thus,
IL-2—secreting peripheral T cells have an in
vivo growth advantage over nonsecreting
cells. Wild-type T cells also show an in-
creased proliferative response to alloantigens
(9) and influenza nucleoproteins (10) when
compared with IL-27/~ T cells.

We used interactive laser cytometry to
quantitate IL-2 production in single cells

IL-2 +/+ IL-2 +/-

(11, 12). CD4™ T cell blasts from heterozy-
gous mice had two populations of intracyto-
plasmic [L-2 staining that represented a
composite of the staining pattern observed
for wild-type and IL-27/~ mice (Fig. 3A).
The mean fluorescence of heterozygous cells
positive for intracytoplasmic staining was
comparable with that of wild-type T cells
(2002 * 392 and 1928 = 360 relative fluo-
rescence units, respectively; mean * SD),
whereas the mean fluorescence for the other
subpopulation of IL-2%/~ cells was equiva-
lent to that of IL-27/~ T cells (1271 * 204
and 1126 = 210 relative fluorescence units,
respectively). Single-cell fluorescence analy-

o
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Fig. 2. Single-cell analysis of IL-2
production by CD4* mature thy-
mocytes and peripheral T cells
from young (3 to 4 weeks) and
older mice (>6 weeks). (A) Im-
munoperoxidase staining of T
cells from young mice. Closed
arrows, IL-2-positive CD4* T
cells; open arrows, IL-2-nega-
tive CD4* T cells. The sensitivity
and specificity of this method
were verified with IL-2 T cell

Thymocytes Peripheral T Thymocytes Peripheral T 5 3
cells cells cultures stimulated with Con A
Young mice Old mice and supplemented with recom-

binant IL-2 (25 IU/mi). (B) Immu-

noperoxidase staining of CD4* T cells from young (left) and older (right) mice. (C) Limiting dilution analysis

of peripheral CD4* T cells from IL-2+/* (ll, Y = 1.163x — 1.200)and IL-2*/

(?, Y= 0.435x — 0.565) mice

for the secretion of IL-2 (8). The frequency of false positive wells was <2 out of 386 wells in all three

independent experiments (25).

Fig. 3. Digital analysis of A
single-cell fluorescence

by interactive laser cell
cytometry. (A) Distribu-
tion of the relative fluores-
cence for intracytoplas-
mic IL-2 in single CD4™,
Con A-stimulated T cell
blasts from wild-type
mice and mice heterozy-
gous and homozygous
for a null mutant for IL-2
(72). The horizontal lines
represent the mean
(x28D) relative fluores-
cence intensity mea-
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sured in IL.-27/~ and IL- 0
2+/* CD4* T cell blasts.
(B) Bimodel distribution
for intracytoplasmic IL-2
expression among IL-2*/~ CD4* T cell blasts (72).
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sis of a larger number of activated CD4* T
cells defined a bimodal distribution for intra-
cytoplasmic IL-2 staining (Fig. 3B), confirm-
ing that half of all T cells in heterozygous
mice do not produce IL-2, whereas the other
half secrete IL-2 in amounts identical to that
secreted by wild-type mice.

These results could be explained by a
mechanism of allelic silencing. To test al-
lelic expression of the IL-2 gene at the
mRNA level, we analyzed activated T cells
from F, crosses between Mus musculus
(C57BL/6; female) and M. spretus (male).
These two mouse strains exhibit allele-spe-
cific sequences that can be distinguished by
digestion with restriction enzymes (13).
Messenger RNAs from single, activated
CD4™* T cells were reverse-transcribed, and
IL-2—specific sequences were amplified by
polymerase chain reaction (PCR), with the
use of primers for sequences identical in
both strains. Amplicons were then digested
with Fnu 4HI, which cuts only C57BL/6-
specific DNA of the amplified sequence
(Fig. 4A) (14). Individual F; T cells con-
tained IL-2 transcripts that derived from
either the maternal or the paternal allele,
but never from both.

For most genes, the initiation of DNA
synthesis occurs in a temporally ordered
fashion with synchronous replication of
both alleles (15). In contrast, transcription-
ally silenced alleles are replicated asynchro-
nously during S phase of the cell cycle (that
is, they are delayed in comparison with the
transcriptionally active allele) (16). To de-
termine whether one of two IL-2 alleles is
silenced, we studied replication timing of
the IL-2 locus in a single cell using fluores-
cent in situ hybridization (FISH). This
technique allows one to establish the num-
ber of specific alleles in interphase nuclei
(Fig. 4B) (17). A genomic probe for the two
first exons of the IL-2 gene (located on
chromosome 3) revealed one pair and an
additional single hybridization spot in most
activated T cells enriched for S phase (Fig.
4B, middle, and Table 1). This finding im-
plies asynchronous replication and is com-
patible with transcription from only one
allele (16). In contrast, three hybridization
spots were detected only in the minority of

Table 1. The IL-2 gene is asynchronously repli-
cated. Analysis representative of three indepen-
dent FISH experiments counting 100 cells for
each probe (22).

Number of
hybridization 'L'z(o‘/’r)"be C'm‘zf;;'c’be
spots ° B
2 5 9
3 68 10
4 27 81
2119



Fig. 4. The IL-2 gene is

asynchronously replicat- A
ed and its transcription is

monoallelic. (A) (Left) Sin- He
gle-cell RT-PCR of stimu-
lated CD4* T cells from
(C57BL/6 x M. spretus)
F, mice for the transcrip-
tion of maternal (M. mus-
culus; C57BL/6) or pa-
ternal (M. spretus) IL-2
mBNA (75). S, M. spre-
tus; B, C67BL/6; F.,
(C57BL/6 x M. spretus)
F,. Amplicons were ei-
ther digested with Fnu
4H (+) or loaded without
digestion (—). (Right) RT-
PCR of a quarter of a sin-
gle-cell lysate (about 2.5
to 5 pg total RNA) from
C57BL/6 cels (B/4)
mixed with  varying
amounts of total RNA
from M. spretus activat-
ed splenocytes. (B) FISH
of CD4* T cells stimulat-
ed with Con A (5 pg/mi)
for 48 hours, stained with
Hoechst 3342 (2 wg/mi)
for 30 min at 37°C, and
subsequently  enriched
for S phase (75 to 80%)
by flow cytometric cell
sorting. FISH was per-
formed with a bictin-la-
beled genomic probe for

M. spretus

M. musculus

0 1.0 0.2 M. spretus RNA (pg)

CCAGA

M. spretus

- % % % Single cell lysate
+ it FnudH |

396bp
344
298

387

M. musculus I:!

IL-2, and cells were scored for the presence of two (left), three (middle), or four (right) hybridization dots.

cells hybridized with c-mpl, the murine re--

ceptoar for thrombopoietin located on chro-
mosome 4 (Table 1), indicating synchro-
nous replication during S phase from two
active alleles. Thus, the chromosomal anal-
ysis of single wild-type T cells infers that
IL-2 expression is monoallelic.

Mammals exhibit several epigenetic
phenomena that prevent simultaneous gene
expression from both alleles of a given lo-
cus: (i) random X chromosome inactivation
in females, (ii) nonrandom parental im-
printing of selected autosomal genes, and
(iii) allelic exclusion of antigen receptors in
lymphocytes and odorant receptor gene
clusters in olfactory sensory neurons (18-
20). The IL-2 gene does not reveal any of
the features established for loci known to
be allelically excluded. The gene is local-
ized on the murine autosomal chromo-
some 3, which is not a known target of
parental imprinting (21). This result is
corroborated by our findings that paternal
(M. spretus) and maternal (C57BL/6) al-
leles were expressed with comparable fre-
quency. In contrast to olfactory and anti-
gen receptors, IL-2 is encoded by a single
gene (22). Also, the monoallelic expres-
sion at the IL-2 locus seems independent

2120

of a feedback control through a functional
gene product expressed by the other allele.
Thus, the mechanism of allele-specific ex-
pression of IL-2 is different from others
used by the immune system to effect allelic
exclusion.

As an effective mechanism for tight
transcriptional control of IL-2 at the
genomic level, monoallelic expression may
act as a fail-safe device to avoid harmful
dysregulation of an immune response sec-
ondary to increased IL-2 production (4).
More generally, single allele expression of
growth and differentiation factors may be of
critical relevance as cytokines mediate bio-
logical effects in a dose-dependent mode
and chemokines form localized gradients for
cell-specific homing to tissues. Moreover,
growth factors also control organogenesis
according to a discriminating threshold.

REFERENCES AND NOTES

1. K. A. Smith, Science 240, 1169 (1988); T. Taniguchi
et al.,, Immunol. Rev. 92, 121 (1986); M. A. Tigges,
L. S. Casey, M. E. Koshland, Science 243, 781
(1989).

2. J.A.Rumpetal., Clin. Exp. Immunol. 89, 204 (1992);
R. U. Sorensen, K. D. Boehm, D. Kaplan, M. Berger,
J. Pediatr. 121, 873 (1992); R. Pawha et al., Proc.
Natl. Acad. Sci. U.S.A. 86, 5069 (1989); T. Chatila et

al., N. Engl. J. Med. 320, 696 (1989); K. Weinberg
and R. Parkman, ibid. 322, 1718 (1990); J. P. Di-
Santo, C. A. Keever, T. N. Small, G. L. Nichols, R. J.
O'Reilly, J. Exp. Med. 171, 1697 (1990); M. Lopez-
Botet, G. Fontan, M. C. Garcia Rodriquez, M. O. de
Landazuri, J. Immunol. 128, 679 (1982); R. Paganelli,
F. Aiuti, P. C. L. Beverly, R. J. Levinsky, Ciin. Exp.
Immunol, 51, 338 (1983); T. Ohno et al., Clin, Immu-
nol. Immunopathol. 45, 471 (1987).

3. B. Sadlack, H. Merz, H. Schorle, A. Schimpl, I.

Horak, Cell 75, 253 (1993).

4. J. L. Andreu-Sanchez et al., J. Exp. Med. 173, 1323

(1991); J. C. Gutierrez-Ramos, |. Moreno de Alboran,
C. Martinez-A., Eur. J. Immunol. 22, 2867 (1992); G.
Kroemer and C. Martinez-A., Semin. Immunol. 4,
167 (1992); G. Essery, M. Feldmann, J. R. Lamb,
Immunology 64, 413 (1988); D. R. Desilva, K. B.
Urdahl, M. K. Jenkins, J. Immunol. 147, 3261 (1991);
M. Malkowsky et al., Proc. Natl. Acad. Sci. U.S.A.
82, 536 (1985); N. Y. Niederkorn, Transplantation
43, 523 (1987); M. Sykes, M. W. Harty, G. L. Szot,
D. A. Pearson, Blood 83, 2560 (1994).

5. C. A. Rudd et al., Immunol. Today 15, 225 (1994);
C. H. June, J. A. Bluestone, L. M. Nadler, C. B.
Thompson, ibid., p. 321; T. A. Collins, P. D. Kassner,
B. E. Bierer, S. J. Burakoff, Curr. Opin. Immunol. 6,
385 (1994); P. S. Linsley and J. A. Ledbetter, Annu.
Rev. Immunol. 11, 191 (1993); A. C. Chan, D. M.
Desai, A. Weiss, ibid. 12, 555 (1994); M. K. Jenkins,
Immunity 1, 443 (1994).

6. K. Ullman, J. P. Northrop, C. L. Verweij, J. R.
Crabtree, Annu. Rev. Immunol. 8, 421 (1990); A.
Rao, Immunol. Today 15, 274 (1994); C. H. June,
J. A. Ledbetter, P. S. Linsley, C. B. Thompson, ibid.
11,211 (1990); P. A. Garrity, D. Chen, E. V. Rothen-
berg, B. J. Wold, Moll. Cell. Biol. 14, 2159 (1994).

7. CD4* mature thymocytes and T cells from mice of each

SCIENCE » VOL. 279 * 27 MARCH 1998 » www.sciencemag.org



10.
11,

genotype were obtained by cell sorting and stimulated
for 8 hours with Con A (6 wg/ml) before preparation of a
cytospin. Cytologic studies were performed on cyto-
centrifuged smears, which were air-dried, fixed in cold
acetone, rehydrated in phosphate-buffered saline, and
then stained with monoclonal antibody (mAb) to IL-2
(JESB-1A12) by means of an immunoperoxidase tech-
nigue (23). IL-2~/~ mutant mice demonstrate normal
thymocyte subsets, confirming that IL-2 is not required
for normal T cell ontogeny (24). Our observations in
young and older heterozygous mice that only 50% of
the mature CD4+ and CD8~ thymocytes stained for
IL-2 further emphasizes the lack of a developmental
advantage for thymocytes that produce IL-2.

. In 96-well, round-bottom plates, 5 X 10* irradiated

(2000 centigrays) splenic feeder cells from IL-2~/~ mice
were cultured at a final volume of 25 pl in complete
RPMI 1640 medium containing Con A (5 wg/ml). Each
well was subseguently seeded by flow cytometry with
various numbers of CD4~* peripheral T cells and grown
for 30 hours at 37°C. After freezing and thawing of the
plates, 50 CTLL-20 cells and mAb to IL-4 were added to
each well in a final volume of 25 wl, and plates were
cultured for an additional 28 hours. Live CTLL-20 cells
were then rescued by exogenous IL-2 (10 U/ml) added
every other day. Seven days after the addition of indica-
tor cells, wells were scored for CTLL-20 cell growth
either by examination under the microscope or by 3H-
labeled thymidine incorporation. Wells not seeded ini-
tially by CD4* T cells but treated identically as outlined
above served as negative controls, whereas the simul-
taneous addition of IL-2 and CTLL-20 cells served as
the positive control. This measurement of IL-2 corre-
sponds to a modified method of (25).

. G. A Hollander, K. Mobisson, S. J. Burakoff, unpub-

lished results.

S. Kramer et al., Eur. J. Immunol. 24, 2317 (1894).
H. Sakamoto et al., Proc. Natl. Acad. Sci. U.S.A. 88,
10890 (1991).

. Fixed and rehydrated cytocentrifuged smears were

stained with biotinylated mAb to IL-2 (JES6-5H4)
followed by avidin-coupled fluorescein isothiocya-
nate (FITC) (Becton Dickinson). Single cells were
scanned by ACAS interactive laser cytometry, and
ACAS software (Meridian Instruments) was used to
analyze the fluorescence scans.

. F.Matesanzand A. Alcina, Eur. J. Immunol. 26, 1675

(1996);
300 (1993).

and A. Pellicer, Immunogenetics 38,

. Tcells from C57BL/6, M. spretus, and (C57BL/6 X M.,

spretus) F, were stimulated in bulk by phorbol 12-my-
ristate 13-acetate and calcium ionophore A23187 for
10hours. CD4* T cells were then sorted by flow cytom-
etry as single cells into 10 pl of 2 reverse transcription
(RT) buffer containing 0.05% NP-40 and immediately
frozen on dry ice. RT was done on single-cell lysates or
fractions thereof with an IL-2-specific primer (GTGTT-
GTAAGCAGGAGGTACATAGTTA) followed by 30 cy-
cles of a first PCR amplification (5": CATGCAGCTCG-
CATCCTGTGT,; 3': GTGTTGTAAGCAGGAGGTACAT-
AGTTA). One microliter of a 50- ! reaction was used for
a seminested second amplification of 26 cycles (6
GAGCAGGATGGAGA ATTACAGG; 3" GTGTTGTA-
AGCAGGAGGTACATAGTTA). The amplicons differ by
a Fnu 4HI-sensitive sequence that allows the distinction
of maternal C57BL/6 from paternal M. spretus DNA.
The PCR reaction was analyzed on a 2% agarose gel
after digestion of the amplicons. The expected product
from the paternal M. spretus allele is 358 base pairs (op),
whereas the larger fragment of the digested C57BL/6
maternal allele is 229 bp (the smaller fragment of 128 bp
is not shown in Fig. 4A). The single-cell RT-PCR used
would be sufficiently sensitive to detect biallelic tran-
scription if it were present because IL-2-specific tran-
scripts can still be amplified from 1:4 dilution of single-
cell lysates. Moreover, mixing RNA at diverse ratios fol-
lowed by RT-PCR allowed for the concurrent detection
of both transcripts over a broad range of different con-
centrations (26).

. G. P. Holmauist, Am. J. Hum. Genet. 40, 151

(1987).

. J. H. Taylor, J. Biophys. Biochem. Cytol. 7, 455

(1960); D. Kitsberg et al., Nature 364, 459 (1993);
J. H. Knoll, S. D. Cheng, M. Lalande, Nature Genet.
6, 41 (1994).

www.sciencemag.org ¢ SCIENCE ¢ VOL. 279 ¢ 27 MARCH 1998

17. J. B. Lawrence, C. A, Villanave, R. A. Singer, Cell 52,
51 (1988). A modified protocol was developed for
FISH. Mitogen-stimulated T cells enriched for S
phase by flow cytometry were harvested, incubated
(0.075 MKCI, 37°C for 15 min), fixed (3: 1, methanol:
acetic acid), dropped onto clear slides, and then
air-dried overnight. Before hybridization, slides were
treated with ribonuclease A for 1 hour at 37°C, di-
gested with pepsin in 10 mM HCI for 3 min at 37°C,
and postfixated in 1% acid-free formaldehyde, 1X
PBS, and 50 mM MgCl, (pH 7.0) for 10 min at room
temperature. The probes used, c-mp/and /L-2, were
labeled by random priming with biotinylated 14-de-
oxycytidine triphosphate (Gibco-BRL). Cytogenetic
preparations were denatured, immediately dehy-
drated, and then air-dried before overnight hybrid-
ization with denatured probes. The slides were then
rinsed, and the signal was detected and amplified by
incubation with FITC-conjugated avidin and biotinyl-
ated goat antibody to avidin (2 wg/ml each; Vector
Laboratories). Samples were stained with propidium
iodine for 5 min at 0.1 ug/ml in PBS and mounted.
Samples were visualized at 100X magnification on a
Zeiss microscope (Axiophot) equipped with epifluo-
rescence optics for 4’,6'-diamidino-2-phenylindole
and fluorescein. Images taken were intensified with
the Nu200 charge-coupled device Camera System
(Photometrics) and then processed with IPLabSpec-
trum (Signal Analytics) software.

18. K. Pfeifer and S. M. Tilghman, Genes Dev. 8, 1867
(1994).

19. A. Chess, I. Simon, H. Cedar, R. Axe!, Cell 78, 823
(1994).

20. D. G. Schatz, M. A. Oettinger, M. S. Schlissel, Annu.

| REPORTS |

Rev. Immunal. 10, 359 (1992); M. M. Davis, Cell 59,
475 (1990).

21. L. Fiorentino, D. Austen, D. Pravtcheva, F. H.
Ruddle, E. Brownell, Genomics 5, 651 (1989); G. C.
Webb, H. D. Campbell, J. S. Lee, |. G. Young, Cyto-
genet. Cell Genet. 54,164 (1990); C. V. Beechey and
B. M. Cattanach, Mouse Genome 92, 108 (1994).

22. N. J. Holbrook et al., Proc. Natl. Acad. Sci. U.S.A.
81, 1634 (1984); A. Fuse et al., Nucleic Acids Res.
12, 9323 (1984).

23. N. Cerf-Bensussan, A. Quaroni, J. T. Kurnick, A. K.
Bhan, J. Immunol. 132, 2244 (1984); P. Mombaerts
etal., Cell 75, 275 (1993); S. A. Bogen, |. Fogelman,
A K. Abbas, J. Immunol. 150, 4197 (1993).

24. H. Schorle, T. Holtschke, T. Hunig, A. Schimpl, 1.
Horak, Nature 352, 621 (1991).

25. B. Rocha and A. Bandeira, Scand. J. Immunol. 27,
47 (1988).

26. G. A. Hollander et al., data not shown.

27. We thank |, Horak for the IL-2 knockout mice and the
genomic IL-2 clone; R. Skoda for the ¢-mpf clone; A.
Surani for the (C57BL6/6 X M. spretus) mice; P.
Yacono and E. Ten Boekel for excellent technical
assistance; and G. Balciunaite, J. Bluestone, W.
Gehring, J. Seidman, C. Steinberg, and R. Zeller for
helpful discussions. Supported by a grant from the
Swiss National Science Foundation (31-43'600.95
to G.A.H.) and grants from the NIH (PO1 CA39542-
09 and RO1 Al17268-18t0 S.J.B, RO1 DK47677 to
AK.B., P30 DK43351 to AK.B and C.T., and
HL32854 and HL15157 to D.E.G.).

3 April 1997; accepted 19 February 1998

Structure of Nitric Oxide Synthase Oxygenase
Dimer with Pterin and Substrate

Brian R. Crane,” Andrew S. Arvai, Dipak K. Ghosh,
Chaoqun Wu, Elizabeth D. Getzoff, Dennis J. Stuehr,
John A. Tainery

Crystal structures of the murine cytokine-inducible nitric oxide synthase oxygenase
dimer with active-center water molecules, the substrate L-arginine (L-Arg), or product
analog thiocitrulline reveal how dimerization, cofactor tetrahydrobiopterin, and L-Arg
binding complete the catalytic center for synthesis of the essential biological signal and
cytotoxin nitric oxide. Pterin binding refolds the central interface region, recruits new
structural elements, creates a 30 angstrom deep active-center channel, and causes a 35°
helical tilt to expose a heme edge and the adjacent residue tryptophan-366 for likely
reductase domain interactions and caveolin inhibition. Heme propionate interactions
with pterin and L-Arg suggest that pterin has electronic influences on heme-bound
oxygen. L-Arginine binds to glutamic acid-371 and stacks with heme in an otherwise
hydrophobic pocket to aid activation of heme-bound oxygen by direct proton donation
and thereby differentiate the two chemical steps of nitric oxide synthesis.

Nitric oxide synthases (NOSs) oxidize L-
Arg to synthesize nitric oxide (NO), which
is a key intercellular signal and defensive
cytotoxin in the nervous, muscular, cardio-
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vascular, and immune systems (1, 2). Neu-
ronal NOS (nNOS, NOS1) and endotheli-
al NOS (eNOS, NOS3) produce low NO
concentrations for neurotransmission, insu-
lin release, penile erection, vasorelaxation,
oxygen detection, and memory storage,
whereas cytokine-inducible NOS (iNOS,
NOS2) produces larger NO concentrations
to counter pathogens and coordinate the T
cell response (1). NOSs catalyze two se-
quential, mechanistically distinct, heme-
based oxidations in the five-electron oxida-
tion of L-Arg to L-citrulline (L-Cit) and
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