
parsimonious tree conforming to each of the 15 possi- 
ble phylogenetic topologies for the four ecomorphs (in 
the case of the two twig andes on Hispaniola, we used 
A. insditus because A. shepkni is the sister taxon of 
Cuban twig moles and is nested within a chde of Cu- 
ban species) using the "backbone constraints" option in 
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 monophyletkc group, but 
the relationships among these taxa must conform to the 

constraint). We compared each of these trees to the 
most parsimonious tree (Fi. 1 B) using the Wilcoxon 
signed-ranks test. In addition, we compared the maxi- 
mum-likelihood tree wW 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 topdogy 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. 
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The lymphokine interleukin-2 (IL-2) is responsible for autocrine cell cycle progression and 
regulation of immune responses. Uncontrolled secretion of 11-2 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. 

IL-2 is a growth factor important in the 
regulation and differentiation of lympho- 
cytes and natural killer cells (1 ). 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-2-/-) 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- 
scri~tional control of ubiauitous 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 IL-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 bv half 
when compared with that produced by T 
cells from wild-type mice (Fig. 1). As expect- 
ed, Con A stimulation of IL-2-/- 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 IL2 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 IL2 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 Cweek-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 

1:l 1:2 1:4 1:8 1:16 
Dilutions 

Fig. 1. The genotype of IL-2 mutant mice controls 
the amount of IL-2 secreted. 11-2 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 A in RPMl 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 supernatant 
were assayed on 5 x 103 CTLL-20 cells in the 
presence of mAb to 11-4 (1 181 1). Proliferation was 
measured by PHIthymidine 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% valiability. 
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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-Z-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-2-I- T cells. 

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

+ I +  + I -  - I -  + I +  + I -  -1- 
Thymocytes Peripheral T 

cel ls 

Young mice 

(1 1, 12). CD4+ T cell blasts from heterozy- 
gous mice had two populations of intracyto- 
plasmic IL-2 staining that represented a 
composite of the staining pattern observed 
for wild-type and IL-2-I- 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-2-I- T cells (1271 + 204 
and 1 126 2 2 10 relative fluorescence units, 
respectively). Single-cell fluorescence analy- 

Celb sesckl per well 

+ I +  + I -  - I -  + I +  +I- -I-  
Thymocytes Peripheral T 

cells 

Old mice 

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- 
rnunoperoxidase staining of T 
cells from young mlce. 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 venfied with IL-2 - ' - T cell 
cultures stimulated with Con A 
and S~~~lemented with recom- 
binant IL-2 (25 IU/ml). (B) Immu- 

noperoxidase staining of CD4' T cells from young (left) and older (right) mice. (C) Limiting dilution analysis 
of peripheral CD4' T cellsfrom IL-2' ' (M, Y = I .163x - 1.200) and IL-2'' m, Y = 0.435~ - 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 B 
single-cell fluorescence 
by interactive laser cell 100- 

3000 
cytometry. (A) Distribu- .g 
tion of the relative fluores- 
cence for intracytoplas- " 

mic 11-2 in single CD4+, - 
z 

Con A-stimulated T cell - - 
blasts from wild-type $ 6 
mice and mice heterozy- 1500 a - > 
gous and homozygous $ - 

CI a - for a null mutant for IL-2 
(72). The horizontal lines g d 
represent the mean = 
(k2SD) relative fluores- 500 

d cence intenslty mea- 
sured in IL-2-/- and IL- 0 o 
2+/+ CD4+ T cell blasts. +I+ +I- -I- 1000 2600. 
(B) Bimodel distribution 11-2 Genotype Relative Fluorescence 
for intracytoplasmic IL-2 
expression among IL-2+/- CD4+ T cell blasts (12). 

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 Fl crosses between Mus musculus 
(C57BL16; female) and M. spetus (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 4H1, which cuts only C57BL16- 
specific DNA of the amplified sequence 
(Fig. 4A) (14). Individual F1 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 (1 5). 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) (1 6). 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) (1 7). 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 11-2 probe c-mpl probe hybridization 
spots (%) (%) 
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cells hybridized with c-mpl, the murine re- 
ceptor for thrombopoietin located on chro- 
mosome 4 (Table I), indicating synchro- 
nous replication during S phase from two 
active alleles. Thus. the chromosomal anal- 
ysis of single wild-iype 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 (C57BL16) 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 

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. 
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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. Tainert 

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. 

Ni t r i c  oxide synthases (NOSs) oxidize L- vascular, and immune systems (1, 2) .  Neu- 
Arg to synt11esi:e nitric oxide (NO),  which ronal NOS (nNOS, NOS1) and endotheli- 
is a key intercellular signal and defensive a1 NOS (eNOS, NOS3) Produce low NO 
cytotoxin in the nerL70us, muscular, cardio- concentrations for neurotransmission, insu- 

lin release, penile erection, vasorelaxation, 
B R. Crane, A. S. Awai E. D. Getzoff, J. A. Taner oxygen detection, and memory storage, 
Department of Molecular Biology and Skaggs nsttute for 
Chemical B~ology, The Scrlpps Research Institute, La whereas cytokine-inducihle (jNoS> 
Jolla, CA 92037, USA. NOS2) produces larger NO concentrations 
D. K. Ghosh, C. Wu. D. J. Stuehr, Department of mmu-  to counter pathogens and coordinate the T 
noogy, The Lerner Research Institute, Cleveland C n c ,  
Cleveland, OH 44195, USA. cell response (1).  NOSs catalyze two se- 

quential, mechanistically distinct, heme- 
'Present address: Beckman Institute, California nst~tute 
of Technology, Pasadena. CA 91 125, USA. based oxidations in the five-electron oxida- 
:To whom correspondence should be addressed. tion of L-Arg to L-citrulline (L-Cit) and 
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