
Gy without bFGF (REFIO). These data indicate 
that although ~  ~ ~ ~ ~ ~microvascular 
endothelial apoptosis is the prevailing mecha- 
nism for induction of the GI syndrome at WBR 
doses <18 Gy, an alternative mechanism, per- 
haps involving direct damage to stem cells, is 
engaged by higher radiation doses. 

Our studies provide evidence that radiation 
damage to GI stem cell clonogens, regarded as 
the critical lesion in the pathogenesis of the GI 
syndrome, is a consequence of extensive micro- 
vascular injury. The vulnerability of the micro- 
vascular endothelium to stress appears related to 
the abundance of ASMase in endothelium (20 
times as much as in other cell types) (22) and to 
its preferential trafficking to the plasma mem- 
brane. ASMase exists in lysosomal and secreto- 
ry isofoms (23), both produced by posttran- 
scriptional processing of a single gene product. 
The secretory isoform targets the plasma mem- 
brane, may reside in caveolar microdomains 
(24), and is also found extracellularly at the 
cell surface (23, 24). Further, inflammatory 
cytokines, such as interleukin-lp and inter- 
f e r o n - ~ ,  increase ASMase secretion three- 
fold (22), indicating that under stress, en- 
dothelial cells mobilize excess amounts of 
membrane-targeted ASMase. 

The specific sensitivity of microvascular 
versus large vessel endothelium to stress may be 
associated with bFGF distribution within vascu- 
lar basement membranes. Although bFGF is 
ubiquitously expressed in basement membranes 
of large and intermediate size blood vessels, 
microvascular basement membranes have min- 
imal or absent bFGF deposits (25). Ultrastmc- 
tural studies indicate that capillaries represent 
the most radiation-sensitive sections of the vas- 
cular system (26). Because basement mem-
brane-bound bFGF protects endothelial 
cells against radiation-induced cell death in 
vitro (27), its lack of expression in micro- 
vascular basement membranes may render 
this section of the vascular system highly 
sensitive to ASMase-mediated apoptosis. 

Finally, our studies suggest that small mol- 
ecules, such as bFGF, may improve the thera- 
peutic ratio during WBR for leukemia, and 
abdominal radiation therapy for gastrointesti- 
nal, genitourinary, and gynecological tumors. A 
potential for therapeutic gain would likely be 
limited to patients in whom tissue typing dem- 
onstrates tumors to be insensitive to bFGF. 
Further, we propose that a requirement for 
ASMase-mediated ceramide generation in in- 
duction of microvascular endothelial apoptosis, 
and its inhibition by bFGF, represent a generic 
model for evolution of and protection against 
normal tissue damage after environmental, 
chemical, or toxic stress. 
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Molecular Evolution of Protein 

Atomic Composition 


Peggy Baudouin-Cornu,' Yolande Surdin-Kerjan,' 

Philippe Marliere,' Dominique Thomas1* 


Living organisms encounter various growth conditions in their habitats, raising 
the question of whether ecological fluctuations could alter biological macro- 
molecules. The advent of complete genome sequences and the characterization 
of whole metabolic pathways allowed us to search for such ecological imprints. 
Significant correlations between atomic composition and metabolic function 
were found in sulfur- and carbon-assimilatory enzymes, which appear depleted 
in sulfur and carbon, respectively, in both the bacterium Escherichia coli and the 
eukaryote Saccharomyces cerevisiae. In addition to genetic instructions, genom- 
ic data thus also provide paleontological records of environmental nutrient 
availability and of metabolic costs. 

A widely accepted principle is that protein 
evolution is mainly determined by constraints 
on activity, specificity, folding, and stability 
(1-4). But other constraints may come into 
play, in particular nutritional constraints, 

which have thus far received little scrutinv. 
Indeed, the elements used in the constructidn 
of proteins are not only funneled through 
metabolic pathways but are also subject to 
geochemical cycles at the surface of Earth. 
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Thus, we previously proposed that metabolic 
flows and geochemical budgets might be con- 
straints that were imprinted on protein evo- 
lution (5). 

To assess the hypothesis that nutritional 
constraints might have influenced the evolution 
of protein structure, we computed the atomic 
composition of enzymes involved in elemental 
assimilation processes in the two model micro- 
organisms E. coli and S. cerevisiae. For both 
species, almost complete sets of biochemically 
characterized enzymes together with their cog- 
nate sequences are available, allowing us to 
analyze species representing the prokaryotic 
and eukaryotic kingdoms. We began by com- 
piling complete protein sequence data sets from 
thenonredundantSaccharomvces Genome Data- 
base (SGD; http://genome-.m.stanford.edu/ 
Saccharomyces, 6305 protein sequences) and 
the Colibri E. coli database (http://genolist. 
pasteur.fr/Colibri, 41 16 protein sequences). 

We first investigated sulfur usage in se- 
quences of proteins involved in the assimila- 
tion of sulfur in S. cerevisiae and E. coli. In 
both organisms, reductive assimilation of sul- 
fate is achieved through roughly equivalent 
sets of biochemical reactions (6, 7). Howev-
er, some differences were apparent. For in- 
stance, the reactions leading to the incorpo- 
ration of reduced sulfur into a carbon chain 
differ between the two organisms; homocys- 
teine is an intermediate of cysteine synthesis 
in yeast but not in E. coli (8). In addition, in 
some particular steps such as sulfate activa- 
tion and sulfite reduction, the reactions pro- 
ceed with different mechanisms and therefore 
the structures of the cognate catalysts are 
highly divergent (9, 10). The protein sets 
used for the statistical analyses include, for 
both organisms, the inorganic sulfur trans- 
porters, the enzymes required for the de novo 
synthesis of methionine and cysteine from 
sulfate, and the transcriptional activators spe- 
cifically required for the expression of the 
corresponding genes (6, 7, 11). These sets 
comprise 20 and 23 proteins for S. cerevisiae 
and E. coli, respectively. 

To compare elemental composition in 
proteins, we first determined the quantile dis- 
tribution of atoms in proteins. This approach 
relies on that developed by Karlin and col- 
laborators for the analysis of amino acid dis- 
tribution in large protein data sets (12, 13). In 
this study, the quantity Q ( x )  (quantile point) 
of a given element for a given set of proteins 
indicates the fraction of proteins in which the 
averaged number of that atom per residue 
side chain is at most x (14). 

'Centre de Cenetique Moleculaire, Centre National de 
la Recherche Scientifique, 91 198 Cif-sur-Yvette Ce- 
d e ~ ,  France. 2Evologic SA, 4 rue Pierre Fontaine, 
91000 Evry, France. 
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For both S. cerevisiae and E. coli, we com- 
pared the quantile distribution of the sulfur 
metabolism protein set to the quantile distribu- 
tion of the total protein set (Fig. 1). In both 
cases, despite differences in sulfur metabolism 
between the two organisms, the proteins in- 
volved in sulfur amino acid biosynthesis con- 
tain fewer sulfur atoms than do the total protein 
sets. In both the sulfur-assimilatory protein sets 
and the total protein sets, the distribution of 
sulfur content follows a bell-shaped distribution 
that is approximately Gaussian (Fig. 1). We 
thus assessed statistical significance with Stu- 
dent's t tests. Two-tailed P values (0.0038 for S. 
cerevisiae, 0.0089 for E. coli) confirm that, in 
both cases, the differences observed between 
the distributions are significant. 

Biases of chemical composition of pro- 
teins could result from constraints that are 
not related to element usage or metabolism, 
such as structural and functional constraints 
or molecular phylogeny (15). For instance, 
not all amino acids show the same propen- 
sity to form secondary structures such as a 
helices. P sheets. or turns, and binding of 
substrates is often mediated by hydropho- 
bic or charged amino acids. Also, amino 
acid usage of bulk proteins is known to 
correlate with DNA base composition (16. 
17).  These alternative hypotheses can be 
dismissed in the biases we observed in the 
sulfur-assimilatory pathways: The involved 
proteins belong to diverse catalytic classes, 
encompass a wide variety of tertiary struc- 
tures, and process widely diverging sub-
strates (7). In addition, the base composi- 
tion of the corresponding genes does not 
statistically deviate from that of the organ- 
ism (18). arguing against the possibility 
that the observed biases result from coding 
constraints. Moreover, S. cerevisiae and E. 
coli genomes have different G + C  contents 
(40% and 52% GC in the coding sequences, 
respectively), and despite this, sulfur deple- 

S. cerevisiae 

4Sulfur asstmilatory 
enzymes

*Total proteins 

tion was observed in the sulfur-assimilatory 
pathway of both organisms. It therefore 
seems reasonable to postulate that a bias 
against sulfur-containing amino acids oc- 
curred in response to nutritional constraints 
such as environmental sulfur scarcity. 

To further test this hypothesis. we next 
examined proteins involved in sulfur me- 
tabolism in mammals. Mammals are unable 
to assimilate inorganic sulfur compounds, 
and therefore all their protein sulfur atoms 
derive from methionine and cysteine (19). 
Thus, mammals are not specifically de- 
prived of sulfur without also lacking other 
essential nutrients, and sulfur atom avoid- 
ance would be expected to be less marked 
in mammalian sulfur-metabolizing en-
zymes. Mammals express only a few en-
zymes that are the functional equivalents of 
microbial sulfur-assimilatory enzymes 
(19). Sequence counts reveal that most of 
the mammalian enzymes indeed contain 
three to five times as many sulfur atoms as 
do their microbial counterparts (18). Se- 
quence alignment of the two enzymes cat- 
alyzing the conversion of homocysteine 
into cysteine illuminates this effect. Mam- 
malian cystathionine-P-synthase (CBS) and 
cystathionine-y-lyase share more than 40% 
identical residues with their yeast ho-
mologs. However, the two yeast enzymes 
contain a total of 8 sulfur atoms, whereas 
50 and 42 sulfur atoms are used to construct 
the rat and human enzymes, respectively 
(Fig. 2) (20). Despite these atomic differ- 
ences, the human CBS enzyme can substi- 
tute in vivo for the S. cerevisiae CBS pro- 
tein (21). Thus, in mammals, where no 
sulfur-specific nutritional constraint oc-
curs, no sulfur depletion is observed in 
sulfur-metabolizing enzymes. 

Sulfur is unique among the elemental 
constituents of proteins because it is used in 
only two amino acids: methionine and cys- 

E coli 

Averaged number of sulfur atoms per residue side-chain 

Fig. 1. Quantile representations of sulfur usage in 5,cerevisiae and E. coli. For both species, the 
averaged number of sulfur atoms found in residue side chains for each protein was calculated, and 
the totality of all these frequencies was described by a histogram. The quantile distributions are the 
cumulative representation of these histograms. For each total protein set, the quantiles were 
calculated so as t o  display the distribution by a 13-dot graph. For the sulfur-assimilatory protein 
sets, the quantiles were indicated for each new value of the distribution. 
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teine. To determine whether metabolic im- 
printing in atomic composition of proteins 
is a more general mechanism, we analyzed 
carbon usage in carbon-assimilatory pro- 
teins of both S. cerevisiae and E. coli (22- 
24). For each organism, we computed the 
averaged number of carbon atoms present 
within the side chains of residues of each 
protein, calculated quantile distributions of 
carbon, and made comparisons between the 
set of proteins involved in carbon assimi- 
lation and the total protein set. In both 
cases, carbon-assimilating proteins show a 
depleted amount of carbon atoms in their 
side chains relative to the side chains of the 
total protein sets (Fig. 3). The distribution 
of carbon atoms, like that of sulfur atoms, 
was approximately Gaussian, and Student's 
t tests gave two-tailed P values (0.003 1 for 
S. cerevisiae, 0.0068 for E. coli), indicating 
significant differences between the distri- 
butions. By comparison, quantile carbon 
representations (Fig. 3) and statistical tests 

(P = 0.364 and 0.438, respectively) dem- 
onstrate that no carbon usage deviation oc- 
curs in the sulfur-assimilatory protein sets. 

Finally, we compared the averaged 
number of nitrogen atoms present within 
the nitrogen-assimilatory S. cerevisiae pro- 
teins to that in the total S. cerevisiae protein 
set. The yeast nitrogen-assimilatory protein 
set consists of the proteins involved in the 
conversion of ammonia, urea, allantoate, 
and proline (25, 26). (No similar analysis 
was done for E. coli because all the en- 
zymes involved in ammonia production 
from a number of amino acids have not 
been unambiguously determined.) As was 
the case for sulfur- and carbon-assimilating 
proteins, quantile representation shows that 
yeast nitrogen-assimilating proteins contain 
a decreased number of nitrogen atoms in 
their residue side chains, whereas no sig- 
nificant deviation in nitrogen usage was 
observed for the set comprising the yeast 
sulfur-assimilatory proteins, used as a con- 

RMHPPSGIHS Human (19 / 4 0 5 )  
%.UHF'------ Rattus norvegicus (21 /398)  
R:ATN------ Saccharomyces cerevisiae (2 / 3 9 4 )  

Fig. 2. Sulfur usage in cysteine biosynthetic enzymes. The human, rat, and yeast cystathionine-y- 
lyase were aligned using the Clustal V program. Identical residues are indicated in gray boxes; 
sulfur-containing residues are in black boxes. Number of sulfur atoms relative to the length of 
protein is indicated. Single-letter abbreviations for amino acid residues: A, Ala; C, Cys; D, Asp; E, Glu; 
F, Phe; G, Gly; H, His; I, Ile; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, Gln; R, Arg; 5, Ser; T, Thr; V, Val; 
W, Trp; and Y, Tyr. 
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Fig. 3. Quantile representations of carbon usage in 5. cerevisiae and E. coli. The quantiles were 
calculated and are displayed as in Fig. 1. 

trol (Fig. 4). Again, the two-tailed P value 
(0.0331) in a Student's t test suggests that 
the observed difference does not occur by 
chance. However, both the quantile and 
Student's t test show that nitrogen bias, 
although significant, is less pronounced 
than the biases observed for the sulfur and 
carbon atoms in their cognate assimilatory 
enzymes. 

Taken together, our results conclusively 
demonstrate the systematic occurrence of 
atomic biases in assimilatory proteins of 
two highly divergent microorganisms. This 
suggests that the elemental composition of 
biological polymers has been more gener- 
ally subjected to ecological constraints than 
was previously thought, and that metabolic 
costs are among the variables optimized by 
natural selection. A simple explanation for 
the biases we report here is that the chem- 
ical structure of proteins performing the 
assimilation of a given element should 
evolve so as to respond to a sudden and 
transitory shortage by incorporating the 
smallest amount of that element. Thus, the 
impoverishment of sulfur- and carbon-as- 
similatory proteins in their respective ele- 
ments can be interpreted as an imprint of 
variations in the nutritional availabilitv of 
these elements during the natural history 
of S. cerevisiae and E. coli; by contrast, the 
enrichment of mammalian cystathionine- 
converting enzymes in sulfur can be inter- 
preted as an imprint of a steady abundance 
of sulfur amino acids in the diet. It is likely 
that oligotrophic organisms would adapt to 
the permanent scarcity of an element by the 
diminution of the content of that element in 
all proteins, and not only in their assimila- 
tory proteins for that element. Given that 
the proliferation of most organisms in their 
natural habitats is limited by a nutritional 
resource and that organisms have adapted 
to starvation over many generations, we 
anticipate that it will be possible to retrieve 
geochemical, ecological, and metabolic 
data from genome sequences using straight- 
forward statistical methods. 

S. cerevlslae 

0.14 0.24 0.'34 0.k 0.54 0.G 

Averaged number of nitrogen 
atoms per residue sidechain 

Fig. 4. Quantile representations of nitrogen 
usage in 5. cerevisiae. The quantiles were cal- 
culated and are displayed as in Fig. l. 
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Interferons (IFN) a/@and y induce the formation of two  transcriptional acti- 
vators: gamma-activating factor (CAF) and interferon-stimulated gamma fac- 
tor  3 (ISCF3). We report a natural heterozygous germline STAT7 mutation 
associated with susceptibility t o  mycobacterial but not viral disease. This 
mutation causes a loss of CAF and ISCF3 activation but is dominant for one 
cellular phenotype and recessive for the other. I t  impairs the nuclear accumu- 
lation of CAF but not of ISCF3 in  heterozygous cells stimulated by IFNs. Thus, 
the antimycobacterial, but not the antiviral, effects of human lFNs are prin- 
cipally midiated by CAF. 

Mendelian susceptibility to mycobacterial 
disease is a rare syndrome (MIM 209950), 
leading to severe clinical infections with 
weakly virulent mycobacterial species, such 
as Bacillus Calmette-Guerin (BCG) vaccines 
( I )  or environmental nontuberculous myco- 
bacteria (2) and more virulent Mvcobacteri-
llm tuberculosis (3). Other types of microor- 
ganisms rarely cause severe clinical disease, 
except for Sulmonellu, which infects less than 
half of the patients. Null recessive mutations 
have been identified in IL12B (4), encoding 
the p40 subunit of interleukin-12 (IL-12), in 
ILl2RBI (5, (i),encoding the p l  chain of the 
IL-12 receptor, in IFNGRl (7, a), and in 
IFNGR2 (9) , encoding the two chains of the 
IFN-y receptor (IFN-yR). Recessive and 
dominant mutations, associated with partial 

IFN-yR, deficiency, have been found in 
IFNGRl (3, 10) and IFNGR2 (11). These 
studies established that human IL-12-depen- 
dent IFN-y-mediated immunity is essential 
to control mycobacteria and provided means 
of molecular diagnosis and rational treatment 
based on pathophysiology. However, no clear 
genetic etiology has been identified for a 
number of patients. 

We investigated two unrelated patients 
with unexplained mycobacterial disease. Pro- 
band 1 (PI) is a 33-year-old French woman 
who developed disseminated BCG infection 
in childhood (12). She had experienced many 
common viral infections, the clinical course 
of which was normal. Mutations in ILl2B 
and ILI2RBl had been excluded (13). We 
characterized cellular responses to IFN-y by 
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electrophoretic mobility shift assay (EMSA) 
using Epstein-Barr virus (EBV)-transformed 
B (EBV-B) cells. The level of nuclear-protein 
binding to gamma interferon-activating se-
quences (GAS) in PI cells stimulated with 
IFN-y (Fig. 1A) was 25 i 3% of that in 
identically treated control cells (14). The 
GAS-binding protein, designated gamma-ac- 
tivatina factor (GAF), consisted of STAT-I/ 
STAT: homodimers (13). This profile was 
similar to that observed in partial IFN-yR1 
and IFN-yR2 deficiency, but mutations in 
IFNGRl and IFNGR2 were excluded (13). 
Moreover, only 25 i 2% of the GAF detect- 
ed in control cells was detected in PI cells 
stimulated with IFN-cu (13). Thus, the bind- 
ing of nuclear STAT-1 homodimers to GAS 
was affected equally by IFN-y and IFN-cu in 
P1 cells. 

We then analyzed the subcellular distribu- 
tion of STAT-I in simian virus 40 (SV40)- 
transformed fibroblasts (SV40 fibroblasts) by 
immunofluorescence (15). A smaller propor- 
tion of PI STAT-I accumulated in the nucle- 
us upon IFN-y stimulation than in control 
cells (Fig. 1B). This suggested that the small- 
er number of GAS-binding STAT-I dimers 
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