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out of Africa (5 .  19. 20). The possibility 
that human history has been characterized 
by genetically relatively hon~ogeneous 
groups ("races"); distinguished by major 
biological differences, is not consistent 
with genetic evidence. 

How. then, does genetics explain the 
stereotypic features of "races": skin color. 
hair color and texture, and facial traits? 
These traits are quite literally superficial, in 
that they affect exposed surfaces of the 
body. It is reasonable to suggest that vari- 
ation in these traits may reflect differential 
selection by climate in x-arious parts of the 
world. Recent analysis of the melanocortin- 
stimulating holn~oile receptor gene (MC 1 R) 
suggests that x-arious alleles of this single 
locus may underlie much of observed hu- 
lnan x-ariation in skin and hair color (21. 
22). This variation is largely due to varied 
amounts of eumelanin (brown and blaclc 
melanins) and phaeolnelanin (red and yel- 
low melanins) produced by melanocytes. 
Eumelanin protects against ultraviolet 
(UV) radiation, whereas phaeomelanin may 
contribute to skin damage. including mela- 
noma, induced by UV. The balance of mel- 
anins is regulated by melanocyte-stin~ulat- 
ing hormone, which acts through its recep- 
tor. Amino acid sequence variants occur at 
multiple sites in the second transmelnbrane 
domain. the first extracellular domain, and 

the seventh transmembrane domain of the 
MClR protein. Variation at these sites was 
found in nlore than 80% of individuals with 
red hair and fair skin that burns rather than 
tans, but in less than 4% of British or Irish 
individuals with skin that tans without 
burning, and in no African indix-iduals. 
Ainong Asians. still other amino acid sub- 
stitutions in MClR are common. Nucleo- 
tide diversity at MClR is several tiines 
higher than the average nucleotide diversity 
in human populations. High nucleotide di- 
versity. coupled with common x-ariation at 
nonsynonymous sites, suggest that MClR 
variation is an adaptive response to selec- 
tion for different alleles in different envi- 
ronments. possibly to differences in day 
length and hence available sunlight at dif- 
ferent latitudes. If true, variation at this 
locus. which encodes ex-olutionarily impor- 
tant but superficial traits, has been the 
cause of enormous suffering. Variation in 
other traits popularly used to identify "rac- 
es" is likely to be due to similarly straight- 
forward mechanisms, involx-ing limited 
nuinbers of genes with x-ery specific phys- 
iological effects. Of course. prejudice does 
not require a rational basis, let alone 
an evolutionary one, but the myth of ma- 
jor genetic differences across "races" is 
nonetheless worth dismissing with genetic 
ex idence 
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Biosequence Exegesis 
Mark S. Boguski 

Annotation of large-scale gene sequence data will benefit from compre- 
hensive and consistent application of well-documented, standard analysis 
methods and from progressive and vigilant efforts to ensure quality and 
utility and to keep the annotation up to date. However, it is imperative to 
learn how to apply information derived from functional genomics and 
proteomics technologies to conceptualize and explain the behaviors of 
biological systems. Quantitative and dynamical models of systems behav- 
iors will supersede the limited and static forms of single-gene annotation 
that are now the norm. Molecular biological epistemology will increasingly 
encompass both teleological and causal explanations. 

The sequences of proteins (and a felt nucleic tein sequences began to be supplanted by 
acids) had slowly been accun~ulating in the conceptual translations (using the genetic 
literature since Sanger's seminal work on the code) of DNA sequences into their cognate 
structure of insulin in the 1950s. Howex-er; gene products. For the next 15 years, se- 
the real catalyst for the expanding depth and quence data colltillued to be so novel and 
scope of our knowledge of macron~olecular rex-ealing that each new example was reported 
sequences was the development of rapid in a peer-reviewed publication accompanied 
DNA-sequencing teclmologies in 1975 (1) .  by a richly detailed interpretation derived 
At that point, the direct determination of pro- from the biological hypothesis or context that 

led to the cloning of a  articular gene in the - - 
first dace. [In one case. which seems remark- 

Nat ional  Center for Biotechnology Information, Na- 
t ional  Library of Medicine, Nat ional  Institutes o f  

able in hindsight; the cloning of the first 
Health. 8600  Rockville Pike. Bethesda. MD 20894. lnamlnalian RNA (nlRNA) in 
USA. 1977 merited three separate publications in 

the journal Cell, one describing the 5' un- 
translated region, another the 3 ' untranslated 
region, and another the coding sequence of 
rabbit P globin nlRIiA.1 Often there were 
Inany follow-up publications about palticu- 
larly important genes or proteins that resulted 
in an even richer and more complete "anno- 
tation" (in the literature) of the biological 
processes in which a sequence was involved. 
This was the era of "functional cloning," the 
hallmark of which was "filnction first. se- 
quence later." In that era, database siinilarity 
(or "homology") searching was a hit-or-miss 
activity. characterized by frequent misses and 
rare hits, the latter usually being extrenlely 
rewarding and informative and engendering 
the palpable excitement of ground-breaking 
discoveries (2). On the order of 10,000 mam- 
malian genes have been f~~nctionally cloned 
oker the past two decades 

In the late 1980s and early 1990s. the meth- 
od of filnctional clonlng mas emlched by a 
powerful new approach, positional clonlng (3) 
In this approach, one begins n ith a phenotype. 
proceeds through genetic linkage and physical 
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1 mapping. and then obtains the sequence ui~der- has been of iimnense value to biology and has 
lying the phenotype solely by viin~e of its lo- created a thriving field of coinparative ge- 
cation (position) ill the gellome. (Studies to nomics, it has also created da~~nting challenges 
elucidate the biochemistry or pathophysiology for both experimental and computatiollal 
of the gene come aftelward.) Again. the lnaluler biologists. 
in which these cloning experiments take place There was a hiining point in 1995; lvhen the 
produces informative annotation of the se- number of genes UI the database began to ex- 
quences in the literature and archival sequence ceed the number of papers in the literahire (Fig. 
databases. On the order of several hundred 1). The resultant gap between sequences and 
mammalian genes hax-e been isolated with this classical approaches to discover and airnotate 
approach or the related approach of "positional their fi~nctions is diverging to such a1 extent 
candidate" cloning. that it is now widely accepted that we cai~ilot 

With the genesis of the Huinan Genome realistically expect traditional experimental 
Project and the development of associated strat- methods to scale up and have a substantial 
egies for rapid gene discox-ely made possible by impact on bridging this gap. 
the automation of sequencing technology, the Faced with this dilemma; many researchers 
tide began to turn in the early 1990s (4). Shldies resorted to bioinfoimatics approaches alone in 
started to appear in the literature that reported a1 attempt to add "x-alue" to this data. Unfor- 
the cloning of l~~lndreds to thousands of new tunately. in one sense; coi~lputational sequence 
genes in a single paper. The only "arulotation" analysis. although one of the most powerful and 
for these new sequences consisted of conlputa- i~llporta~~t tools in lnolecular biology for the 
tional similarity studies that segregated the new past 17 years. is now approaching a wall in 
genes into categories of colnpletely novel se- terins of its ability to reveal detailed and reliable 
quences or sequences that were identical or inferences about the biological iinplications of 
related (homologous) to known, filnctionally sequence data. This situation has little to do 
cloned genes already in the database. As tens of with the speed and sensitivity of search and 
thousands, then hundreds of thousands. then aligmlent programs or accessibility issues re- 
rnillions of expressed gene fragments fiom a lating to the World Wide Web. Rather; it has to 
variety of organisms were produced over the do with the accuracy and organization of the 
next 8 years, the frequency of "hits" in database data and tlle reliability; consistency, and up-to- 
searches increased dramatically. Howex-er. the dateness of the annotation (experimental or 
average infolmativeness of these hits was sub- con~putational) associated with it. At present, it 
sta~~tially decreased. and. consequently. annota- is prudent to x-iew most alulotatiolls as hypoth- 
tion-by-homology began to degrade in quality. eses with some probability of being incomplete. 
if not quantity. Adding to these circ~unstances misleading, or even incorrect. 
was the increasing ax-ailability of complete ge- Ex-en for functioilally cloned genes, pub- 
iloine sequences for both single-cell and nleta- lished interpretations of sequence data today are 
zoan organisms coiltainiilg thousands to tens of often quite speculative, unsupported by ade- 
thousands of predicted genes, most of which q ~ ~ a t e  doc~~inentation of statistical significance, 
were accoinpailied by no illdepeildent ex-idence or lacking details necessaly for reproducibility. 
of hnctionality or even expression. The se- I11 ally event, such airnotations are almost in- 
quence databases began to accun~ulate vast stantly outdated by the tsunami of new data that 
numbers of enhies merely labeled as "OW" washes over the cormn~mity daily. Thus; anno- 
(open reading frame? coilceptual translation) or tations of unceifai11 or time-limited value be- 
"hypothetical protein,"ofteiltimes further anno- come enshrined in secoildary archives and are 
tated by an automated, computatioilal assess- propagated by transitivity whereby new se- 
merit of sirnilaiity to some other ltno~vn gene or quences are compared against old and annota- 
gene product. Although this wealth of new data tioil is transferred as a chain of weak inferences 

Fig. 1. Cumulative in- 6,000,000 
creases of published ar- 
ticles in molecular biol- 5,000.000 
OgY and genetics and Human Genome 
DNA sequence records Project Begun 
in GenBank. Accumula- 
tions of articles in the 2,000,000 1 1 I 
"G5" subset of MED- 1,000,000 , - 
LINE are charted along- 
side GenBank records 0 ----------------- I 

over the same t ime pe- 1975 1980 1985 1990 1995 2000 
riod. The former data 
were obtained wi th the - -Publ icat ions -DNA sequences 1 
help of R. M. Woods- 
mall, and values for 1999 were extrapolated based on the first 9 months of the year. Data on GenBank 
growth are available in GenBank Release Notes at www.ncbi.nlm.nih.gov. Growth since release 113.0 
(15 August 1999) t o  the end of the year was extrapolated by M. Cavanaugh. N o  attempt was made t o  
eliminate redundancies in the information content of either GenBank records or articles in the literature. 

to many other (usually "hypothetical") proteins. 
Gene prediction teclu~ology is still not reliable 
enough (in the absence of corresponding full- 
length I W A  sequences or comprehensive 
comparative genoinic data fiom another spe- 
cies, for example, human and mouse) to pro- 
duce accurate models of transcliption units. In 
principle. all of these problems are soluble gix-- 
en enough time and resources to improve and 
expand the infrastructure of experimental vali- 
dations and to provide periodic reassessments 
and rex-isions of computed feahires with the 
new infolnlation and improx-ed methods (5).  

Apart from these issues. which are essen- 
tially issues of progressive and vigilant quality 
assmance, there are more fundamental and dif- 
ficult problems to face. One of these is the fact 
that a single gene or protein may have nlultiple 
folms and functions that are context-dependent 
and that can never be fully understood by se- 
quence analysis alone. [The phenomenon of 
"one protein-many fi~nctions" has beenL< re- 
ferred to as "n~oonlighting" in a recent publica- 
tioil (6).] Furthermore. one of the important 
lessons from gene kilockout experiments is that 
some genes inay appear to have no recogniz- 
able phenotpe or functioil at all. There are 
several explanations for this. One may sinlply 
not be assaying for phenotype or hnction under 
the precise environmental or developmental cir- 
cuinstances under which it would be revealed. 
Additionally (and particularly in more complex 
organisms); there may be so many "fail safe" 
systems. redundancies, or convergent pathways 
(7) in the genome blueprint that surrogates are 
often able to fill in for the missing or damaged 
players. Also, sonle genes inay be skeuoinorphs 
(a term from archaeology); that is, an adaptation 
that is no longer functional but that was hnc-  
tional at an earlier time (8. p. 17). Other genic 
entities may be pseudogenes or even proto- 
genes that may be awaiting an ex-olutionary 
oppostunity to be called into new service. 

Besides bioinformatics, another response to 
the challenge of massive amounts of sequence 
data was the development of "functional 
genomics" and "proteomics" teclmologies in 
the mid-1990s. Functional genomics refers to 
the development and application of global (ge- 
nome-wide or system-wide) experimental ap- 
proaches to assess gene function or activity by 
making use of the information and reagents 
provided by genome mapping and sequencing 
projects (9). It is characterized by high-tllrough- 
put or large-scale experimental!methodologies, 
and the fundamental strategy is to expand the 
scope of biological investigatio'ri~from studying 
single genes or proteins to studying all genes or 
proteins at once in a systematic fashion. In 
contrast to the intimate details of function that 
traditional biological disciplines provide, hnc- 
tional genomics and proteomics produce much 
broader but shallower information about large 
numbers of genes and proteins. These ap- 
proaches often result in conclusions such as 

454 15 OCTOBER 1999  V O L  286 SCIENCE www.sciencemag.org 



"the function of protein A is to interact with 
protein B" or "the expression of gene X is 
correlated (or anticorrelated) with the expres- 
sion of gene Y." Although conclusions of this 
nature may have a hollow ring to those trained 
in a different mode of investigation, the meth- 
odologies leading to such conclusions may re- 
deem themselves by providing powerful new 
perspectives on the holistic operation of biolog- 
ical systems-the "big picture" view. This out- 
look may even change the way in which we 
phrase our questions from "what is the function 
of this protein?" to "what roles does this se- 
quence play in one or more biological processes 
that are operational under these conditions?" 

According to W7einer (lo)? the Drosophila 
genetics of Thomas Hunt Morgan started a 
whole century of talk of "a gene for " 
(fill in the blank). Actually the question of 
"what does it mean to ascribe a function to 
something" has permeated biological thought 
for centuries. Following the discussion by So- 
ber (11. p. 85). functional statements make 
claims about why an entity is there. What is the 
function of the heart? To serve as the seat of 
emotion? To occupy space in the chest and 
make noise? Or to pump blood? The true func- 
tion of the heart only became apparent in 1616 
when William Harvey considered it as part of a 
larger system. the circulatory system (although 
that "making noise" thing did prove to be useful 
clinically). 

Philosophers of science have suggested that 
biology might benefit from a deemphasis on 
teleological (functional) concepts and explana- 
tions (11; p. 83). (Physics abandoned its teleol- 
ogy in favor of ca~lsal explanations during the 
scientific revolution of the 17th century. and it 

will be interesting to see if modern physicists 
now moving into biological research will main- 
tain this tradition.) Despite the great heuristic 
value of teleological explanations and our de- 
sire to annotate individual genes with specific 
functions: this mind-set might actually hinder 
our ability to fully comprehend the outputs of 
"functional" genomics methodologies. An un- 
anticipated benefit of these new technologies 
may indeed be an expansion of our biological 
epistemology in a new world of teleologically 
independent, discovery-driven research. 

"What is true for E[sclzerichia] coli is true 
for the elephant," asserted Jacques Monod dur- 
ing the heroic age of molecular biology when it 
was first imagined that all of the complexities 
of living systems could be derived from a few 
basic principles and mechanisms (12, p. 592). 
However, organisms are multiform? intricate? 
and elaborate physical systems with their oper- 
ational and regulatory parts assembled by a 
series of evolutionary contingencies. In the 
words of Elwin Chargaff. living things display 
an "immensely diversified phenomenology" 
that is subject to change in response to innu- 
merable environmental conditions and develop- 
mental states. Gene expression profiling 
"chips" and other types of "functional" genom- 
ics technologies will be unveiling many new 
features or behaviors of genes and protein 
sequences that will have to be taken into 
account if we are to fully understand and 
annotate their activities. But it will not be 
easy. To paraphrase Hayles (8; p. 22); anno- 
tations: insofar as they represent infonnation- 
a1 patterns abstracted from their instantiation 
in a biological substrate, "can never fully 
capture the embodied actuality, unless they 

are as prolix and noisy as the body itself" 
The future may lie in a new vision of 

annotation that supersedes static, "reposito- 
ry biology" with a dynamic "virtual cell" 
(13) in which most properties and behav- 
iors can be quantitatively modeled and dy- 
namically represented in all of their inter- 
connected complexity. Some progress to- 
ward such a goal has been made in recent 
work that elucidated the consequences of 
altered gene expression in heart failure (14) 
in a way that William Harvey. four centu- 
ries ago, could not have imagined but 
would surely appreciate as the first practi- 
tioiler of "systeins biology." 
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The Mammalian Cene Collection 
Robert L. Strausberg," Elise A. Feingold,' Richard D. KLausner,"* Francis S. Collins,'* 

The Mammalian Cene Collection (MCC) project is a new ef for t  by  the NIH 
t o  generate full-length complementary DNA (cDNA) resources. This 
project w i l l  provide publicly accessible resources t o  the fu l l  research 
community. The MCC project entails the production o f  libraries, sequenc- 
ing, and database and repository development, as we l l  as the support o f  
l ibrary construction, sequencing, and analytic technologies dedicated t o  
the goal o f  obtaining a fu l l  set o f  human and other mammalian full-length 
(open reading frame) sequences and clones o f  expressed genes. 

It is not yet routine to identify all possible 
mammalian genomic regions that are tran- 
scribed. This is in part because much of the 
DNA does not encode gene transcripts, and the 
rules of transcription and transcript processing 

'National Cancer Institute, 2Nat ional  Human Genome 
Research Institute, Nat ional  Institutes o f  Health, Be- 
thesda, MD 20892, USA. 

*To w h o m  correspondence should be addressed. 

are not yet fully understood. A particularly 
powerful material for studying gene expression, 
therefore, is cDNA, which is DNA reverse- 
transcribed from a complete RNA molecule 
that represents the full-length? expressed gene 
transcript. Indeed, one of the most effective and 
widespread manifestations of the genomics rev- 
olution has been the ready public access to 
cDNA libraries, sequences, and clones. The 
value of having such resources has been recog- 

nized since the early plarming phases of the 
Human Genome Project (HGP) (I). However. 
it was also clear at that time that the develop- 
ment of an annotated and coinplete catalog of 
full-length human cDNAs (with sizes ranging 
from < 1 to > 10 kb for the array of human 
genes) would require advances in nlethodology 
and strategy. as well as improved reagents. 
Moreover, cost-effective DNA sequencing of 
tens to hundreds of thousands of full-length 
cDNAs would require teclmological advances 
not available at the stai-t of the HGP. 

In 1991. Venter and colleagues (2) devel- 
oped a conceph~ally different approach to the 
establishment of systematic cDNA resources, 
tei~ned the expressed sequence tag (EST) strat- 
egy. Although the sequence tags covered only a 
segment of the gene, and the clones were gen- 
erally not full length, their utility for gene iden- 
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