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Computer Speed and 
Sequence Comparison 

Despite recent well-known advances in com- 
puter performance, it is st111 a commonly and 
erroneously held belief that rigorous sequence 
comparison methods are too expensive.to use 
for protein database scanning. 

In their recent report "Exhaustive match- 
ing of the entire protein sequence database," 
(5 June, p. 1443), .Gaston H. Gonnet et al. 
suggest that the full self-comparison of the 
protein database would require lo6 years of 
computer time (1) without reorganization of 
the sequence data by indexing on a patricia 
tree. The implication is that such a task is 
beyond the capabilities of today's worksta- 
tions. 

The Smith-Watennan (2) local similarity 
algorithm, in common with other rigorous 
methods (1, 3), requires MN steps to calcu- 
late the optimum score for aligning two se- 
quences of length M and N, which includes a 
consideration of insertions and deletions. To 
p,rovide a fair test of modem computers, I 
have implemented this algorithm in C lan- 
guage, taking care to optimize the most fre- 
quently executed parts of the program. 

When run on a Hewlett-Packard 730 
(HP730) workstation, with the 141-residue 
human a-hemoglobin as a query, the pro- 
gram takes368 seconds to scan the 25,044 
sequences (8,375,696 residues) in the 
SwissProt database release number 22. Six 
minutes is a reasonable scan time that com- 
pares favorably with IntelliGenetics Inc.'s 
BLAZE, one of the speediest programs. For 
the same query, BLAZE runs a factor of 17.5 
faster, but only on a dedicated 4096 processor 
MasPar computer. The HP730 time corre- 
sponds to 3.2 million array operations per 
second. The complete, rigorous self-compari- 
son of the SwissProt data that has been 
considered impossible would require 3.5 x 
1013 such operations, or 4.5 months of central 
processing unit time to complete on an 
HP730. Simple distributed processing tech- 
niques could reduce ths  figure to a few weeks 
(5). Single processor computers from DEC 
promise speeds up to 'four times the HP730 
and would provide similar times on a single 
workstation. 

Since the mid-1980s, the speed of typical 
laboratory computers has increased by a factor 
of 70, whde their cost has been reduced by a 
factor of 10. In contrast, over the same ~eriod 
the database of known protein sequences has 
increased only by a factor of 8. If we ignore 
cost-performance gains, today's conventional 

comvuters are at least nine times faster at 
scanning today's database than the machnes 
in 1985 were on a contemporary databank. It 
seems likely that single processor computer 
technology will continue to keep ahead of the 
protein database until the large-scale automa- 
tion of DNA sequencing becomes a reality. 
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Response: We stated in our article that "an 
exhaustive matching of the entire sequence 
database with the Needleman-Wunsch (I) 
algorithm has been thought to be essentially 
impossible" (italics added), quoting an expert 
in the field (2). If each painvise comparison 
required 1 second to execute, then the time 
required for an algorithmically naive match- 
ing would be greater than a million years. 

To the extent that we (and others) have 
not fully recognized the computational power 
of some of today's fastest computers, Barton's 
comments are enlightening. However, our 
approach and Barton's differ in three funda- 
mental ways, all interesting to the general 
scientist who wants to use sequence align- 
ments without becoming entangled in its 
mathematics. 

First, there are always two approaches to 
solving major computational problems. One 
relies on ever-increasing computational power 
to speed brute force solutions. Our approach is 
to improve the algorithms used. While both 
improved computers and improved algorithms 
will speed any process, Barton's assured reli- 
ance on increasing computational power 
alone is based on a misleading calculation 
about the ability of such power (up by a factor 
or 70 since the mid-1980s) to keep pace with 
growth in the database (up by a factor of 8). 
As an exhaustive matching by naive algo- 
rithms increases with the size of the data base 
squared, computational power has in fact bare- 
ly kept pace with increase in the size of the 
database, even without genome sequencing 
projects and automated sequence collection. 

Next, Barton implements the Smith-Wa- 
terman (SW) algorithm (3), which finds only 
a single match between two sequences. For 
example, let sequence A be composed of 
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blocks [a b c dl and sequence B of blocks [w 
x y z ] .  Suppose that the best alignment of 
~ortions of the two seauences is b:x. SW will 
report it. However, other close (but less 
close) matches (for example, z:d) will be 
overlooked by SW. Further, the SW algo- 
rithm does not detect self-matches within a 
sequence. Thus, one reason Barton's ap- 
proach is so fast is because it does not yield 
an exhaustive matching. 

Finally, the practicing biochemists 
among us are always impressed by the power 
of modem computers. We are more im- 
pressed, however, when this power is ap- 
plied to solve interesting problems. Predict- 
ing de novo the folded structure of proteins 
( 4 ,  designing de novo proteins that fold 
and catalyze reactions ( 3 ,  and constructing 
models for ancient forms of life (6) are ~, 

activities that can benefit from our exhaus- 
tive matching. Perhaps the most important 
point of Barton's note is that neither these 
activities nor the exhaustive matching itself 
came from those using the most advanced 
computers. 

Steven A. Benner 
Mark A. Cohen 

Institute for Organic Chemistry, 
Eldgdssische Technische Hochschuk, 

8092 Zurich, Switzerland 
Gaston H. Gonnet 

Institute for Scientific Computation, 
Eldgdssische Technische Hochschuk 

REFERENCES 

1. S. B. Needleman and C. D. Wunsch, J. Mol. Biol. 
48 443 (1970). 

2. W. Taylor, Nature 353, 388 (1991). 
3. T. F. Smith and M. S. Waterman J. Mol. Biol. 147, 

195 (1981). 
4. S. A. Benner, Curr. Opin. Struct. Biol. 2, 402 

(1 992). 
5. K. Johnsson, R. K. Allemann, S. A. Benner, in 

Molecular Mechanisms in Bioorganic Processes, 
C. Bleasdale and B. T. Golding, Eds. (Royal 
Society of Chemistry, London, United Kingdom, 
1990), p. 166. 

6. S. A. Benner, A. D. Ellington, A. Tauer, Proc. Natl. 
Acad. Sci. U.S.A. 86, 7054 (1 989). 

Yeast Biology 

I read with interest the Research News article 
"Yeast biology enters a surprising new phase" 
by Michelle H o h a n  (20 Mar., p. 1510). 
The article states that "Saccharomyces was 
believed to have only the unicellular phase. 
Untll now." The authors of the Cell paper 
discussed in the article (I) describe pseudohy- 
phal growth, a dimorphc transition in the life 
cycle of Saccharomyces cerevisiae. Although 
they refer to earlier work in which pseudohy- 
phal growth was noted (Guilliermond, 1920; 
Brown and Hough, 1965; Lodder, 1970; Eu- 
banks and Beuchat, 1982), they class* these 
as anecdotal references. It is surprising to me 

that in the Cell article no mention was made 
of the work done by Lindegren and others on 
the genetics of yeast in the 1950s. Townsend 
and Lindegren (2) described growth patterns 
of d&erent members of a polyploid series of 
Saccharomyces. There are also any number of 
botany textbooks that refer to the pseudohy- 
phae in Saccharomyces. Dittmer's text Phy- 
logeny and Form in the Plant Kingdom ( 3 )  
states, "in a colony of actively growing yeast 
it is quite common to find chains of cells 
with hyphalike characteristics." 

R. Witkus 
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In contrast to the statements in the article 
to this effect, it has been known for more 
than 70 years that Saccharomyces cerevisiae, 
among many other yeasts, may form 
pseudomycelium under special conditions. 
In fact, this property is a major determina- 
tion characteristic in yeast taxonomy and 
identification. The p hen omen on is well 
documented for Saccharomyces species (1 ) . 
The media used to obtain pseudomycelium 
reproducibly (or true mycelium for other 
yeasts) have been described in detail in the 
taxonomic handbooks. While we agree that 
a molecular study of the formation of 
pseudomycelia in Saccharomyces cerevisae 
has not been carried out before, we stress 
that the occurrence of pseudomycelium in 
baker's yeast is well known to almost any 
yeast physiologist or taxonomist. 
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HofFman writes that "[w]hile many related 
molds, such as the human pathogen Can- 
dlda albicans, exist in two phases (a unicel- 
lular yeast and a multicellular filamentous 
phase) . . . Saccharomyces was believed to 
have only the unicellular yeast phase. Until 

now." The article proceeds to elaborate on 
the "news" that Saccharomyces can also 
produce a filamentous phase. 

In 1886, E. C. Hansen described Sac- 
charomyces cerevisiae Hansen ( I ) ,  and in 
1890, W. Zopf wrote (2) (Fig. 1) (roughly 
translated) 

E. Chr. Hansen had first reported that the 
Saccharomyces-like yeasts, in general, are capa- 
ble of producing another shape, that is, a typical 
chain-like mycelium. This is found in a particu- 
larly distinct form in the beer yeasts, for exam- 
ple, in Saccharomyces cerevisiae Hansen. From 
this it is clear that the view found in all books, 
that the yeast fungi are "one-celled" growth 
forms, is to be dismissed as erroneous. 

Fig. 1. Drawing of Saccharomyces cerevisiae 
from Hansen's description, reproduced by Zopf 
(2), showing the filamentous growth of the 
species. [From (2), figure 113, p. 421)] 

Elsewhere in H o h a n ' s  article and in 
the original Cell paper by Gimeno et al. are 
aspects of the yeast-filament switch that are 
truly newsworthy. Gimeno et al. went far 
beyond Zopf in considering the switch from 
single-cell to filamentous growth form in 
relation to ploidy, in looking at polar versus 
nonpolar growth, and in considering its 
potential infuture investigations into devel- 
opmental biology. 
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