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ABSTRACT

A simple procedure is described for finding similarities between proteins
using nucleotide sequence databases. The approach is illustrated by several
examples of previously unknown correspondences with important biological
implications: Drosophila elongation factor Tu is shown to be encoded by two
genes that are differently expressed during development; a cluster of three
Drosophila genes likely encode maltases; a flesh-fly fat body protein
resembles the hypothesized Drosophila alcohol dehydrogenase ancestral protein;
an unknown protein encoded at the multifunctional E. coli hisT locus resembles
aspartate p-semialdehyde dehydrogenase; and the E. coll tyrR protein is
related to nitrogen regulatory proteins. These and other matches were
discovered using a personal computer of the type available in most
laboratories collecting DNA sequence data. As relatively few sequences were
sampled to find these matches, it is likely that much of the existing data has
not been adequately examined.

INTRODUCTION
The detection of amino acid sequence similarities between proteins identified
in unrelated studies has proven to be a valuable tool for studying gene
function. Important examples include the similarities between various
oncogenes and proteins of known function, first with the finding that the v-
sis protein is related to platelet derived growth factor (1), and more
recently with the finding that the jun protein partially resembles yeast GCN4,
a DNA-binding regulatory protein (2). Such discoveries were possible because
amino acid sequences of known proteins have been searched for unexpected
similarities to nev sequences. The protein databases that have been used for
such searches (3) are neither complete nor up-to-date, since the large
majority of new sequence data comes from nucleotide sequence, initially
collected in DNA databases. Therefore, it has been difficult for researchers
to do an exhaustive survey of all sequences for similarities to newly
determined ones.

We show here that searching of DNA databases for amino acid sequence
similarities is an effective and reliable approach to finding useful
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correspondences between proteins. We illustrate this approach with several
examples of amino acid sequences of previously unknown function which we show
are related to other amino acid sequences, leading to unexpected biological
insights in each case. This simple method was carried out entirely on a
relatively modest personal computer using a commercially available software
package; therefore, the approach is available to the general population of
molecular biologists and biochemists. The ease of finding previously
unrecognized matches, several of which are of clear importance, indicates that

existing data often are not adequately analyzed.

MATERIALS AND METHODS
Database searches and dot matrix and alignment procedures were performed using
GENEPRO version 4.1 software and GenBank 52.0 obtained from Riverside
Scientific (18332 57th Ave. N.E., Seattle, Washington 98155). Searches were
done on a BIOS AT personal computer (IBM AT-compatible) equipped with a
Miniscribe 44 Meg hard disk, obtained from Lang Systems, Arlington,
Massachusetts.

Generally, a "query sequence" or "probe", consisting of an unidentified
open reading frame (ORF) obtained from the GenBank 52.0 database, was
conceptually translated into protein and compared to every possible translated

reading frame of every nucleotide sequence in the database. The software that
we used performed these operations by fetching an individual nucleotide
sequence, translating each reading frame into protein, comparing that reading
frame with the probe, repeating the comparison for the next reading frame and
then repeating the entire operation for the next nucleotide sequence.

The comparison strategy was to align 30 amino acids of the probe with a
stretch of 30 amino acids from a database sequence and calculate a log-odds
score, which measures the likelihood that two aligned amino acids are
functionally equivalent (4, 5). The probe was then aligned with the next
stretch of translated sequence and a log-odds score calculated. In order to
reduce the number of unproductive alignments, only sequences in which one or
more dipeptides match between the probe and the translated database sequences
vere considered (6). To reduce the likelihood of missing optimal matches, all
possible ungapped alignments including one or more dipeptide matches were made
(7). The entire procedure typically required a few hours to search the entire
GenBank 52.0 database on our "AT clone" computer. Although we used the search
comparison procedure in the GENEPRO software package, the DNA database
searching strategy should be easily incorporated into other search programs.

Following each completed search, the distribution of the best log-odds
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score for each DNA sequence was inspected. Typically, the best log-odds
scores for spurious matches were 9.8 using a window of 30 residues. For each
of the matches described in this report, a score of at least 10.4 was obtained
in the search. Standard dot matrix and alignment procedures based on log-odds
scores vere then performed on the two protein sequences in order to extend and
verify the similarity. In each case reported here, a match obtained by
database searching was found to extend much further, particularly when
occasional gaps were introduced.

RESULTS

Searching of DNA databases for amino acid sequence similarities

The searching strategy involves comparison of a probe to an entire DNA
database translated into all possible reading frames. A standard searching
protocol for protein similarities is used. The effectiveness of this
procedure is demonstrated by examination of the log-odds scores for a search

of GenBank 52.0 using a portion of the Drosophila melanogaster Antp gene

predicted amino acid sequence as probe (8, 9). A conserved 61 amino acid
segment of this sequence, called the "homeo-box", has been found in this and
several other Drosophila genes that regulate segmentation in the fly, leading
to the isolation of homologous segments from unrelated organisms. When the
homeo-box amino acid sequence is used to probe GenBank, a clearly biphasic
log-odds distribution is seen, with 37 entries showing best log-odds scores
between 10.4 and 14.0, while the remaining ca. 14,000 entries showed log-odds
scores of 9.8 or less. All 37 entries have been identified as homeo-box
proteins, mostly isolated on that basis. A search of the GenBank 52.0
annotations fails to find a known homeo-box protein that is not among these 37
entries, indicating that this search procedure is capable of picking up all
real homologies without interference from spurious matches.

The following examples illustrate the types of correspondences that have
been found using this procedure for a variety of probe sequences. Each of the
10 homologies described below does not appear to have been previously
recognized, as determined by searches of the literature and by contact of
experts in the appropriate areas.

Two differently regulated Drosophila genes encode elongation factor Tu

In a search for genes expressed specifically in females, two unlinked and
abundantly expressed genes were found to encode proteins that are identical at
90% of aligned residues (10). The mRNA of one of these genes, called F1,
accumulates at highest levels early in embryogenesis, with gradual reduction
in amount during development. Female adults show very high transcript levels.
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1. D. melanogaster F1 protein (Dr) aligned with cytoplasmic EF-Tu sequences
from Artemia salina (Ar), humans (Hu), S. cerevisiae (Ye) and Mucor racemosa

(Mu). OnIy differences from the Drosophila sequence are shown, vhere dashes
indicate missing residues.

The other gene, called F2, appears to be abundantly expressed only during the
pupal stage, and is present in both male and female adults. The much higher
level of similarity between F1 and F2 at the amino acid sequence level than at
the nucleotide sequence level suggested to the authors that the two genes have
been maintained by strong selection for biological function. Our search of
GenBank using the predicted F1 protein as probe reveals that it, and likely F2
as well, are the D. melanogaster cytoplasmic elongation factors Tu (EF-Tu,
sometimes known as EF-1la). This conclusion is based on the striking
similarity of F1 to the amino acid sequences of known cytoplasmic EF-Tu
proteins (Figure 1). The predicted amino acid sequence of one of these genes,
Fl, is identical to tﬁat of Artemia (brine shrimp) EF-Tu (11) at 88% of the
463 residues. The F1 protein shows 84X identity to human EF-Tu (12), 78% to
Saccharomyces cerevisiae EF-Tu (13, 14) and 77% to EF-Tu of Mucor racemosa

(15), a mycelial fungus.

EF-Tu is one of the most abundant cellular proteins, promoting the GTP-
dependent binding of aminoacyl-tRNA to the ribosome. Developmental regulation
of an EF-Tu gene has been recently reported in mouse erythroleukemia cells,
vhere differentiation was found to be correlated with reduced mRNA
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2. D. melanogaster predicted H, D, and L proteins aligned with one another
and with S. carisbergensis (Y) maltase. Asterisks indicate identical residues
between yeast maltase and any one of the Drosophila sequences.

accumulation (16). It was suggested that changes in abundance of EF-Tu might
lead to the preferred synthesis of certain proteins. If so, then complex in
vivo expression of these two "housekeeping" genes in Drosophila is potentially
responsible for translational regulation of large numbers of genes involved in
development. Our finding is expected to lead to further studies of EF-Tu in
Drosophila, likely the ideal organism for developmental studies.

A cluster of three similar Drosophila genes appear to encode maltases

In order to determine the limits of a cluster of larval cuticle protein genes
in D. melanogaster, Snyder and Davidson (17) characterized an immediately
adjacent region in molecular detail. This region, called HDL, itself encoded
a cluster of three related genes on both strands. Sequence and
transcriptional analyses of H, D and L suggested that all encoded secreted
proteins of similar function needed during both larval and adult stages. Our
search of GenBank reveals that the HDL proteins are strikingly similar to the
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amino acid sequence predicted for yeast maltase, the enzyme that hydrolyzes
maltose to two molecules of glucose (18). §S. carlesbergensis maltase aligns
with the HDL proteins revealing a level of amino acid sequence similarity of
33% overall, much higher in the NHZ-terminal one-third of the molecules
(Figure 2). The HDL proteins are not likely to be enzymes other than maltase,
since several other disaccharidases have been sequenced, yet none show
significant similarity to yeast maltase or to the HDL proteins (data not
shown). It is interesting that the only other significant matches detected in
the search were three different enzymes that can hydrolyze polysaccharides to
disaccharides: Klebsiella pneumoniae cyclodextrin-glycosltransferase (19),
Bacillus polymyxa B-amylase (20) and Bacillus subtilis amylase (21). These
show short regions of similarity to H, D and L and to yeast maltase (data not

shown) suggesting that maltases are related by descent to enzymes that yield
maltose as a product.

The NHZ-terminal 10-20 amino acids of H, D and L that form the highly
hydrophobic putative signal peptides extend just beyond the corresponding NHZ-
terminal region of yeast maltase in the alignment, consistent with the
cytoplasmic localization of yeast maltase and the prediction by Snyder and
Davidson (17) that H, D and L encode secreted proteins. Furthermore, their
prediction that these proteins might be involved in digestion is consistent
with them being maltases, since digestion of starch requires maltase, in
addition to a-amylase, to produce glucose for absorption in the gut. Our
finding that the Drosophila maltases are likely to be H, D and L should aid in
the understanding of carbohydrate metabolism and its regulation in an animal.
A Sarcophaga protein found in the fat body resembles Drosophila alcohol

dehydrogenase
The flesh-fly, Sarcophaga pergrina, expresses an abundant mRNA in fat body

encoding a 25 kD protein of unknown function (22). Our search of GenBank
using this protein as probe reveals regions of highly significant similarity
to the alcohol dehydrogenases (ADHs) of various Drosophila species (Figure 3).
Further evidence that the 25 kD protein and the ADHs are derived from a common
ancestor is that the two Adh introns in coding sequence correspond precisely
in position to two of the three introns in the Sarcophaga gene encoding the 25
kD protein. However, the 25 kD protein is not likely to be an ADH. The
extent of sequence similarity, 37%, is much less than one might expect if the
25 kD protein were an ADH, considering that Drosophila and Sarcophaga are both

dipteran flies and that ADHs from even distant Drosophila species are nearly
identical in amino acid sequence. Also, the Sarcophaga protein is about 70
amino acids shorter than Drosophila ADH at the COOH-terminal. Therefore, this
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3. a) Sarcophaga 25 kD fat body protein (Sar25k) aligned with alcohol
dehydrogenases from D. melanogaster (DmADH) and D. pseudoobscura (DpADH).
Matches between the 25 protein and D. melanogaster ADH are indicated by

asterisks. Differences between D. melanogaster ADH and the D. pseudoobscura
proteins are shown. The ADH-like protein from D. pseudoobscura (DpADH1) is
also shown, where residues that align with matching residues in the 25 kD
protein are underlined.

25 kD protein is likely to have a different function, perhaps involved in
physiological degradation of the fat body during metamorphosis as proposed
earlier (23).

Drosophila ADH has been somewhat of a puzzle when compared to ADHs from
other organisms, as its amino acid sequence does not align significantly with
those of the other ADHs (24). Yet ADHs from organisms as distant as yeast and
mammals are clearly conserved in primary structure. A reasonable explanation
is that Drosophila ADH evolved more recently from a different protein, perhaps
after loss of the "universal" Adh gene sequence. Schaeffer and Aquadro (25)
have described a copy of an Adh-like gene in tandem with the Drosophila
pseudoobscura Adh gene but highly diverged from it. This Adh-like gene has
introns in the same position as in Adh, but it does not appear to encode an
ADH. It is interesting that the Sarcophaga 25 kD protein, when aligned with
the ADH-like protein, shows sequence similarities in some instances where both
differ from ADH (underlined residues in Figure 3). Therefore, it is possible
that the tandem D. pseudoobscura genes arose from an ancestral sequence
similar to that encoding the 25 kD protein, perhaps with a similar function.

A protein encoded at the hisT operon resembles aspartate B-semialdehyde

dehyrogenase
The hisT operon encodes four proteins, only two of which have identified

functions (26). The protein product of hisT, pseudouridine synthase, is
encoded by the third gene in the operon. The first gene in the operon
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4. a) Alignment of E. coli usg-1 and S. mutans asd predicted proteins.

corresponds to the previously identified pdxB gene encoding an enzymatic
activity in the pyridoxal phosphate pathway. Determining the function of the
second gene in the operon, usg-1l, is problematical, since the two flanking
genes are involved in quite different pathways and since no phenotype is
associated with absence of its product (27). Using the predicted usg-1 amino
acid sequence (28) as probe against GenBank, we have found that it is very
similar to the Streptococcus mutans asd gene product (29). An excellent

alignment of the two sequences can be made, with relatively few insertions or
deletions (Figure 4), suggesting that these two proteins are functionally
homologous. The S. mutans gene product is thought to be aspartate -
semialdehyde dehydrogenase, an amino acid biosynthetic enzyme encoded at the
asd locus in E. coli (30). However, the S. mutans asd protein is considerably
more similar to E. coli usg-1 than it is to E. coli asd (28% versus 18%
isology). Perhaps both the S. mutans asd and the E. coli usg-1 proteins can
catalyze the aspartate B-semialdehyde dehydrogenation reaction in enzyme
assays, but utilize a different substrate in vivo.

Arps and Vinkler (26) have proposed that the relationship between hisT and

pdxB can be understood if the operon is involved in some way in global
regulation of amino acid biosynthesis, since the two pathways lead to products
that are important in different ways for several different amino acid
biosynthetic operons. By their reasoning, the other two genes should also be
involved in similar pathways. Our evidence that one of these genes likely
encodes an enzyme capable of catalyzing the asd reaction allows a test of
their hypothesis and could be an important clue to a deeper understanding of
metabolic regulation.

E. coli tyrosine repressor is related to nitrogen regulatory genes

The tyrR protein of E. coli regulates the expression of at least eight
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5. Alignment of E. coli tyrR and K. pneumoniae ntrC proteins.

unlinked operons involved in synthesis of the aromatic amino acids, mostly in
response to the levels of phenylalanine, tyrosine and tryptophan (32). The
existence of similar sequences upstream of the autogenously regulated tyrR
operon and upstream of operons that are regulated by tyrR suggests that the
tyrR protein acts by recognizing a sequence termed the "TYR R box" (33).
Using the tyrR amino acid sequence as probe in a search of GenBank, we have
found that the tyrR protein belongs to a family of proteins that regulate
transcription of operons involved in nitrogen utilization and fixation. The
tyrR repressor aligns with the ntrC protein, involved in general nitrogen
regulation in the enteric bacterium, Klebsiella pneumoniae (Figure 5), with
the K. pneumoniae nifA protein, involved in the regulation of nitrogen
fixation, and with proteins involved in the regulation of nitrogen fixation in
the soil bacterium, Rhizobium meliloti. The similarities between the
Klebsiella and Rhizobium proteins had been demonstrated previously (34-36).
The tyrR and K. pneumoniae ntrC proteins align only within the previously
identified middle domain of the latter, with 53% identical amino acids between
tyrR residues 231-421 and ntrC residues 165-362. This is also the only
extensive region that is conserved between ntrC and nifA (34-36), with 57%
identical amino acids. The equivalent location of this conserved domain in
tyrR, ntrC and nifA suggests that its involvement in transcriptional
regulation is similar for the three proteins.
Other matches

In the above five cases, sequences of unknown or poorly understood function
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were successfully matched with better understood proteins, leading to insights
of biological significance. As well-studied protein sequences are likely to
be present in protein databases, it is not surprising that three of the five
proteins detected were also found in a recent protein database (Table 1).
These could have been detected using a conventional searching strategy.
Hovever, in several cases, we found similarities in which the detected
sequence was absent from the protein databases. These are listed in Table I
and are described below.

Three examples (Table I, 6-8) reveal likely proteins that had not been
identified as ORFs in earlier publications. One previously unrecognized ORF
at one end of the segment that includes the E. coli tyrT locus (37) aligns
with the COOH-terminal portion of GAR transformylases from different
organisms. It is not known whether this is a functional locus, representing

TABLE I
Summary of previously unknown matches detected in this study

Probe sequence Significant Match Isology Aligned Residues

1. D. melanogaster Elongation factor Tu? 78-89% 462
EI protein (several organisms)

2. D. melanogaster S. carlesbergensis 33% 495
HDL proteins maltase

3. Sarcophaga fat Drosophila alcohol 37% 184
body 25 kD protein dehydrogenase (ADH)

4. E. coli usg-1 S. mutans aspartate semi- 27% 414
unknown protein aldehyde dehydrogenase

5. E. coli tyrR K. pneumoniae ntrC, 30% 413
repressor nifA regulatory proteinsa

6. Drosophila GAR E. coli upstream tyrT 27% 131
transformylase

7. S. cerevisiae H. polymorpha ﬁgg 66% 367
TRP2,3 protein downstream protein

8. E. coli thyA VZV partial ORF next to 45% 90
protein glycoprotein gene

9. E. coli folC Putative chloroplast- 39% 201
upstream protein encoded protein

10. E. coli pheA K. pneumoniae ntrA ’ 37% 75
upstream protein downstream fragment

aSequence present in the NBRF-PIR 14.0 protein database.
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the second E. coli gene for this enzyme that had been predicted by earlier
work (38). Here, the portion of the sequence encoding the expected Nﬂz half
of the putative protein has not been determined. Another previously
unrecognized ORF downstream of the Hansenula polymorpha MOX gene (39) encodes

anthranilate synthase:indole-3-glycerol phosphate synthase, as it is identical
to the S. cerevisiae amino acid sequence for this enzymatic activity (40) at
66% of its predicted residues. A third example is a stretch of 273
nucleotides just downstream of a predicted glycoprotein encoded by Varicella-
zoster virus (41) that encodes 108 amino acids on the other DNA strand.
Detected using an E. coli thyA protein probe, this sequence is identical to
the COOH-terminal 91 amino acids of human thymidylate synthase (42) at 70% of
the aligned residues.

In two other cases of highly significant matches (Table I, 9-10), both
predicted amino acid sequences are unknown. One is a match between an ORF
upstream of the E. coli folC gene, apparently encoding the first gene of the
operon (43), and an unknown ORF in both liverwort and tobacco chloroplast
genomes (44, 45). The other is a match between a 113 amino acid unknown ORF
upstream of the E. coli pheA operon (46) and an unidentified ORF downstream of
the Klebsiella pneumoniae ntrA gene (47). The Klebsiella sequence entry ends

after alignment of 28 of the 75 amino acids forming the likely NHz-terminal.

This example demonstrates that partial amino acid sequences, too short to be

recognized as likely protein-coding regions, are sufficient to be detected by
this approach.

DISCUSSION

Ve have shown that simple searching of a nucleotide sequence database using
amino acid sequences as probes is capable of detecting significant homologies.
Most of the examples that we used to illustrate this approach were cases in
which sequences of unknown function were successfully matched with known
genes, leading to identification of the unknown.

Our choice of probes was neither systematic nor random, so that it is
difficult to extrapolate our experience to other unknown sequences. However,
there are several hundred recognized but unknown ORPs compiled in the DNA
databases. Only a small fraction of these have been examined thus far. 1In
addition, a large number of unrecognized protein-coding sequences, such as the
three such examples we described, probably also exist in the data; these
could be detected and perhaps identified using our strategy. This possibility
is particularly applicable to the genomes of higher eukaryotes, where ORFs are
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usually fragmented by introns, and where introns themselves are sometimes
sites for entire genes (48-50).

It is worth noting that sequencing errors, even those that cause
frameshifts, are not likely to obliterate an amino acid sequence similarity
vhen this method is used, since all frames are examined and since stop codons
are ignored. Such frameshifting can occur in databases; for example, in the
H. polymorpha MOX unrecognized ORF, conceptual insertion of a single base
after nucleotide 2900 shifts the frame to continue alignment for another 117
amino acids, whereupon the published sequence ends (39). Our method requires
only a short region of fairly accurate sequence, as illustrated by the homeo-
box example described above.

The ease with which we were able to find biologically important matches
for published sequences leads us to believe that this approach has not been
widely used. It appears that investigators who generate new sequence data
generally limit their searches to protein databases, which are necessarily far
less complete than the DNA databases. For example, some of the probe
sequences that were used in our study are absent from the most recent version
of SWISS-PROT 6 (January, 1988), a composite database that includes proteins
present in the NBRF-PIR 14.0 database as well as those deduced from sequences
present in the EMBL 13.0 DNA database (51). Among the missing proteins are
Drosophila F1 and HDL and Sarcophaga fat body proteins, all of which have been
present in the DNA databases for years. Since most protein database sequences
are now extracted from the DNA databases, the translated version necessarily
appears later than the DNA entry. For example, the E. coli TyrR protein
sequence, obtained from a DNA database, was not present in the NBRF-PIR
protein database when we carried out our search. However, this sequence has
since been added and the similarity to nitrogen fixation proteins has been
noted.

The DNA database searching approach is not limited to the particular
searching protocol that we used in this study. For example, a large diverged
family of bacterial regulatory proteins has been detected using a window of 90
rather than 30 (52). In this study, a consensus sequence was derived and used
as probe in database searches to further improve sensitivity. Another
modification of the approach is to translate all six possible reading frames
of a DNA segment and use the composite to search entire DNA databases. For
example, when this was done with the entire transposable element TCl from C.
elegans (53), a previously unknown relationship between a TC1l ORF and one
within a D. melanogaster HB transposable element (54) was detected (S. H. and
R. Plasterk, submitted for publication).
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In summary, we have shown that simple searching of nucleotide sequence
databases is an effective method for detecting correspondences between
proteins. This method should become increasingly valuable to individual
researchers as such databases expand.
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