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Two-dimensional gel electrophoresis of any biological system presently resolves a plethora of highly puriÐed pro-
teins for which no function or identity has been determined. Theoretical and experimental data were used to
demonstrate that peptide-mass Ðngerprinting (PMF) could aid in the recognition of conserved motifs across species
boundaries, and thereby assist in attributing putative function to some of these molecules. Amino acids residue
substitutions produced by biological diversity and phylogenetic distance combine to highlight regions of functional
signiÐcance within proteins. Using 10 prokaryotic and two eukaryotic elongation factors (EF), up to 25 peptide
fragments (> 800 Da) per molecule were compared across species boundaries within a 12 Â 12 contingency table
(66 cross-species comparisons), based upon the degree of molecular mass and amino acid sequence identity. Total
amino acid sequence identity ranged from 29.4–80.9% for these molecules. Peptide fragments with homologous
sequence across three or more EF were deÐned as containing, or being near to, conserved functional motifs. Twelve
such fragments (> 800 Da) were found in this group of proteins. In addition, an 808.9 Da peptide of unknown
functional signiÐcance was seen to occur in three of the 12 molecules studied and in another three EF-Tu molecules.
At the 83% (Ðve of six residues) identity level, this fragment was found in a further 35 EF-Tu molecules and in 14
unrelated proteins. Further investigation should reveal a role for this fragment (motif) in structural integrity or
protein function. A FASTA search conducted on a peptide fragment containing a conserved GTP-binding motif
(GHVDHGK) of EF-Tu from Euglena gracilis was used as an example to putatively attribute partial function to
three hypothetical proteins derived from DNA sequencing initiatives. 1997 by John Wiley & Sons, Ltd.(
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INTRODUCTION

Peptide-mass Ðngerprinting of protein samples digested
by endoproteinases has emerged as a powerful tool for
the initial characterization of proteins from a variety of
host organisms.1h16 The simplicity of this procedure
when combined with two-dimensional gel electro-
phoresis and matrix-assisted laser desorption/ionisation
time-of-Ñight (MALDI-TOF) mass spectrometry has
meant that biologists with little or no training in the
otherwise demanding Ðeld of mass spectrometry can
now rapidly access useful information for large numbers
of samples. The latter is of paramount importance when
one considers the many thousands of proteins which
can be efficiently puriÐed from complex mixtures on a
single two-dimensional electrophoresis gel.17

The rate of expansion of gene and protein databases
has increased exponentially in recent years due to the

* Correspondence to I. Humphrey-Smith.

advent of large-scale genome sequencing projects of
organisms such as Mycoplasma pneumoniae, Escherichia
coli, Mycobacterium leprae, Saccharomyces cerevisiae,
Caenorhabditis elegans, Arabidopsis thaliana, Drosophila
melanogaster, Mus musculus and the highly publicised
Human Genome Project. Two bacterial genomes, Hae-
mophilus inÑuenzae and Mycoplasma genitalium, have
recently been fully sequenced.18,19 In the immediate
future, it is unlikely that large numbers of additional
sequencing initiatives will be undertaken. Thus, there is
a need to rapidly extract information about other
organisms so as to di†erentiate their unique genes and
gene-products from those already identiÐed in other
organisms. The ability to cross species boundaries
during protein identiÐcation can : (1) take advantage of
information already acquired for homologous gene-
products in other species ; (2) maximize the use of
limited research resources and (3) rapidly transform our
understanding of organisms otherwise poorly deÐned at
the molecular level.

In the past, immunoblotting of whole proteins or
Edman degradation chemistry applied to either the N-
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terminus or to internal digestion fragments, has allowed
protein identiÐcation on a small scale.20h25 Exami-
nation of the large numbers of proteins separated by
two-dimensional gel electrophoresis has not previously
been feasible without considerable expenditure of both
time and Ðnancial resources.26 Cordwell et al.27 and
Wasinger et al.28 have recently proposed a novel
method combining two rapid techniques for protein
characterization : amino acid analysis29h37 and peptide-
mass Ðngerprinting (as above). These methods have
been used to successfully identify proteins present
within databases ; however, neither method alone has
been able to conÐdently determine the identity of a
protein from heterologous species, i.e. cross-species
matching, unless also accompanied by the time- and
cost-intensive procedure of N-terminal micro-
sequencing.29,38 The “combined approachÏ provides
unequalled conÐdence in results obtained for heterolo-
gous species matches.27,28.

The problem of “uncertainÏ identiÐcation has not been
limited to cross-species protein identiÐcation. Hobohm
et al.32 suggested that the correct identity of a protein
was more likely to be amongst the Ðrst 20 candidates,
rather than simply the candidate ranked Ðrst, when
analysing by amino acid composition, while etMÔrtz
al.5 concluded that identiÐcation by endoproteinase
digestion and subsequent mass proÐles needed conÐr-
mation by considering other properties of the protein.
This problem can be overcome by the use of either the
“combinedÏ27 or the “sequence tagÏ10 approach. In the
latter, identiÐcation of the protein is based upon the cal-
culation of molecular mass of a peptide fragment and
the sequencing of three to four amino acid residues
from within this fragment. This protein microsequence
can be acquired by either electrospray ionization or
post-source decay MALDI-TOF mass spectrometry
(reviewed in Refs 13È15).

It was noted previously that amino acid analysis pro-
vided more accurate identities than peptide-mass Ðnger-
printing when cross-species matching.27 This was
thought to be due to the more conserved nature of
sequence composition between species. The present
study was undertaken to examine the inherent signiÐ-
cance of similar peptide masses detected between species
and their eventual utility in attributing putative func-
tion to novel genes. Elongation factors Tu and 1-a were
chosen for study due to the large number of entries
within the SWISS-PROT database and because the
molecular biology of E. coli EF-Tu is well understood
(reviewed in Refs 39È41). These EF bind aminoacyl-
tRNA to the ribosome during protein biosynthesis.
EF-Tu also contains a binding site for elongation factor
Ts and is a target for several antibiotics, the most
studied of which is kirromycin.40

EXPERIMENTAL

Theoretical tryptic digests and peptide-mass Ðngerprints
of EF-Tu and 1-a

Twelve unrelated elongation factor (EF) proteins (EF-
Tu and EF1-a) were chosen at random from within the

SWISS-PROT database,42 but were indicative of a
range of total protein sequence identities. These pro-
teins are shown in Table 1. Each EF was subjected to
theoretical tryptic digestion using the PEPTIDESORT
program, accessed via the GCG subdirectory (Program
Manual for the Wisconsin Package, Ver. 8, 1994). Only
peptides with Mr [800 Da were considered in this
study, due to the low speciÐcity of peptides with Mr
\800 Da. EF molecules from several species were then
compared against each other to determine the degree of
fragment identity/similarity. A match was deÐned as
any peptide, ^6 Da, equal to the peptide under exami-
nation. The choice of ^6 Da was arrived at not as a
function of accuracy in the determination of molecular
mass via mass spectrometry, but rather as a function of
the MOWSE6 software used to compare entries in
protein databases, and the size of sample sets extracted
during cross-species searches. Finally, all fragments
were tabulated to determine their frequency in each of
the EF proteins.

PILEUP and BESTFIT sequence comparisons were
performed to determine identity between EF proteins at
the primary level. Peptide fragment sequence was com-
pared with other entries in the SWISS-PROT and PIR
databases using the FASTA search program.43 The
PROSITE database was used to identify portions of
sequence with known functional signiÐcance within
peptide fragments.44

Theoretical MOWSE analysis of Mycoplasma
gallisepticum EF-Tu

Peptides generated from PEPTIDESORT of M. galli-
septicum EF-Tu were used to search the MOWSE

Table 1. EF-Tu and EF-1a proteins used in this study and their
SWISS-PROT accession codes

Number of

SWISS-PROT Mr Number of peptides

Organism accession code (kDa) Residues peptidesa (¿800 Da)

Cyanophora EFTU–CYAPA 44.6 409 47 21

paradoxa

Mycoplasma EFTU–MYCGA 44.0 394 50 24

gallisepticum

Bacillus EFTU–BACSU 43.6 396 43 22

subtilis

Haloarcula EFTU–HALMA 45.6 420 30 19

marismortui

Thermus EFTU–THEAQ 44.7 405 49 25

aquaticus

Euglena EFTU–EUGGR 45.1 409 51 22

gracilis

Mycobacterium EFTU–MYCTU 43.6 396 45 21

tuberculosis

Escherichia EFTU–ECOLI 43.1 393 47 21

coli

Chlamydia EFTU–CHLTR 43.2 393 47 19

trachomatis

Spirulina EFTU–SPIPL 44.8 410 47 23

platensis

Saccharomyces EF1A–YEAST 50.0 458 67 19

cerevisiae (1a)

Homo sapiens EF12–HUMAN 50.5 463 64 20

(1a)

a Number of peptides as derived from PEPTIDESORT analysis following

theoretical digestion with trypsin.
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database6 by entering into the program: (1) peptides
conserved in M. gallisepticum EF-Tu and other EF; and
(2) peptides unique to M. gallisepticum. This was
designed to determine the signiÐcance of fragment
choice when analysing raw data from unknowns by
peptide-mass Ðngerprinting.

Peptide-mass Ðngerprinting of Spiroplasma melliferum
EF-Tu

Whole cell lysates of S. melliferum (strain A56) were sub-
jected to IPG-DALT electrophoresis, as described pre-
viously.27,45,46 Proteins were electrotransferred to
ProBlott (Applied Biosystems, CA, USA) and visualized
with Amido Black staining.47 The spot previously
reported as EF-Tu using the “combined approachÏ was
excised and treated for mass spectrometry as described
previously.27 Masses of protonated species were calcu-
lated using a Finnigan LaserMat 2000 (Hempstead,
UK) MALDI-TOF system. Digests were incorporated
in a 0.5 ll a-cyano-4-hydroxycinnamic acid matrix [10
mg/ml in 70% acetonitrile (MeCN)]. Internal cali-
bration was performed against substance P (Sigma, St
Louis, MO), Mr \ 1348.7. Fragment masses generated
were used to search the MOWSE database.6

RESULTS

Cross-species peptide-mass Ðngerprinting

The masses of theoretical tryptic digest fragments for 10
EF-Tu and two EF1-a molecules were compared
between species (Table 2). All matching peptides were
examined via PILEUP and/or BESTFIT to determine
whether similarity (^6 Da) in detected mass was due to
a “ÑukeÏ (corresponding Mr, but lacking sequence

identity) or conserved sequence. The 12 molecules
studied showed amino acid sequence identity varying
from 29.4È80.9% across species boundaries. The
number of peptide fragments showing similarity in
molecular mass between species varied between 0 and 9
Table 2). Of these, as many as seven of nine (C. para-
doxa EF-Tu compared with S. platensis EF-Tu) referred
to sequence similarity. The numbers shown in parenth-
eses in Table 2 demonstrate the e†ective range of
sequence similarity for which peptide mass can be
expected to assist in protein characterization. On 23 of
66 occasions (three above 61.0%; the remainder
\37.4% total sequence identity), no fragments match-
ing by both Mr and sequence identity were detected for
EF sharing between 29.4 and 68.8% total amino acid
sequence identity. However, peptide fragments showing
both Mr and sequence identity were found for EF with
as little as 29.6% total amino acid sequence identity in
43 of 66 (65.2%) analyses. In the 60È70% amino acid
sequence identity range, the technique produced consis-
tently useful data (one to four fragments containing
conserved sequence with respect to two to nine frag-
ments showing mass similarity) for 20 of 23 compari-
sons.

Masses of all peptide fragments ([800 Da) generated
by PEPTIDESORT from 12 EF molecules were assess-
ed to detect the number of EF containing a particular
peptide fragment. Tryptic peptides with matching Mr
and conserved sequence across three or more species
were interpreted as containing, or being near to, a con-
served motif. Thirteen fragments were present in three
or more of 12 EF proteins studied. PROSITE analysis
and literature surveys39h41,48 showed that residues
within or surrounding 12 of these 13 fragments were of
known functional signiÐcance (Table 3). No function
had previously been attributed for an 808.9 Da peptide.
FASTA sequence analysis of this six residue (PQFYVR)
peptide showed six other EF-Tu molecules with 100%
identity. A further 35 EF-Tu proteins and 14 unrelated
proteins showed identity at the 83% (Ðve of six residues)

Table 2. Comparisons of elongation factors across species boundaries using peptide-mass Ðngerprinting and FASTA sequence
analysis

Number of

peptides

Organism 1a 2 3 4 5 6 7 8 9 10 11 12 (¿800 Da)b

1. C. paradoxa Ã 9 (4) 7 (3) 6 (1) 5 (3) 6 (5) 6 (3) 5 (3) 2 (0) 9 (7) 1 (0) 5 (0) 21

2. M. gallisepticum 67.2 Ã 8 (3) 4 (0) 4 (1) 5 (4) 5 (2) 7 (3) 4 (2) 3 (2) 3 (0) 5 (1) 24

3. B. subtilis 70.4 72.5 Ã 2 (0) 7 (4) 5 (3) 6 (5) 8 (6) 5 (1) 5 (3) 3 (1) 4 (0) 22

4. H. marismortui 34.0 34.8 36.4 Ã 4 (0) 3 (0) 2 (0) 1 (0) 2 (0) 3 (0) 1 (1) 2 (1) 19

5. T. aquaticus 69.0 69.1 72.6 36.6 Ã 5 (0) 5 (2) 6 (4) 2 (1) 5 (2) 2 (1) 2 (0) 25

6. E. gracilis 78.0 64.3 67.2 33.3 68.8 Ã 4 (1) 3 (2) 5 (2) 8 (5) 1 (0) 5 (1) 22

7. M. tuberculosis 63.8 68.0 71.9 37.4 71.4 62.9 Ã 5 (3) 5 (1) 4 (3) 5 (0) 4 (0) 21

8. E. coli 70.0 70.9 76.8 35.6 71.0 68.6 74.4 Ã 2 (0) 5 (3) 4 (1) 3 (0) 21

9. C. trachomatis 61.4 60.9 62.4 32.9 63.3 60.1 62.9 64.8 Ã 6 (1) 3 (0) 3 (1) 19

10. S. platensis 80.9 65.5 69.3 32.8 70.7 76.5 63.8 69.9 61.3 Ã 0 (0) 4 (0) 23

11. S. cerevisiae 33.7 32.9 33.6 49.9 37.6 33.2 35.8 33.0 29.4 32.0 Ã 5 (5) 19

12. H. sapiens 32.8 32.0 32.8 50.9 35.6 32.1 34.4 32.6 29.6 30.7 80.1 Ã 20

Bottom left-hand half of table refers to percent identity for protein sequence comparisons.
Top right-hand half of table refers to number of peptide fragments with shared Mr (À6 Da) for cross-species peptide-mass fingerprints
(brackets refer to those fragments with amino acid sequence identity).
a Molecules from organisms 1–10 refer to EF-Tu and from organisms 11 and 12 to EF-1a.
b Peptides as derived from PEPTIDESORT analysis.
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Table 3. Conserved peptide fragments of EF-Tu (and EF1-a) molecules from heterologous species

Number of Fragment Residues in

matches Mr fragment Function associated with peptide fragment

8 (6) 1711.9 76–90 GTP-binding, Mg2½-guanine co-ordination, structural integrity (interaction with domain III)

8 (6) 1143.3 Á250–260 tRNA binding, structural integrity

5 (5) 857.0 Á329–334 Kirromycin resistance, structural integrity

4 (4) 2114.0 138–155 GTP-binding, EF-Ts binding

4 (4) 2716.4 91–117* Structural integrity, tRNA binding

4 (4) 1594.8 11–25** (6–20) GTP-binding

6 (3) 808.9 340–345 Unknown

5 (3) 1685.9 220–234 Aminoacyl-tRNA binding, ribosome binding, kirromycin resistance

4 (3) 851.0 118–124¹ tRNA binding, ribosome binding

3 (3) 1566.8 10–24** (6–20) GTP-binding

3 (3) 2732.0 91–117* Structural integrity, tRNA binding

3 (3) 1580.8 11–25** GTP-binding

3 (3) 823.0 118–124¹ tRNA binding, ribosome binding

*, ** and ¹ refer to similar peptides from the same conserved region of the protein (as determined by amino acid sequence), differing by one
amino acid residue only, i.e. three sets of peptide fragments.

level. Since this region of the molecule has been con-
served across phylogenetically distant organisms, our
assumption is that further investigation may reveal a
role in structural integrity or protein function. Similar
levels of similarity were not seen for other six residue
sequences selected at random from within the EF mol-
ecules, but outside the conserved regions identiÐed in
Table 3 (data not shown).

Following detection of conserved peptides across
species, the amino acid sequence of the fragment has the
potential to attribute putative function to novel genes
and/or their gene-products. As an example of this, the
peptide fragment (1594.8 Da) containing the conserved
GTP-binding motif (GHVDHGK) of EF-Tu from

Euglena gracilis was compared with other protein
entries in the SWISS-PROT and PIR databases. This
search revealed numerous other elongation factors : Tu,
G, 1a, 2, etc. (data not shown) and apparently unrelated
proteins sharing signiÐcant similarity (Table 4). It is
likely that a signiÐcant proportion of these are capable
of binding GTP. Furthermore, three “hypothetical pro-
teinsÏ were putatively attributed partial function.

Thus, in summary, peptide homologies were Ðrst
detected on the basis of molecular mass conservation.
This was followed by amino acid sequence multiple
alignment to deÐne the limits of conserved sequence
motifs. The information was then used to detect [80%
similarity by more traditional approaches for gene-

Table 4. FASTA analysis of the conserved (10 of 12 entries in Table 3) peptide fragment containing the GTP-binding motif of EF-Tu
from Euglena gracilis (all references to other elongation factors have been deleted)

Sequence

Accession code Protein Identity—Species position Sequence* Identity

EFTU–EUGGR Elongation factor Tu—E. gracilis 11–25 KPHINIGTIGHVDHGK 100% in 17 aa

IF2G–HUMAN Translation initiation factor IF-2-gamma—human 102–115 QATINIGTIGHVAHGK 92.3% in 13 aa

S46942 Su (var) 3–9 protein—D. melanogaster 41–54 QATINIGTIGHVAHGK 92.3% in 13 aa

STTN–RAT Statin S1—rat 5–21 KTHINIVVIGHVDSGK 75.0% in 16 aa

S13806 Thesaurin A—African clawed frog 5–21 KIHINIVVIGHVDSGK 75.0% in 16 aa

GST1–HUMAN G1 to S phase transition protein—human 72–88 KEHVNVVFIGHVDAGK 62.5% in 16 aa

YO81–CAEEL Hypothetical 72.3 kDa protein 2K1236.1—C. elegans 44–56 DKIRNFGIVAHVDHGK 66.7% in 12 aa

SELB–ECOLI SelB translation factor—E. coli 3–14 . . . MIIATAGHVDHGK 81.8% in 11 aa

S40816 Hypothetical protein O591—E. coli 7–19 EKLRNIAIIAHVDHGK 75.0% in 12 aa

TETM–UREUR Tetracycline resistance protein—U. urealyticum 4–17 MKIINIGVLAHVDAGK 69.2% in 13 aa

SUP2–PICPI Omnipotent suppressor protein 2—P. pinus 317–333 KDHMSIIFMGHVDAGK 56.2% in 16 aa

S46918 GTP-binding protein—M. capricolum 8–20 SKIRNFSIIAHIDHGK 58.2% in 12 aa

LEPA–BACSU GTP-binding protein LepA homologue—B. subtilis 16–28 SRIRNFSIIAHIDHGK 58.3% in 12 aa

S44254 Alpha-galactosidase—P. pentosaceus 35–45 LSHLYFG . . GHVDHYH 58.3% in 12 aa

S50374 Hypothetical protein L8003.7—yeast 48–60 ENYRNFSIVAHVDHGK 58.3% in 12 aa

OPAG–NEIGO Opacity protein OPA52—N. gonorrhoeae 139–155 KPYIGVRVGGHVRHGI 50.0% in 16 aa

VMAT–P14HB Matrix protein—human parainfluenza 4B virus 42–56 VKQIRIRTLGHADHSN 58.3% in 12 aa

CH13–BRAJA 10 kDa chaperonin (GroES)—B. japonicum 41–54 GEVIAVGPGGHDDSGK 53.8% in 13 aa

YN21–CAEEL Putative ATP-dependent RNA helicase—C. elegans 164–179 RPHIIVATGRLVDHLE 53.3% in 15 aa

S08102 Serine proteinase inhibitor—rat 19–27 DGTLGRDTLSHEDHGK 66.7% in 9 aa

S18572 OtrA protein—S. rimosus 4–17 MNKLNLGILAHVDAGK 53.8% in 13 aa

R5RTLA Ribosomal protein L27a—rat 14–20 RLRKTRKLRGHVSHGH 83.3% in 6 aa

* Conserved amino acid residues appear in bold.
NB The GTP-binding motif is underlined.
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Figure 1. MOWSE database search using fragments generated by PEPTIDESORT analysis of M. gallisepticum EF-Tu. Conserved fragments
were used and cross-species matches appear in bold.

Figure 2. Peptide-mass fingerprint of S.melliferum EF-Tu showing peaks used for MOWSE database search.
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Figure 3. MOWSE database analysis of S. melliferum EF-Tu. The closest correct match is highlighted in bold type. Peptide masses were
derived from Fig. 2.

product entries in databases, e.g. FASTA.43 Further-
more, the present approach based upon molecular mass
conservation has the potential to achieve near to ideal
gap optimization and has the advantage of treating the
entire protein rather than small blocks of sequence in
association with variable n-gram lengths.

Theoretical MOWSE analysis of M. gallisepticum
EF-Tu

The MOWSE database was searched twice using two
separate sets of input data. Firstly, six fragments were
entered into the program, including those that were
conserved in M. gallisepticum and the majority of other
EF molecules studied. The results (Fig. 1) showed M.
gallisepticum as the top match from the search. Cross-
species matches appear ranked at 4, 10, 12 and 13.
When six non-conserved fragments were used, no cross-
species matches appeared (M. gallisepticum remained
ranked Ðrst). When all 12 fragments were searched,
EF-Tu molecules were successfully ranked at positions
1, 2, 3, 4 and 24 (data not shown).

Peptide-mass Ðngerprinting of S. melliferum EF-Tu

As an example of data acquired experimentally, the
mass proÐle obtained for EF-Tu from an organism
poorly deÐned at the molecular level (S. melliferum) is
shown in Fig. 2. The MOWSE database was searched
using the following peaks (Da) : 858, 1014, 1123, 1390,

1674, 1977, 2154 and 2728. Results from the MOWSE
program are shown in Fig. 3. The nearest cross-species
match for an EF-Tu molecule is ranked 10 (from T her-
matoga species.). The match was successful due to the
presence of a single 2728 Da fragment, consistent with
residues 76È90 in most EF proteins (see Table 3). The
other matching peptides were 1674 and 1977 Da, two
peptides that do not appear to be conserved in a major-
ity of EF proteins and may therefore fall within the
category of “ÑukeÏ matches. No other conserved pep-
tides could be seen in the mass proÐle of S. melliferum
EF-Tu. These results may also reÑect experimental
errors due to non-speciÐc tryptic cleavage, incomplete
digestion and the unpredictability of cleavages such as
Lys/Arg-Pro. Matching based on the speciÐcity of just
one or two peptides is reÑected in the low ranking
attained by the nearest peptide-mass homologue for S.
melliferum EF-Tu in Fig. 3.

DISCUSSION

Many authors (see above) have now attested to the
utility of peptide-mass Ðngerprinting, yet little thought
has been given to the signiÐcance of data referring to
protein identities detected across species boundaries. It
is noteworthy that similar approaches10,49,50 have yet
to be applied with conÐdence across species boundaries
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due to inherent amino acid substitutions and/or post-
translational modiÐcations. In single species database
searches, any and all fragments can be seen to produce
homologous data sets. The same process of matching
peptide masses applies when detecting identities across
species boundaries (heterologous species matching).
However, these identities may take on far greater sig-
niÐcance if they refer to conserved and functionally
important motifs, even if this function has yet to be
determined. The ability to identify such motifs between
phylogenetically distant organisms may shed light upon
molecules for which function has yet to be attributed
and may further inÑuence experimental design to
conÐrm these initial assumptions, for example, enzyme
assays and/or mutagenesis within speciÐc regions of
open reading frames (ORFs) detected by sequencing ini-
tiatives. As a complete sequence becomes available for
several species51 this need will be even further accen-
tuated. Such means for problem-solving in biology are
destined to become increasingly important research
tools. For example, of the approximate 6000 ORFs
detected within the genome of Saccharomyces cerevisiae,
some 2000 lack an attributable function.52 Therefore,
determining function for the remainder will constitute a
daunting task.53

The results presented for peptide fragments were
taken from proteins covering a signiÐcant range (29.4È
80.9%) of total amino acid sequence identity and some
66 cross-species analyses. Data obtained by both experi-
mental and theoretical endoproteinase digestion were
found to be equally amenable to manipulation.
Although only members of one well-studied family of
molecules were examined here (elongation factors), the
range of total protein identities investigated would
suggest that results can be interpreted as being indica-
tive of those expected generally within protein data-
bases. Other molecules selected for detailed study
(results not shown) were unable to equal such diversity
in sequence identity. The results obtained for molecules
showing [60% total amino acid sequence identity
demonstrated that peptide-mass Ðngerprinting works
most efficiently for proteins sharing signiÐcant simi-
larity. This is because the peptide fragments upon which
protein identiÐcation is based (a small portion of the
total number of fragments produced following endo-
proteinase digestion) refer to the fragments containing,
or being near to, conserved motifs present across species
boundaries. The latter e†ectively provide a “proÐleÏ (as
deÐned by Bairoch44) between proteins sharing signiÐ-
cant similarity. Reliable results were observed at levels
as low as 29.6% of the total amino acid sequence iden-
tity. It is unlikely that peptide-mass Ðngerprinting could
function much below this level.

This can be compared to the work of Johnson et al.54
who demonstrated functionally homologous proteins, as
conÐrmed by X-ray crystallographic studies, can share
as little as 9% of the total amino acid sequence identity,
while others have speculated on the importance of
domain shuffling and the role of introns in the evolution
of proteins and protein function.55h60 Yet it will remain
extremely difficult to detect low identity proteins
without three-dimensional molecular comparisons.
Nonetheless, a number of strategies have been devel-
oped to home in on conserved portions when searching

both gene and protein databases.44,61h64 The present
approach can now be numbered amongst these. An
example used by Johnson et al.54 further reinforces this
Ðnding, namely, a comparison of bovine thrombin (385
amino acid residues) and Streptomyces protease (299
amino acid residues) revealed just 20.9% of the amino
acid sequence identity. On only three occasions did as
many as three amino acid residues align (data not
shown), thus e†ectively precluding detection of con-
served sequence or functional motifs in the absence of
accurate predictions or information relating to tertiary
structure.

Some information is available regarding the 808.9 Da
peptide fragment (in Table 3) classiÐed as unknown. As
shown in the Results section, the residues in positions
340È351 in T . aquaticus EF-Tu (residues 328È339 in E.
coli EF-Tu) are highly conserved in EF-Tu molecules
from several species. They are found in domain III48 of
the protein and little is known of their signiÐcance with
respect to structural integrity or function. These resi-
dues form a loop structure that passes into the interface
between domains I and III. The conservation of resi-
dues 340È351 suggests an important role for the motif
with respect to protein function or structural integrity.
Hypothesised activities of EF-Tu for which no corre-
lation to structure have been made include : binding to
the inner membrane ;65 initiation of viral RNA synthe-
sis ;66 and the formation of EF-Tu aggregates.67 Substi-
tutions at positions R333 and R334 (in E. coli EF-Tu)
lead to resistance to the antibiotic pulvomycin, which in
wild-type E. coli prevents the binding of aminoacyl-
tRNA to the ribosome.68 Arginine residues are posi-
tively charged and may allow the formation of salt
bridges with the tRNA ribose-phosphate backbone.
Therefore these residues may be part of the aa-tRNA
binding site. A mutation at position 329 (E. coli EF-Tu)
increases resistance to kirromycin, an antibiotic which
prevents EF-Tu release from the ribosome after GTP
hydrolysis. Kirromycin is known to bind in the domain
IÈIII interface, and also reduces the affinity for aa-
tRNA.69 It is therefore likely that this conserved motif
is involved in the binding of aa-tRNA; however, further
work is needed to clarify this question. More important-
ly, however, the present study has been able to demon-
strate that even for a molecule well studied at the level
of tertiary structure, regions of potential signiÐcance
can be highlighted by an approach based on peptide-
mass Ðngerprinting.

Furthermore, this study has shown that peptide-mass
Ðngerprinting of molecularly undeÐned material relies
heavily upon the presence of conserved peptide frag-
ments. Once the protein homolog has been obtained,
further information with regards to function may be
found from within and surrounding the region of
sequence similarity. When this conservation was main-
tained in three or more species, there was good evidence
to suggest that the conserved peptides contained or
were near to, functionally signiÐcant motifs. Probability
theory also suggests that evolutionary pressures would
not conserve regions of protein molecules in a purely
random manner.

Factors which limit the efficiency of PMF include : (1)
the size of potentially conserved peptides across species
boundaries (larger fragments will become less likely to
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be conserved through evolutionary time, while smaller
fragments will go undetected because of their low
speciÐcity) ; (2) the overall frequency of the amino acid(s)
targeted by endoproteinases ; (3) the incidence of a par-
ticular peptide mass within databases ; (4) the molecular
mass of the intact protein, i.e. large fragments are
perhaps less likely to occur and be conserved in pro-
teins with low molecular mass and (5) the cut site with
respect to the amount of the conserved motif left intact.
The latter phenomenon reinforces the utility of
digesting proteins with one or more endoproteinases.
To date, we have shown the usefulness of this approach
for proteins from M. pneumoniae where both trypsin
and Glu-C (Staphylococcus aureus V8 protease) were
used routinely for PMF (manuscript in preparation).

If protein molecules are to maintain their functional
integrity through evolutionary time, then genetic drift
and mutational forces must be restricted to regions of
the molecule other than functional motifs. Thus, other
regions of molecules are more likely to vary consider-
ably with respect to phylogenetic distance and thereby
show speciÐcity for a given organism. Due to this phe-
nomenon, peptide-mass Ðngerprinting can successfully
aid in the identiÐcation of homologous proteins across
species boundaries. However, as shown previously,27
amino acid residue substitutions across species bound-
aries, as a result of phylogenetic distance, reduces the
efficiency of this approach. For this same reason, a
lower mass stringency (^6 Da) must be employed
during database searches across species boundaries than
for searches of homologous species databases. Depend-
ing upon the size of the peptide fragment, this error
window in matching can only account for a small per-
centage of amino acid substitutions and some experi-
mental error. The larger the fragment, the more
substitutions that can be accommodated by the mass
window. In the Ðnal analysis, however, it will be amino
acid sequence similarity which determines the relevance
of peptide mass identity.

In conclusion, we have demonstrated that peptide-
mass Ðngerprinting can be used to identify conserved
peptide masses across species boundaries. Sequences
corresponding to these masses and adjacent regions
(upstream/downstream) of protein molecules could then
be compared to identify conserved amino acid sequence

from within existing databases. Once this sequence had
been conserved across three or more species, our
working hypothesis was that a conserved motif, possibly
related to function, had been detected. Database search-
es conducted on a sequence corresponding to one or
more conserved motifs can then provide a far more
e†ective tool for screening protein databases. PMF has
the advantage of being able to detect several such motifs
simultaneously (“proÐleÏ) in closely related molecules. At
less than 30% total sequence identity between proteins,
it was shown to be unlikely that anything less than ter-
tiary structure or accurate predictions thereof will be
able to achieve similar results. Apart from attributing
putative function to hypothetical proteins detected
during genome sequencing,70 this approach has the
potential to identify regions within molecules for muta-
genesis studies, as opposed to the more crude strategy
of total gene knock-out to conÐrm function. The utility
of this approach has been further demonstrated71 to
attribute putative gene-function otherwise overlooked
by Fraser et al.19 when undertaking total genomic
analysis of M. genitalium. Peptide-mass Ðngerprinting
has therefore been shown to be more than simply an
analytical tool for use in protein characterization.

Since submission on 23 May 1996, a further four
genomes have been fully sequenced and a large number
of sequencing initiatives commenced world-wide.72h76
In addition, the tertiary structure of the previously
unknown 808.9 Da peptide motif discovered here has
been shown to be most likely responsible for main-
taining the structural integrity between the three
domains of the Elongation Factor Tu molecule from
T hermus aquaticus.77
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