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Systematic discovery of analogous enzymes in thiamin

biosynthesis
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Steffen Schmidt?>~4, Berend Snel®>° & Peer Bork??>

In all genome-sequencing projects completed to date, a considerable number of ‘gaps’ have been found in the biochemical
pathways of the respective species. In many instances, missing enzymes are displaced by analogs, functionally equivalent
proteins that have evolved independently and lack sequence and structural similarity. Here we fill such gaps by analyzing
anticorrelating occurrences of genes across species. Our approach, applied to the thiamin biosynthesis pathway comprising
approximately 15 catalytic steps, predicts seven instances in which known enzymes have been displaced by analogous proteins.
So far we have verified four predictions by genetic complementation, including three proteins for which there was no previous
experimental evidence of a role in the thiamin biosynthesis pathway. For one hypothetical protein, biochemical characterization
confirmed the predicted thiamin phosphate synthase (ThiE) activity. The results demonstrate the ability of our computational
approach to predict specific functions without taking into account sequence similarity.

Thiamin (vitamin B1) is a key nutrient for humans and other
mammals, with a recommended daily dose of 1.4 mg and an annual
industrial production of over 3,000 tonsb2. Its deficiency causes
beriberi. Thiamin pyrophosphate (THI-PP) is the active form of
this cofactor and has multiple functions, for example, in carbohy-
drate metabolism. The THI-PP biosynthesis pathway (Fig. 1;
reviewed in refs. 3-7) has been studied in a variety of organisms
including Escherichia coli, Salmonella typhimurium, Bacillus subtilis
and Saccharomyces cerevisiae. Despite over 30 years of research on
the pathway, not all of its catalytic steps are understood. Moreover,
analysis of the genome sequences of microbial species that can
grow on minimal media lacking thiamin did not reveal some of the
characterized enzymes involved in even well-understood parts of
the pathway (Fig. 2a,b).

Extensive sequence similarity searches are usually applied to fill
these gaps, but such approaches are hampered by the displacement
of proteins by analogous enzymes®? (herein also referred to as gene
displacement). Recently, several methods have been introduced
that exploit the genomic context of a gene across various genomes
to deduce functional information in the absence of sequence simi-
larity. They analyze gene fusions'®!1, the co-occurrence of genes in
putative operons!>!® or the co-occurrence of genes across
genomes'* to predict ‘functional associations’ for the encoded pro-
tein—that is, which other protein it interacts with or which path-
way it is involved in.

These methods exploit positive correlations such as the common
occurrence of genes in a defined unit (such as an operon or

genome). Here, we search for anticorrelations in the presence of
genes across genomes. This approach does not predict functional
associations but rather the displacement of functionally equivalent
proteins, thereby deducing precise protein function. The underly-
ing concept is that the mutually exclusive presence of genes (where
if gene A occurs in a particular genome, then gene B is absent, and
vice versa) indicates functional equivalence, as there is no need to
encode the same function in a genome more than once. Lack of
detectable homology within anticorrelating genes indicates that
they might encode analogous enzymes.

The basic concept has been proposed previously!>!¢. Moreover, it
was shown recently that a gene earlier reported to genetically com-
plement the growth requirement of a thymidylate synthase (thyA)-
deficient Dictyostelium discoideum strain!’, which also negatively
correlates with thyA (ref. 15), indeed has thymidylate synthase activ-
ity!®. However, anticorrelations are usually imperfect and thus can-
not be retrieved ‘by eye’: pairs of analogous enzymes tend to be
present or absent together in a fraction of genomes, and the anticor-
relations may involve more than two genes. Moreover, the genes are
typically absent in species lacking the corresponding pathway
entirely. We have thus developed a computational approach to
extract and evaluate the imperfect, or fuzzy, anticorrelations of gene
occurrences across the various complete genomes available. A sys-
tematic examination of the THI-PP biosynthesis pathway demon-
strates the predictive power of the method: so far, four of seven
predicted displacements of functionally equivalent, but probably
unrelated, enzymes have been tested and confirmed experimentally.
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Figure 1 The THI-PP biosynthesis pathway3°:36. Gene names are applied
according to the first gene described from a group of orthologs (a table with
synonyms can be found as Supplementary Table 1 online). Solid black
arrows represent known or proposed reaction steps and dashed black arrows
indicate unknown reactions. In addition, significant anticorrelations in the
occurrence of genes across species (red arrows), and relevant in silico
predicted protein-protein interactions (blue dashed arrows) are illustrated.
Distinct precursors have been proposed for different species3-° (indicated in
gray). Genes with orthologous sequences3® in eukaryotes and prokaryotes are
in green; genes assumed to be prokaryote-specific are black. Interestingly,
significant ‘one-to-one’ anticorrelations usually involve a prokaryote-specific
and a ‘ubiquitous’ gene. Abbreviations: AIR, 5-aminoimidazole
ribonucleotide; Cys, cysteine; Gly, glycine; His, histidine; HMP, 2-methyl-4-
amino-5-hydroxymethylpyrimidine; THZ, 4-methyl-5-B-hydroxyethylthiazole;
Tyr, tyrosine; Vit. B6, Vitamin B6.

RESULTS

Computational prediction of analogous enzymes

The prediction of analogous enzymes in the THI-PP biosynthesis
pathway first required the definition of proteins associated with that
biochemical process. There are 14 genes for which an essential role in
the biosynthesis has been reported (Fig. 2a,b), and another 20 genes
are predicted to be associated with the pathway by established gene
context prediction methods (Fig. 2¢c; we use gene names according to
the first described gene from a group of orthologs; capital letters
denote genes originally isolated in eukaryotes). We applied a computa-
tional method to identify and score fuzzy, anticorrelating phylogenetic
distributions within the 34 THI-PP-associated genes. Seven gene dis-
placement predictions were found to be relevant (Figs. 1 and 2): four
‘one-to-one relationships’ (where one gene is directly displaced by
another one) and three instances within a ‘ternary relationship’ (where
each of three distinct genes may displace any of the others). These are:
(i) the thiE gene encoding thiamin phosphate synthase (a gene first
described in E. coli'®) can be displaced by genes orthologous to the
hypothetical Methanobacterium thermoautotrophicum ORF MTH861
(‘anticorrelation score’ = 0.89, in a range from —1 to +1 with scores
above 0.75 being significant (see Methods)); (ii) the thil gene?® (found
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in S. typhimurium) encoding thiamin phosphate kinase can be dis-
placed by THIS0, encoding thiamin pyrophosphokinase?!(score =
0.86), which was isolated from S. cerevisiae; (iii) the E. coli thiG gene!®
can be displaced by the THI4 gene (score = 0.82) found in S. cere-
visiae??; (iv) the E. coli thiC gene'® can be displaced by tenA (score =
0.80), a B. subtilis gene reported to be involved (possibly indirectly) in
transcriptional regulation?’; (v—vii) THI4, the thiH gene originally
described in E. coli'®, and thiO, a gene from Rhizobium etli putatively
involved in the pathway?4, can all displace each other (‘ternary dis-
placement’; score = 0.80). Although, for predictions (iii) to (vii), the
precise enzymatic activities of the corresponding gene products
remain to be characterized, we propose that they are functionally
equivalent to the genes they displace.

Sequence and structural analysis of the predicted analogs

For further characterization of the candidates, we undertook
sequence and structural analyses (see Supplementary Methods
online), with the following results.

Prediction (i). We have used the designation thiN for the observed
anticorrelation of thiE and MTHS861. This name was also suggested by
Rodionov et al?®> while this manuscript was in preparation; the
authors predicted displacement of thiE and MTH861 following manual
anticorrelation analysis. The anticorrelation is supported by the fusion
of orthologs of MTHS861 to the bifunctional enzyme ThiD (cloned
and characterized?® in S. typhimurium; ThiD catalyzes both phospho-
rylations  from  2-methyl-4-amino-5-hydroxymethylpyrimidine
(HMP to HMP-PP; see Fig. 1)) that is observed in some species.
The ‘ThiDN’ fusion protein might thus catalyze three subsequent
steps of the pathway. Although no significant sequence similarity
between MTHS861 and any known proteins was detected, secondary
structure predictions do not rule out a similarity with the tertiary
structure of ThiE?’.

Prediction (ii). ThiL and Thi80, which are predicted to be func-
tionally equivalent, both catalyze the conversion to THI-PP, albeit in
alternative reaction steps (Fig. 1). An ancient gene displacement
seems plausible, assuming broader substrate specificity for at least
one of the enzymes. Comparison of the known structure of Thi80
(ref. 28) with the predicted structure of ThiL (an enzyme homolo-
gous to aminoimidazole ribonucleotide synthetase) reveals different
folds. Thus, two distinct folds might catalyze the same reaction.

Prediction (iii). The predicted gene displacement involving ThiG
and Thi4 is supported by the role of both enzymes in the synthesis of
4-methyl-5-B-hydroxyethylthiazole phosphate (THZ-P'%22), involv-
ing a two-electron oxidation step. Notably, the proteins are similar to
oxidases of different fold types: ThiG shows sequence similarity to
TIM barrels and contains a putative FMN-binding motif, whereas
Thi4, originally reported to be involved in DNA damage tolerance?’,
has two predicted FAD/NAD(P)-binding domains (Rossmann fold).

Prediction (iv). We also predict functional equivalence between
ThiC and TenA (Fig. 2). ThiC was implicated in HMP synthesis!®.
TenA was previously reported to be involved (possibly indirectly)
in the transcriptional regulation of extracellular degradative
enzymes?3. As far as we know, no experimental evidence indicating a
role for TenA in the THI-PP biosynthesis pathway has been
reported. It is unlikely that these proteins are homologous, as a
purely o-helical structure is predicted for TenA, whereas ThiC
seems to be an a/p-protein.

Predictions (v—vii). The ternary anticorrelation observed for ThiH,
ThiO and Thi4 suggests that each of the three proteins can displace any
of the others. Like Thi4, the two other proteins are putative oxidases.
Like Thi4, ThiH was shown to be involved in THI-PP biosynthesis
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proteins

To study the reliability of the gene displace-
ment predictions, we tested experimentally
the functional equivalence of the putative
analogous genes from different species as
predicted both from the ‘one-to-one rela-
tionships” with the highest and lowest anti-
correlation scores and from the more
complex ‘ternary displacement’ prediction.
For this purpose, we constructed three

partners are listed in the

one biological process?®:

Figure 2 Distribution across species of genes associated with THI-PP biosynthesis. (For species
abbreviations, see Supplementary Methods online.) Negatively correlating gene occurrences are
highlighted using the same colors. Species having at least two genes with a role unique to THI-PP
biosynthesis38 are predicted to possess the functional pathway. The column ‘STRING score’ shows the
most significant interaction for each gene, predicted using the STRING server32:33, Predicted interaction

column ‘Interact. with’. COG1060*, COG0665* and COGO7 15* represent

refined orthologous groups (see Methods). (a) Essential THI-PP biosynthesis enzymes, which are unique
to the pathway38. (b) Essential THI-PP biosynthesis enzymes, which have been implicated in more than

29,35,36,38 The thj0 gene, suggested to play a role in the pathway?4, was also

added to that list. (c) Proteins predicted in silico to be involved in the pathway (see Methods).

MC1061 E. coli strains by precise deletion of

the thiE, thiC or thiH genes. The resulting

strains (E. coli AthiE, E. coli AthiC and E. coli AthiH) showed thiamin
auxotrophy that was specifically complemented by the respective gene
in trans. In strains where the thi genes were completely removed, we
never observed reversion (Fig. 3 and data not shown).

We first proved the functional equivalence of the putative thiE ana-
log. The hypothetical TM0790 was isolated by PCR from a total DNA
preparation of Thermotoga maritima. The complete protein (a fusion
protein comprising ThiD and a C-terminal sequence orthologous to
MTHS861, which we have designated ThiN) and its C-terminal
domain (starting at position 196) were cloned into a multicopy plas-
mid. Both constructions efficiently complemented the thiamin aux-
otrophy of the E. coli AthiE strain. Interestingly, the complete protein
promoted a slightly faster growth (Fig. 3a), perhaps because of its
higher stability (data not shown). We then purified TM0790 to
homogeneity and detected in vitro thiamin phosphate synthase (TPS)
activity (Fig. 4). Unlike the E. coli TPS, the T. maritima protein was
active at 72 °C (data not shown). The activity was enhanced by the
addition of cell extract (prepared from E. coli AthiE to avoid contami-
nation), suggesting that TM0790 has some extra substrate or cofactor
requirements, although the addition of the TPS substrates HMP-PP
and THZ-P increased the rate of THI-P formation (Fig. 4). Our
results clearly show TPS activity for the novel ThiN protein, though
we cannot exclude broader substrate specificity.

792

To test the ‘one-to-one’ gene displacement prediction with the low-
est score, we isolated and cloned B. subtilis tenA, the gene that nega-
tively correlates with thiC. The resulting clone complemented the
growth of the E. coli AthiC strain on minimal medium without thi-
amin (Fig. 3b), such that isolated colonies were detected after 72 h of
incubation. After genetic complementation using genes from distinct
species, slow growth rates of the complemented strains are not
unusual®®. To confirm that the genetic complementation was due to
functional equivalence of TenA and ThiC, we carried out two different
experiments. In the first experiment, we isolated and cloned a second
tenA ortholog, PET1S, from S. cerevisiae (yeast has four genes with
high sequence similarity to tenA: PET18, THI20, THI21 and THI22;
the latter three copies are fused to thiD). PET18 complemented the
thiamin requirement of the E. coli AthiC strain at about the same rate
as B. subtilis tenA (Fig. 3b). In the second experiment, we assayed the
specificity of the functional complementation. For this purpose the
E. coli AthiH (Fig. 3b) and AthiE (data not shown) strains were trans-
formed with both B. subtilis tenA and yeast PET18 clones. Neither gene
complemented the growth of these strains (Fig. 3b,c) even when the
plates were incubated for more than 10 d. Although the catalytic activ-
ities of both TenA and ThiC have not been elucidated, the fact that
tenA from both B. subtilis and yeast specifically complement E. coli
AthiC strongly suggests functional equivalence of the proteins.
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Figure 3 Genetic complementation of putative analogous enzymes. Strains
(for abbreviations, see Supplementary Methods online) were grown on
minimal medium (MM) or minimal medium supplemented with 10 uM
thiamin (MM+thiamin). Colonies were visible after 1 d, except for the strains
carrying the tenA, THI4 or thiO genes, which were visible after 2-4 d. The
untransformed E. coli AthiE, E. coli AthiC, and E. coli AthiH and the same
strains transformed with pUC18 carrying the E. coli thiE, thiC or thiH genes
were used as negative and positive controls, respectively. (a) Phenotypic
complementation of the E. coli AthiE strain with T. maritima TMO790
(which we have designated thiDN) and with its C-terminal domain (the
sequence orthologous to MTH861). (b) Phenotypic complementation

of E. coli AthiC with tenA, but not with THI4 or thiO. (c) Phenotypic
complementation of E. coli AthiH with THI4 or thiO, but not with tenA.

To verify the predicted ‘ternary displacement, we followed a pro-
cedure similar to the one described for thiC, cloning the putative
analogous genes from two phylogenetically distant species and
demonstrating the specificity of the complementation. We cloned
thiO from R. etli and its ortholog from B. subtilis (yjbR), as well as
THI4 from S. cerevisiae and its ortholog from T. maritima
(TM0787). All four genes complemented the thiamin auxotrophy of
the E. coli AthiH strain (Fig. 3c). The complementation was specific
for E. coli AthiH, as neither E. coli AthiC (Fig. 3b) nor E. coli AthiE
(data not shown) were complemented by any of these genes. The
THI4 genes complemented the growth of the E. coli AthiH faster
than the thiO genes, developing colonies at about 36 h versus 48 h.
ThiH, Thi4 and ThiO thus seem to be functional analogs (probably
oxidases, given the results of the sequence analyses). It is remark-
able to note that analogous genes from such diverse species as yeast,
T. maritima and B. subtilis can efficiently complement the thiamin
requirement of the different E. coli strains tested.

DISCUSSION

Taken together, the four experimental confirmations strongly suggest
that fuzzy anticorrelations in the occurrence of genes across species are a
good indicator for the displacement of missing enzymes by analogs. For
the novel ThiN protein, we have demonstrated functional equivalence
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Figure 4 Thiamin phosphate synthase (TPS) activity of the thermophilic
T. maritima TMO790 gene product. 150 pl of freshly prepared cell extract of
E. coli AthiE were added to a 500 pl mixture reaction and incubated at 55 °C.

to ThiE biochemically, whereas for both ThiC and ThiH, two proteins
with uncharacterized biochemical activities, we have shown genetic
complementation with predicted analogs from two widely different
species, respectively. A fifth prediction, functional equivalence of Thi4
and ThiO, also seems likely to be borne out because both proteins can
genetically complement the lack of ThiH.

In contrast to previous gene context-based strategies'®~14, the
approach described here predicts exact enzymatic functions (that is,
enzymes having identical Enzyme Commission numbers)—or at least
functionally equivalent enzymatic reactions leading to the same com-
pound (Fig. 1). Thus, the three genes tenA, thiN and thiO are not only
generally assigned to the THI-PP biosynthesis pathway, but are placed
into particular steps on the basis of their functional equivalence to
known enzymes. As a result of our findings, in at least three prokary-
otic species all missing steps of the pathway can now be filled in.
Moreover, the fact that the yeast genes THI4 and PET18 complement
auxotrophy caused by the deletion of prokaryotic genes suggests that
early steps of thiamin biosynthesis might be more similar in eukary-
otes and prokaryotes than currently believed*>.

The fuzziness of the bioinformatics method also reveals organisms
that contain both anticorrelating genes. Such potential genetic redun-
dancy has been described before: for instance, the B. subtilis genome
encodes two analogous 3-dehydroquinases believed to catalyze the same
reaction®!. In regard to THI-PP biosynthesis, an interesting scenario is
the presence of both tenA and thiC in Pyrococcus abyssi, Campylobacter
jejuni and the genus Bacillus. Surprisingly, in these genomes, tenA but
not thiC occurs with other THI-PP biosynthesis genes in putative oper-
ons®>3, whereas B. subtilis thiC mutants showed a thiamin require-
ment>4, We believe that this reflects a differential regulation of thiC and
tenA as well as a low expression level of tenA in this species, and we pre-
dict that increased fenA expression can complement the growth defect.

Because there are probably about 15 enzymatic steps in the path-
way (Fig. 1), and we predict that seven pairs of analogous enzymes
are responsible for five independent activities, the rate of gene dis-
placement must be considered substantial (on the order of 30%, at
least in THI-PP biosynthesis). We expect that as the number of
genomes sequenced increases (the 44 species included in the ‘clusters
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of orthologous groups’ (COG) database® were used here), more gene
displacements will be detectable as additional anticorrelations become
significant. It should then become possible to identify many more
analogous proteins in a genome-wide analysis. Such analogs not only
may represent promising targets for drug design (if one of the variants
mainly occurs in pathogenic species), but also may open new avenues
for finding catalysts for biotechnological processes.

METHODS

Genes and species associated with the pathway. We compiled a list of essential
THI-PP biosynthesis genes (i.e., those whose deletion causes auxotrophy) from
the literature®3° (Fig. 2a,b). The putative thiO gene, previously suggested>>*
to replace the function of thiH in R. etli, was also included. Additional genes
likely to be involved in THI-PP biosynthesis (Fig. 2c) were collected using the
initial collection as query in the STRING server’33, Using STRING, we
detected gene fusions and conserved operon structures across genomes, both of
which predict involvement of genes in a common pathway!'?-133237 (see
Supplementary Methods and Supplementary Table 3 online).

The distributions of genes across 44 species were extracted from the COG
database. We assume that 35 species having at least two genes with a role
unique to the THI-PP biosynthesis (as listed in EcoCyc>®) are likely to pos-
sess the functional pathway (Fig. 2a; see Supplementary Methods online for
more details).

Computational prediction of analogous enzymes. To predict instances in
which known proteins have been displaced by analogs, we search for anticor-
relating occurrences among the genes associated with THI-PP biosynthesis
(Fig. 2a—c). An additional criterion was the absence of candidate genes in
species lacking the pathway. ‘Anticorrelation scores” were determined as fol-
lows. (i) In species having the pathway, a score of 1 is given when only one of
the genes compared is present. (ii) If more than one of the genes is present, a
penalty of —1 is assigned. (iii) If none of the genes is present in a species hav-
ing the pathway, no penalty is given (to account for a true ortholog that
escapes detection owing to sequence divergence, or for the presence of
another nonorthologous gene carrying out the same function). (iv) In species
that lack the pathway, a score of 1 is assigned, if none of the genes is present.
(v) If one or more genes are present in a species lacking the pathway, a penalty
of —1 is assigned. The anticorrelation score is defined as the sum of the scores
divided by the number of species and thus ranges between —1 and 1. As a final
filter, we require predictions to be each other’s ‘bidirectional best hit’ (that is,
if using A as a query gene results in the prediction of the top-scoring candi-
date B, the prediction is considered relevant only if using B as a query in turn
reveals gene A).

To estimate the significance of a score, we calculated scores for all 5,010,195
possible pairs of orthologous groups in the COG database®. A score of 0.75 or
higher was found in fewer than 0.5% of the comparisons and hence was consid-
ered as relevant. When applied to the genes associated with THI-PP biosynthe-
sis, seven significant predictions have scores between 0.8 and 0.89, whereas the
next best score is 0.59.

Splitting of inclusive COGs. Orthologous relationships are difficult to resolve if
enzymes catalyzing distinct reactions share substantial sequence similarity.
Accordingly, the COG database?” lists some inclusive ‘groups of orthologs’ that
contain largely paralogous genes. As suggested by the authors of COG, we
revised orthologous relationships for genes with an assumed role in THI-PP
biosynthesis (affected are the inclusive COG1060, COG0665 and COG0715; see
Supplementary Table 2 online).

Strain selection for genetic complementation. For gene replacement experi-
ments, the wild-type MC1061 E. coli strain was used. All strains were grown in
LB medium with the appropriate concentration of antibiotics and thiamin. All
plasmid constructions were electroporated and propagated in the JM109 E. coli
strain (see Supplementary Methods online for details of ligation, electropora-
tion and PCR).

Construction of the E. coli Athi strains. To obtain reliable E. coli mutants for
genetic complementation, the thiE, thiC and thiH genes were precisely removed
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from the chromosome as described in the Supplementary Methods,
Supplementary Table 5 and Supplementary Figures 1-6 online.

Cloning of predicted analogs. T. maritima THI4 and TM0790 (the complete
gene and its thiN domain), B. subtilis yjbR and tenA, S. cerevisiae THI4 and
PET18, R. etli thiO, and E. coli thiE, thiC and thiH were isolated by PCR and
cloned into the pUCI8 vector (see Supplementary Methods and
Supplementary Table 4 online). The complete nucleotide sequence of each
cloned gene was determined to confirm that no mutations had been introduced
by the PCR procedure.

Determination of TPS activity of TM0790. A His-tag derivative of TM0790
was highly purified by affinity chromatography, and its TPS activity determined
(for details on expression, purification and the TPS activity assay see
Supplementary Methods online).

Note: Supplementary information is available on the Nature Biotechnology website.
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