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INTRODUCTION bolic hub, which serves as a point of divergence to a multitude

A multibranched web of biochemical pathways of central
importance is initiated by the action of aspartokinase (Ask) in
a reaction that combines aspartate and ATP. We will refer to
the suite of pathways initiated by Ask as the ASK network. The
aspartate-4-phosphate product of the Ask reaction is the im-
mediate precursor of aspartate semialdehyde. Figure 1 illus-
trates the key position of aspartate semialdehyde at a meta-

of different end products. The figure is a composite illustration
of known branches, not all of which coexist in any given or-
ganism. The biosynthetic origins of threonine, methionine, ec-
toine (or hydroxyectoine), meso-diaminopimelate (DAP), and
diaminobutyrate all invariably track back to aspartate (so far).
On the other hand, alternatives to the aspartate-derived path-
ways shown in Fig. 1 exist for isoleucine, lysine, dipicolinate,
and the aromatic amino acids.



VoL. 73, 2009

L-Aspartate

Ask k— ATP

Aspartate-4-P

Asd l

ASPARTOKINASE COHESION GROUPS 597
-~~~ % Aromatic amino acids
E4P pathway /
/ Pyruvate
/ pathway

v
vl

Dehydroquinate
AroB’

U

L-Threonine — 2-Ketobutyrate

AroA/ // i

A tat Hdh
Dihydrodipicolinate <——— Sen:i';?;:h:de > Homoserine *
DpaA/DpaB/ l T N
L-Isoleucine

Unknown sicoli | 2,4-Diaminobutyrate } ------ . AN SOISUCI

Dipicolinate
pathway > - o

’ ,I

e
Endospores Polymyxin

< — — <

LysA

Hydroxyectoine

meso-Diaminopimelate ‘ ----------

L-Methionine

S-Adenosylmethionine

T

\

------- - Peptidoglycan

L-Lysine <:| o-Aminoadipate pathway

FIG. 1. The ASK network of end products that may radiate from aspartate. The minimal ASK network is bounded with gray shading in a progression
that begins with L-aspartate and ends with L-threonine and L-methionine. End product names shown in blue are essential metabolites for all organisms.
Metabolites that are enclosed within rectangles are specialized compounds that have become essential, or at least important, in particular lineages. The
dashed arrows indicate multiple enzymatic steps. Aromatic amino acids, isoleucine, dipicolinate, and lysine may or may not originate from the ASK
network, and the alternative pathways that do not involve the ASK network are indicated by large yellow arrows. Enzyme abbreviations: Asd,
aspartate-semialdehyde dehydrogenase; Hdh, homoserine dehydrogenase; DpaA/DpaB, alpha and beta subunits of dipicolinate synthase; LysA, DAP
decarboxylase; AroA’, 2-amino-3,7-dideoxy-D-threo-hept-6-ulosonate synthase; and AroB’, dehydroquinate synthase II.

Crystal structures have been deposited in the Protein Data
Bank (PDB) for Ask enzymes from a wide phylogenetic span of
organisms, representing five phyla: Streptophyta, Euryarcha-
eota, Thermus, Actinobacteria, and Proteobacteria. Amino acid
residues important for allostery have been documented for
enzymes obtained from Arabidopsis thaliana (54), Methanocal-
dococcus jannaschii (51), Thermus thermophilus (92), Coryne-
bacterium glutamicum (93), and Escherichia coli (47). Ask en-
zymes possess a C-terminal regulatory domain that is usually
present in adjacent copies called ACT_1 and ACT 2. ACT
domains are widespread regulatory elements that are often
fused to catalytic domains, but they also exist as free-standing
proteins. ACT domains were not easily detected by straight-
forward sequence homology, but more sophisticated tech-
niques utilize secondary structure and similarity of residue
types. Enzymes containing the amino acid binding ACT do-
mains have been reviewed recently (16, 33, 50). All Ask en-
zymes appear to have in common the characteristic that
ACT_1 is inserted into ACT_2 and that the effector-binding
unit consists of one ACT domain on one chain interacting with
another ACT domain on another chain (16).

Branches of the Ask Network

Canonical L-amino acids derived from L-aspartate. Lysine,
methionine, threonine, and isoleucine (together with aspara-
gine and aspartate) comprise the classic “aspartate family” of
amino acids. Although this is an apt descriptor for organisms

such as E. coli, it has proved to be a partial misnomer in the
cases of the many organisms subsequently discovered to use
alternative nonaspartate pathways to lysine and/or isoleucine,
as well as for organisms that derive aromatic amino acids from
aspartate.

(i) L-Threonine. The threonine branch is a straightforward and
universal two-step conversion beginning with the utilization of
homoserine at the branch point. These steps are mediated by
homoserine kinase (ThrB) and threonine synthase (ThrC). In
some organisms, such as higher plants, ThrB also functions as an
activation step of methionine biosynthesis, in which case the spe-
cific threonine branch is a one-step conversion. As a relatively
rare alternative to ThrB, the phosphorylation of homoserine ap-
pears to be carried out in some organisms by a different enzyme
analog that is homologous to cofactor-independent phosphoglyc-
erate mutase. This variant phosphotransferase is found in Eur-
yarchaeota, Bacteroides species, Chloroflexi, Deltaproteobacteria,
and a few Clostridium spp. All three classes of the phylum Bac-
teroidetes contain genomes with a three-gene thr operon. How-
ever, it is interesting that whereas the classes Flavobacteria and
Sphingobacteria possess an ask-hdh — thrB — thrC operon, or-
ganisms in the class Bacteroidetes have replaced thrB with the gene
encoding the phosphoglycerate mutase analog in exactly the same
spatial location.

(ii) L-Lysine. The DAP pathway of lysine biosynthesis, which
is aspartate derived, is widespread in Bacteria. However, con-
siderable variation may nevertheless exist because the individ-
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ual steps between dihydrodipicolinate and lysine can vary in
different genome lineages. At least four variant pathway ar-
rangements exist (39). Hence, different organisms that rely
upon the same overall pathway may nevertheless utilize some
different enzymes and intermediates in the process. The steps
of the DAP pathway are synonymous with those of the DAP
pathway of lysine biosynthesis, and only DAP decarboxylase
(LysA) is unique to lysine biosynthesis (Fig. 1). The total flux
throughout the lysine branch of the network can be signif-
icantly greater in some organisms that utilize lysine for
purposes other than protein synthesis. For example, in sta-
tionary-phase metabolism, Streptomyces clavuligerus makes
the antibiotic cephamycin C from lysine (57), and Streptomyces
albulus makes the antibiotic e-poly-L-lysine from lysine (36). In
the latter case, the organism’s single Ask is only weakly inhib-
ited by the combination of Thr plus Lys, in contrast to the
potent pattern of concerted feedback inhibition that is usually
present in Streptomyces.

Lysine is not always derived from aspartate; sometimes it is
synthesized from 2-ketoglutarate via the a-aminoadipate (AAA)
pathway (63). Accordingly, in organisms such as fungi, eugle-
noids, a significant fraction of the Archaea, and some bacteria,
lysine belongs to the glutamate family of amino acids. In such
organisms, lysine biosynthesis has no specific relevance to the
ASK network. The AAA pathway of lysine biosynthesis requires
fewer ATP equivalents than the DAP alternative and was surely
the ancestral pathway. Presumably, an evolved commitment of
many organisms to make DAP as an important cross-linking
amino acid agent of cell wall biosynthesis favored the relatively
easy subsequent recruitment of the single additional gene (lysA4)
needed to make lysine from DAP, followed by abandonment of
the subsequently unnecessary AAA pathway.

(iii) L-Methionine. The particular pathway steps for methi-
onine biosynthesis can also vary within similar overall trans-
formations occurring between homoserine and methionine.
Activation of homoserine may be accomplished via acetylation,
succinylation, or phosphorylation in different lineages. Phos-
phorylation of homoserine to produce O-phosphohomoserine
is always a step of threonine biosynthesis, but this activated
intermediate is usually not accepted by the second enzyme of
methionine biosynthesis. In those exceptional cases where O-
phosphohomoserine does enter into both the threonine and
methionine pathways (as in higher plants), the pathway branch
point of divergence is therefore displaced to a more peripheral
location at O-phosphohomoserine rather than at homoserine
(not shown in Fig. 1). Incorporation of sulfur, the next enzy-
matic step, can also occur in three different ways. A bioinfor-
matics analysis by Gophna et al. (29) provides a recent and
detailed evolutionary perspective on the considerable enzy-
matic diversity deployed in nature for methionine biosynthesis,
and they point out the amazing statistic that at least 18 variant
methionine pathways can be drawn when combinations of sub-
strate ambiguities and alternative steps are considered. In ad-
dition, it appears certain that completely unknown steps of
methionine biosynthesis must still exist due to the absence of
homologs of known genes in certain finished genomes, such as
those of Desulfovibrio spp. Although methionine is one of the
least abundant amino acids in proteins, the demand for me-
thionine is heightened because it is the precursor of S-adeno-
syl-methionine (SAM). SAM is a generally important source of
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methylating power for many reactions, and it also contributes
to the synthesis of polyamines. Indeed, higher plants use SAM
rather than methionine as part of a synergistic combination to
regulate one of the multiple Ask paralogs that are present (see
below).

(iv) L-Isoleucine. Isoleucine is best known to be derived from
threonine in five steps, beginning with the formation of 2-keto-
butyrate from threonine (catalyzed by threonine dehydratase).
However, in yet another of nature’s variations, isoleucine forma-
tion may be entirely disconnected from aspartate. An alternative
pathway from pyruvate (the citramalate pathway) requires
fewer ATP equivalents and likely was the ancestral pathway.
This pathway, first described in Leptospira (10) as a seemingly
anomalous variation, is increasingly becoming recognized as
either the favored route or the sole route to isoleucine biosyn-
thesis in nature (23). Many organisms have the potential to
utilize either pathway, with the citramalate pathway likely be-
ing the preferential route. In such cases, threonine may be
utilized only if exogenous threonine is available. The use of a
threonine dehydratase with a low affinity (but a high capacity)
for substrate and subject to feedback inhibition by isoleucine
would fit the latter scenario of a biosynthetic function re-
stricted to the presence of exogenous threonine. Whenever the
citramalate pathway is the source of isoleucine, the function of
Ask is directly relevant to threonine, but not to isoleucine.

Nonuniversal parts of the ASK network. (i) DAP. The major
amino acid branches shown in Fig. 1 can themselves contribute
focal points of internal branching, as illustrated by the lysine
branch. These internal branches are lineage specific. Thus,
DAP, the immediate precursor of lysine, marks a branch point
whereby DAP has an alternative fate of incorporation into the
cross-linked matrix of cell wall peptidoglycan in most gram-
negative and gram-positive bacteria. Archaea do not make pep-
tidoglycan, but some of them make pseudomurein (32), and
this metabolic variation is correlated with the presence of the
DAP pathway to lysine. This correlation generates the expec-
tation that DAP will be a component of pseudomurein. How-
ever, lysine, rather than DAP, is used as a cross-linking agent,
so the selective pressure that accounts for the use of the DAP
pathway for lysine biosynthesis in these Archaea is not readily
apparent. Perhaps DAP originally had a cross-linking function
in the ancestral state and was later replaced by lysine, or
perhaps DAP (or one of the earlier precursors) has a yet-to-
be-discovered function in some of the Archaea.

(ii) Dipicolinate. Another lesser-known intermediate of the
lysine pathway (2,3-dihydropicolinate) can be a branch point
metabolite whenever it can be diverted to dipicolinate, which is
a crucial and abundant metabolite for endospore differentia-
tion by certain gram-positive bacteria. Dipicolinate synthase
consists of two subunits known in the literature for many years
by their stage V sporulation names (SpoVFA and SpoVFB).
The genes have more recently been named dpad and dpaB
(17), and the corresponding enzyme subunits have been named
DpaA and DpaB in Fig. 1. Although it is beyond the scope of
this review, we note that dihydrodipicolinate synthase is en-
coded by multiple homolog genes in some organisms. This
could represent a situation analogous to Hdh, where multiple
enzyme species can be differentially regulated, a circumstance
that effectively moves the branch point one step back.
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Number of Conspicuous Prevalent operon
Phylum Class genomes taxon Orders (black fonts)
ectR  ectABCD ask_ect
Proteobacteria Alphaproteobacteria 1 Rhodobacterales
ectR  ectABCD
Betaproteobacteria 6 Burkholderiales
ectR  ectABCD ask_ect
Gammaproteobacteria 15 Six Orders
ectABC ask_ect
Deltaproteobacteria 3 Two Orders
ectABC
Epsilonproteobacteria 1 Campylobacterales |:>
ectABCD
Actinobacteria Actinobacteridae 10 Actinomycetales |:>
ectABCD
Firmicutes 3 Bacillales >
ectABC
Planctomycetes 1 Planctomycetales —
ectABCD
Thaumarchaeota 1 Nitrosopumilales |:>

FIG. 2. Phylogenetic distribution of ect operons. Operons are indicated on the right by continuous arrows in the direction of transcription.
ask_ect is the designation for ask genes that are associated with ect operons. The most common contemporary gene arrangements are shown in
black. The presumed ancestral gene arrangement is also shown, based upon the occasional presence in some genomes of the additional genes
shown in red. Thus, in the Gammaproteobacteria, for example, the most widespread contemporary gene arrangement is ectABC — ask_ect, but ectD
and the divergently oriented ectR are sometimes present. ectR is a putative regulatory gene for the ect operon, which belongs to the marR family
of repressors. The order of enzyme reactions for ectoine biosynthesis is EctB (L-2,4-diaminobutyrate aminotransferase), EctA (L-2,4-diaminobu-
tyrate acetyltransferase), and EctC (ectoine synthase). If present, hydroxyectoine is formed by EctD (ectoine hydroxylase).

(iii) Aromatic amino acids. Some organisms lack the first
two steps of the classic erythrose-4-phosphate (E4P) pathway
for the synthesis of aromatic amino acids (75). Instead of
utilizing E4P and phosphoenolpyruvate in the initial step, L-
aspartate semialdehyde and 6-deoxy-5-ketofructose 1-phos-
phate (DKFP) are combined to form 2-amino-3,7-dideoxy-p-
threo-hept-6-ulosonate via the action of an aldolase called
AroA’. A subsequent step, catalyzed by AroB’, generates de-
hydroquinate, which then merges with the canonical pathway
scheme. Thus, in these organisms, Ask is of fundamental im-
portance for the biosynthesis of aromatic amino acids and
other aromatic compounds.

Because the pathway of aromatic biosynthesis demands a
large biochemical output, the already great significance of Ask
as a provider of some or all of the aspartate family of amino
acids would seem to be even more pronounced in some of the
above-mentioned organisms. This burden may be somewhat
counterbalanced in cases where isoleucine and lysine are de-
rived from alternative pathways that are not dependent upon
Ask (Fig. 1).

(iv) Ectoine. A variety of organisms synthesize ectoine in
three steps (EctABC) from aspartate semialdehyde. Ectoine is
an osmotic agent (compatible solute) present in halophilic or
halotolerant organisms. Ectoine can also serve as a protective
agent for proteins in response to thermal stress (see Kuhlmann
et al. [48] and references therein). Because cells can tolerate
ectoine at high concentrations, it may also serve as a reserve
source of carbon and energy. This is perhaps a more likely

scenario in halotolerant organisms in transition from high-salt
to moderate-salt conditions. It may also apply to conditions of
transition from stationary-phase physiology to growing condi-
tions in organisms like Halobacillus halophilus (81), which ac-
cumulate ectoine dramatically in stationary phase. Sometimes
an additional ectoine hydroxylase (encoded by ectD) is present,
and this converts ectoine to hydroxyectoine (see reference 8
for a complete biochemical diagram of the four-step pathway).
The three or four ect genes are usually, but not always, present
as a compact operon.

An analysis of 51 complete genomes that possess the ectoine
biosynthetic pathway (ectABC) or the hydroxyectoine biosynthetic
pathway (ectABCD) is summarized in Fig. 2. This pathway is
abundant only in the phyla Proteobacteria and Actinobacteria. The
genomic presence of ect genes is not distributed along cleanly
delineated phylogenetic lines. This probably parallels the distri-
bution of halophilic/halotolerant physiologies, which also exhibit
erratic phylogenetic profiles (68). Thus, the ectoine operon is
rather widely distributed, and yet its occurrence appears to be
relatively sparse and quite erratic in any given taxon assemblage.
Very recent losses of ectoine pathway genes and ectoine-associ-
ated Ask enzymes are apparent in some cases, e.g., in the Vibri-
onales. This may suggest its ubiquity in an ancient world that was
largely marine, followed by loss of the ectoine operon in lineages
that became adapted to a terrestrial environment. The wide-
spread availability of exogenous ectoine for uptake may be an
additional explanation for the loss of capability for ectoine bio-
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synthesis. The gene encoding ectoine hydroxylase appears to have
been a component of ancestral operons, although it has fre-
quently been lost in individual lineages.

Only a single archaeon (Nitrosopumilus maritimus) was
found to possess the ectoine pathway, one encoded by an
ectABCD operon. The single available member of the phylum
Planctomycetes (Blastopirellula marina) possesses an ectABC
operon. The three bacilli listed in Fig. 2 have an ectABC
operon, but one of them possesses in addition an unlinked ectD
gene. Those Actinobacteria capable of making ectoine all pos-
sess an ectABCD operon, except for Thermobifida fusca, which
lacks ectD. Streptomyces coelicolor exemplifies a well-studied
ectABCD system (7) that comprises one branch of an ASK
network in which a single unlinked ask species supports the
entire network.

The phylum Proteobacteria contains organisms that have an
ect operon in all five of its classes (Fig. 2). The phylum is thus
far unique in two ways. (i) A putative regulatory gene, here
termed ectR, which encodes a gene product belonging to the
MarR family of transcriptional regulators, is often present. (ii)
A distinctive Ask gene is frequently associated with ect oper-
ons and is undoubtedly dedicated to coordination of aspar-
tate semialdehyde availability with cellular demands for out-
put of ectoine and/or hydroxyectoine. The details are
covered below in a discussion of the various branch-special-
ized Ask enzymes.

(v) Diaminobutyrate. The gene product of EctB, r-2,4-di-
aminobutyrate, is the first specific intermediate of the branch
leading to ectoine/hydroxyectoine. In some organisms, e.g.,
Clavibacter michiganensis subsp. michiganensis NCPPB 382, it
can also be used as a diamino component of peptidoglycan,
and it is also known to be incorporated into certain peptide
antibiotics (reference 66 and references therein). Polymyxin
produced by Paenibacillus polymyxa is an antibiotic in which 6
of the 10 component amino acids are 2,4-diaminobutyrate. If at
least two of the three possible functional roles leading from
diaminobutyrate (as shown in Fig. 1) coexist in a given organ-
ism, then diaminobutyrate is a branch point metabolite in that
ASK network.

Overview. The foregoing indicates that Ask may potentially
be irrelevant to any given end product shown in Fig. 1 for any
of several reasons. First, an alternative pathway not involving
Ask may be utilized, e.g., in the many cases where aromatic
amino acid biosynthesis employs the E4P pathway. Second, an
end product may be irrelevant to Ask simply because the end
product is not synthesized at all. If so, the end product may be
unimportant to a given lineage, and therefore, it is absent; e.g.,
dipicolinate is not important to gram-negative bacteria, which
do not make endospores. On the other hand, even though an
end product, such as one of the amino acids, may be absolutely
essential throughout a given lineage, fastidious members of the
lineage (including a variety of pathogens and endosymbionts)
may nevertheless lack some or all of the ASK pathway network
due to reliance upon environmental or host resources for the
preformed end product.

A general consideration of interest (beyond the scope of this
review) when comparing the ASK networks in different organ-
isms is the variability in the demand of general protein synthe-
sis for acidic residues, like aspartate, and basic residues, like
lysine, due to differing codon preferences. Although it is not
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shown in Fig. 1, general protein synthesis represents a major
avenue of competition for aspartate with respect to the ASK
network. Thus, Salinibacter ruber, an extreme halophile, has
proteins with high aspartate contents and low lysine contents
(59).

Considerations Relevant to the Overall Regulation of
the ASK Network

The aspartate pathway drawn in Fig. 1 begins with a short
two-step common pathway, which then branches divergently at
aspartate semialdehyde. There are multiple focal points of
the usual feedback regulation—actually, a hierarchical array
of them. In addition to Ask, sites of feedback control are
potentially positioned at each step leading from aspartate
semialdehyde, as well as at more peripheral branch points,
e.g., the two enzymes competing for homoserine. An aspect
of complexity is that aspartate semialdehyde is an unstable
compound that polymerizes in solution (79). It has also been
reported to be quite toxic (3). Thus, on one hand, the mul-
tiple enzymes competing for aspartate semialdehyde must
access a substrate available at low concentrations and vul-
nerable to short half-life conditions, but on the other hand,
regulatory restraints on the enzymes using the semialdehyde
must not result in undue accumulation. Hence, the genera-
tion of aspartate semialdehyde (which is heavily impacted by
Ask regulation) must be well matched to the utilization of
aspartate semialdehyde (which is impacted by the regulation
of multiple peripheral enzymes). Another aspect to consider is
the bioenergetics of the ASK reaction. Aspartate-4-P probably
has a more exergonic free energy of hydrolysis than ATP,
making the forward reaction unfavorable under standard
steady-state conditions. Thus, ATP/ADP and aspartate levels
must contribute significantly to driving the reaction (5). These
bioenergetic properties make Ask an excellent target for met-
abolic regulation.

Direct regulation of Ask activity. Feedback regulation of
Ask is generally of paramount importance, since Ask funnels a
great amount of energy-expensive precursor to the various end
products. The feedback principle of end product control of a
key early enzyme in a linear pathway, whether exerted at a
level of controlling catalytic activity or a level of controlling
enzyme synthesis, is relatively straightforward compared to con-
siderations evoked for a multibranched pathway, such as the ASK
pathway. The regulatory dilemma for a key early enzyme such as
Ask is the matter of how the activity of a single enzyme step can
be adjusted by some kind of sensing mechanism tuned to the pace
of the demand for multiple end products.

Alternative solutions are observed in nature with respect to
this general dilemma that confronts the divergent multi-
branched pathway, as has been extensively documented for the
initial enzyme step of the branched pathway of aromatic amino
acid biosynthesis (30, 43). (i) The total activity of the enzyme
reaction may be partitioned between specialized paralogs that
are differentially regulated by particular end products. (i) A
single enzyme may be inhibited by a combination of multiple
end products but not by individual end products (concerted
feedback inhibition). (iii) Individual end products may exert
partial inhibitory capabilities upon the early enzyme, whereas
combinations of end products exert additive effects (cumula-
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tive feedback inhibition). (iv) The level of a pathway interme-
diate located at a branch point may rise and fall as the result of
feedback control of individual terminal branches, and that
branch point intermediate may in turn function in the feedback
control of the early enzyme (sequential feedback inhibition).
In various organisms, the Ask step is usually driven by dif-
ferentially regulated homolog isoenzymes (e.g., E. coli), by
concerted feedback inhibition of a single enzyme (e.g., C. glu-
tamicum), or by a combination of these (Bacillus subtilis).
There is a single report in the literature describing the inhibi-
tion of a single Ask species in Rhodopseudomonas spheroides
by aspartate semialdehyde (19), a pattern that would be one of
sequential feedback inhibition. It is not clear whether screen-
ing for this allosteric pattern has been carried out very often.
Transcriptional and translational regulation of Ask levels.
Alternative regulatory mechanisms may parallel the variety of
feedback inhibition patterns described above, namely, via (i)
differential repression of specialized paralogs, (ii) multivalent
(or concerted) repression of a single Ask enzyme by synergistic
end product combinations, (iii) cumulative repression of a
single Ask enzyme through additive end product effects, and
(iv) sequential repression of a single Ask enzyme. These mech-
anisms may be exerted at both the RNA and DNA levels.

Pathway Partitioning via Specialized Ask Paralogs

The discussion above (as encapsulated in Fig. 1) delineates the
major metabolite products whose biosynthesis may rely on Ask.
At one extreme, a single Ask enzyme supports the entire existing
ASK network. In other cases, specialized paralogs are coordi-
nated with the production of a single end product or a few of the
end products. Specialization is achieved by differential regulation,
accomplished via allosteric control of enzyme activity and/or by
transcriptional/translational control of enzyme synthesis.

Differential allosteric regulation. In the case of Ask, alloste-
ric regulation is accomplished by multiple ACT domains that
exist in the C-terminal portions of Ask enzymes. Conserved
domain (cd) signatures in the cd database (CDD) maintained
by NCBI (53) allow some degree of prediction of allosteric
specificities. If an ask gene is clustered with some or all of the
genes encoding enzymes of a particular divergent branchlet,
one can reasonably infer that the gene is specialized by regu-
lation to support the production of that branchlet end product.
Thus, the Ask activities of the three paralogs of E. coli are
tuned to the output of single end products: ThrA is inhibited
by threonine, LysC is inhibited by lysine, and the synthesis of
MetL is repressed by methionine (72).

Use of gene context to infer specialized partitioning of func-
tion. In Bacteria and Archaea, observations of the tendency of
a given gene to cluster with one or more other genes (gene
context) has been an extremely successful approach for infer-
ring general functional roles and for deducing specialized par-
titioning of that function for paralog variants (70). A recent
illustration of gene discovery that exploited the approach of
gene context in combination with a battery of bioinformatics
techniques, in addition to key experimental work, is provided
by Yang et al. (91) (and references therein).

Clues to the differential functional roles of paralog ask genes
can frequently be deduced by gene context because adjacent
genes are subject to various mechanisms of cis coregulation.
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An ask gene that persists as a single ortholog will not generally
be organized with genes relevant to a particular branch of the
ASK network. In the case of the aforementioned E. coli para-
logs, thrA and metL exist within operons containing genes
encoding enzymes that function within the threonine and me-
thionine branches, respectively. Since DAP pathway genes are
synonymous with lysine pathway genes, it may not necessarily
be clear whether ask-associated genes recognize DAP or lysine
as an end product cue. However, the association of an ask paralog
in an operon with lys4 specifically implies regulatory tuning to
lysine biosynthesis rather than to DAP synthesis, since lysA, en-
coding LysA (Fig. 1), is unique to lysine biosynthesis. There are
many examples of Ask paralogs whose functional specializations
have been tied to the threonine branch, to the methionine branch,
and to the lysine branch. In this paper, we especially consider the
extent to which other, lesser-known Ask homologs can be in-
ferred to have functional specializations tuned to the additional
branches of the ASK network shown in Fig. 1.

What dictates whether differentially regulated paralogs or
lone Ask enzymes are used? (i) Differential impacts of envi-
ronmental and physiological cues. In some organisms, the
ultimate end products that depend upon Ask may be synthe-
sized more or less in proportion to growth without the need for
dramatic upregulation and downregulation shifts, which in
other organisms are occasioned by the presence or absence of
some of the end products in the environment or where synthe-
sis of a given end product may be triggered only by environ-
mental cues or particular physiological states. Thus, the peri-
odic feast-or-famine lifestyle of E. coli demands rapid and
frequent pulses of upregulation and downregulation for the
ASK pathway amino acids. Similarly, the demand for dipicoli-
nate in B. subtilis is relatively abrupt and quantitatively signif-
icant during the unique physiological state of endospore for-
mation. Therefore, it may be no accident that E. coli and B.
subtilis exemplify organisms having multiple Ask isoenzymes
subject to differential transcriptional and allosteric regulation.
Likewise, halotolerant bacteria may express a specialized Ask
paralog along with ectoine genes in transitional responses to
exposure to high-salt environments. On the other hand, organ-
isms such as cyanobacteria, which utilize very little in the way
of exogenous organic nutrients and which have no specialized
Ask-dependent pathways that are particularly responsive to
environmental or physiological cues, can presumably support
their ASK networks with a single Ask enzyme at a basal level.
Sophisticated control patterns, such as concerted feedback in-
hibition, would still be anticipated to be critical for the achieve-
ment of a balanced network output.

(ii) Caveats. Even if the outputs of different ASK network
branches respond differently to environmental or physiological
cues, the regulation in place could allow appropriate channeling
of aspartate semialdehyde without the need for differential de-
ployment of multiple Ask enzymes. For example, if ectoine were
made primarily during stationary-phase physiology, then the
amino acid branches would be essentially closed in this physio-
logical state due to end product regulation by amino acids no
longer being drawn into primary protein synthesis, thus allowing
near-exclusive entry of aspartate semialdehyde into the ectoine
channel. On the other hand, challenge by a new physiological or
environmental state, even if the foregoing applies, may still re-
quire expression of an Ask homolog that has different physical
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properties, e.g., an Ask_ect species generated in response to heat
stress might be heat resistant itself, thus allowing initial activity to
generate the precursor needed for the synthesis of molecules
(ectoine) that are protective for other proteins.

(iii) When specialized paralogs may not be absolutely spe-
cialized. Consideration of what is known about the multi-
branched pathway of aromatic amino acid biosynthesis in E.
coli with respect to the three differentially regulated paral-
ogs of the initial pathway enzyme (3-deoxy-p-arabino-heptu-
losonate [DAHP] synthase) may provide a helpful analogy
here. Tryptophan, tyrosine, and phenylalanine are each spe-
cific regulators of one of the paralogs via both feedback inhi-
bition and repression control. In unsupplemented minimal me-
dium, where all three amino acids must be synthesized during
exponential growth, almost all of the DAHP synthase activ-
ity is present as the phenylalanine-sensitive paralog (42).
This is because internal regulatory circuits within the termi-
nal branchlets favor metabolite flow to tryptophan and ty-
rosine in preference to phenylalanine and the internal pool of
phenylalanine is insufficient to inhibit and repress the phenyl-
alanine-sensitive paralog. Thus, under these conditions, a sin-
gle phenylalanine-sensitive DAHP synthase provides a basal
level of activity that supports the network feeding all three
amino acid branches. If the latter growth conditions were the
usual nutritional growth regimen of E. coli, a single DAHP
synthase would be generally adequate. (This condition of
growth in minimal medium can be viewed as roughly compa-
rable to the everyday nutrition of organisms such as cyanobac-
teria, which do not have a lifestyle that exploits exogenous
amino acids and which usually possess a single DAHP syn-
thase.) On the other hand, E. coli depends heavily upon the
periodic provision of exogenous amino acids. In the presence
of exogenous phenylalanine, the tyrosine-sensitive and trypto-
phan-sensitive DAHP synthases are capable of marked dere-
pression in response to any limitation of tyrosine and/or tryp-
tophan that might ensue.

The Cohesion Group Approach

The cohesion group approach for evolutionary analysis of
biochemical pathways is illustrated by very detailed work done
with the tryptophan (89, 90) and the tyrosine (6) branches of
aromatic amino acid biosynthesis. Individual cohesion groups
provide a manageable assemblage of subsets of a given protein
(or protein concatenates) that have evolutionary continuity.
This allows recognition both of lateral gene transfer (LGT)
events and of character state changes in the vertical genealogy.
Cohesion groups usually consist of functionally equivalent or-
thologous genes, and detailed knowledge about one member
will usually apply to the other members. This is quite helpful.
However, if on occasion they contain paralogs or xenologs
having different functional roles and/or regulation, that is likely
to facilitate even more valuable inferences. For example, S.
coelicolor possess two paralogs in TyrCG-17 (6). One is an
arogenate dehydrogenase; the other is PapC, an enzyme hav-
ing a single substitution at position 154 that alters its substrate
specificity and that is encoded by a gene regulated within the
calcium-dependent antibiotic cluster. Since the paralogs are
sufficiently similar to be within the same cohesion group, one
can deduce that papC arose recently by gene duplication, fol-
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lowed for one paralog by a novel specialization of substrate
specificity and by translocation to an antibiotic synthesis mod-
ule. Once convincing conclusions are formulated for a set of
cohesion groups, parsimonious deductions can be made about
evolutionary changes that must have occurred at deeper phy-
logenetic levels. This approach employs a process in which
groups of very similar sequences on an initial tree are recog-
nized as instances of overrepresentation, and each group is
then reduced to a single representative sequence. Cohesion
groups are obtained by a conservative process of tree building,
collapsing the tree at any nodes having high bootstrap values
and rebuilding the tree using an arbitrarily chosen representa-
tive sequence for those positioned at collapsed nodes. This
process is repeated until a tree that has no branches with high
bootstrap values is obtained.

A final collapsed tree (in which each branch represents ei-
ther an orphan sequence or a single arbitrarily chosen member
of a cohesion group) is one in which the order of cohesion
group branching is uncertain because, by definition, the boot-
strap support at the set of collapsed nodes is low. However,
within cohesion groups of sufficient size, evolutionary events
can be deduced with confidence. In a general context of ver-
tical genealogy, scenarios of LGT can be recognized whereby
“intruder” sequences clearly originated from a donor within
the lineage represented by the cohesion group but are cur-
rently present in an organism that is phylogenetically incon-
gruent with the rest of the organisms hosting members of the
cohesion group. In short, the presence of an intruder sequence
in a cohesion group identifies both the recipient and the gen-
eral donor lineage of an LGT event. Scenarios of LGT can still
be incomplete due to a lack of experimental information about
whether alterations of functional roles or regulation differ in
comparisons of the recipient and donor organisms. Two com-
plete examples of LGT of Trp pathway operons were recently
described (58) in which the functional roles and regulation of
these operons in the donor organisms (previously known in
great detail [89]) were matched with thorough experimental
information that subsequently became available about altered
regulation and functional contexts in the recipient organisms.
In this paper, we apply the approach of cohesion group analysis
to address the evolutionary relationships of Ask in the highly
variable and fascinating organismal contexts where different
patterns of the aspartate-derived metabolic network exist.

Superorder Divisions of the Gammaproteobacteria

The Gammaproteobacteria currently enjoy a relatively high
density of representation among finished genomes. This pro-
vides enhanced opportunities for much more extensive evolu-
tionary interpretation than is possible in other lineages, and
this focus on the Gammaproteobacteria (within the larger scope
of the phylum Proteobacteria) is a highlight of this article. The
formal taxons of Gammaproteobacteria at the hierarchical level
of the order separate into two distinct groups based on the
criteria of many character states of aromatic amino acid bio-
synthesis, as exemplified by several recent publications that
employed the cohesion group approach (6, 89). Kleeb et al.
(45) found two comparable subdivisions in the phylogenetic
tree of the cyclohexadienyl dehydratase family, which they
called Gammaproteobacteria 1 and Gammaproteobacteria 11,



VoL. 73, 2009

ASPARTOKINASE COHESION GROUPS

Nitrosomonas europaea (outgroup)

@ tyrA-aroF fusion

— |100 |1

L1100
aroH-tyrA fusion

© merged trp operon =

trpD-trpC fusion

Salinisphaera shabanensis
Francisella tularensis

Alcanivorax borkumensis
Marinobacter hydrocarbonoclasticus
Saccharophagus degradans
Chromohalobacter salexigens
Habhella chejuensis

Pseudomonas aeruginosa

/i

35

Thiomicrospira crunogena

Legionella pneumophila

Acidithiobacillus ferrooxidans
Nitrosococcus oceani

Methylococcus capsulatus

Xanthomonas axonopodis
Dichelobacter nodosus

0.1

Taxon Order

Nitrosomonadales
Salinisphaerales
Thiotricales
Oceanospirillales
Alteromonadales ?
Alteromonadales ?
Oceanospirillales
Oceanospirillales
Pseudomonadales
Thiotricales

Pasteurella multocida Pasteurellales
Aeromonas hydrophila Aeromonadales

Escherichia coli Enterobacteriales

Vibrio cholerae Vibrionales
Shewanella putrefaciens Alteromonadales
Psychromonas ingrahamii Alteromonadales
Idiomarina loihiensis Alteromonadales
Colwellia sp. Alteromonadales
Pseudoalteromonas atlantica Alteromonadales

Legionellales
Acidithiobacillales
Chromatiales
Methylococcales
Xanthomonadales
Cardiobacteriales

603

FIG. 3. 16S rRNA tree of Gammaproteobacteria. The TreeBuilder tool at the ribosomal database (http://rdp.cme.msu.edu) was used. The sequence
of N. europaea (Betaproteobacteria) was used as an outgroup. The lower-Gammaproteobacteria orders are highlighted in yellow, and the upper-
Gammaproteobacteria orders are shown in gray. The evolutionary times for acquisition of four character states (circled letters A, B, C, and D) are shown
at appropriate positions on the tree. Fusion A is for genes encoding cyclohexadienyl dehydrogenase (fyr4) and enolpyruvyl-shikimate-3-phosphate
synthase (aroF), fusion B is for genes encoding indoleglycerol phosphate synthase (#7pD) and phosphoribosyl-anthranilate isomerase (#7pC), fusion D is
for genes encoding chorismate mutase (aroH) and cyclohexadienyl dehydrogenase (tyr4), and evolutionary event C is the merging of the split-operon
components of the #rp operon (90). The current designations of two organisms at the upper right as Alteromonadales is considered highly doubtful, as
indicated by question marks, because unlike the five Alteromonadales organisms shown in yellow, they possess character state A and they lack character

states B, C, and D.

and the same separation is evident in the bacterial-genome
tree of Wu and Eisen (88). We found exactly the same division
to be apparent in the current cohesion group analysis of Ask.
These two informal “superorders” have been called the lower
Gammaproteobacteria and the upper Gammaproteobacteria (6,
84, 89), and these designations are applied in the present
analysis.

Figure 3 shows a 16S rRNA tree of organisms selected from
various orders of Gammaproteobacteria. Five orders in the
right-hand column belong to the lower Gammaproteobacteria,
and the remaining orders are the upper Gammaproteobacteria.
Gene fusions have been shown to have utility for identification
of hierarchical slices of a given phylogeny that had a com-
mon ancestor (41). Figure 3 illustrates this approach, in
which all lower Gammaproteobacteria, but none of the upper
Gammaproteobacteria, have a set of two nested gene fusions
in common. On the other hand, a small clade of the upper
Gammaproteobacteria has another gene fusion that is absent
in the lower Gammaproteobacteria.

These character state fusions are pertinent to the consideration
of a taxonomic discrepancy in which Marinobacter hydrocarbono-
clasticus and Saccharophagus degradans (both belonging to the

family Alteromonadaceae) are currently designated Alteromonad-
ales at NCBI. However, they do not group in the tree with the
other designated Alteromonadales in the lower Gammaproteobac-
teria. Furthermore, Marinobacter and Saccharophagus share the
character state of having a tyrA-aroF fusion that exists throughout
organisms belonging to the Oceanospirillales and Pseudomonad-
ales (Fig. 3). In addition, the true Alteromonadales in the lower
Gammaproteobacteria (but not Marinobacter and Saccharopha-
gus) all possess the three character states depicted, which are
present throughout all of the lower Gammaproteobacteria (except
for some cases of recent wholesale reductive evolution in patho-
gens and endosymbionts). These character states are two fusions
(aroH rtyrA [6] and trpD-trpC [90]), as well as a fully merged #rp
operon from former split-operon components (90). It is notewor-
thy that our assertion that the taxonomic placement of Mari-
nobacter and Saccharophagus is erroneous received strong confir-
mation from the results of Wu and Eison (88), in whose genome
tree the orders Alteromonadales, Oceanospiralles, and Pseudo-
monadales were interspersed and paraphyletic. They concluded
that “the taxonomy needs to be revisited and possibly revised in
such cases.”
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ASSEMBLY OF Ask COHESION GROUPS
Delineation of Cohesion Groups

An initial inventory of Ask sequences was aligned and moni-
tored to ensure that the K(F/Y/)GG motif (see below) was
present in the immediate region of the N terminus. In some
cases, annotations having incorrect translational start sites were
corrected. A variety of manual corrections were made in the
alignment, and various fusions at either the N terminus or at
the C terminus were trimmed. The subsequent process of
collapsing nodes on progressively refined trees is illustrated in
Fig. 4A. The 33 sequences that were eventually placed in
cohesion group 40 are highlighted in Fig. 4A in the
appropriate section of the tree, a snapshot of which is shown
on the left. The sequences are all from the Betaproteobacteria,
and no sequences from the Betaproteobacteria were found to
belong to any other cohesion group after the final round of
node collapsing was performed. The most overrepresented
sequences (dense collections of very close homolog relatives)
were a group of 23 that join at a node that was collapsed, and
Hars_Aa was arbitrarily chosen to represent the collapsed
group in the next round of tree building. Small groups of two
and three sequences were similarly collapsed. A total of eight
“representative” sequences were used in the second round of
tree building, and this yielded a common node for all of them
that was supported by a bootstrap value of 89%. The strong
bias created by the 23 overrepresented sequences compared to
the use of a single arbitrarily chosen “representative” sequence
of that group is evident. Accordingly, Nmen_Aa was chosen to
represent CG-40 for the alignment serving as input for the next
tree (shown on the right). The cohesion groups or orphans to
which the sequences in the tree snapshot on the right were
eventually assigned are indicated on the far right. It can be
seen that at this stage the CG-43 and CG-46 cohesion groups
had yet to be completely consolidated.

A second example is illustrated in Fig. 4B. Here, the ulti-
mate 11-member CG-05 is shown on the left in the initial tree.
Collapsing the three nodes with 100% bootstrap support re-
sulted in the five-member grouping shown in the middle tree.
Since these were now all supported with a bootstrap value of
85%, Bfra_Ab became the representative sequence for cohe-
sion group CG-05, as seen in the third tree. At this stage,
CG-04, CG-07, and CG-21 had not yet been fully consolidated,
as shown on the right.

Final totals of 52 cohesion groups and 30 orphans were
obtained. The orphan Ask enzymes and a representative en-
zyme from each cohesion group are listed in Table 1. There,
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each enzyme’s acronym is given, along with the complete ge-
nome name, the phylogenetic lineage, the cohesion group af-
filiation, and a variety of other features that have been ana-
lyzed in this paper. A sortable, multiply hyperlinked, and
completely expanded version of this table (called the dynamic
table) is available online (http://www.theseed.org/Papers
/MMBR-Aspartokinase/dynamic.html). It is recommended
that the reader access this online table while reading this
article, as one can navigate with one click to such interesting
tools as the cohesion group gene neighborhoods. The dy-
namic table is described more fully in the Appendix. The
dynamic table also has a link (http://www.theseed.org
/PaperssMMBR-Aspartokinase/representatives.html) for ac-
cessing a dynamic version (the representatives table) of Ta-
ble 1, which has all of the columns and features of the
dynamic table, except that only a single member of any given
cohesion group is included.

An Ancient Subhomology Divide Separates ASK, and ASK,

Indel structuring. Careful examination of the multiple align-
ment (available in supplementary files posted at http:/www
.theseed.org/Papers/MMBR-Aspartokinase/CG_representatives
_aln.html) of the 85 sequences from the genomes listed in
Table 1 revealed a clear separation of two subhomology
divisions. They are denoted ASK, and ASK, in Fig. 5. The
greater number of conserved regions in the ASK; portion of
the alignment and the correspondingly more compact portion
of the tree in the ASKj region suggest that ASK,, must be the
most ancient subhomology division. All of the Archaea and
Eukarya sequences belong to the ASK_, subhomology division,
as well as many Bacteria. In contrast, the ASK, subhomology
group contains only Bacteria. The Faln_Aa orphan (from
Frankia alni) within the ASK; subhomology group exemplifies
a likely pseudogene, judging from the many deviations from
residues that are otherwise absolutely conserved (especially in
the region for nucleotide binding). This is also consistent with
its long branch length. Well-characterized Ask enzymes have
been described as either homo-oligomeric molecules or as
heterotetramers (16), and it appears that these two structural
types correspond to the ASK, and ASKg subhomology
divisions.

The two subhomology divisions differ most conspicuously in
indel structuring. The ASK_ subhomology group possesses a
region of approximately 50 amino acid residues that has no
counterpart in ASK; sequences and which therefore defines
the indel region. This occurs in the vicinity of 70 residues past
the N terminus. The indel is between two catalytic residues

FIG. 4. Progression of tree-making steps to generate cohesion groups. (A) A “snapshot” of the large master tree of Ask sequences is shown
in the vicinity of the ultimate CG-40 (highlighted). The three arrows leading from bracketed sequences on the left point to “representative”
sequences that were arbitrarily chosen to represent collapsed nodes supported by very high bootstrap values. The three representative sequences
plus the five remaining orphan sequences were included in a new multiple alignment that was used to build another tree. The appropriate portion
of the rebuilt tree shown in the middle exhibits a common node with bootstrap support of 89, which then was collapsed at that node to yield a
subsequent rebuilt tree having the Neisseria meningitidis sequence (Nmen_Aa) chosen as a single representative sequence for CG-40. The ultimate
cohesion group assignments are shown on the far right. (B) A snapshot of the master tree of Ask sequences is shown in the vicinity of the ultimate
CG-05 (highlighted). The three arrows leading from bracketed sequences point to “representative” sequences chosen to represent a collapsed node
supported by very high bootstrap values. The rebuilt tree shown in the middle exhibits a common node with bootstrap support of 85, which then
was collapsed at that node to yield a subsequent rebuilt tree having the B. fragilis sequence (Bfra_Ab) chosen as a single representative sequence
for the 11 members (indicated on the far left) of CG-05.
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111221839

Faln_Aa

Frankia alni ACN14a

Actinobacteridae
Actinobacteridae
Actinobacteridae
Rubrobacteridae

ra

ctinobacte
Actinobacteria
Actinobacteria
Actinobacteria

A

Bacteria

ORP
ORP
ORP
ORP
ORP
ORP
ORP
ORP
ORP
ORP
ORP
ORP
ORP
ORP
ORP
ORP
ORP
ORP
ORP
ORP
ORP
ORP
ORP
ORP
ORP
ORP
ORP
ORP

absent
MEE
MLE

ASK,

Twhi_Aa

28572866
182438043
108803931

Tropheryma whipplei TW08/27

Bacteria

ASK,

Sgri_Ab

Rxyl_Aa

Streptomyces griseus subsp. griseus NBRC 13350

Rubrobacter xylanophilus DSM 9941

Bacteria

ASK,

Bacteria

Absent

ASK,,

ASKj,

VEH

108802953

Rxyl_Ab

Rubrobacter xylanophilus DSM 9941

Aquifex aeolicus VF5

Rubrobacteridae

ia

nobacter

Aquificae

Acti;

Bacteria
Bacteria

MEK

15606405
148657187

Aaeo_Aa

Aquificae (class)

ASK,

ROSE-4a
Tthe Aa

Absent

ASK..

ASK,

Roseiflexus sp. strain RS-1

Chloroflexi (class)
Deinococci
Bacilli

Chloroflexi

Bacteria

MEM
VVA
LEK

46198474
51892824
78044447
114566842

Sthe-17_Ab

Thermus thermophilus HB27
Symbiobacterium thermophilum TAM 14863

Deinococcus-Thermus

Firmicutes

Bacteria

Chyd_Aa
Swol_Aa

Bacteria

ASK;

Carboxydothermus hydrogenoformans Z-2901
Syntrophomonas wolfei subsp. wolfei Goettingen

Moorella thermoacetica ATCC 39073

Rhodopirellula baltica SH 1

Clostridia

Firmicutes

Bacteria

ASK,

MEN
MER
MIV

Clostridia

Firmicutes

Bacteria

ASK,

Mthe-3_Aa

83590151

Clostridia

Firmicutes

Bacteria

ASK,

32475630
71083222
108760667
108759004
108762994
116749603

Rbal_Aa

Pubi_Aa

Planctomycetacia

Planctomycetes

Bacteria

ASK;

Absent
MED

ASK,

Mxan_Ab

“Candidatus Pelagibacter ubique” HTCC1062

Myxococcus xanthus DK 1622
Myxococcus xanthus DK 1622
Myxococcus xanthus DK 1622

Alphaproteobacteria
Deltaproteobacteria

Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria

Chloroflexi

Bacteria
Bacteria

ASK,

Mxan_Ac

Bacteria

ASK, Absent

Ask-Hdh
Ask-Hdh

Deltaproteobacteria

Mxan_Ad

Bacteria

Absent

ASK,

Deltaproteobacteria

Sfum_Aa

Bacteria

MEK
MPG
MES
VEG

ASK,

Syntrophobacter fumaroxidans MPOB

Deltaproteobacteria

Phal Aa

Bacteria

ASK,

77359490
119946984
146329519

Pseudoalteromonas haloplanktis TAC125

Psychromonas ingrahamii 37

Gammaproteobacteria (lower)

ASK,

Cbur_Aa

Ping_Aa
Dnod_Aa

Dichelobacter nodosus VCS1703A

Gammaproteobacteria (lower)
Gammaproteobacteria (upper)

Bacteria
Bacteria

ASK;

Absent

29654360
53802422
92112759
78485930
116335010
117924273
148656161

Coxiella burnetii RSA 493
Methylococcus capsulatus Bath

Bacteria

ASK,

Gammaproteobacteria (upper)

VEK

Gammaproteobacteria (upper)

Bacteria

ASK,

Mcap_Aa
Csal_Aa

MEE
MEK
MER
MES

Teru_Aa

Chromohalobacter salexigens DSM 3043
Thiomicrospira crunogena XCL-2

Gammaproteobacteria (upper)

Bacteria

ASK,

Crud_Aa

Gammaproteobacteria (upper)
Gammaproteobacteria

Unclassified

Bacteria

ASK;

“Candidatus Carsonella ruddii” PV
Magnetococcus sp. strain MC-1
Roseiflexus sp. strain RS-1

Bacteria

ASK,

MAGN-2a
ROSE-4b

Bacteria

ASK,

Absent

ASK,,

Chloroflexi (class)

Bacteria

“ ORP, orphan sequence.
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that in ASK sequences are separated by about 25 residues
(e.g., T4; and E, in C. glutamicum, as illustrated in Fig. 6).
The sequences belonging to CG-23 and CG-52 (Fig. 5) are
unusual in that they clearly belong to ASK_ but nevertheless
lack the 50-amino-acid regions, thus being similar to ASKg
in this respect.

Distribution of multiple homoserine dehydrogenases be-
tween ASK, and ASKg. It is interesting that organisms har-
boring ASK, Ask enzymes typically possess a short Hdh of
minimal length (Hdh-min), whereas ASKg organisms charac-
teristically have an Hdh that possesses an approximately 70-
residue extension at the C terminus. This extension is in fact an
ACT domain, which is represented by a single cd, cd04881, in
the CDD of NCBL. In all cases where it has been experimen-
tally determined, ACT-containing homoserine dehydrogenases
are feedback inhibited by threonine (reference 61 and refer-
ences therein). We refer to this class as Hdh-thr. We have
noticed that there is a third group of Hdh enzymes that has a
C-terminal extension that is not recognized at NCBI as an
ACT domain. These are most often seen in the phyla Firmi-
cutes and Actinobacteria. It seems likely that this group may be
methionine-inhibited Hdh enzymes (which we denote Hdh-
met). Consistent with this assertion, Lactobacillus plantarum
has an hdh-met gene organized with other enzymes of methi-
onine biosynthesis, Bacillus clausii and Bacillus halodurans ex-
hibit an SAM riboswitch upstream of hdh-met, and Thermo-
anaerobacter tengcongensis possesses an SAM riboswitch ahead
of hdh-met, followed by a gene for methionine biosynthesis.
The three classes of Hdh enzymes are sorted into different
columns of the dynamic table online (http://www.theseed.org
/Papers/MMBR-Aspartokinase/dynamic.html) (Hdh-thr, Hdh-
met, and Hdh-min) and are hyperlinked to a gene detail page.
Some genomes support multiple hdh genes. For any genome
included in this study, one can conveniently navigate to one or
more hdh gene positions and their surrounding gene neighbor-
hoods directly from “Ask Dynamic Table.”

The K(F/Y/1)GG Motif

Very close to the near end of the N terminus, all Ask
proteins possess a highly conserved motif that is distributed
in three variations. Bareich and Wright (4) have referred to
VXKFGG(T/S)SV as “the AK signature motif.” It is best
known in the literature as the KFGG motif because that
happened to be the variation present in the earliest well-
studied enzymes. It is in fact the most widespread motif, but a
KYGG motif is also quite abundant. A KIGG motif has
limited distribution and has not been reported before. The
general motif could be more fully described as the K(F/Y/T)
GGTS motif, where the KXGGT amino acids comprise one
catalytic residue (K) and three substrate-binding residues for
ATP (GGT). In the Ask enzymes having either a KIGG or
KYGG motif, there are no amino acid residue substitutions.
In the list of Ask enzymes having the KFGG motif, there are
five variants: KFGK in Bfra_Ac (CG-11), KFEK in Bthe Ac
(CG-11), KFGA in ROSE-4b (orphan), and KFGS in
Csym_Aa (CG-49) and Mmar_Ac (CG-52). The five exceptions
are all from ASK, division members. The two CG-11 enzymes
are encoded by genes that arose as extraneous paralogs with
alterations in important conserved codons throughout the genes
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FIG. 5. Distribution of cohesion groups on a phylogenetic tree displayed in radial form. Orphan sequences and representative Ask sequences
from each cohesion group (listed in Table 1) were aligned, with some manual adjustments, and submitted to a tree-building program as described
in the text. The two divergent subhomology divisions (ASK, and ASK;) are indicated in yellow and blue, respectively. CG-23 and CG-52, marked
in red, lack the indel insertions that are otherwise uniquely present in the ASK, subhomology grouping.

and are likely pseudogenes. The last three variants have amino
acid substitutions in the motif that are probably tolerated, and
important catalytic and substrate-binding residues are otherwise
conserved.

The KIGG motif is uniformly present in all members of CG-02

and CG-20, and both of these cohesion groups belong to the
ASK,, division. Otherwise, ASK, Ask enzymes almost always
possess a KFGGTS motif, the only exceptions so far being the
KYGG motifs present in Fneo_Aa of CG-01 and in Nmar_Ab
of CG-50. ASK; Ask enzymes usually possess a QK(F/Y/)GGTS
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‘ Catalytic/substrate-binding residues
[

w ACT_1 domain

T T ACT_2 domain
o ser| [sa] 1] £
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[cd04246] [cd04891]

FIG. 6. Schematic depicting the essential differences between an ASK, enzyme and an ASK; enzyme. The enzyme selected to represent each
subhomology division has been studied by X-ray crystallography and is from M. jannaschii (Mjan_Aa) or C. glutamicum (Cglu_Aa), respectively.
Catalytic and substrate-binding residues are shown only as far as the first catalytic residue past the indel region. An unknown query can readily
be recognized unambiguously as belonging to ASK,, or to ASK, by obtaining the cd identifier (at the top of the cd hierarchy). If the cd for the
Ask domain is cd04246, then the enzyme is in the ASK; division, because all ASK, enzymes have that cd (Fig. 7). If the cd identifier is anything
else, the enzyme is in the ASK,, division, which has five cd numbers (Fig. 7). Likewise, if the cd for the ACT_1 domain is cd04891, it is in the ASK,
division, because all members of that division have this cd. If the cd is anything else, the enzyme belongs to the ASK,, division. Internal start sites
are shown in Fig. 12 for all ASK; cohesion group representatives or orphans. The Q...Q motif is shown with one glutamine residue in ACT_1 and
the other in ACT_2 for ASK, enzymes that exhibit threonine allostery. A glutamine residue is present in the homologous position of the ACT _1
domain in ASK enzymes that are inhibited by threonine or by Thr plus Lys. However, ACT_2 domains of ASK; enzymes never possess a Q residue

in the homologous position.

motif. It is quite striking that the Q residue is almost always
present in ASKg Ask enzymes and is almost never present
in ASK, Ask enzymes. (See the multiple alignment of
representative cohesion group members and orphans in the
supplementary files posted at http:/www.theseed.org/Papers
/MMBR-Aspartokinase/CG_representatives_aln.html). All of the
members of a given ASK, cohesion group usually have identical
motifs: either KFGG or KYGG, but occasional cohesion groups
exhibit a mixture of motifs. For example, CG-32 has six members
with a KFGG motif and five members with a KYGG motif.

Ask Fusions

The ask gene is sometimes fused to one of two enzymes in
the ASK network, namely, the gene encoding homoserine
dehydrogenase (hdh) or the gene encoding DAP decarbox-
ylase (lysA). The fusion of ask with hdh implies a functional
specialization of ask for threonine and/or methionine bio-
synthesis (Fig. 1). The fusion of ask with lysA implicates a
functional specialization for lysine biosynthesis (rather than
for DAP biosynthesis), since LysA is uniquely used for lysine
production. Nine cohesion groups are uniformly populated
with ask fusions. Ask-LysA sequences are present in a single
cohesion group (CG-09), which implies a recent common
origin. However, these sequences are from phylogenetically
incongruent organisms, which suggests multiple and recent
LGT events, as discussed below. The remaining eight cohe-
sion groups contain Ask enzymes that are fused to Hdh.
CG-26 possesses Hdh-Ask fusions from two species of Ther-
motoga. This fusion (Hdh-Ask) clearly evolved indepen-
dently of the others, since it is the only instance in which
Hdh is fused to the N terminus of Ask. It is also the only
fusion joining the ask and hdh genes in the ASK division.
The remaining five cohesion groups and two orphans (CG-04,

CG-05, CG-07, CG-08, and CG-52 and Mxan_Ac and Mxan_Ad)
having Ask-Hdh fusions are ones in which Hdh is fused to the C
terminus of Ask. The Ask components all belong to the ASK,
subdivision. All of them are proposed to have radiated from a
single ancient fusion that arose in the superphylum Bacteroidetes/
Chlorobi, as discussed below. Han et al. (37) have noted that the
sequential order of domain combinations in fusions is usually in
one of the possible orders, i.e., if the order A-B occurs, then the
order B-A is rarely found. The Thermotoga fusion appears to be
one of these rare exceptions.

APPLICATION OF THE CDD FOR
EVOLUTIONARY ANALYSIS

The CDD at NCBI is a powerful tool to analyze protein
sequences in the context of domain family hierarchies, which
are related by common descent and hence reflect evolutionary
relationships (53). We have found the application of this tool
to the current cohesion group analysis to be fruitful. Ask se-
quences possess an N-terminal Ask domain and usually have
two adjacent ACT domains at the C terminus. It is a reassuring
affirmation of the power of the cohesion group approach that
the cd signatures for the aforementioned ASK, and ASKg
subhomology divisions are mutually exclusive for both the Ask
and the ACT domains. Thus, if any new query sequence is
scanned at the CDD for the cd signatures, assignment to ASK_
or to ASK will be unambiguous.

Phylogenetic Distribution of CDD Domains for Ask

The Ask cds are hierarchical, and they are shown at the
highest hierarchical level across the top of Fig. 7. Cohesion
groups and orphan sequences are shown on the right and
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ASK,, AsKg
cd04234 cd04244 cd04245 cd04248 cd04247 cd04246
l— 04243 I— 04260
04257 04261
04258
04259
ASK, subhomology division Phyla ASKg subhomology division
CG-01 Fungi
CG-13, CG-07 Streptophyta
CG-14, CG-15, CG-23
Mkan_Ab, CG-16, CG-18 Euryarchaeota
(CG-49), (CG-50), (CG-19), (CG-20) Crenarchaeota

Susi_Ab, CG-12

Acidobacteria

0G-05, CG-06, CG-07, CG-09, CG-11, CG-47

Bacteroidetes

CG-05, CG-10 Chlorobi
ROSE-4b, ROSE-4a Chloroflexi CG-44
CG-22 Chlamydiae

Mxan_Ad, CG-07, CG-04, CG-21, CG-08,
Mxan_Ac, CG-09, CG-52, CG-02

Proteobacteria

Mxan_Ad, Dnod_Aa, Phal_Aa, Ping_Aa, Tcru_Aa,
Csal_Aa, Pubi_Aa, Crud_Aa, Mxan_Ab, Cbur_Aa,
Sfum_Aa, MAGN-2a, Mcap_Aa, CG-27, CG-34,
CG-35, CG-36, CG-37, CG-38, CG-39, CG-40,
CG-41, CG-42, CG-43, CG-46, CG-48, CG-51

Aquificae Aaeo_Aa
Thermotogae CG-26, CG-29
Planctomycetes Rbal_Aa
Cyanobacteria CG-32
Spirochaetes CG-31

Chyd_Aa, Mthe-3_Aa, Sthe-17_Ab, Swol_Aa,

L Fitmicutes CG-24, CG-30, CG-45, CG-28, CG-33
Rxyl_Aa Actinobacteria Faln_Aa, Rxyl_Ab, FRAN-2a, Twhi_Aa, CG-25
CG-17 Deinococcus-Thermus Tthe_Aa

FIG. 7. Relationship of the six major NCBI Ask cds in the CDD to the ASK,, and ASK; subhomology divisions. The NCBI assemblage of cds
is hierarchical, and some of the six have further subdivisions, as shown across the top. For example, cd04246 includes the “children” ¢cd04260 and
cd04261. Among the “children,” cd04261 is shown in boldface to indicate that it occurs as a specific hit or at least as the best hit when queried in
the CDD. Similarly, cd04243 and c¢d04257 are the most frequent specific hits within the cd04234 family. CG groups and orphans belonging to the
ASK, subhomology division are listed on the left, and those belonging to the ASK subhomology division are listed on the right. The CG group
and orphan designations are color coded to match the cd assignments. Phyla shown in the middle column are color coded in all cases where every
cohesion group and orphan uniformly carries the same cd assignment. In cases where there are no specific hits, the best nonspecific hit is color

coded and the CG designation is enclosed in parentheses.

left sides across from the centrally listed phyla containing
them. The ASKj sequences fall under a single cd signature
(cd04246), with cd04261 being by far the most common sub-
signature in this hierarchy. The ASK, sequences, on the
other hand, are partitioned between the remaining five cd
signatures in Fig. 7. Sequences belonging to CG-01, CG-02,
and CG-03 are each restricted to a single phylum: Fungi,
Proteobacteria, and Firmicutes, respectively.

CDD Domains for ACT: Functional and
Evolutionary Implications

Varied multiplicities of ACT domains in Ask enzymes. Ask
enzymes may (rarely) lack ACT domains altogether, may (al-
most always) possess two adjacent ACT domains at the C
terminus in the configuration ACT_1/ACT_2, or may (rarely)
possess four adjacent ACT domains in the configuration
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ACT_1/ACT_2/ACT_1/ACT_2. In the two paralog members
of CG-47 and in the two members of CG-52, there are no ACT
domains at all. In many cases one (or both) ACT domain has
been sufficiently disrupted that it is not recognized at all on the
BLAST graphic, or it is identified as a “nonspecific hit.” Quite
often, this is typical of an evolutionary shift from an Ask
specialization for threonine responsivity to a specialization for
methionine responsivity. In almost all of these cases, the se-
quence region is largely retained, probably because of struc-
turally important properties of the twin ACT domain architec-
ture. Four ACT domains are present in the Ask proteins of all
members of the phylum Cyanobacteria, which populate a single
highly conserved cohesion group (CG-32). The single orphan
member (Rbal_Aa) of the phylum Planctomycetes also has four
ACT domains. The members of CG-32 and Rbal_Aa may have
had a common origin, but if so, the divergence is too great to
make any conclusions without the availability of additional
genome representation. However, the possibility that the ac-
quisitions of four ACT domains in these two phyla were inde-
pendent events is consistent with the presence of an in-frame
internal start site upstream of the ACT domains in Rbal_Aa
but not in any members of CG-32 (see below). Detailed ex-
perimental study of Ask enzymes having these two structure
variations would clearly be of great interest.

Phylogenetic distribution. There are many different cds for
ACT in the CDD, and they reflect evolutionary descent from a
common ancestor (53). These domains are arranged hierar-
chically in the CDD, and at the most elevated hierarchical
level, there are three ACT domains (cd04890, ¢d04891, and
cd04892). ACT_1 may be any of the three cds, whereas ACT 2
is always cd04892. In the ASK, subhomology group, ACT_1 is
cd04891. In the ASK, subhomology grouping, ACT _1 is either
¢d04890 or c¢d04892. Thus, not only does the cd signature for
the Ask domain clearly distinguish ASK,, from ASKg, but the
cd signature for ACT_1 also distinguishes ASK, from ASKg.
The archaeal sequences within the ASK, subhomology group
always possess an ACT_1 domain, which has the cd04892 sig-
nature (or a degenerate version of it).

Tandem ACT domains undoubtedly originated by gene
duplication. Since ACT_2 always has the cd04892 signature,
the original ACT domain pair must have been ACT_1
(cd04892)-ACT_2 (cd04892). This domain combination is
present in all contemporary Archaea and some bacteria, and
they are listed in the top and middle sections of Fig. 8A and
B. Since the above cd signature combination is required for
an intact Q...Q motif, which also has relevance for Hdh
allostery (see below), it is interesting to consider the possi-
bility that the selective pressure favoring the gene duplica-
tion was to achieve an allosteric region that could function
not only for Ask regulation by threonine, but also for reg-
ulation of an Hdh domain that participates in a protein-
protein interaction with Ask. The protein-protein interac-
tion could potentially occur between fused domains or
between unfused but complexed domains.

The Q...Q motif specifies nonequivalent threonine-bind-
ing sites. Each of the twin ACT domains in the cd04892-
¢d04892 configuration often possesses a QXXSE motif to yield
a tandem combination (QXXSE...QXXSE), which we refer to
as the Q...Q motif. In 4. thaliana, it has been shown (71) that
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an Ask-Hdh fusion (belonging to CG-07) possesses a
Q3. - -Qs54 region in which these glutamine residues are tar-
geted by threonine for allosteric binding. Interestingly, Q45
and Qs,, are key elements of nonequivalent threonine-binding
sites. Only Q,4; is essential for threonine inhibition of Ask
activity, whereas both Q45 and Qs,, are essential for threonine
inhibition of homoserine dehydrogenase activity. Q5 contrib-
utes to a high-affinity binding site for threonine, and binding of
threonine there activates the binding of threonine to the sec-
ond Qs,, site.

Figure 9 illustrates a conserved Q...Q motif in members
of CG-05. Members of CG-05 have Ask-Hdh fusion proteins
whose Ask and Hdh activities are both likely to be inhibited
by threonine, and the corresponding genes are positioned in
context with the other threonine pathway genes. Flavobac-
terium johnsoniae possesses two paralog members of CG-05,
shown at the bottom of Fig. 9. Fjoh_Ac exhibits an intact
Q...Q motif (aligning well with the sequences above it) and
is adjacent to other threonine pathway genes. In contrast,
the Fjoh_Ab paralog has migrated to a gene context of
methionine biosynthesis and exhibits a disrupted ACT_2
region. This indicates that the Ask of the new Ask-Hdh
fusion protein, derived by gene duplication, is probably still
inhibited by threonine, but the homoserine dehydrogenase
activity is not. Starvation for methionine may derepress the
new Ask-Hdh fusion protein or at least provide sufficient
residual activity, even in the presence of threonine, to sup-
port methionine biosynthesis. A number of other genera in
the same family as F. johnsoniae (not shown in Fig. 9)
possess the same ask gene duplicate, having characteristics
suggesting specialization for methionine biosynthesis. Per-
haps this clade has an alteration of methionine metabolism
that has selected for a greater output of methionine from
the ASK network.

The rationale for interpretation of evolutionary events
with respect to the ASK_, subhomology group. In Fig. 8A and
B are companion diagrams that attempt to equate sequence
motif and cd signature information (Fig. 8A) of the twin ACT
domain region with ASK network, gene fusion, and gene con-
text (Fig. 8B) information. At the top of the alignment is a
“threonine configuration” (cd04892-cd04892). In this analysis,
we assume that the presence of a signature Q...Q motif across
the ACT_1-ACT_2 region indicates that Ask is feedback in-
hibited by threonine and Hdh is feedback inhibited by threo-
nine. In cases where Ask and Hdh are not fused, we suggest
that Ask and Hdh form a protein-protein complex, a reason-
able assumption, since many enzyme complexes are known to
have fusion counterparts, e.g., anthranilate synthase and tryp-
tophan synthase (90). The middle block of cohesion groups
consist of disrupted or altered twin ACT domains, which are
derived from the cd04892-cd04892 configuration. They are
generally associated with specialization with a branch other
than the threonine branch. At the bottom is a “lysine config-
uration” (cd04890-cd04892), from which are derived (i) a
threonine-sensitive Ask (CG-01); (ii) an Ask species having
unknown, if any, allostery (CG-02); (iii) an Ask species subject
to allostery by a synergistic combination of lysine and threo-
nine (CG-03); and (iv) an Ask species subject to allostery by a
synergistic combination of lysine and SAM (CG-13).
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Umet_Aa CG-14 Euryarchaeota A Thr
Mmar-6Aa CG-15 Euryarchaeota A Thr
Mijan_Aa CG-16 Euryarchaeota A Thr
Nmar_Ab CG-50 Thaumarchaeota A = Thr
Mkan_Ab Orphan Euryarchaeota A Thr
Bfra_Ab CG-05 Bacteroidetes B — hr _Thr
Srub_Ac CG-07 Bacteroidetes B — hr Thr
Sglo_Ab CG-04 Gammaproteobacteria (lower) B Ask — hr hr
ROSE-4a Orphan Chloroflexi B — hr hr
Mxan_Ac Orphan Deltaproteobacteria B Ask-Hdh - hr
Dgeo_Aa CG-17 Deinococcus B
Susi_Ab Orphan Acidobacteria B
Msed_Aa CG-20 Crenarchaeota A _Thr
Aper_Aa CG-19 Crenarchaeota A _Thr+Met
Mkan_Aa CG-19 Euryarchaeota A
Mmar_Ac CG-52 Alphaproteobacteria B [ [ Ask-Hdh _Thr
ROSE-4b Orphan Chloroflexi B [ [ Ask-Hdh <
Msta_Aa CG-23 Euryarchaeota (Methanobacteria) A _Lys
Hwal_Aa CG-23 Euryarchaeota (Halobacteria) A
Mxan_Ad Orphan Deltaproteobacteria B I Ask-Hdh -« _Met
Rxyl_Aa Orphan Actinobacteria B _Met
Nmar_Aa CG-49 Thaumarchaeota A -
Tkod_Aa CG-18 Euryarchaeota A _Thr+Met
Ahyd_Ad CG-08 Gammaproteobacteria (lower) Ask-Hdh | < _Met
Fjoh_Aa CG-06 Bacteroidetes <
Srub_Ab CG-47 Bacteroidetes <] —/ _Met
Srub_Aa CG-47 Bacteroidetes ! _DAP
Ctra_Aa CG-22 Chlamydiae B Absent Absent DAP
Scer_Aa CG-01 Fungi E H Thr
Hnep_Aa CG-02 Proteobacteria B _Ect
Lcas_Aa CG-03 Firmicutes B [ | [Lys+Thr]
Srub_Ad CG-09 Bacteroidetes B Ask-LysA Lys _Lys
Ctep_Aa CG-10 Chlorobi B Lys
Gfor_Ab CG-11 Bacteroidetes B Lys _Lys
Susi_Aa CG-12 Acidobacteria B Lys _Lys
Ecol_Aa CG-21 Gammaproteobacteria (lower) B | Lys
Atha_b CG-13 [ Streptophyta E | [ ] ] | | [ [ [Lys+SAM] |

@Phyla belonging to Archaea (A), Bacteria (B), or Eukarya (E) are indicated at the right.
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SUGGESTED EVOLUTIONARY PROGRESSION OF THE
ASK NETWORK

The Likely Ancestral Network

An ancient minimal network. ASK_, was probably the most
ancient species of Ask, since the divergence of multiple cd
signatures for the Ask domain in ASK, sequences, but not in
ASKg sequences (Fig. 7), and the greater sequence divergence
of ASK, sequences than ASK sequences (see the alignment
in the supplementary files posted at http://www.theseed.org
/Papers/MMBR-Aspartokinase/CG_representatives_aln.html)
imply a greater elapsed evolutionary time. The earliest organ-
isms probably used the AAA pathway for lysine biosynthesis
and the pyruvate pathway for isoleucine biosynthesis because
these Ask-independent pathways require fewer ATP equiva-
lents. If so, a relatively simple ASK network was probably
dedicated to threonine as a quantitatively major end product
and methionine as a quantitatively minor end product. This
ancestral core network (the minimal network) is shown in Fig.
1. Note that in this restricted pathway scheme, aspartate semi-
aldehyde is not located at a metabolic branch point and is
merely an intermediate in a straight path to homoserine. As
such, there is no expectation that Hdh would be subject to
feedback inhibition. In fact, any accumulation of intermediates
would preferably be in the form of homoserine rather than
aspartate semialdehyde, which is unstable and toxic (3, 79).
Regulation of Ask and ThrB by threonine may have been
sufficient, with residual Ask activity being adequate to feed the
minor methionine branch. The presence or absence of the
DKFP branch to supply aromatic biosynthesis may have been a
very ancient dichotomy dependent upon variations of carbohy-
drate metabolism that dictated the availability of E4P or DKFP.
In any event, the presence of a DKFP branch represents in-
creased network complexity, which would be expected to create
selective pressure for regulation of homoserine dehydrogenase,
which competes with AroA’ at the central branch point. Likewise,
selective pressure for regulation of Hdh would have coincided
with the addition of any other branches that compete with Hdh
for aspartate semialdehyde to the network, e.g., the DAP pathway
of lysine biosynthesis or the ectoine pathway.

New branches can be appended to the ASK network without
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making a new branching connection at the level of aspartate
semialdehyde. Thus, addition of a new branch extending from
threonine to isoleucine transforms threonine into a new branch
point metabolite, now having the alternative fates of entering
protein synthesis or continuing on to isoleucine. This still in-
directly has an impact at the level of aspartate semialdehyde,
since the quantitative demand for substrate entry into the
threonine branch is greatly increased. In the latter case, threo-
nine and isoleucine are needed during a common regimen of
vegetative growth. In another case, the biosynthetic pathway to
cephamycin C extends from lysine in S. clavuligerus (57), but
here, the distribution of lysine to general protein synthesis on
one hand and to antibiotic biosynthesis on the other hand
occurs in different temporal modes of physiology.

Response of Hdh to increased complexity. New selective
pressures upon Hdh for refinements in regulation have gener-
ated a number of recognizably different Hdh enzymes. Four
structural types of Hdh can be recognized: (i) the minimal
catalytic domain, which lacks an attached allosteric domain
(Hdh-min) and typically is present in organisms having ASK_,
Ask enzymes, (ii) an Hdh-min domain that is fused to an ASK
Ask (Ask-Hdh) (note that as an isolated novelty, Hdh-min is
fused to an ASKg Ask [Hdh-Ask] in the opposite fusion ori-
entation in Thermotoga spp.), (iii) a sequence having a C-
terminal ACT domain (cd04881) responsible for feedback in-
hibition by threonine (Hdh-thr) and that is typically present in
organisms utilizing ASK; Ask enzymes, and (iv) a sequence
having a C-terminal extension that is not recognized at NCBI
as an ACT domain and that is here suggested to be an allo-
steric domain for regulation by methionine (Hdh-met).

Hdh-min has no allosteric region and as such may simply
exist as a feedback-insensitive step, as is indeed expected for a
minimal network. It was impressive insight on the part of
Parsot and Cohen when they suggested over 20 years ago (72)
that “one can speculate that the ancestral homoserine dehy-
drogenase was not regulated and that two different strategies
have arisen to ensure regulation of this enzyme activity, i.e.,
fusion to the C-terminal end of an already regulated aspartoki-
nase or addition of a regulatory domain to the C terminus of
homoserine dehydrogenase.” However, in addition to the
eventual verification of the last two strategies, there are two

FIG. 8. Overall features of regulation within the ASK, subhomology division. (A) Alignment of the Q...Q region of the ACT_1-ACT_2
regulatory domains. This region corresponds to the nonequivalent threonine-binding sites described by Paris et al. (71). A ¢d04892-cd04892
organization is associated with regulation by threonine. At the top, the 10 cohesion groups and orphans exhibiting perfect QXXSE...QXXSE
threonine configuration presumably possess a threonine-inhibited Ask and a threonine-inhibited Hdh, as suggested at the right of panel B in the
corresponding section. The next block of four possess a recognizable threonine configuration, but with disruption of the motif. The CG-52 Ask
enzymes lack the ACT domains but are included because the fusion with Hdh and the gene context (panel B) clearly indicate functional
specialization for threonine. The next block of 10 have diverged away from threonine specialization, and in most cases, the new specialization can
be inferred (see the text). At the bottom, a different cd organization (cd04890-cd04892) is associated with a pattern of lysine regulation. The
green-shaded sequences indicate a perfect “lysine configuration” of allostery, based upon X-ray crystal studies (47), and important residues are
boxed and shown in blue. Although the four cohesion groups above the lysine configuration are derivatives of it, they have unknown allosteries
(CG-02) or different allosteries (CG-01 members are threonine inhibited, CG-03 members are inhibited synergistically by lysine-plus-threonine
combinations, and CG-13 members are inhibited synergistically by lysine-plus-SAM combinations). Amino acid residues shown to be important for
threonine inhibition of the yeast Scer_Aa Ask (2) are shown with white letters against a blue background on the dimmed line, and amino acid
residues shown to be important for SAM binding in Arabidopsis (54) are shown in magenta at the bottom. (B) The same Ask sequences as in panel
A are displayed in a context of operation within the total ASK network and the regulatory implications. The presence of one or another of
alternative biosynthetic pathways for lysine, aromatic amino acids, and isoleucine are indicated by shaded blocks. Light-blue shading is used for
the Ask-relevant alternatives, and dark-blue shading is used for Ask-irrelevant alternatives. The descending arrows indicate the origins of
functionally divergent paralogs in the middle section from the putative ancestral threonine-regulated Ask enzymes in the upper section. Srub_Ab
in CG-47 was derived by gene duplication and then underwent another gene duplication to produce another paralog (Srub_Aa) in CG-47.
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Chlorobium chlorochromatii Cchl_Ac ask |
Chlorobium phaeobacteroides Cpha_Ab AL q— By uthrCy —
Pelodictyon luteolum Plut_Ab
Prosthecochloris vibrioformis Pvib_Ab
Bacteroidales Bacteroides fragilis Bfra_Ab
Bacteroidales Bacteroides thetaiotamicron Bthe_Ab ask
Sphingobacterales Cytophaga hutchinsonii Chut_Ab — thrA - thrB -~ thiC —
Flavobacterales Gramella forsetii Gfor_Ac
Flavobacterales Flavobacterium johnsoniae Fjoh_Ac
Methionine-pathway enzymes in Flavobacterales Gene arrangement in Flavobacterales
1 O-acetylh i Ifhydryl
acetylhomoserine sulfhydrylase G forsetii T - - —
2 homoserine dehydrogenase
3 homoserine 0-acetyltransferase ask N
F. johnsoniae — 1 - 2 — 3 - Fjoh_Ab — iy 4 —

4 cystathionine gamma-lyase

FIG. 9. Example of paralog deregulation and recruitment to methionine pathway specialization in one functionally divergent member of CG-05.
CG-05 contains 11 Ask-Hdh sequence members from the phyla Chlorobi and Bacteroidetes. All of these must be tied functionally to the threonine
branch because of the gene context shown, where ask (thrA) is near thrB and thrC, as shown directly under the alignment. F. johnsoniae contributes
two paralogs to CG-05, one of which (Fjoh_Ac) shows the same conservation of the Q...Q motif in the ACT_1/ACT_2 regions (shown in yellow)
as do the other sequences. The other paralog (Fjoh_Ab) exhibits disruption of the motif that would be consistent with loss of regulation by
threonine. At the bottom is shown the methionine operon of G. forsetii for comparison with the F. johnsoniae methionine operon, which contains
the newly inserted Fjoh_Ab paralog. This methionine-specialized paralog originated in the common ancestor of F. johnsoniae, Polaribacter irgensii,

Tenacibaculum sp., Kordia algicida, and Robiginitalea biformata (Fig. 13).

contexts where Hdh-min may achieve allostery via protein-
protein interaction: one that is relevant to threonine and one
that is (surprisingly) relevant to lysine. In Ask enzymes with the
ACT_1(cd04892)-ACT_2(cd04892) signature and endowed
with the Q...Q motif, complex formation between Ask and
Hdh may occasion a protein-protein configuration allowing
Hdh to “share” the allosteric region of Ask. This is consistent
with the experimentally demonstrated involvement of the
Q...Q motif spanning ACT_1 and ACT_2 with threonine al-
lostery of both Ask and Hdh activities in the Ask-Hdh species
of Arabidopsis (71). It is also consistent with the correlated
coexistence of ASK_, monofunctional Ask enzymes and “short”
Hdh enzymes (Hdh-min) lacking an allosteric domain. If cor-
rect, the very earliest Ask species may have possessed a single
ACT domain that was dedicated to threonine allostery for Ask.

Gene duplication to create adjacent ACT domains may have
coincided with competence for complex formation between
Ask and Hdh.

A second hypothetical context where Hdh-min may achieve
allostery via protein-protein interaction is one in which Hdh-
min is adjacent to a free-standing ACT domain (Fig. 8B),
which is proposed to interact with Hdh-min to yield a complex
that is allosterically responsive to lysine and perhaps to one or
more aromatic amino acids. The act gene is translationally
coupled to hdh-min in those Archaea that have a DAP pathway
of lysine biosynthesis. How a free-standing ACT domain might
function as a regulatory subunit of an Hdh-ACT complex that
responds to lysine in a way that appropriately impacts threo-
nine/methionine biosynthesis is considered below. In the class
Clostridia, an act-hdh gene cluster proposed to respond to
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lysine is usually embedded in a larger threonine/methionine
pathway gene cluster (see “Firmicutes” below).

Evolution of the ASK_ Assemblage

Contemporary minimal networks leading only to threonine
and methionine. The simplest network restricted to threonine
and methionine biosynthesis (Fig. 1) and utilizing a single
species each of Ask and Hdh-min is exemplified by the Cren-
archaeota organism Aeropyrum pernix (CG-19) and by the four
Crenarchaeota species whose single Ask sequences populate
CG-20 (Fig. 8B). The QXXSE motif is intact for ACT _1 but
not for ACT_2 (Fig. 8A), suggesting that Ask is feedback
inhibited by threonine but that Hdh is not. In the presence
of exogenous threonine, residual Ask activity may be suffi-
cient to feed the quantitatively less demanding methionine
branch.

The Euryarchaeota members of CG-18 exhibit a similar sim-
plicity associated with a minimal network, except that both the
ACT_1 and ACT 2 domains of Ask are disrupted and highly
truncated; this suggests that neither Ask nor Hdh is feedback
inhibited by threonine. In this case, as exemplified by Thermococ-
cus kodakaraensis, ask, hdh, and other genes of both threonine
and methionine biosynthesis are grouped together. This suggests
that the two-branch network is coregulated as one unit. The three
Pyrococcus spp. in CG-18 differ from T. kodakaraensis in that
adjacent intraoperon paralogs of Ask exist in concert with indi-
cations of recent gene scrambling. It is not clear how the adjacent
paralogs might have any differential regulation.

Species of Deinococcus in CG-17 contribute members of the
single bacterial cohesion group that is associated with a mini-
mal ASK network of the ancestral type envisioned. In Deino-
coccus spp., the cd signature (Fig. 8A) is somewhat imperfect,
but it seems quite possible that both Ask and Hdh might be
subject to feedback inhibition. If so, then Ask and Hdh-min
must form a complex to allow the ACT_2 domain of Ask to
function for allostery of Hdh-min. Since Deinococcus appar-
ently requires obligate isoleucine biosynthesis from threonine,
the quantitatively greater flux to threonine, relative to methi-
onine, may accentuate the importance of threonine as a feed-
back signal in this case.

Reductively evolved minimal networks lacking the threonine
and methionine branches. The modern multibranched and
more complex ASK networks are presumed to have arisen from
a simpler minimal network that originally led only to threonine
and methionine, as described above. Following replacement, in
some organisms, of the AAA pathway to lysine with the Ask-
relevant DAP pathway to lysine, it is interesting that simple con-
temporary ASK networks exist that have lost the ancestral threo-
nine/methionine arms of the network with retention of only the
more recently acquired DAP/lysine branch. These are cases of
reductive evolution in pathogenic organisms that now rely upon
host resources for threonine and methionine. Three examples of
such reductive evolution in ASK networks that involve ASK,
enzymes can be cited. Porphyromonas gingivalis is a Bacteroidetes
organism having a single Ask species that is a member of CG-11,
all members of which exhibit motifs consistent with feedback
inhibition by lysine (Fig. 8A). Legionella pneumophila has a simple
ASK network consisting of only the lysine biosynthesis branch.
The organism is in a lineage (upper Gammaproteobacteria) that
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would not usually contain an ASK, species, but in this, case
Lpne_Aa is a novel Ask fused with LysA that originated via LGT
from a Bacteroidetes donor (see below). Third, in the entire phy-
lum Chlamydiae, only a linear pathway extends from aspartate to
DAP, since the enzyme that converts DAP to lysine is missing.
Thus, in this case, the host is also the provider of lysine to the
pathogen. In all of these examples, dihydrodipicolinate synthase
has no enzymatic competitors for the aspartate semialdehyde
substrate, and one would not expect this enzyme to be a focal
point of regulation as it probably is in more complex networks.
Various examples of reductive evolution in ASK networks involv-
ing ASK enzymes are enumerated below.

Adjustments of Hdh in response to the addition of com-
peting branches to the minimal network. (i) Generation of
differentially regulated paralogs in Archaea. N. maritimus and
Cenarchaeum symbiosum both possess the DKFP branch of
aromatic amino acid biosynthesis, which thus puts Hdh in
competition with AroA’ (Fig. 1). These organisms each pos-
sess two Ask paralogs belonging to different cohesion
groups, one of the few examples of Ask paralogs in Archaea.
The pair of sequences in CG-50 each has a perfect Q...Q
motif signature, indicating that both Ask and Hdh in each
organism are inhibited by threonine, presumably via com-
plex formation between Ask and Hdh-min. Each organism
has a second Ask paralog (CG-49), and these have a dis-
rupted ACT_1-ACT_2 region, which suggests either lack of
feedback regulation or sensitivity to something other than
threonine. It seems quite feasible that the CG-49 Ask spe-
cies might prove to be regulated by one or more aromatic
amino acids. N. maritimus also has an ectoine pathway, and
the CG-49 enzyme might instead be responsive to ectoine
specialization. However, since C. symbiosum lacks an ecto-
ine pathway, the specialized tuning of the two CG-49 Ask
species to aromatic biosynthesis seems most likely.

(ii) Recruitment of a free-standing ACT domain in Archaea.
All of the Euryarchaeota, except the orders Thermococcales
and Thermoplasmatales (the latter is not shown in Fig. 8A and
B), have acquired the DAP pathway of lysine biosynthesis. A
quantitatively great demand must be imposed upon the ASK
network in these Archaea, since the DKFP branch of aromatic
amino acid biosynthesis is also present (Fig. 8B). Each organ-
ism possesses a single Ask and a single Hdh-min species, with
the Ask sequences belonging to CG-14, CG-15, CG-16, and
CG-23. Methanopyrum kandleri also has the latter ASK net-
work configuration, its ancestral orphan sequence being
Mkan_Ab. (It has an additional Ask xenolog present in CG-19;
see “LGT” below for more details.) Except for members of
CG-23, the Ask species all exhibit a cd signature, suggesting
that both Ask and Hdh are feedback inhibited by threonine
(Fig. 8A). How, then, would starvation for lysine and aromatic
amino acids be prevented in the presence of excess threonine?
A clue to the answer might lie in the observation that most
orders of the Euryarchaeota (but not Thermoplasmatales or
Thermococcales) possess a gene adjacent to hdh that is trans-
lationally coupled and possesses an ACT domain (COG2061).
In the COG database (http://www.ncbi.nlm.nih.gov/COG),
COG2061 is described as a “predicted regulator of homoserine
dehydrogenase.” The CDD assigns this ACT domain to
¢d04886. It corresponds to the C-terminal domain of catabolic
threonine deaminase, but the allosteric specificities of the
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latter seem distinctly inappropriate to Hdh. There is a perfect
correlation between the presence of the DAP pathway of lysine
biosynthesis, the presence of the DKFP pathway of aromatic
amino acid biosynthesis, and the presence of the act-hdh gene
couple in Archaea (Fig. 8B). There is thus a correlation
between the absence of specialized Ask enzymes to coordinate
both lysine biosynthesis and aromatic biosynthesis and the
unexpected presence of a highly conserved amino acid binding
protein (ACT) associated with Hdh. A novel and indirect
mechanism of control is implicated whereby insufficiency of
lysine and aromatic amino acids triggers decreased function of
Hdh.

Various mechanisms could accomplish this. For illustrative
purposes, one possibility is advanced. Perhaps, under condi-
tions of starvation for lysine and/or aromatic amino acids, Hdh
is essentially sequestered by association with the ACT protein,
and therefore, Hdh is largely prevented from complexing with
Ask. If uncomplexed Hdh has poor activity, aspartate semial-
dehyde can be preferentially channeled to lysine and/or aro-
matic amino acids. On the other hand, in the presence of
adequate lysine and aromatic amino acids, lysine and at least
one aromatic amino acid bound to ACT may promote disso-
ciation of Hdh and the ACT domain protein, in which case the
transiently free Hdh is able to complex with Ask. Nutritional
sufficiency for all end products of the ASK network would then
produce a state in which both Ask and Hdh-min are sensitive
to threonine inhibition. Note that in a remote lineage (the class
Clostridia) the act-hdh gene pair is also highly conserved in
correlation with the absence of a lysine-specialized Ask (see
“Firmicutes” below). This mechanism seems to have evolved
independently in the two lineages.

The foregoing addresses the dilemma of how threonine reg-
ulation of a single Ask species is prevented from blocking
lysine and aromatic biosynthesis. It is suggested that ACT and
Ask compete with one another for complex formation with
Hdh. The Hdh-ACT pair is the preferred complex, and Hdh
has low activity when complexed with ACT. Sufficiency of
lysine and aromatic amino acids results in saturation of ACT
with these amino acids, perhaps in synergistic combination,
and promotes dissociation of ACT from Hdh and association
of Hdh with Ask. The Ask-Hdh complex equates with a max-
imally active Hdh, which is sensitive to feedback inhibition by
threonine. This proposed mechanism would work best if un-
complexed Ask (equated with insufficient lysine and/or aro-
matic amino acids) were catalytically active but insensitive to
inhibition by exogenous threonine. Such a capability of ACT
seems feasible because ACT proteins are known to be quite
versatile in binding multiple amino acids. Indeed, the ACT
domain of Hdh in Methylobacillus glycogenes has been reported
to be as sensitive to L-phenylalanine as to L-threonine (61). The
ACT domain of prephenate dehydratase in B. subtilis is sensi-
tive to inhibitory or activating effects of phenylalanine, ty-
rosine, tryptophan, methionine, and leucine (77).

(iii) Generation of threonine-insensitive paralogs in ASK,
Bacteria. Roseiflexus sp. possesses a threonine-specialized para-
log of Ask (ROSE-4a) whose encoding gene is located within
a threonine context and which presumably complexes with
Hdh-min to accomplish feedback inhibition by threonine of
both Ask and Hdh. A second paralog of Hdh-min may help
provide uncomplexed molecules of Hdh to facilitate methio-
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nine biosynthesis. The organism possesses a DAP pathway of
lysine biosynthesis, and therefore, Ask activity is also required
for lysine biosynthesis. A second copy of Ask (ROSE-4b) pos-
sesses a disrupted Q...Q motif and probably is not regulated by
threonine. Although no aspect of regulation by lysine is appar-
ent, this Ask paralog should provide support for lysine biosyn-
thesis in the presence of threonine.

(iv) Generation of lysine-responsive paralogs in ASK, Bac-
teria and higher plants. Some Bacteria (notably Chlorobia,
Bacteroidetes, and Acidobacteria) that possess the ancestral
ASK,, type of Ask responded to the DAP pathway replacement
of the AAA pathway of lysine biosynthesis by gene duplication
and replacement of ACT_1(cd04892) with ACT_1(cd04890) in
one of the paralogs. The bottom section of Fig. 8A shows
conserved residues that are important for lysine allostery in the
E. coli member of CG-21 (47). The Arabidopsis Ask in CG-13
is inhibited by the combination of lysine and SAM (54), and
the bottom of Fig. 8A shows that the key residues for lysine
allostery are perfectly maintained, in addition to the residues
that confer SAM allostery. Solibacter usitatus (phylum Ac-
idobacteria) possesses a degraded threonine-sensitive Ask
paralog (Fig. 8A, Susi_Ab orphan), which probably is not in-
hibited by threonine. It has an Hdh-thr, however, that should
be inhibited by threonine, as well as an Hdh-min species that
may facilitate methionine biosynthesis. A lysine-responsive
Ask paralog is evident, both from the lysine pathway gene
context and from the conserved residues, indicating lysine
feedback inhibition (Fig. 8A, Susi_Aa in CG-12). It is interest-
ing that another Acidobacteria organism (Korebacter versatilis)
has lost the threonine-sensitive paralog (inferred from lack of
a cd04892 signature for ACT_1) but has two lysine-sensitive
paralogs (defined by the presence of an ACT_1 domain having
a ¢d04890 signature) that belong to CG-12. One of these
(ACID-2a) is encoded by a gene with a lysine pathway context
and has the motif signature for lysine feedback inhibition. The
other paralog (ACID-2b) is encoded by a gene placed in a
threonine gene context, including a gene encoding Hdh-thr.
This paralog exhibits a poor match for the signature for lysine
allostery. A second Hdh-min is also present, which is encoded
by a gene having a methionine context. Thus, the original
threonine-regulated paralog has been lost and functionally re-
placed by a duplicate of the lysine-regulated paralog.

Novel Ask members derived from the ACT_1 (cd04890) sig-
nature. The ACT_1 (cd04890) signature is one that specifies
lysine allostery in Bacteria and higher plants that have the DAP
pathway of lysine biosynthesis, as indicated in the bottom sec-
tions of Fig. 8A and B. However, Ask members of CG-01,
CG-02, and CG-03 are not inhibited by lysine, but they appear
to have originated from lysine-sensitive Ask enzymes. CG-01 is
populated by Ask enzymes of fungi that do not even have the
DAP pathway of lysine biosynthesis. Fungi possess a single Ask
species inhibited by threonine, and it can be seen that the
important residues for lysine allostery are imperfectly con-
served (Fig. 8A). The critical residues for threonine inhibition
of Saccharomyces cerevisiae Ask (2) are shown for ACT_1 and
ACT_2 in CG-01 in Fig. 8A. It appears that in this case addi-
tional residues important for threonine allostery are located
remote from the ACT domains in the catalytic domain (87).
Ectoine-associated Ask species are all present in CG-02, and
they also exhibit remnants of residues deemed important for
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lysine allostery. It is unknown whether members of CG-02 are
inhibited by ectoine. Members of CG-03 belong to Firmicutes
bacteria and exhibit only a faint match for lysine allostery
residues. This group is known to be subject to synergistic in-
hibition by lysine and threonine (46), so derivation from a
lysine-sensitive Ask seems reasonable. Finally, the A. thaliana
paralogs present in CG-13 exhibit a perfect match for lysine
allostery. Two of them, Ath_a and Ath_c, are indeed feedback
inhibited by lysine, whereas one of them, Ath_b, is known to be
inhibited synergistically by a combination of lysine and SAM
(54). Residues important for recognition of SAM are shown at
the bottom of Fig. 8A.

Divergence of an ASK; Subhomology Division

The ASK, subhomology division is distinguished from the
ancestral ASK,, division by a number of character states (Fig.
6): (i) a region of up to 70 amino acids has been deleted from
the common ancestor of ASKg enzymes, thus generating an
indel in ASK_/ASKg alignments; (ii) a unique Ask domain cd
(cd04246) has diverged for ASKg; (iii) a unique ACT_1 regu-
latory domain cd (cd04891) has diverged for ASKg, which
seems to be generally associated with synergistic allostery by
threonine-lysine combinations; and (iv) an internal in-frame
translational start site has emerged just upstream of the
ACT_1-ACT_2 region, which results in overlapping ask genes.
It would be intriguing to pursue the extent to which some or all
of these character states might be related to one another.

The indel region of ASK; must be a deletion. An indel is a
region of a sequence alignment in which a section of one
sequence has no match in the other sequence. This can be
explained by the acquisition of an insertion in the longer se-
quence or by the occurrence of a deletion in the shorter se-
quence. If our assertion that ASK, represents the ancestral
Ask is correct, it is likely that a common ancestor of ASK,
organisms experienced a deletion. Note that two widely sepa-
rated ASK,, cohesion groups (CG-23 and CG-52) (Fig. 5) are
exceptional in having similar deletions of the indel region.
These appear to have been two independent deletions that
occurred relatively recently compared to the more ancient
deletion that occurred in the common ancestor of all ASKg
organisms.

The ASKg Ask domain. The Ask domain of all ASKg pro-
teins exhibits the single cd signature cd04246 at the top of the
cd hierarchy (Fig. 7). There are two subsignatures: cd04260
and c¢d04261. This cd hierarchy alone is sufficient to identify a
given Ask sequence as a member of the ASK, subhomology
division. The Ask members of CG-24, which contains the
DAP-regulated Ask enzymes of the Firmicutes, always carry
the cd04260 subsignature. No other cohesion group members
or orphans possess the cd04260 subsignature. For the remain-
ing ASK, proteins, cd04261 is by far the most common specific
hit in response to a CDD query.

The ASK;; pattern of allosteric regulation. (i) The twin ACT
domain and allostery. The ACT_1-ACT_2 region of ASKg
sequences exhibits much more overall conservation of amino
acid residues than the corresponding region of the ASK, se-
quences, partly because ACT_1 in ASK; sequences has only
one cd signature (cd04891). We note that the Q residue that
resides in ACT _1 as part of the Q...Q motif in the “threonine
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configuration” assemblage of ASK, (Fig. 8A) is a highly con-
served residue throughout ASKg sequences and has been im-
plicated as part of the threonine-binding region (93). On the
other hand, the Q residue that resides in ACT 2 is highly
conserved in ASK_, whether in sequences having the threonine
configuration or the lysine configuration (Fig. 8A), but the Q
residue is absolutely abolished in all ASK sequences (Fig. 6).
In fact, a small deletion appears to have removed the Q residue
in a region of ASK; marked by an almost completely conserved
STSE motif, which is absent in ASK_, sequences (see the alignment
in the supplementary files posted at http://www.theseed.org/Papers
/MMBR-Aspartokinase/CG_representatives_aln.html).

(i) Concerted feedback inhibition. Most organisms that pos-
sess an ASK Ask that has been experimentally characterized
exhibit a pattern of concerted feedback inhibition by the com-
bination of threonine and lysine (Thr plus Lys). Rhodospirillum
rubrum, Rhodopseudomonas palustris, and Gluconobacter oxy-
dans all have single Ask proteins in CG-37 that are subject to
concerted feedback inhibition by Thr plus Lys (18, 78). Char-
acterization of various Ask enzymes as ones that fit the pattern
of concerted feedback inhibition by Thr plus Lys is widely used
as a shortcut description because it concisely communicates
the essence of what is thought to be a logical mode of allostery,
but additional effector results are common. For example, C.
glutamicum Ask (CG-25) is also inhibited (but less effectively)
by threonine or by lysine alone, and isoleucine is an activator
(82). Azotobacter vinelandii Ask (CG-43) is subject to con-
certed feedback inhibition by Thr plus Lys, with lysine and
threonine individually also producing some inhibition (25).
Pseudomonas fluorescens Ask (CG-43) is not only subject to
concerted inhibition by the Thr-plus-Lys combination, but also
by the Thr-plus-Met combination; threonine alone causes
weak inhibition, whereas both methionine and lysine are weak
activators (24). Rhodocyclus tenue Ask is also subject to con-
certed feedback inhibiton by both the Thr-plus-Lys and the
Thr-plus-Met combinations. Lysine and threonine, individu-
ally, are inhibitors. Glycine, isoleucine, methionine, or phenyl-
alanine reverses inhibition by lysine, whereas glycine, iso-
leucine, or phenylalanine reverses Thr-plus-Lys concerted
feedback inhibition. At least Azoarcus sp. and Dechloromonas
aromatica in CG-40 can be inferred to have the same complex
pattern of allostery as the closely related R. tenue. Leptolyngbya
boryanum (a cyanobacterium) is subject to concerted feedback
inhibition by both the Thr-plus-Lys and the Thr-plus-Met com-
binations. In addition, threonine, isoleucine, and homoserine
are individual feedback inhibitors (52). Since the cyanobacteria
in our collection comprise a large and uniform cohesion group
(CG-32), it is possible that all of the cyanobacterial Ask en-
zymes will prove to have the same complex feedback pattern as
does L. boryanum (whose genome is not currently sequenced).
It is not always clear to what extent the various effectors or
effector combinations have been tested.

(iii) Other allosteric specificities. 7. thermophilus possesses
a single Ask protein that is known to be inhibited only by
threonine (64). The incompetence of lysine as an effector
makes sense, since the alternative AAA pathway is used for
lysine biosynthesis in the bacterium. On the other hand, the
Firmicutes possess paralogs in CG-24 and CG-33 that are in-
hibited only by DAP or Lys, respectively, as documented most
fully by the pioneering work of Chen and Paulus with B. subtilis
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Cbur_Aa|Orp RQAKLTIQGIPERPGLASYTILGPISKANIEVDMIVQNVPTIDA. .. SFTLPRDDYKDAFS[IMKQVAN . ELAAGAVLGSDQVAKISLVGVG] | |SHA|IASQMFSALGQEGIHIHLITATEV
Mthe-3 Ab‘CG-ZA GLTQLRVSLPSGEG. .AGEVFPLLAQNNISVDFINIFPG. ... [VFTVKSEVARQARELIEGLGL...... K[VTARPGCAKVATVGAG GVP MATIVTALEREGIKILQISADSYT
Cbot_Ba|CG-28 DDVAITMEDINENINIVADIFSKLAEKQINVDMISQTAPINSR SFTIPK...EDLQEGMKIIRN.YASKDKIKIDENLTKFSIVGIG. | |NTS/ VAAKMLKIFSDNNIKVKMITTSEI
Tpet_Aa|CG-29 GQIIKVSISFLPKDVKY[ITATIFEEVGKKALNVDMIS.LVPSNGK SFTILEDHKEDLDEALKEALR.DVEGWK|STYEGGFAKLSIVGVG | |TSP VAARFFEALERAGVTPELVTTSEI
Ssap_Aa|CG-30 HMMHVTISYPLPDNKLLTKLFSQLEDGSVNVDMISQIVNLEG. SFTIKDTDVAQISS[ILETLKE.DFSALDFRINEEYVKISLIGSG! | |{DMS/cVASKAFITLIENDISFYQTTTSEI
Bhal-1 Aa|CG-33 DVTKVTVHGLPNEIHTLPTLFAHLSAAGINVDIIIQNQTDSG. SFSITQSSLKETLARLEELKG.ELSFQGIDYEEELAKVSIVGSGMV/SNP - VAAKMFEILAANDIAIKMVSTSEI
Phal_Aa|Orp DECLINVEGVLSGTQYLAKILKLFADNGIEIDMING.VNHNVD. . . AFTVHTNDYLHALDVLTEQQA.QLTAQNIFGLTTVAKVSAVGMG! | {SHS/-VASLFFDALAAENINVILVSTSEI
Adeh Aa|CG-27 GLALLGFP..AARLGDVLAILERHGAVALEIAVPGERAG. ....... DLENVHDWPVLRAQLAAEVPG. .. ... LAAEDEAIGAVSVVGTGISAGHRVLRAVTATLAELGARPRALFTSPL
Wend_a|CG-38 NEALVTFTNLANN. . .|[. LRTLRDIAGANVKIDMIHGS. ..... ....SFVISKFDIDLMEKLLNKNEN....... YAINDNVAKISIIGIGVMSNTEVMHRTLKVLSEKKIEILAITTSET
Sama_Aa|CG-39 GQIGLVSVAGLVDQPQAEVALFQALANASVDTDLVVQLAEEKA. ... ...LAFTLAQGALDKVLTLIDRLAL.EQPLADVRHESPLAKVSLVSTGKAVMAEVGARVTELLEAQNIRVKLLSTSET
Mmar_Aa|CG-51 DQARIALHGASNRSDMAARCFASLAEAEVGVDMIVQAHARQPG. . . EFSIAHRDLDRAQAVLEDAMT. . ..GVRISAETGLAKVSVVGAGLRQRADVARSLFAVLGDQDIAVKVLATSET
FRAN-2a |Orp DT/TLVMMRGRGEPLDSWAALARMASAKVAPADLFALADSTHG. . . . GFTSSPARQIDLAHIARQAGG...... TVELRDDLGRLSLVGTRMNLCGAVIETLAEILSTHGIRSPWIAISER
sgri_ab|orp DIARITLR.THDTPDP|SADVFRFLAKES[IPADMTTVSSAPDGG GFTVRRSHAADVGRSFSDLMA . . PRPHGVEVEDQVAKVSIVGQGLLSRPEYASRMLASLVGSGISARSLTASQL
Rxyl Ab|Orp DVARITLNGVRTGPGTLSKVFTPLAERGISVDVIVESGIKE. . AFTVSRADFAEARSAAGEVAR.ALGG. SVEGEEGLAKVSVVGTGMLNRP/-YAARMFSALGSEGIPIRMVSTSET
Dnod_Aa|Orp DEVMIQLMHLPDDMNTLYQI LRP|IGCADISLDMVAQTRNDDG . SFIVPHQEKDRVIEFIVEQFS..HIAALSVLQTEIAKISLVGLGLRSHT [IIGRILQALMQENIPVHCFATSET
Crud_aa|orp NEVKITVANIPNVSGVLSKILGPIISNGICIDMVIQNSLNHLK TFLIEEFFLKKVIFLIKKFFITKIGG.RVEYEKHISKVSVIGIGLRSHNYIIGKIFYSMSKLGINIILVSTSET
Tmar_Ab|CG-26 GMAKVVLKDVPDKPGVAARTIMRTLSQMGVNIDMIIQGMKSGE. . . .VAFIVPESQLGK.LDIDLLKTR..SEAKEIIIEKGLAKVSIVGVNLT/STPEISATLFETLANEGINIDMISASSS
Voku_Aa|CG-42 DEAKLSLIGVLDEPGIAFKILNPISSANIEVDMIVdSVSAREG. .. IAFTVHRNNFKTASKILNNVCK.EIGAIAVQSDDKVVKVSLVGIGIR[SHA |IATQMFEVLHNEGINIQMISTSEI
Deth Aa|CG-44 EVAKITILGVPDKPGIAAGLFAPLAKAGVSVDTIVQNSSQD. ... .HITDLTFTVTKSDLGKALEVIGPIAK.DIQAREVLSDSRIGKVSIIGTGMLNAP [YAARMFKALSDAGINILLISTSET
Dred Ab|CG-45 NVAKIGLFDVPDQPGVAKK/IFKALSKHNLNVDMIIQSAMRN. . . . NMNDI|GFTTTQDDLRKALQTIEAIQQ.EVGFRGYNHDEDVAKVSIVGAGMI|SHP (VAADMFEALADEGINLEMITTSET
Asal Aa|CG-48 NEASLTILGVPDRPTVAAQILNP/ISDANIDVDMIVQOQNTLGDG....TADFTFTVNRDDYR RALLEETAS . ELGAACVQGNGEIAKVSIVGVGMWNHP ARTMFKVLGEEGINMQLISTSEI
Pmar_Ca|CG-32 KQTVFSISKLPDRPGIAAQIFETLSKANINVDLIIQATHDGK. ... SNDIAFTVNDFELTKTIDQCKLITK. .QLGGEYDFKKNMTKLSIQGAGIMGRPSVSADLFDTLFQANINVRLIATSEL
Rbal Aa|Orp DEARVTVLGVPDVPGMSQKIFSAIAAQKVAVDMVVQ ....TSGKADV|SFTVAGGELKKTLAALEGILD.SLGADGVTHDDQVSKVSVVGLGMAHQKAVAASMFRALAEANVNIHMITTSET
Mthe-3_Aa|Orp NVARIALHDVPDRPGIARTLFVALARESINVDMIVQSAMRD. ...GINDIAFTVGRDDLQKAVEVTERVRQ.EIGASKVTSNDRVAKVSIVGAGMITNP{VAADMFACLAEEGINIHMISTSET
Twhi_Aa|Orp SQARITIVGLPDIPGSAAEVFSALSVAEVAVDNIVONFSSSNTG. . FIDLSFTSPKAQGPAVTSALRENQT . RIGYKDLQYDDEVGKITVVGSGIQHSADISAQLFRLLSDAKVNVEMISTSEM
Sthe-17 Ab|Orp KVAHITLLGLPDRPGVAYRAFKALGDARINLDMIVQSAGTGCGNGPTADI|SFTCARDDLETALEVCNRLLP.EFPGARVVYDTDVAKVSIVGSGVASNY/ VAARMFEALAEKDINIELITGSEI
Chyd_Aa[Orp NVVKIGVFGVPDQPGVAYRLFSELAAHNINVDMIIQSAGKEE SFTIGKNDLAKTVE[ILEDVVK.KLSARGYTYDEKVAKVSIVGAGMV|/TYP  VAAKMFEALYEENINIQMISTSEI
Swol Aa|Orp NCARFALFDVPDQPGIAKTLFKTLAAENINVDIIIQSAMRD. AFTIEEKELSRAIPVVEGLVK.KICASGMTYGNDVAKVSIVGAGMQSNI < VAAAMFEALADEGINIHMISTSEI
Pubi_Aa|Orp ND|SKVTIVGVKDRPGVAAAVFKPLSLNQINVDMVVQNIS.LN TFTIKSEDVKKTEKIIKQNK..RISFRKLTYDNNVSKVSIIGVGMITTP |ITYRMFQALASKKINIMVISTSET
Ping Aa|Orp DEARLTLSGVPDKPTVAAQILSPIGDANIDVDMIVONTLGNG. . . .KEDFTFTVHRDDYEQTKELLEKVCV.LLHADNVQGNKEIAKVSVVGVGMWNHP -(VAKTMFETLGQEGINMHQIATSET
Tthe_Aa|Orp DHAQIGLIGIPDQPGIAAKVFQALAERGIAVDMIIQGVPGH. .DPSRQQMAFTVKKDFAQEALEALEPVLA . EIGGEAILRPD.IAKVSIVGVGLASTPEVPAKMFQAVASTGANIEMIATSEV
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FIG. 10. Different allosteric-specificity groupings in ASKg enzymes. An alignment of representative orphan and cohesion group Ask
sequences was trimmed to the twin ACT region deemed to be relevant to allostery. The ESPript/ENDscript software program (31) was used
to coordinate with PDB identifiers in order to create a multiple-sequence alignment that carries (at the top and bottom) secondary structure
elements of the two sequences of known three-dimensional structures. In addition to the trimmed sequence alignment file, two PDB files
(2DT1J for Cglu_Aa and 2DT9 for The_Aa) were used as data input. Using an advanced mode of the web tool, color features were removed,
except for the blue frames. Residues were marked with yellow, blue, and orange to indicate relevance to threonine binding, lysine binding,
or the binding of both, respectively.

(13). Clearly, against a general background of concerted feed- group representatives in the twin ACT region in which the four
back inhibition by a Thr-plus-Lys combination in ASK, en- groups have been sorted out. At the top is the C. glutamicum
zymes, the twin ACT region is able to accommodate a number sequence in which the threonine-binding residues and lysine-
of allosteric variations. binding residues that are conserved are marked by color cod-

(iv) X-ray crystal structures as a guide to allosteric speci- ing. The first group shown below the Cglu_Aa sequence is very
ficities. At this time, there are only two X-ray crystal studies likely to be subject to the same pattern of concerted feedback
that elucidate amino acid residues that are important for al- inhibition, and in fact, all enzymes that have been reported
lostery in the ASKg subhomology division. One is the threo- experimentally to have this pattern of allosteric control are
nine-sensitive enzyme of T. thermophilus (92), and the other is located in the top grouping. At the bottom is the 7. thermophi-
the Thr-plus-Lys-sensitive enzyme of C. glutamicum (93). The lum sequence in which the threonine-binding residues match
X-ray crystal information from the enzymes of these two or- up well with the threonine-binding residues of C. glutamicum.
ganisms accommodates sorting of ASKy enzymes into four The group immediately above it (group 4) is comprised of
groups with different allosteric patterns: sensitive to Thr plus putative threonine-sensitive Ask enzymes. Group 2 members

Lys, sensitive to threonine, sensitive to lysine, and no sen- consist of putative lysine-sensitive enzymes, and group 3 mem-
sitivity to threonine or lysine. We suggest (as discussed bers appear to be insensitive to the allosteric effects of threo-
below) that lysine-sensitive enzymes and threonine-sensitive nine and lysine, either singly or in combination. This does not
enzymes possess homologous residues that parallel those in mean that there is not some other allosteric specificity that
Thr-plus-Lys-sensitive enzymes (concerted feedback inhibi- remains to be established. For example, the Sgri Ab and
tion). However, in addition, the Thr-plus-Lys-sensitive en- FRAN-2a orphans, which are in group 3, have an ask_aro
zymes possess a central region containing both threonine- specialization gene context, and it would be interesting to know
and lysine-binding residues, and this region may dictate the whether one or more aromatic amino acids might be feedback
synergy mechanism. inhibitors.

Figure 10 shows an alignment of ASK orphan and cohesion The key residues for threonine binding appear to be the
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2sDXPGXA,, motif, Q,y, and N,s. N5 is flanked by I/V/L/M
residues. The key motif for lysine binding appears to be ;,sM
(K/R)XXXGy (. Although the members of CG-33 deviate from
this motif slightly, experimental work has shown that these en-
zymes are feedback inhibited by lysine. The foregoing
threonine-binding residues of threonine-sensitive enzymes and
the lysine-binding residues of lysine-sensitive enzymes seem to be
very similar in alignment placement to those present in organisms
that are subject to concerted feedback inhibition by the Thr-plus-
Lys combination (the top group in Fig. 10). If the allosteric re-
gions for lysine and threonine were completely independent, one
might expect the effector combination to exhibit cumulative in-
hibitory effects. However, there is a region between Q4 and Dy,
of the members of the top group that is absent in the other
groups, which we suggest involves an interplay of threonine- and
lysine-binding residues that might be key to the synergy phenom-
enon. Ts, has been implicated in both threonine and lysine bind-
ing, and the three residues following Q4 have been implicated in
lysine binding (93). As is typical of ACT domains (33), the various
allosteric regions that are highlighted in Fig. 10 tend to be located
in the loops between alpha helices and beta sheets.

The assignments of likely allostery in Fig. 10 are pleasingly in
concert with expectations that organisms having a single Ask
exercise allosteric control by concerted feedback inhibition and
that the ask gene would be isolated in the genome, remote
from genes encoding function in a particular branch. Most
genomes represented in Fig. 10 that possess only a single Ask
enzyme fall into the group of enzymes subject to concerted
feedback inhibition, e.g., Aquifex, Leptospira, and most upper
Gammaproteobacteria. An exception, such as the solitary T.
thermophilus Ask, which is feedback inhibited by threonine
alone (64, 92), makes sense because it uses the AAA pathway
for lysine biosynthesis and therefore does not need to deploy
lysine as an Ask effector. On the other hand, organisms that
possess multiple Ask enzymes are expected to deploy them for
differential specialization with respect to some portion of the
overall network. These specializations are reflected by different
shared gene contexts and by different allosteric specificities. A
perfect example is the genus Thermotoga, which has generated
two differentially controlled Ask enzymes. The two Ask mem-
bers of CG-26 are encoded by genes that are within a threonine
operon, and the ask gene is fused at the N terminus with the
gene encoding homoserine dehydrogenase. Figure 10 shows a
profile for CG-26 that strongly indicates threonine allostery,
but not lysine allostery. The second ask paralog of Thermotoga
spp. (in CG-29) is part of an extensive lysine pathway operon.
In addition, the latter gene context in Fig. 10 indicates lysine
allostery, but not threonine allostery.

Experimental studies of some members of CG-33 allow the
bioinformatic projection that the enzymes of this group are
feedback inhibited by lysine, and this is reinforced by exami-
nation of Fig. 10. Members of CG-28 and CG-30, which were
initially deduced to have lysine pathway specialization based
on the criterion of gene context, fall into the lysine allostery
group in Fig. 10. Members of CG-24 are known to be inhibited
specifically by DAP, and it is not surprising, in view of the
structural similarity between DAP and lysine, that CG-24 is in
the lysine group in Fig. 10. On a case-by-case basis, most of the
proposed specificities of Fig. 10 can be explained in a rational
way. For example, Maricaulis maris (and the closely related
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Oceanicaulis alexandrii) is unusual among the Alphaproteobac-
teria in having two ASK_, genes that originated in the genome
via LGT (Fig. 11). One, in CG-52, is fused with hdh and is
clearly threonine pathway specialized; the other, in CG-09, is
fused with lys4 and is clearly lysine pathway specialized. The
third ask gene in the genome encodes an ancestral ASK; enzyme,
which in the vast majority of Alphaproteobacteria (CG-37) is the
sole Ask and one that is subject to concerted feedback inhibition.
However, the M. maris enzyme (consistent with divergence to
membership in CG-51) exhibits no indication of an ability to bind
either threonine or lysine (Fig. 10). Very likely it has a new
functional role to support methionine biosynthesis, in coordina-
tion with the emergence of a novel Hdh-min species that is not
otherwise present in the Alphaproteobacteria. (Alphaproteobacte-
ria typically possess a single threonine-inhibited Hdh-thr.) It is
clear from pairwise identity comparisons that the monofunctional
hdh-min originated as a gene duplicate of the 4dh domain of the
CG-52 xenolog fusion (ask-hdh). Thus, acquisition by LGT of the
two different ask fusions specialized for threonine (ask—hdh-min)
and lysine (ask-lysA) biosynthesis was followed by selection for
key methionine specialist enzymes consisting of an Ask enzyme
(obtained by allosteric desensitization of the ancestral Ask) and
an allosterically insensitive Hdh-min (obtained via duplication of
the C-terminal domain of the ask-hdh-min zenolog). This new
hdh was inserted into a methionine operon.

Emergence of an internal start site within the Ask domain.
Just upstream of the ACT domain regulatory region in ASK; Ask
enzymes is positioned an in-frame internal translational start site
(diagrammed in Fig. 6), which results in overlapping genes. This
produces a small subunit that is identical to the C-terminal
portion of the large subunit and thus magnifies the regulatory
potential by doubling the number of ACT units. This was first
demonstrated by the seminal work of Chen and colleagues for a
lysine-inhibited Ask paralog of B. subtilis (11), which belongs to
CG-33. Similar overlapping genes have been asserted for C. glu-
tamicum (CG-25) (27). Figure 12, left, shows an amino acid align-
ment of the internal start site region for all of the orphans and one
representative from each cohesion group, which comprise the set
of ASK, enzymes. Start codons (ATG, GTG, or TTG) are shown
in what appears to be slightly different positions in the overall
alignment. Four orphans and three cohesion groups appear to
lack an internal start site (shown on the left). On the right is an
enlarged portrayal of the alignment of all members of CG-38
present in a group of pathogenic Alphaproteobacteria. This group
of organisms lacks the threonine and methionine branches of the
ASK network. Amar_Aa and Ecan_Aa (near the top) appear to
have two closely spaced alternative start sites. Interestingly, these
match up with the two positions of internal start sites in the
overall alignment on the left.

Evolved abolition of overlapping genes. Since 42 of 49 Ask
cohesion groups and orphans appear to have overlapping
genes (Fig. 12), it seems likely that the evolved acquisition
of an internal start site occurred coincident with or soon
after the divergence of ASK; Ask enzymes. If so, the four
orphans and three cohesion groups shown in Fig. 12 must
have subsequently lost the internal start site. At least in the
case of the three cohesion groups, this must have been a
fairly ancient event. Thus, all members of the phylum Cya-
nobacteria contribute Ask species to CG-32 that uniformly
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FIG. 11. Events of LGT within the vertical genealogy of the phylum Proteobacteria. Taxa at the level of class are shown down the middle.
Gammaproteobacteria are divided with a dashed line into upper Gammaproteobacteria and lower Gammaproteobacteria (Fig. 3), and most of the orders
within the Gammaproteobacteria are listed. In the vertical genealogy on the right, two ancestral ask genes are proposed. ask_ect genes encode Ask enzymes
belonging to CG-02 (ASK,,), and these have a broad but erratic distribution, as indicated in the far right column. Thus, 4 of 5 Vibrionales genomes have
Ask_ect, whereas 3 of 16 Deltaproteobacteria genomes and 0 of 6 Epsilonproteobacteria genomes have Ask_ect. The remaining (and most abundant) Ask
enzymes in the vertical genealogy are recognized as members of cd04246 and belong to ASKg (Fig. 7). The Ask enzymes in this column from the
Gammaproteobacteria (shown with green shading) are distinctive in being encoded by an ask gene that has a highly conserved context of surrounding
genes (shown at the bottom). LGT acquisitions are shown on the left (see the text). The proposed donor lineages are indicated within two shaded ovals.
Many of the LGT events involve Ask enzymes having C-terminal fusions that are indicated by yellow or blue circles as defined at the top middle. At the
bottom left, CG-04 members originated via LGT from a donor in the Bacteroidetes lineage. Members of CG-04 and CG-08 comprise two sets of paralogs
within the lower Gammaproteobacteria as the result of a gene duplication (GD) of an early CG-04 gene ancestor, as diagrammed. Thus, CG-08 members
abandoned their threonine pathway specialization evolved in the vertical genealogy via steps in which threonine pathway specialization was abandoned
and functional specialization for methionine biosynthesis was acquired. Note that the Enterobacterales and the Xanthomonadales have experienced

complete displacement of phylum-ancestral ask genes by LGT.

lack internal start sites. Likewise, all DAP-sensitive Ask
species belonging to CG-24, all from Firmicutes, uniformly
lack internal start sites.

The membership of all cohesion groups is uniform with
respect to the presence or absence of an internal start site.
The only exception is a very recent loss of the internal start

site in the common ancestor of Rickettsia prowazekii and
Rickettsia typhi, as illustrated in the right portion of Fig. 12.
CG-38 contains 11 sequences from pathogenic Alphapro-
teobacteria. As shown by the enlargement on the right, nine
of these, including the representative sequence Wend_a,
possess overlapping genes. The two bottom sequences illus-
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Mthe-3_Ab CG-24 237DGPG-TLVVAWQPGVTG- -VHISRDRVITGITHMDG e
Cglu_Aa_CG-25 235NDPG-TLIAGSM- - - - - - EDIPUEEAVLTGVATDKS Wend_a 229VLSTFK-I:EYEGT’I‘;LHKRDVL- -ERYLITGITYSTNEALV?2¢S
Tmar_ Ab_ CG-26 STIETRG-TLIWEGT--------- ~EN’PIVRAV']Z‘I"‘ED(-‘: ‘,”’ -
Adeh Aa CG-27 233(':'PIEIE—TEVK— --GG- - --AHPERIAGVAMQKG 'g’aaggcaccaca
Cbot_Ba_ CG-28 235 IKG-TVIRRMNN------- MN'gEM'KSVTGLATSDD
Tpet_Aa_ CG-29 234-EIEIG-'I‘EV'VERLP ------- EWLEEPVVTGATISHG Amar_ Aa 231VMSSSQ-E/éKG-TaVSFGC;EREEESRIITGIAISK!(IASV“S
Ssap Aa CG-30 235-VKG-TWI§PQT -------- EILEKKAVTGVALDTH /,/’ ' ’:' RNY
Lint_Aa CG-31 236_NIG-TLVVSEDK-------- 1M EKLKVSGVTAKND gcgaagggcacadds gagagggaagide
Bhal-1_Aa CG-33 235_EPG-TMIEEEG-------- IIleNLLVRGIAFEND
Ddes_Aa_CG-34 233NDSG-TLLTQE-----~- -~ DSSHEAVMVSGIAYDKD Ecan_Aa #*?ILSTFNP :GKG—TML‘CKKIGES [ESQLITGVTCNNKTASI?®®
Cjej Aa CG-35 234 _NEG- TMITKEDG- - - - - - - - EEQALVSGIALDKN /,"’ ' I,’ AR
Pcar_Aa_CG-36 234 DNPG-TLVTKE-------- DEDYETVLVSGVTYNKD ggaaagggaaca il ggagaatctcawﬂ
Rrub_Aa CG-37 234DAPG-TLVCDE- -DEIEEKELVSGIAYSRD
Wend_a_CG-38 235EVEG-TTELHKR ________ DVLERYLITGITYSTN ——xl Echa_Aa 2*2ILSTFNP -GKG-'.I‘ILR’K’K’GESD\;ESQLI'I‘GV’I‘(‘.'N’NKTASI269
Sama_Aa_CG-39 237 -8G-TLIRFDE-------- PEHSGSGIVGIAVTRG L7 !
Nmen_Aa_CG-40 235GGNG-TLITFEE- - - - - - - DDN{ERAAVTGIAFDKN ééagaatcagat@
ACIN-la CG-41 246QNVG-TLITTEA------- EDT‘EQPIISGIAFNRD
Voku_Aa_CG-42 235NPLG-TLITRE- - —ENIEEQWISGIAHNKD Erum_Aa 232VLSTFNS—IKG—TILCK‘K’GEIK\;ESQLI'.[‘(:%I'I‘YNSN'I‘I\.S12'59
Pput_Aa_CG-43 234EGPG-TLITIDE------- EESJEQPIISGIAFNRD PP '
Deth_Aa CG-44 235_NPG-TLIHGGE-------- NH:IRNRVSGIAHDFE §§agaaatcaaa@
Dred Ab_ CG-45 233HREG-TIVEEAP-------- NVi\ENAPVVSGVAHDYN
Aehr_Aa_CG-46 234EGPG-TLITYE-------- ENP%‘IEEPLISGIAFNRD Otsu_Aa **VIHAFG-KGQG-TIIQEI- —TT‘#""EQPQITGITYNKDIILV267
Asal Aa CG-48 234DGEG-TLITYG-------- GERJ&IEAPLVSGIAFNRN /’, i
Mmar Aa CG-51 235ASRG-TDN'VSEQ -------- ATIAERRLVSGVAYARD éagattacaaca@
Pmar Ca CG-32 23°L,SNG-TLLHSKIKPLALKRGGLELTKTVNSLEVLEK
Rbal_ Aa Orphan 234DQDG—TEIVAQ ————————— PESETAPVSGAALTRD Rbel Aa 231ILSTFAPE—AGCTI..I'I"S,KD—KI\:IEKRIISGITSNKNI.J..YI266
Mthe-3_Aa_ Orphan 234DHEG-TLVKEVT -- EHERKMVVSGVAGDRN L -7 H
Mxan Ab_Orphan 234DDPG-TLVCEE-------- DsggEDVLVRGVAYDRN 'aaagataaaatt@
FRAN-2a_ Orphan 233TNPG-TVVEVVPGN------ PLESDGVVAAVTQDED
Sgri_Ab_Orphan 243TRTG-TRIHRRDGND- - - - - MLEDRTAVSAVVHDAD Rcon_Aa 229VLSTFSPDTEG-TLII:S/KD-KN\;IENGIINSITSNKNLLKI258
Twhi_Aa_Orphan 234DTSG-TILCN-------- EGEA!!EEPVITGIATDTS ,’,/ .
Rxyl Ab_Orphan 247_-3PG-TIITGGEK- —’EHLETRETVAGIVHDTD éaggataaaaa@
Aaeo_Aa_Orphan 233EEEG-TWIVPE-------- DEVgEKVAVRGITV‘DTK
Sthe-17_Ab_Orphan 2“EERG-TKNVAKI_, ........ SPNNHRIVSGVAVDSK Rfel Aa 231VLST)?SPN'I‘EG-'.I‘I.I'I"gKD-KN\;lENGIINSITSNKNLLKI258
Tthe Aa Orphan 235_NPG-TLVKEVA--------- MEM'DKAV']Z‘(-‘:VA:IZ.]:)]'..D le 4 H
Chyd Aa_Orphan 233YNEG-TVLKEER-------- E‘HEKKGVVTGVAHDKN ?aaggataaaaat@
Swol_Aa Orphan 234HNPG-TIITEVA-------- EENHRAVSGIAHDLN
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FIG. 12. In-frame internal start sites within the ASKg subhomology division. An appropriate section of the multiple alignment of
representative sequences of cohesion groups and orphans within ASKg; members is shown on the left, with putative internal-start-site
residues indicated in blue or green. Cohesion groups or orphans lacking an internal start site are indicated in red at the far left. On the right
is an expansion of the entire cohesion group CG-38. The two sequences at the bottom contain insertions (highlighted in yellow) that disrupt the
spacing of otherwise recognizable ribosome binding sites that are indicated in boldface. The second and third sequences from the top have two
alternative in-frame internal start sites, which are shown in green or blue. Uppercase letters are amino acid residues, and lowercase letters are DNA
nucleotides (e.g., atg encoding M at the bottom right in blue).

trate a very recent loss of the internal start site as a result of main followed by two ACT domains: ACT_1 and ACT_2.

an insertion between the ancestral start codon and the still- Occasionally the twin ACT region has been lost or highly
recognizable ribosome binding site. degraded. In two unusual ASKj cases, four ACT domains
Overview of Key Differences between ASK_, and are present. With two exceptions, ASK, members always
ASK,, Ask Enzymes have a region with no counterpart in ASK; (an indel re-

gion). It was asserted earlier that the indel region represents

Figure 6 provides a schematic graphic to summarize the key a deletion in the more recent ASK, division. One wonders
differences between enzymes that belong to the ASK, or to the if the indel region in ASK, enzymes might be important for
ASKg subhomology division. Both groups have an Ask do- protein-protein contacts between Ask and Hdh, regardless



622 LO ET AL.

of whether these enzymes are fused or complexed with one
another. The indel region might also interact with the twin
ACT domain. The last two possibilities are not necessarily
mutually exclusive. It is suggestive that seemingly indepen-
dent deletions of the indel region, which occurred in the
common ancestors of CG-23 and CG-52 in the ASK, sub-
homology division (Fig. 5), correlate with either the com-
plete loss of the twin ACT region in CG-52 or the extensive
disruption of the Q...Q motif of the twin ACT region in
CG-23 (Fig. 8A).

Catalytic and/or substrate-binding residues that are nearly
invariant throughout both subhomology divisions are indicated
in Fig. 6. Additional catalytic or substrate-binding residues that
are not as highly conserved exist in the C-terminal portion of
the Ask domain and are not shown in Fig. 6. Six cds exist at the
highest hierarchical level in the CDD for the total population
of Ask domains (Fig. 7), but one of them, cd04246, uniquely
describes ASK enzymes. Therefore, any cd that is not cd04246
belongs to the ASK,, subhomology division. Similarly, cd04891
uniquely identifies ACT_1 domains of ASK; enzymes. Most
ASKj enzymes support an internal translation start site that
generates a small subunit, essentially doubling the repertoire
of regulatory ACT domains. The internal translation start site
has been lost in three cohesion groups and in four orphans
(Fig. 12). The Mjan_Aa enzyme is shown in Fig. 6 to possess a
Q...Q motif. These glutamine residues are located near the
midpoints of ACT_1 and ACT_2, and they are nonequivalent
threonine-binding residues. The ACT_1 Q residue is posi-
tioned in a high-affinity binding region and is essential for
threonine inhibition of Ask. The ACT 2 Q residue is posi-
tioned in a low-affinity binding region in which the binding is
greatly enhanced by occupation of the first binding region.
Occupation of both binding regions is essential for inhibition
of Hdh in cases where Ask and Hdh are fused. The likelihood
that monofunctional Ask and Hdh enzymes are complexed in
organisms such as M. jannaschii and that the Q...Q motif has
the same significance for threonine regulation of both enzymes
was discussed extensively earlier. The Q residue in ACT _1 is
essential for threonine allostery in ASK, enzymes (Fig. 8A)
and is also important for threonine allostery in ASK, enzymes
(Fig. 10). The Q residue is always absent in the ACT_2 domain
of ASK; enzymes, where a very small deletion appears to have
occurred.

INFERENCE OF FUNCTIONAL SPECIALIZATION FROM
GENE CONTEXT

When No Suggestive Gene Context Exists

Solitary ask genes. In most cases where a single ask gene
governs precursor availability to whatever ASK network exists
in a given organism, ask is not adjacent to genes that are
relevant to any of the divergent ASK branches. This does not
necessarily mean that the lone ask is constitutive and insensi-
tive to end product regulation. Indeed, elaborate regulatory
specificities are possible, but whatever regulation exists senses
the overall gestalt of end products, e.g., mechanisms such as
concerted feedback inhibition and multivalent (cumulative)
repression. Single Ask enzymes seemingly are more feasible in
organisms in which the balance of end products produced by
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the network is relatively constant, regardless of physiological
or environmental conditions. Exceptions do exist where soli-
tary ask genes are adjacent to genes of a given branch, but
these are cases where the ASK network is relatively uncompli-
cated. For example, all species of the phylum Chlamydiae (CG-
22) possess a single ask gene that is adjacent to some enzymes
of DAP biosynthesis, but these pathogens use ask exclusively
for DAP biosynthesis, having lost the capability to transform
DAP into lysine and having lost all other branches via reduc-
tive evolution. In another case where a relatively simple net-
work exists, 7. kodakaraensis in CG-18 does not use the DAP
pathway to lysine or the DKFP pathway to aromatic amino
acids, and Ask supports only the methionine and threonine
branches of biosynthesis. Here, the solitary ask gene is clus-
tered with and presumably coregulated with most of the indi-
vidual genes for methionine and threonine biosynthesis.

Distribution of solitary ask genes in the ASK, and ASKg
subhomology divisions. Ask proteins of Archaea always belong
to the ASK,, subhomology division, and they are nearly always
encoded by solitary genes in any given genome. Bacterial ge-
nomes that possess ASK,, enzymes generally possess multiple
homologs with different specializations. In contrast, those Bac-
teria that possess ASK; enzymes are most frequently repre-
sented by genomes that have solitary ask genes.

Contexts of ask Genes That Imply Functional Specialization

Whenever the total Ask activity is partitioned among two or
more homologs in a given organism, one or more of the cor-
responding genes are often associated with genes encoding
enzymes that function in one of the network branches. Obser-
vations of gene context are well known to assist the assignment
of functional roles (70), and we have found that the gene
context of ask genes sometimes provides important clues that
imply a specialized role. Examples exist in which a given Ask is
largely specialized for one of the following: aromatic biosyn-
thesis (Ask_aro), ectoine biosynthesis (Ask_ect), DAP biosyn-
thesis (Ask_dap), both DAP and dipicolinate biosynthesis
(Ask_dap+dpl), lysine biosynthesis (Ask_lys), threonine bio-
synthesis (Ask_thr), methionine biosynthesis (Ask_met), and
both threonine and methionine biosynthesis (Ask_thr+met).
Even if an ask gene is adjacent to only one of the various genes
encoding the enzymes of a network branch, we consider it to
have a gene context implying specialization for that branch. If
an ask gene is adjacent to an hdh gene (and it is the sole hdh
gene in the genome), the context is considered to imply
Ask_thr+met specialization.

The Firmicutes typically possess multiple ask homologs with
a number of specializations. The B. subtilis member of CG-03
is known to be subject to concerted feedback inhibition
by Thr plus Lys, but the individual alignment of the twin
ACT region seems sufficiently variable (see the supplemen-
tary files posted at http://www.theseed.org/Papers/MMBR
-Aspartokinase/CG03_aln.html) that other allosteric patterns
may exist for enzymes in CG-03. This is consistent with the
observation that CG-03 is a very large cohesion group that
contains ask genes with a great variety of gene context arrange-
ments, i.e., with lysine gene contexts, with threonine gene con-
texts, or with no ASK network gene contexts. Curiously, it is
quite common to find partial or complete lysine pathway oper-
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TABLE 2. Distribution of Ask cohesion groups in the phylum Firmicutes

Cohesion Functional

No. of

Subhomology

Internal start

Phylogenetic breadth of

group specialization members division site present Allostery” Gene context® distribution
CG-03 Threonine 37 ASK, No Lysine-threonine synergism  thr+met; thr; lys ~ Phylum: Firmicutes
or null
CG-24 DAP 27 ASK, No Diaminopimelate dap Phylum: Firmicutes
CG-28 Lysine 2 ASK, Yes Lysine (Fig. 10) lys Genus: Clostridium
CG-30 Lysine 4 ASK, Yes Lysine (Fig. 10) lys Genus: Staphylococcus
CG-33 Lysine 9 ASK, Yes Lysine Family: Bacillaceae;
Listeriaceae
CG-45 Threonine 3 ASK, Yes Threonine (Fig. 10) thr+met Order: Clostridiales
Orphan Threonine 1 ASK, Yes Threonine (Fig. 10) thr+met Syntrophomonas wolfei
Orphan Threonine 1 ASK, Yes Threonine (Fig. 10) met; SAM Symbiobacterium
riboswitch thermophilum
Orphan Threonine 1 ASK, Yes Threonine (Fig. 10) thr+met Carboxydothermus
hydrogenoformans
Orphan Threonine 1 ASK, Yes Threonine (Fig. 10) thr+met Moorella thermoacetica

“ The indicated pattern of allostery is known to typify some members of CG-03, but is not necessarily present in all members.
® The indicated context is not always present with respect to every cohesion group member.

ons or partial or complete threonine pathway operons adjacent
to a divergently oriented ask gene. Indeed, even adjacent genes
for threonine biosynthesis or lysine biosynthesis may have op-
posite orientations. Such gene scrambling is often an indication
of ongoing reductive evolution. These gene neighborhoods for
CG-03 ask genes can be viewed in the cohesion group gene
neighborhood column (the second column) of the dynamic
table (http://www.theseed.org/PaperssMMBR-Aspartokinase
/dynamic.html). Other ask genes in Firmicutes belong to the
ASK; division, and many of these have specialized gene con-
texts as summarized in Table 2. Since the ASK network of the
Firmicutes is discussed comprehensively below, the various ask
gene contexts of the Firmicutes either are not enumerated
directly here or are referred to only briefly.

ask_aro gene contexts. Organisms that utilize the DKFP
pathway rather than the E4P pathway of aromatic biosyn-
thesis are commonly found in Archaea but are rarely found
in Bacteria. Examples of DKFP occurrence among the Bac-
teria are Aquifex aeolicus and some Deltaproteobacteria (De-
sulfovibrio vulgaris, Desulfovibrio desulfuricans, and Desulfo-
coccus oleovorans). The latter are quite remarkable in that
about a dozen genes representing most of the common trunk
of aromatic biosynthesis, as well as all three terminal amino
acid branches, cocluster with aroA’ and aroB’, the initial two
genes that are unique to the DKFP pathway. Among Ar-
chaea, the DKFP pathway is mostly known to be present in
the Euryarchaeota, although some members of the Crenar-
chaeota, such as N. maritimus and C. symbiosum, also have
the DKFP pathway (Fig. 8B). The single genome of Korar-
chaota that is currently available possesses the DKFP path-
way, as well. The E4P pathway, rather than the DKFP path-
way, is so far known to be present in some of the
Crenarchaeota (e.g., A. pernix, Metallosphaera sedula, Sol-
folobus spp., Caldiverga magquilingensis, and Pyrobaculum
aerophilum) and some of the Euryarchaeota (e.g., Pyrococcus
spp., Thermococcus spp., Picrophilus spp., and Thermo-
plasma spp.). Those Euryarchaeota that rely exclusively upon
the DKFP variation of aromatic biosynthesis generally pos-
sess a single Ask species. Only Methanopyrus kandleri pos-
sesses two Ask enzymes (one in CG-19 and the other an

orphan). The M. kandleri Ask in CG-19 appears to be a
xenolog intruder obtained from a distant archaeon relative
(see “LGT” below). On the other hand, those Crenarchaeota
(N. maritimus and C. symbiosum) that rely exclusively upon
the DKFP pathway so far possess two Ask enzymes. The
single Korarchaota genome available also possesses two Ask
enzymes. Organisms that rely upon the DKFP pathway vari-
ation possess Ask enzymes that either are orphans or belong
to cohesion groups CG-14, CG-15, CG-16, CG-23, and CG-
50. Of the few Bacteria that rely exclusively upon the DKFP
pathway, the A. aeolicus genome has a single ask orphan
gene, and five members of the Deltaproteobacteria (repre-
senting three orders) each have Ask enzymes that belong to
CG-34. Of these, D. oleovorans is exceptional in having a
second ask gene (CG-02) that is associated with an ectoine
operon.

So far, no organism that relies exclusively upon the DKFP
pathway for aromatic biosynthesis possesses an ask gene that is
associated with aromatic-pathway genes. However, some bac-
teria in the order Actinomycetales possess both the E4P and
DKFP pathways, namely, Frankia sp., Streptomyces griseus,
Streptomyces pristinaespiralis, and Streptomyces scabiei. In two
of these organisms, aroA’ and aroB’ are associated with an ask
paralog (which is thus denoted ask_aro) in Frankia sp. and in
S. griseus. The two Ask_aro enzymes (FRAN-2a and Sgri_Ab)
do not belong to the same cohesion group and are orphan
sequences. However, these two orphan sequences are most
closely related to one another on our master phylogenetic tree
at a node having bootstrap support of 51%. Curiously, Frankia
sp. has two copies of adjacent aroA’ and aroB’ genes, only one
pair of which is associated with ask_aro. F. alni lacks aroA" and
aroB’ altogether.

In summary, this is a previously unappreciated Ask special-
ization, and there are so far only two examples of an Ask that
has an implied specialization for aromatic amino acid biosyn-
thesis. In the cases of ask_aro in Frankia sp. and S. griseus, we
suspect that the DKFP pathway may be specifically associated
with some form of secondary metabolism, such as antibiotic
synthesis, in which aromatic amino acids are often incorpo-
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rated as components. If so, that would broaden the range of
the ASK network output beyond what is portrayed in Fig. 1.

ask_ect gene contexts. Only the Proteobacteria so far exhibit
an ectoine operon that is sometimes linked to a putative reg-
ulatory gene (ectR) and/or linked to a paralog of Ask (ask_ect),
as summarized in Fig. 2. Each class of the Proteobacteria has at
least a limited occurrence of ect genes. Neither ask_ect nor ectR
has been seen in the class Epsilonproteobacteria, in which only
Wolinella succinogenes has an ect operon. In the Betaproteobac-
teria, genes of an ect operon seem to be confined to the order
Burkholderiales (and there to the families Oxalobacteraceae and
Alcaligenaceae). Here, a single operon is present in the order
ectR — ectABCD. Since the ectR regulatory gene is within the
operon, it presumably is autoregulated. This gene arrangement
is unique to the Betaproteobacteria. All Betaproteobacteria pos-
sess a single Ask gene, regardless of whether the ectoine path-
way is present or not. Hence, it is not surprising that this Ask
gene is not associated with genes of the ectoine branch (or any
other branch) of the network. Examples of specialized ectoine-
associated Ask enzymes can be found in the remaining three
classes of Proteobacteria as outlined below.

(i) Deltaproteobacteria. Three members of the Deltapro-
teobacteria possess ask_ect. In one case (D. oleovorans), ask_ect
exhibits the expected linkage to an ectABC operon. Curiously,
the other two organisms (Anaeromyxobacter dehalogenans and
Desulfotalea psychrophila) each have a stand-alone ask_ect that
is not linked to ect genes, and in fact, ect genes are missing
from these genomes entirely. The Ask ect Ask of D. psy-
chrophila is extraordinary in that it is the sole Ask supporting
the divergent pathways leading from aspartate semialdehyde,
and yet, the organism lacks the ectoine pathway for which this
paralog is generally specialized elsewhere. This exemplifies a
case in which a specialized paralog has abandoned its special-
ized role, instead replacing the generalized function of the
ancestral ask species that is typical of Proteobacteria.

(ii) Alphaproteobacteria. A particularly large number of com-
plete genomes are available for the Alphaproteobacteria, and
the instability of the ectoine operon is quite apparent. No
Alphaproteobacteria have ect genes, except the relatively few
that possess an ect_ask operon. Those Alphaproteobacteria that
have ect genes generally possess an ectABCD — ask_ect operon
positioned next to a divergently oriented ectR regulatory gene
(COG1846), and this most likely is the ancestral gene organi-
zation for this class. In comparison with the presumed ances-
tral operon, a number of genomes exhibit operon degradation.
Three genomes have lost ectD, two genomes have transposed
ectD out of the operon, one genome has lost ask_ect, and one
genome has lost both ectD and ask_ect. The phylogenetic dis-
tribution of the Ask-associated ectoine operons within the class
Alphaproteobacteria is curious. Only one (Acidiphilium cryp-
tum) of five representatives of the order Rhodospiralles pos-
sesses an ect_ask operon, only two (Hyphomonas neptunium
and Silicibacter sp.) of nine representatives of the order
Rhodobacterales possess an ect_ask operon, and only one
(Sphingopyxis alaskensis) of five representatives of the Sphin-
gomonadales possesses an ect_ask operon. It seems that either
an ect_ask operon was present in the common ancestor of
Alphaproteobacteria and has been retained only in scattered
clades (most likely) or that the ect_ask operon has been ac-
quired on at least three independent occasions (less likely).
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(iii) Gammaproteobacteria. Both upper Gammaproteobacte-
ria (five orders) and lower Gammaproteobacteria (only the
order Vibrionales) are known to possess ectoine pathway genes.
Those Gammaproteobacteria that possess an ect operon usually
exhibit an ectABC — ask_ect operon, as indicated in Fig. 2.
However, it seems likely that the lineage initially possessed
ectD and the divergently oriented ectR, since these genes re-
main in various organisms. For example, Pseudomonas stutzeri
and Marinomonas sp. have the ectABCD — ask_ect gene con-
figuration, whereas S. degradans has the < ectR — ectABC —
ask_ect gene configuration. Thus, assuming < ectR —
ectABCD — ask_ect to be the ancestral gene organization of
Gammaproteobacteria, P. stutzeri has lost (or translocated) ectR
and S. degradans has lost ectD. It is interesting that the genes
that flank the five-gene Ask-associated ect operon in P. stutzeri
are adjacent to one another in the closely related P. aeruginosa.
These genes encode a protease (COGO0826 collagenase and
related proteases) and glucose-6-P 1-dehydrogenase. This
likely means that the Ask-associated ect operon was present in
the common ancestor of P. aeruginosa strains prior to a dele-
tion event. This is consistent with the overall instability and
erratic distribution of ectoine operons in different lineages.
The alternative, that the operon was obtained recently via LGT
at a time after the divergence of P. aeruginosa and P. stutzeri
and inserted between the two genes in P. stutzeri, is possible.
However, parametric data in support of this were not obtained,
and the operonic gene products of P. stutzeri were not strikingly
similar to any known gene products in the current databases
that might have implicated an LGT donor.

As with the Alphaproteobacteria, the ect-associated genes of
Gammaproteobacteria seem quite unstable. Thus, one genome
has ectR divergently adjacent to ectABC, but ectD has been
transposed elsewhere. One genome has ectR divergently adja-
cent to ectC — ask_ect, and ectAB has been transposed else-
where. One genome has ectAB convergently oriented to ectC,
and ectD, asp_ect, and ectR are absent. One genome has only
ectABCD, and another has ectABC with ectD transposed else-
where. The Vibrionales exemplify the genetic instability of the
ectoine system. Members of this order usually possess five Ask
genes, three of them being the classic genes studied in E. coli
(and originating via LGT), one being a gene persisting in the
vertical genealogy, and the fifth being the ectoine-specialized
homolog. However, Vibrio vulnificus (in contrast to Vibrio fis-
cheri, Vibrio cholerae, and Vibrio parahaemolyticus) has lost
both the ect operon and ask_ect. Photobacterium profundum
exemplifies an even more recent destabilization, as illustrated
in Fig. 1S in the supplementary files posted at http:/www
.theseed.org/PaperssMMBR-Aspartokinase/figure-1S.html.
This figure is a snapshot of an annotation overview in the
SEED database. Strain 3TCK (shown on the second line of the
SEED viewer) possesses the ectABC — ask_ect operon (genes
4 — 3 — 2 — 1) that is typical of most other Vibrionales.
However, strain SS9 (top line) has experienced a transposase
insertion that has fragmented ask_ect and that is associated
with the complete loss of ectABC. On the N-terminal-flanking
side, a four-gene region encoding glutathione synthase (gene
16) and two conserved hypothetical proteins (genes 14 and 15),
along with a divergently oriented lysR transcriptional regulator
(gene 13), have additionally been inverted as a unit in strain
SS9.
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ask_dap gene contexts. (i) Within the ASK, subhomology
division. Members of the phylum Chlamydiae possess an ex-
tremely simple ASK network that contains a single branch and
therefore is, in fact, a linear biochemical pathway beginning
with aspartate and ending with DAP. DAP is not converted to
lysine, and therefore, DAP is significant per se as an end
product. This was a surprising observation for many years
because these intracellular parasites were not thought to form
peptidoglycan. However, a growing body of evidence indicates
that peptidoglycan and some version of a cell wall are critical
for at least some stage of the cell cycle (56, 73). The single Ask
enzyme of each member of the entire phylum belongs to the
ASK,, division and populates CG-22. In each case, ask resides
within a four-gene operon that encodes the first four steps of
the pathway. Genes encoding the L,L.-DAP aminotransferase (a
pathway variation discovered recently [38, 39]) and DAP epi-
merase (the final enzymatic step) are dispersed elsewhere in
the genome.

The S. ruber paralog Srub_Aa in CG-47 is also suggested to
be specialized for DAP biosynthesis (Fig. 8B), although the
rationale is weakly based only on a process of elimination. The
encoding gene is adjacent to one gene of DAP/lysine biosyn-
thesis. Specialization for DAP biosynthesis (rather than for
lysine) is inferred indirectly, since the other possible functional
roles of specialization are already covered by other ask paral-
ogs. These three additional Ask enzymes have features of
allostery and gene context that strongly imply specialization for
lysine, threonine, and methionine (Fig. 13).

(ii) Within the ASK, subhomology division. CG-24 contains
a large group of ASK; Ask enzymes from the phylum Firmi-
cutes. These generally are encoded by ask genes positioned
near DAP/lysine/peptidoglycan pathway genes. The CG-24
Ask enzymes are quite distinctive and highly conserved. It is
likely that most members are sensitive to feedback inhibition
by DAP.

Contexts with nested dpad and dpaB genes. A subset of the
foregoing CG-24 Ask enzymes belongs to those Firmicutes that
are able to make endospores. These are Bacillus and Clostridia
species that additionally possess two genes encoding the subunits
of dipicolinate synthase (Fig. 1). They are the first two genes of a
complex operon from which multiple transcripts are made, de-
pending upon the physiological state (12). (Click the gene neigh-
borhood icon for CG-24 in the dynamic table [http:/www.theseed
.org/Papers/MMBR-Aspartokinase/figure-1S.html, second column]
to view the gene subset nested within the larger gene set.)

ask_lys gene contexts. (i) Within the ASK_, subhomology
division. It is straightforward that many Ask enzymes in the
ASK,, division whose twin ACT regions exhibit the “lysine
configuration” that predicts lysine allostery (Fig. 8A and B)
would also be organized with lysine pathway genes, e.g., mem-
bers of CG-09, CG-11, and CG-12. The fusion of LysA with
Ask in CG-09 members is a special case of lysine pathway
context. These lysine-specialized Ask enzymes are all present
in organisms in which at least one other Ask homolog is
present to accommodate the biosynthesis of threonine and
methionine. The Ask enzymes of members of CG-21, such as
E. coli, are clearly lysine specialized because of their lysine
allostery, but a lysine pathway gene context is absent. Interest-
ingly, the one exception is Ftul_Aa from Francisella tularensis,
which is encoded by a xenolog intruder member of CG-21
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obtained by F. tularensis via LGT and inserted into a lysine
pathway operon. Lactobacillus spp. have generated unusual
paralog copies in CG-03 that have been transposed to a lysine
pathway context.

The inference of end product specialization from the infor-
mative gene contexts present in some members of a cohesion
group can reasonably be extrapolated to other members in
which that context is not present. For example, CG-11 contains
sequences from five genomes. The ask genes from two different
species of Bacteroides and from P. gingivalis are associated with
lysA. Tt is further evident the P. gingivalis function must be
oriented to lysine biosynthesis because the organism lacks ho-
moserine dehydrogenase and therefore is incompetent for
threonine and lysine biosynthesis. Therefore, CG-11 is labeled
with a gene context of ask_lys in Fig. 8B, even though some
members of the cohesion group exhibit no lysine pathway con-
text. Note that an inference of specialization derived from a
particular context does not necessarily exclude additional func-
tional complexities. For example, an ask gene surrounded by a
threonine gene context might still be subject to feedback inhi-
bition by lysine, in which case its specialization is broadened to
both end products.

The members of CG-23 are currently from either the Meth-
anobacteria or Halobacteria taxons (Fig. 8B). ask genes present
in the Methanobacteria, but not the Halobacteria, are encoded
by genes positioned with a lysine pathway context. This is
unusual, since such solitary ask genes usually exhibit no gene
context with genes of individual branches. The Methanobacte-
ria do not have an AAA pathway of lysine biosynthesis,
whereas the Halobacteria appear to have both the AAA and
DAP pathways. The CG-23 members are ASK,, enzymes that
are derived from the “threonine configuration” but that have a
disrupted twin ACT domain. Thus, the allosteric specificity is
uncertain. CG-23 is further distinctive in that it is one of only
two cohesion groups in the ASK_ homology division to lack the
indel region (Fig. 5). (The possibility that the indel region
might interact with the twin ACT region is discussed below.)

(ii) Within the ASK subhomology division. The relatively
few Bacteria having multiple ask homologs belonging to the
ASKj division can be expected to exhibit functional special-
ization, and one clue implying a particular specialization can be
gene context. The Rxyl Ab ask from Rubrobacter xylanophilus
has a lysine pathway gene context (but lysine allostery is not
indicated in Fig. 10). Although R. xylanophilus does have an-
other ask homolog (encoding Rxyl_Aa), it belongs to the ASK,
homology subdivision and exhibits a threonine gene context
(with no threonine allostery indicated in Fig. 8A). Two species
of Thermotoga have two ask genes, one of which resides within
an extensive lysine pathway gene context. The Firmicutes pos-
sess two cohesion groups (CG-28 and CG-30) whose gene
members exist within a lysine gene context, as summarized in
Table 2.

ask_thr gene contexts. (i) Within the ASK_, subhomology
division. The relatively few Bacteria that possess ASK, Ask
enzymes usually possess more than one ask gene, and this
multiplicity is generally associated with specialization. A con-
text of threonine pathway genes is quite widespread for ask
genes in these Bacteria (Fig. 8B, top). In one interesting case,
Acidobacteria sp. (synonymous with K. versatilis Ellin345) has
generated a recent gene duplicate of a lysine-specialized gene
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the gene encoding Srub_Ab is duplicated to yield Srub_Aa and a copy is transposed from a methionine gene context to a DAP gene context

FIG. 13. Vertical genealogy of ask paralogs in Bacteroidetes and proposed role as an LGT donor to Proteobacteria. Gene contexts that imply
functional specializations are color coded as shown at the upper right. Gene fusions resulting in fusions of Ask with homoserine dehydrogenase
(Hdh) or with DAP decarboxylase (LysA) are indicated. Evolutionary events that are deduced are indicated by circled letters that correspond to
the descriptions at the bottom. LGT relationships are depicted by green arrows on the right.

present in CG-12 and has transformed it to threonine special-
ization. One Ask (ACID-2a) is presumed to have retained the
original ancestral features and has the lysine configuration
associated with lysine allostery in the twin ACT region, as well
as exhibiting a lysine pathway gene context (Fig. 8A and B).
The altered paralog (ACID-2b) has a somewhat disrupted
signature for lysine allostery in the twin ACT region and likely
has a reduced sensitivity to inhibition by lysine. More dramat-
ically, the gene has been translocated to a gene neighborhood

that includes the threonine pathway genes. This new context
includes hdh-thr. Although the context includes a gene for
homoserine dehydrogenase, it is considered to be an ask_thr
context because a second hdh gene (hdh-min) is present in
context with a methionine metabolism gene.

Members of CG-20 are from genomes having solitary ask
genes, and they are clustered with #hrC. This is unusual because
the solitary ask genes that are typically found in Archaea are
rarely associated with genes encoding enzymes of particular
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network branches. In this group of Archaea, Ask supports only
the threonine and methionine branches. Perhaps the coregu-
lation of ask and thrC is balanced somehow by the association
and presumed coregulation of tarB with metB in another chro-
mosomal location.

The two members of CG-52 are present in two Alphapro-
teobacteria genomes that have genes encoding Ask-homoserine
dehydrogenase fusions comprising part of a threonine operon
that has been obtained intact from a Bacteroidetes member of
CG-07 (see “LGT” below). Although the fused hdh gene is, of
course, part of the operon, this is deemed to be an ask_thr gene
context because a second hdh (hdh-min) is present in the
genome and located in context with methionine branch genes.
Regulation of gene expression, rather than allostery, is prob-
ably critical because CG-52 members lack the twin ACT region
altogether (Fig. 8A).

(ii) Within the ASK; subhomology division. Most Bacteria
have solitary ask genes belonging to the ASK; division, and these
usually do not exist in a physical context with genes encoding
enzymes of particular network branches. The ask genes of the two
Chloroflexi species in CG-44 and the ask orphan of Rhodopirellula
baltica have in common the fact that they are adjacent to the
novel “predicted functional analog of threonine kinase” described
earlier that appears to have replaced thrB.

ask_met gene contexts. (i) Within the ASK, subhomology
division. In the ASK_ subdivision, methionine-specialized Ask
enzymes are all found in the middle of Fig. 8A and B. These
Ask enzymes are derived from the threonine-specialized
cd04892-cd04892 signature of the twin ACT domain region,
but the Q...Q motif has become completely disrupted (Fig.
8A). In a number of cases, a threonine-specialized ask (Fig.
8A, top) has undergone gene duplication, with one copy becom-
ing disrupted in the twin ACT region for threonine allostery in
order to allow a new specialization. These gene duplications are
indicated in Fig. 8B. Some of them are copies that were translo-
cated to a methionine pathway gene context. Such duplication-
origin pairs of threonine/methionine specializations for ask genes
include CG-04-CG-08, CG-07 (Srub_Ac)-CG-47 (Srub_Ab),
and Mxan_Ac orphan-Mxan_Ad orphan.

(ii) Within the ASK; subhomology division. It is rare for
ASK Ask enzymes to be clustered with one or more genes
encoding enzymes of the methionine branch unless genes en-
coding enzymes of the threonine branch are also included (see
below). One exception is Symbiobacterium thermophilum Sthe-
17_Ab, an orphan that is encoded by an ask gene clustered with
a SAM riboswitch and one gene of methionine biosynthesis
(Table 2). However, since the other ask gene of the genome
belongs to CG-24, which is highly dedicated to DAP and lysine
biosynthesis, Sthe-17_Ab must by default have a functional
specialization for threonine biosynthesis, as well. Indeed, as
indicated in Fig. 10, Sthe-17 is likely to be feedback inhibited
by threonine. Furthermore, the Sthe-17 orphan can be inferred
to have threonine pathway functionality because it belongs to
a group of novel ASKg enzymes (in CG-45 and three other
orphans) that have replaced CG-03 threonine specialists
(ACT,, enzymes). This is discussed more fully below. All of the
other ASKg replacements are ask genes within a threonine
pathway gene context.

ask_thr+met gene contexts. (i) Within the ASK_, subhomol-
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ogy division. T. kodakaraensis, an archaeon, possesses a single
Ask enzyme belonging to CG-18. Although lone ask genes are
rarely associated with genes encoding branch segments of the
ASK network, the ask gene of T. kodakaraensis is associated
with genes of both the threonine and methionine branches,
including homoserine dehydrogenase. This can be understood
given the extreme simplicity of the ASK network in the CG-18
organisms, where nonnetwork pathways are used for lysine,
isoleucine, and aromatic amino acid biosynthesis. The synthe-
sis of Ask and the enzymes of both the threonine and methi-
onine pathways thus appear to be coregulated. The twin ACT
region is disrupted and largely truncated, indicating that Ask
may not be under allosteric control. Three species of Pyrococ-
cus also have ask genes that belong to CG-18. Although each
has two recent paralogs, they are adjacent and associated with
genes of both methionine and threonine biosynthesis (albeit
with some scrambling).

R. xylanophilus (phylum Actinobacteria) has two ask ho-
mologs, one (Rxyl_Aa) encoded by an ASK, gene with a me-
thionine gene context. Since one of the clustered genes en-
codes homoserine dehydrogenase (Hdh-min) and this is the
only hdh gene in the genome, this ask gene can be considered
to have a gene context for both the threonine and methionine
branches. In terms of specialization, this makes sense, because
the other ask gene, encoding Rxyl_Ab, is embedded within a
lysine gene context.

The Firmicutes typically have multiple Ask enzymes. Of the
two Ask species present in Staphylococcus spp., the one be-
longing to CG-03 (ASK,) exhibits a threonine pathway gene
context. This includes a threonine operon that contains the
gene encoding Hdh-met, the sole Hdh present in Staphylococ-
cus. Presumably, this Hdh species is transcriptionally regulated
by threonine but allosterically regulated by methionine. Lac-
tobacillus exhibits great variation among species, as discussed
further in “Firmicutes” below. Among these, Lactobacillus casei
and Lactobacillus acidophilus possess two paralogs within CG-
03. One of them is clustered with all of the threonine branch
genes and hdh-met. Interestingly, these genes are not in the
same order in the two species, and gene scrambling has re-
sulted in some of the genes being divergently oriented with
respect to ask. (Click the gene neighborhood icon in the second
column of the dynamic table [http:/www.theseed.org/Papers
/MMBR-Aspartokinase/dynamic.html] within the CG-03 section
to view these gene organizations.)

(ii) Within the ASK; subhomology division. The Firmicutes
usually have multiple Ask genes in the ASK, division, and they
are distributed among five cohesion groups and four orphans.
Members of CG-45 and three orphans exhibit a thr+met gene
context, as summarized in Table 2. For example, Moorella
thermoacetica (Clostridia) possesses an Ask orphan (Mthe-
3_Aa) that is encoded by the last member of a large operon
that contains hdh-thr, thrC, thrB, and two genes of the methi-
onine pathway. hdh-thr is the sole hdh gene in the genome and
hence must function for both methionine and threonine bio-
synthesis. Members of CG-45 and all four orphans appear to
be subject to feedback inhibition by threonine (Fig. 10).

The genus Thermotoga is represented by two available spe-
cies that each have a pair of ask genes. One of them is not only
fused with hdh-min (a novel variation in that the latter is fused
to the N-terminal domain of ask), but is localized with the
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remaining threonine pathway genes. Since no other hAdh genes
exist in the genome, this is considered to be an ask_thr+met
gene context.

Less Intuitively Obvious Gene Contexts

ask_alaS gene contexts. The phylum Gammaproteobacteria
generally possesses a single Ask (denoted ask_alaS) that is
associated with a string of closely linked genes, recA — recX —
alaS — ask — csrA — tRNA-ser. The gene linkage alaS —
ask — csrA is especially conserved. The various ask genes
having an alaS context have diverged to produce 27 different
cohesion groups and orphans. Hence, in spite of substantial
divergence of the ancestral Ask enzyme, the gene neighbor-
hood has been conserved to a remarkable extent. In the Gam-
maproteobacteria, ask_ala$ is never associated with genes en-
coding enzymes of an individual branch of the ASK network.
The specific significance of the ask-alaS relationship is un-
known, but perhaps it reflects broad metabolic interrelation-
ships, as reflected by one of the KEGG metabolic maps (http:
/www.genome.ad.jp/kegg/pathway/map/map00250.html).

ask_tilS gene contexts. The Betaproteobacteria usually have a
single Ask gene that follows a gene encoding tRNA" -lysidine
synthetase, an enzyme involved in tRNA processing (83).
Here, the ask_tilS gene is usually followed by a gene encoding
tRNAS®", reminiscent of the last gene in a typical ask_alaS
cluster described above. It is remarkable that Methylobacillus
flagellatus possesses a single Ask (Mfla_Aa) that belongs to
CG-40, as is typical of Betaproteobacteria, and yet its surround-
ing gene context is typical of ask_alaS for Gammaproteobacte-
ria. Its gene cluster is the same as that shown at the bottom of
Fig. 11, except for the absence of cstA. An LGT explanation for
this does not seem to be supported.

ask_ptsP gene contexts. King and O’Brian (44) have reported
an intriguing direct interaction between Ask and enzyme I
(encoded by ptsP) in Bradyrhizobium japonicum. The ability of
IN' to transport oligopeptides requires the presence of Ask,
which apparently is involved in regulating the phosphorylation
state of enzyme I™". B. japonicum is a member of the Alpha-
proteobacteria, and it is striking that the ask and ptsP genes,
which are adjacent in B. japonicum, are also adjacent (or
nearby) in most of the Alphaproteobacteria that make up
CG-37 (click the gene neighborhood icon for CG-37 in the
second column of the dynamic table [http://www.theseed.org
/Papers/MMBR-Aspartokinase/dynamic.html]).

ASK NETWORKS SUPPORTED BY A SINGLE ask GENE

The substantial number of phyla (or classes) in which there
is usually one ask gene and most or all of the Ask gene prod-
ucts fall within a single cohesion group that is united by con-
served amino acid residues specific to the cohesion group, by a
common cd signature, etc., are enumerated below.

Archaea

It is rather striking that almost all of the Archaea possess a
single ask gene to support the ASK network. Two exceptions
are the N. maritimus and C. symbiosum paralog pairs that
belong to CG-49 and CG-50 (shown in the gene duplication
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column of Fig. 8B). Another exception is M. kandleri (Eur-
yarchaeota), which in addition to its ancestral enzyme (Mkan_Ab)
possesses a xenolog obtained from the A. pernix (Crenarcha-
eota) lineage. Ask enzymes from Archaea populate eight cohe-
sion groups, and so far, only Mkan_Ab is an orphan sequence.
All of the sequences belong to the ASK, subhomology divi-
sion. None of them have a biosynthetic threonine dehydratase,
and isoleucine is primarily or completely derived from the
pyruvate pathway. The DAP pathway of lysine biosynthesis is
present in most of the Euryarchaeota (exceptions are the or-
ganisms having Ask members in CG-18, as exemplified by
Pyrococcus furiosis). On the other hand, all of the Crenarcha-
eota rely upon the AAA pathway for lysine biosynthesis. The
DKFP pathway of aromatic biosynthesis is present in most of
the Euryarchaeota, again with the exception of organisms hav-
ing CG-18 Ask members. The latter deploy the E4P pathway
instead. Some of the Crenarchaeota possess the DKFP pathway
(CG-49 and CG-50), whereas the remainder (CG-19 and CG-
20) utilize the E4P pathway. The distribution of alternative
pathways for lysine, aromatic amino acids, and isoleucine for
the organisms possessing ASK,, enzymes is summarized in Fig.
8B. With respect to the twin ACT region and allostery, all of
the archaeal Ask enzymes are derived from the “threonine
configuration” (Fig. 8A) or a degraded version of it in which
both ACT_1 and ACT_2 carry cd04892 identifiers.

Fungi

Fungi have a single Ask enzyme inhibited by threonine, and
these proteins populate CG-01 in the ASK, subhomology
grouping. Fungi use the AAA pathway to lysine, the E4P
pathway to aromatic amino acids, and the threonine pathway
to isoleucine. Since lysine is irrelevant to the ASK network in
fungi, it is quite reasonable that the S. cerevisiae Ask is known
to be subject to feedback inhibiton by threonine (2). However,
it is curious that the two ACT domains possess cd signatures
that fit expectations for an Ask that is sensitive to inhibition by
lysine quite well (Fig. 8A). Perhaps that is somehow related to
the report that in S. cerevisiae a prolyl isomerase called
FKBP12 enters into a protein-protein interaction with Ask in
such a way as to influence sensitivity to feedback inhibition by
threonine (3). The single member available from the class
Basidiomycota exhibits a KYGG motif in contrast to the
KFGG motif of the three members of the class Ascomycota in
our collection.

Cyanobacteria

Eleven genomes of cyanobacteria are quite similar in having
a single ASK species that is represented in CG-32. They are
distinctive Ask species in having four tandem ACT domains
(ACT_I-ACT_2-ACT_1-ACT _2), as well as in their apparent
lack of an in-frame internal translation start site. Since the
internal start site generates a small subunit that, in combina-
tion with the primary translation start site, essentially yields a
total of four ACT domains per round of translation, one might
think that the increased multiplicity of ACT domains and the
lack of an internal start site are directly related. However, the
Planctomycetes (Rbal_Aa orphan) appear to possess an inter-
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nal start site (Fig. 12), even though they also possess four
tandem ACT domains. Cyanobacterial genomes exhibit a mix-
ture of KFGG and KYGG motifs. Cyanobacteria uniformly
possess a variant of the DAP pathway of lysine biosynthesis
that bypasses acyl intermediates through the utilization of an
L,L.-DAP aminotransferase (38). Figure 10 suggests threonine
allostery for members of CG-32.

Spirochaetes

CG-31 contains the solitary Ask enzymes present in Lepto-
spira interrogans and Leptospira borgspetersenii. These organ-
isms lack a metabolic connection of threonine to isoleucine
and do not support ectoine biosynthesis. Specific CDD hits for
the catalytic domain (cd04261) and the twin ACT domains
(cd04913 and cd04936) suggest a regulation mechanism of
concerted feedback inhibition controlled by Thr plus Lys. In-
deed, this is well supported in Fig. 10. A KYGG motif is typical
of this cohesion group. Some species of Leptospira (e.g., Lep-
tospira biflexa) that do possess threonine deaminase are known,
and therefore, these species are potentially able to use threo-
nine as a precursor of isoleucine under some conditions.

Agquificae

A. aeolicus was the single genome originally available in the
phylum Aquificae. Its Askg enzyme supports a large network in
which the DKFP pathway to aromatic amino acids is used. This
may be somewhat spared in that no threonine dehydratase is
present, and therefore, the pyruvate pathway to isoleucine
must be used. We note that recently available complete ge-
nomes (Hydrogenobaculum sp. and Sulfurihydrogenibium sp.)
appear to be quite similar to that of A. aeolicus. A Thr-plus-Lys
pattern of concerted feedback inhibition is indicated by the
analysis shown in Fig. 10.

Chlamydiae

Chlamydial organisms are among the few bacteria that pos-
sess an ASK,, Ask. They all belong to CG-22. These pathogens
possess a minimal ASK network that in fact exhibits the sim-
plicity of a linear pathway extending from aspartate to DAP.
LysA is absent, and therefore, lysine is not made. The three
steps involving acyl intermediates are also absent, but it has
been found that all Chlamydia spp. bypass these steps with an
L,L.-DAP aminotransferase (38). For many years, peptidogly-
can and the cross-linking component, DAP, were thought to be
absent from these intracellular pathogens. However, a number
of laboratories have recently developed a basis for the conclu-
sion that peptidoglycan (and DAP) are in fact crucial for the
lifestyle of chlamydial organisms (reference 73 and references
therein.). Figure 8A indicates a twin ACT region derived from
a threonine signature, but one that has been degraded so that
it lacks a specific cd hit in the CDD. It could possess a DAP
allostery that has yet to be established experimentally.

Planctomycetes

R. baltica is the only genome of the phylum Planctomycetes
available. The Rbal_Aa orphan is a typical Askg species, ex-
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cept that four tandem ACT domains are present, similar to
cyanobacteria. Like cyanobacteria (CG-32), Fig. 10 suggests
threonine-mediated allostery for Rbal_Aa. Unlike cyanobac-
teria, the R. baltica enzyme appears to have an internal start
site (Fig. 12).

Actinobacteria

The phylum Actinobacteria has a large number of sequenced
genomes, 29 of which populate CG-25. One member of this
cohesion group is C. glutamicum, which has a single Ask spe-
cies that has been well studied and for which X-ray crystal
structures (93) have elucidated important amino acid residues
for catalysis and allosteric regulation (concerted feedback in-
hibition by Thr plus Lys). Six additional orphan Ask species are
contributed by our collection of Actinobacteria Ask enzymes.
Four are proposed to be xenologs (see “LGT” below) that
coexist with the homologs retained in the vertical genealogy.
The remaining two have diverged to orphan status from CG-25
in correlation with apparent alteration of Thr-plus-Lys feed-
back inhibition. Thus, the Twhi_Aa enzyme from Tropheryma
whipplei has been transformed from Thr-plus-Lys sensitivity to
inhibition by threonine alone (Fig. 10). This is understandable,
in that 7. whipplei is a pathogen with extreme reductive evo-
lution that has lost both the lysine and methionine pathways
(76). The Rxyl Ab enzyme from R. xylanophilus appears to
have lost sensitivity to feedback inhibition by both threonine
and lysine (Fig. 10).

Betaproteobacteria and Epsilonproteobacteria

At the level of the phylum Proteobacteria, there have been
some very dynamic events of LGT and reductive evolution, as
summarized in Fig. 11. However, every genome from the
classes Betaproteobacteria and Epsilonproteobacteria possesses
a single Ask species that resides in a common cohesion group
(CG-40 and CG-35, respectively). Although these classes on
occasion possess ectoine biosynthesis genes (Fig. 2), they lack
the ectoine-specialized ask paralogs present in other classes of
Proteobacteria. The Ask enzymes of both classes usually exhibit
the KYGG motif variation. They undoubtedly are subject to
concerted feedback inhibition by Thr plus Lys, judging from
Fig. 10.

ASK NETWORKS SUPPORTED BY MULTIPLE
ask GENES

Straightforward Cohesion Group Combinations

Thermotoga. Thermotoga maritima and Thermotoga petro-
phila each possess a similar pair of Ask paralogs, both being
members of the ASK; assemblage that separate into CG-26
and CG-29. The members of CG-26 are distinctive in being the
only ASK; enzymes that are fused with another enzyme do-
main. They are additionally distinctive among all Ask enzymes
in that Hdh is fused on the N-terminal side of Ask, in contrast
to the various Ask-Hdh fusions in the ASK, grouping. The
fused Hdh (Hdh-min) is the only Hdh present in the genus.
The genes encoding the Ask enzymes in CG-26 are located
adjacent to genes of the threonine branch. Because of the
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inclusion of hdh, the gene context can be considered to be
ask_thr+met. Figure 10 indicates that the CG-26 enzymes must
be feedback inhibited by threonine.

The Ask members of CG-29, on the other hand, are mono-
functional enzymes that are encoded by genes that are located
within a large lysine biosynthesis operon. Figure 10 indicates
that the CG-29 enzymes must be feedback inhibited by lysine.
The transcriptional and allosteric regulation exerted by lysine
at the level of Ask must be sufficient to keep the network
balanced because dihydrodipicolinate synthase, the first com-
mitted step of lysine biosynthesis, is not feedback inhibited by
lysine (74). Of course, one caveat is that other mechanisms,
such as the possibility of regulation of dihydrodipicolinate syn-
thase by a leader RNA element, as occurs in B. subtilis (35),
have not been evaluated.

Acidobacteria. Acidobacteria is one of the relatively few bac-
terial phyla that possess ASK, division Ask enzymes within
their vertical genealogies (Fig. 7). S. usitatus possesses two Ask
paralogs. One (Susi_Aa), in CG-12, exhibits a good match
for the lysine configuration of feedback inhibition (Fig. 8A),
and the ask gene does indeed colocalize with lysine pathway
genes. The other paralog is an orphan (Susi_Ab) that exhibits
a disrupted, but recognizable, threonine configuration (Fig.
8A). This ask gene is not associated with the genes of any ASK
network branch. Another genome, that of K. versatilis, also
possesses two Ask paralogs, but they both belong to CG-12.
One (ACID-2a) is encoded by a gene having a lysine pathway
gene context and exhibits a very good match for the lysine
configuration of feedback inhibition in the twin ACT domain
region. The other (ACID-2b) displays a somewhat disrupted
match for the lysine configuration. It appears that the latter
paralog is encoded by a gene duplicate that has lost (or is
losing) specialization for lysine biosynthesis and has gained
specialization for threonine and methionine biosynthesis, as
implied by the inclusion of genes encoding Hdh-thr and threo-
nine branch enzymes in its gene neighborhood.

Each of the above-mentioned genomes possesses an ask
paralog that can be clearly equated with the lysine branch, both
in terms of likely feedback inhibition by lysine and likely co-
regulation with genes of lysine biosynthesis. Neither the
Susi_Ab nor the ACID-2b paralog is likely to be feedback
inhibited by threonine, although by default these paralogs
would appear to be needed for threonine and methionine
biosynthesis. In addition to the Hdh-min variant that is ex-
pected to be present in ACT,, organisms, both organisms pos-
sess an additional Hdh species, Hdh-thr. Thus, allostery medi-
ated by threonine may be largely targeted to Hdh-thr in this
phylum.

Firmicutes

Specializations for individual network branches. Multiple
Ask homologs with different functional specializations are
ubiquitous in the phylum Firmicutes, where they either are
orphans (four) or are distributed among six cohesion groups
(Table 2). Of the 50 Firmicutes genomes in our collection, the
number of Ask enzymes per genome varies from one (21 ge-
nomes) to two (22 genomes) or three (7 genomes). The six
cohesion groups can generally be equated with particular net-
work branch specializations in consideration of gene context
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observations, published allosteric patterns that can be pro-
jected to closely related organisms, and an inspection of Fig. 10
for ASK; enzymes. (i) DAP branch specialists are unique to
the membership of CG-24. (ii) Lysine branch specialists are
members of CG-28, CG-30, and CG-33. These cohesion
groups probably radiated from a common ancestor. (iii) Threo-
nine/methionine branch specialists include members of CG-03
and CG-45 and the four orphans. Unlike members of CG-03,
members of CG-45 and the orphans belong to the ASK; sub-
division. These ASKj sequences are restricted to the class
Clostridia and probably diverged from a common ancestor, as
discussed below. Three of the orphans have an ask gene asso-
ciated with a thr+met gene context. Note that an ask-adjacent
hdh gene, if present as the only 4dh in the genome, is sufficient
grounds to assert a thr+met gene context. The fourth orphan is
an ask gene associated with a gene of methionine biosynthesis,
in addition to a SAM riboswitch. Members of CG-45 and the
four orphans are all sensitive to allosteric control by threonine
based on the criterion of their position in the lower section of
Fig. 10 (where the orphan acronyms are Mthe-3_Aa, Sthe-17-
Ab, Chyd_Aa, and Swol_Aa).

The B. subtilis precedent. The three well-studied B. subtilis
homologs (12, 13, 34, 94) comprise a gold standard model
underlying comparative analyses to understand the differential
regulation of Ask enzymes in the complex physiological and
developmental contexts existing in the Firmicutes. In B. subtilis,
these three Ask species belong to CG-03 (feedback inhibited
by a synergistic combination of lysine and threonine), CG-24
(feedback inhibited by DAP), and CG-33 (feedback inhibited
by lysine). Figure 1 of reference 95 summarizes the multiple
circuits of feedback inhibition that control the overall ASK
network. The DAP-sensitive CG-24 Ask is almost totally ded-
icated to DAP synthesis and cannot support the rest of the
network unless the Ask species is altered to be desensitized to
feedback inhibition by DAP (95). Conversely, the other two
Ask species cannot support DAP synthesis in stationary-phase
physiology, when endospore formation occurs, because they
are unstable under these physiological conditions (34, 95).
Lysine is a feedback inhibitor for two enzyme targets, one
being the CG-33 Ask enzyme. The other target is LysA, the last
enzyme step of lysine biosynthesis. The latter, coupled with the
fact that the first enzyme specifically committed to DAP/lysine
biosynthesis (dihydrodipicolinate synthase) is not feedback in-
hibited by lysine, ensures that DAP is always available for
peptidoglycan and/or dipicolinate synthesis, regardless of the
presence of lysine. However, a degree of control of dihydrodi-
picolinate synthase is exercised at the transcriptional level by
lysine, which interacts directly with a leader RNA element (L
box). Such L box leader regions are also positioned ahead of
the CG-33 ask gene and the lys4 gene (35). In organisms such
as higher plants, where DAP is merely relevant as an interme-
diate of lysine biosynthesis, dihydrodipicolinate synthase is
very sensitive to feedback inhibition by lysine (21). The details
of transcriptional control are an important aspect of special-
ization. In B. subtilis, the DAP-sensitive enzyme (CG-24) is
constitutive (95), the lysine-sensitive enzyme (CG-33) is re-
pressed by exogenous lysine (34, 35), and the Thr-plus-Lys-
sensitive enzyme (CG-03) is repressed by exogenous threonine
(34).
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Reductive evolution. Figure 14 presents the assertion that
the three-Ask set of specialized Ask enzymes had emerged in
the common ancestor of Bacilli and Clostridia. If so, what is the
explanation for the high frequency of Firmicutes organisms in
which only one or two Ask homologs support the network?
Many Bacilli and Clostridia are pathogens that have evolved to
exploit their hosts as a source of amino acids and other nutri-
ents in a phenomenon known as reductive evolution. On the
broad scale of evolutionary time, these host-pathogen relation-
ships are relatively recent (since the mammalian hosts are
relatively recent). Indeed, the abandonment of amino acid
pathways can be seen as ongoing events, judging from varied
losses in closely related species and the erratic retention of
pathway gene remnants (e.g., as shown in Fig. 14, lower right).
In addition, the loss of the need to make dipicolinate, as well
as a lesser need for DAP in Bacillus families that have lost the
ability to make endospores, greatly reduces the need for
the DAP-regulated CG-24 Ask specialist. Elimination of the
unique physiological stage associated with sporulation simpli-
fies the otherwise mismatched temporal relationship of DAP
and lysine because they then endure in a common temporal
time frame of vegetative growth. A single Ask species could
then accommodate the need for both DAP and lysine, as is
frequently the case in nonsporulating organisms. A single
CG-03 Ask enzyme subject to concerted feedback inhibition by
the Thr-plus-Lys combination could then be an effective mech-
anism for overall pathway control. This, in fact, describes the
current state of reductive evolution in the contemporary fam-
ilies Streptococcaceae, Enterococcaceae, and Leuconostocaceae
(Fig. 14).

It is shown in Fig. 14 that the family Listeriaceae has lost the
capability for endospore synthesis. In spite of the loss of a
developmental stage for which the CG-24 ask gene is attuned,
the Listeriaceae possess the same Ask trio as B. subtilis and
many relatives. In this connection, it is interesting that Ony-
enwoke et al. (67) have found the Listeriaceae to be “asporo-
genic.” In contrast to “non-spore-forming” organisms, asporo-
genic organisms possess a nearly complete repertoire of
sporulation-specific genes and presumably could regain com-
petence for sporulation with the acquisition of relatively few
genes. If so, the Listeriaceae are similarly poised, with a full
complement of Ask genes.

The Firmicutes currently consist of two additional recently
named classes other than the Bacilli and Clostridia, but knowl-
edge about these is marginal at present. If the newly found
classes or ones yet to be named prove to predate the emer-
gence of endospore capability, one could imagine that a single
CG-03 Ask enzyme subject to concerted feedback inhibition by
the Thr-plus-Lys combination might equate with the ancestral
state. Thus, loss of endospore capability in, e.g, the modern
Streptococcaceae may essentially constitute a reversion to the
ancestral state that preceded endospore capability. Viewed this
way, competence to make endospores created a developmental
stage in which DAP and dipicolinate were needed at a unique
developmental time. This occasioned the emergence of a
DAP-regulated Ask for function in a different temporal mode.
More complexly, since DAP synthesis is additionally an oblig-
atory part of lysine biosynthesis and therefore must be syn-
chronized intimately with lysine biosynthesis during vegetative
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growth, another lysine-regulated Ask species that could be
tuned to the physiological pace of growing cells was needed.

Threonine branch specialization. As summarized in Table 2,
two cohesion groups (CG-03 and CG-45) and all four orphans
belonging to Firmicutes can be considered to be essentially
specialized for threonine (and methionine) biosynthesis. Mem-
bers of CG-03 (ASK,) are quite distinct from the remaining
Ask sequences (all ASKg).

(i) The ACT,, CG-03 type. CG-03 has the highest member
tally among Firmicutes sequences. It is the only Firmicutes
cohesion group belonging to the ASK_ subhomology division
(Fig. 7). The concerted pattern of feedback inhibition exerted
by the Thr-plus-Lys combination is well documented for the B.
subtilis CG-03 enzyme (34, 46). The particular mechanism surely
must be completely different from the concerted feedback inhi-
bition pattern that has been well studied in a number of ASK,
organisms, where this feedback mechanism is probably the most
prevalent. The ACT_1-ACT_2 domain region of CG-03 members
is derived from a cd organization (cd04890-cd04892) that charac-
teristically has a “lysine configuration” of residues that denote
lysine allostery (Fig. 8A). Although the Lcas_Aa sequence, which
was arbitrarily chosen to represent CG-03 in Fig. 8A, gives little
indication of lysine sensitivity, most of the other sequences in
CG-03 exhibit a suggestive, albeit imperfect, conformation with a
lysine configuration (see the individual CG alignment in the sup-
plementary files posted at http:/www.theseed.org/PaperssMMBR
-Aspartokinase/CG03_aln.html). The L. casei enzyme (Lcas_Aa)
happens to be the paralog associated with threonine pathway
genes in the lower-right portion of Fig. 14, and one would thus
expect loss of lysine binding for this paralog.

Since the B. subtilis CG-03 Ask cannot function during
sporulation (34, 95), it is interesting to consider how an organ-
ism possessing only a CG-03 Ask species can sporulate. Clos-
tridium thermocellum (Fig. 14) has lost both the DAP-regulated
CG-24 Ask and the lysine-regulated CG-28 Ask, leaving the
CG-03 Ask to support the entire ASK network. This means
that it has to function during both the sporulation and vege-
tative-growth phases. Clearly, it has to differ from the B. subtilis
enzyme in being stable and active during sporulation. It could
still be subject to concerted feedback inhibition, which would
be appropriate during vegetative growth. Such regulation
would be inappropriate during sporulation. However, if certain
key enzymes (LysA and homoserine dehydrogenase) were hy-
perlabile to the onset of sporulation, then in that physiological
state lysine and threonine might not be available as feedback
inhibitors that might interefere with DAP synthesis.

In the family Lactobacillaceae of Bacilli, the CG-03 Ask is
frequently the only remaining Ask. The scheme at the lower right
of Fig. 14 depicts a very active pattern of reductive evolution that
is consistent with published reports about these organisms (86).
This group has lost endospore-forming capability, and most spe-
cies have lost the CG-24 DAP-inhibited Ask species. A gene
duplication occurred in the common ancestor of L. acidophilus
and L. casei to yield two recent paralogs. One CG-03 ask gene is
associated with a complete threonine operon, and the other
CG-03 ask gene is adjacent to multiple lysine pathway genes, most
of which are divergently oriented. In the common ancestor of two
species, Lactobacillus delbrueckii and Lactobacillus gasseri, the
entire group of lysine pathway genes, together with the associated
CG-03 ask gene, has been deleted from the genome. Incredibly, a
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complementary deletion in the common ancestor of Lactobacillus
reuteri and Pediococcus pentosaceus has instead eliminated the
threonine operon and the associated CG-03 ask gene. Thus, in
one case, both the lysine pathway and its ask specialist have been
eliminated from the genome, whereas in another case, the threo-
nine/methionine pathway section, together with its ask specialist,
has been discarded.

CG-03 has a large Ask membership (click the cohesion group
gene neighborhood button on the dynamic table [http://www
.theseed.org/Papers/sMMBR-Aspartokinase/dynamic.html, sec-
ond column] to view whether genes encoding any enzymes of
the network branches are associated with a given CG-03 ask
gene). The example discussed above describes a case where a
CG-03 gene is associated with a lysine gene context, but this is
highly unusual. Genes encoding CG-03 Ask members are not
necessarily associated with any genes encoding network
branches. Indeed, the classic B. subtilis member displays no
relevant network context. Some genera (e.g., Streptococcus,
Lactococcus, and Enterococcus) possess an Ask member of
CG-03 that is encoded by the only remaining ask gene in the
genome, which therefore supports the entire ASK network
(Fig. 14). As would be generally expected, these ask genes are
not associated with any ASK network genes. They are probably
feedback inhibited by Thr plus Lys, and indeed, Streptococcus
mutans exemplifies a case where the single CG-03 Ask has
been shown experimentally to be subject to concerted feedback
inhibition by the Thr-plus-Lys combination (55). Clostridium
botulinum, shown in Fig. 14 to have maintained the ancestral
set of three Ask enzymes, possesses a CG-03 ask species that is
a component of a complete threonine branch operon. Al-
though this operon includes Hdh-thr, it is functionally separate
from methionine biosynthesis, since C. botulinum has a second
Hdh enzyme, Hdh-met. The gene encoding Hdh-met is adja-
cent to several methionine pathway genes. In Staphylococcus
spp., the CG-03 ask gene is adjacent to a similar threonine
operon, with the following differences. ask is divergently ori-
ented to the threonine operon, the Adh gene in the operon is
hdh-met, and hdh-met is the only hdh gene in the genome. In
this case, Hdh-met may be transcriptionally controlled by
threonine and perhaps is allosterically controlled by methio-
nine.

(ii) A novel ASK_; Ask replaces the CG-03 ASK,, enzyme in
Clostridia. A new specialized Ask that belongs to the ASKg
subhomology division has emerged in correlation with the loss
of CG-03 Ask enzymes and in correlation with the loss of
CG-28 Ask enzymes. Three members of CG-45 and four or-
phans occur in the class Clostridia, with no counterparts so far
known in the class Bacilli (Table 2 and Fig. 14). The new
threonine/methionine ask specialists in Clostridia may, in fact,
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be derived from the lysine specialists belonging to CG-28, since
there is a perfect correlation of loss of the CG-28 ask gene and
appearance of both the CG-45 ask genes and the four orphan
genes (Fig. 14). If so, the former CG-28 ask gene has migrated
from a lysine gene context to a threonine/methionine gene
context. Furthermore, the lysine allostery of a CG-28 Ask has
not been retained, since threonine allostery is strongly implied
in Fig. 10 for CG-45 members and the four orphans. For those
Clostridia organisms that have lost both the Thr-plus-Lys-spe-
cialized enzyme (CG-03) and the lysine-specialized enzyme
(CG-28), the threonine pathway specialization has been re-
placed by Ask members of CG-45 and the four related or-
phans. However, this raises the question of how lysine is sensed
in the absence of any lysine-responsive Ask specialist.

CG-45 is currently populated by three members from the
Clostridiales. Each one of these ask genes exhibits the following
gene neighborhood: act — hdh-thr — thrB — ask. This orga-
nization is intriguing because of the inclusion of a gene encod-
ing a protein with a free-standing ACT domain. The act —
hdh-thr — thrB — ask operon may be quite prevalent in Clos-
tridiales, since a recent scan of new genomes (available after
the cutoff date for inclusion in our collection) revealed organ-
isms representing three additional families that have either the
same gene organization or very similar ones (variant operons
without thrB or variant operons with thrC preceding thrB).
These are Anaerocellum thermophilum (no family rank as-
signed), Ruminococcus obeum (family Ruminococcaceae), and
Heliobacterium modesticaldum (family Heliobacteriaceae). The
Carboxydothermus hydrogenoformans ask orphan possesses an
act — hdh-thr — thrC — thrB — ask operon, in which the
orphan ask gene resides. In addition to C. thermocellum in Fig.
14, Clostridium phytofermentans and Clostridium nexile (Clos-
tridiaceae) possess one of these operon variations. Thus, the
essential act — hdh-thr — ask gene arrangement is distributed
among at least five families of Clostridiales. It is striking that
ACT, Hdh-thr, and Ask are all proteins that contain one or
more ACT domains. Since the free-standing ACT domain is an
amino acid binding module, and since ACT domains are
known to interact with one another in complex ways (50), it
seems quite plausible that lysine might be an effector for the
free-standing ACT domain that somehow delivers appropriate
regulation in a fashion that involves the other gene products of
the operon.

In “Evolution of the ASK, assemblage” above, the recruit-
ment of a free-standing ACT domain in Archaea was discussed.
It was suggested that during periods of insufficiency of lysine
and aromatic amino acids, Hdh might essentially be seques-
tered by association with ACT, creating an inactive state of
Hdh that thereby blocks substrate flow to methionine and

Cthe, Clostridium thermocellum; Tten, Thermoanaerobacter tengcongensis; Cace, Clostridium acetobutylicum; Cnov, Clostridium novyi; Ctet, Clos-
tridium tetani; Cdif, Clostridium difficile; Chyd, Carboxydothermus hydrogenoformans; Dred, Desulfotomaculum reducens; Pthe, Pelotomaculum
thermopropionicum; Mthe-3, Moorella thermoacetica; Cbot, Clostridium botulinum; Sthe-17, Symbiobacterium thermophilum; Swol, Syntrophomonas
wolfei subsp. wolfei; Csac, Caldicellulosiruptor saccharolyticus; Saur, Staphylococcus aureus; Sepi, Staphylococcus epidermidis; Ssap, Staphylococcus
saprophyticus subsp. saprophyticus; Shae, Staphylococcus haemolyticus; Bsub, Bacillus subtilis; Blic, Bacillus licheniformis; Bhal, Bacillus halodurans;
Linn, Listeria innocua; Lmon, Listeria monocytogenes; Lwel, Listeria welshimeri; Lpla, Lactobacillus plantarum; Lsal, Lactobacillus salivarius; Laci,
Lactobacillus acidophilus; Lcas, Lactobacillus casei; Ldel, Lactobacillus delbrueckii subsp. bulgaricus; 1.gas, Lactobacillus gasseri; Lreu, Lactobacillus
reuteri; Ppen, Pediococcus pentosaceus; Bcla, Bacillus clausii; Oihe, Oceanobacillus iheyensis; Gkau, Geobacillus kaustophilus; Bthu, Bacillus
thuringiensis serovar konkukian; Bant, Bacillus anthracis; Beer, Bacillus cereus; Gthe, Geobacillus thermodenitrificans.
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threonine. During lysine and aromatic amino acid sufficiency,
these amino acids might bind to ACT and promote dissocia-
tion of ACT and Hdh. Dissociated Hdh would be free to
complex with Ask. This would then accommodate substrate
flow to methionine and threonine. A similar mechanism could
prevail in the Clostridiales, with the simplification that aromatic
amino acids are not relevant.

It was discussed above how the two-Ask system of some
Clostridia (such as members of the family Peptococcaceae) can
be equated with the three-Ask system of B. subtilis. The ques-
tion addressed has boiled down to the matter of how, in the
absence of an ask specialist for lysine, the need for lysine in
Clostridia might be sensed at the level of Ask during vegetative
growth. An even more challenging question is how the newly
evolved threonine/methionine specialist Ask enzymes of Syn-
trophomonas wolfei and Caldicellulosiruptor saccharolyticus are
sufficient alone as a one-Ask system for coordination of both
their sporulation programs and the primary ASK network of
biosynthesis. If the explanation of how lysine biosynthesis is
regulated via the ACT-Hdh mechanism in organisms like the
Peptococcaceae is accepted, the question is how S. wolfei and C.
saccharolyticus accommodate the sporulation process without a
CG-24 ask gene. S. wolfei is in the same family as C. saccha-
rolyticus (Fig. 14). Both of these organisms have a single ask
gene with a threonine/methionine gene context. Lysine and
dipicolinate synthesis genes are clustered elsewhere. The main
dilemma appears to be how to prevent threonine from disrupt-
ing the sporulation process by shutting off the precursor supply
to dipicolinate and DAP. The gene context suggests that threo-
nine controls transcription. The Swol_Aa enzyme is likely feed-
back inhibited by threonine (Fig. 10). The C. saccharolyticus
enzyme might indeed be resistant to feedback inhibition by
threonine, since the D, residue (Fig. 10), which appears to be
essential for threonine inhibition, is absent (see the individual
CG-45 alignment in the supplementary files posted at http://www
.theseed.org/Papers/MMBR-Aspartokinase/CG45_aln.html). S.
wolfei and C. saccharolyticus differ from one another in several
respects. S. wolfei lacks the ACT domain gene that is adjacent to
hdh in C. saccharolyticus, but the gene may be elsewhere in the
genome. S. wolfei possesses a single gene cluster to accommo-
date lysine and dipicolinate synthesis, whereas C. saccharolyti-
cus separates them into two clusters. In S. wolfei, this is an
intact six-gene equivalent of the dipicolinate-DAP gene cluster
present in some Clostridia, except that the CG-24 ask gene that
is usually embedded in the operon is missing. In C. saccharo-
lyticus, the loss of the CG-24 ask gene from the ancestral
six-gene cluster has been accompanied by dispersal of the
genes encoding the alpha and beta subunits of dipicolinate
synthase to a position adjacent to the gene encoding the cell
division protein FtsK.

DAP/dipicolinate branch specialization. In the Firmicutes,
DAP is especially important in its role as a contributor to
peptidoglycan because the peptidoglycan layer in cell walls is
significantly thicker than in gram-negative bacteria. For those
Firmicutes that form endospores, there is a developmental
stage of sporulation accompanied by high input of peptidogly-
can into the spore cortex. In addition, dipicolinate can com-
prise up to 10% of endospore dry weight (12). B. subtilis (12)
and Clostridium perfringens (49) have been shown to possess an
Ask species that is sensitive to feedback inhibition by DAP.
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Both of them belong to a large cohesion group (CG-24) that is
quite distinctive. It is one of the few ASK; groups that appear
to lack an internal translational start site (Fig. 12). The strong
cd identifiers for the twin ACT domains (cd04914-cd04937) are
absolutely unique to CG-24, and the high sequence conserva-
tion seems to suggest that all members of CG-24 might prove
to be sensitive to feedback inhibition by DAP. If so, however,
it is an open question how a few organisms having only a
CG-24 Ask enzyme could manage to support the entire ASK
network without interference by DAP (as discussed below). In
the class Bacilli of Firmicutes, a CG-24 member is always
present in organisms that have retained the ability to make
endospores. The loss of endospore capability is usually accom-
panied by loss of the CG-24 ask gene, but occasionally this ask
gene has been retained (undoubtedly with some functional
adjustments). On the other hand, most members of the class
Clostridia of Firmicutes in our collection (except for 7. teng-
congensis) make endospores, but there are a number of exam-
ples where this is accomplished without a DAP-regulated
CG-24 Ask.

The B. subtilis member of CG-24 has been shown (12) to
possess a complex operon, dpad — dpaB — asd — ask —
dapA, from which multiple transcripts are made. Here, this is
denoted the “five-gene operon.” The two upstream genes (en-
coding subunits of dipicolinate synthase and originally named
spoVFA and spoVFB) are expressed only during sporulation
(stage V), whereas the remaining three (which encode the first
three steps of DAP biosynthesis) are expressed during both
sporulation and vegetative growth. This five-gene cluster of B.
subtilis is conserved at the taxon level of family (Bacillaceae),
which in our genome collection includes the genera Bacillus,
Geobacillus, and Oceanobacillus. Interestingly, a number of the
members of the class Clostridia possess nearly identical gene
organizations, differing only in the possession of an additional
DAP pathway gene (encoding dihydrodipicolinate reductase)
upstream of dpaA. This operon in the Clostridia is referred to
as the “six-gene operon.” Figure 14 shows the lineages that
have retained these ancestral operons. One genome, S. wolfei
subsp. wolfei, possesses a gene cluster that is intact except for
the absence of the CG-24 ask gene. The ask members of CG-24
that are not part of a five-gene cluster (class Bacilli) or of a
six-gene cluster (class Clostridia) are genes associated with cell
wall biosynthesis. The Clostridiaceae organisms always exhibit
an ask gene located near a stage III sporulation protein that is
involved in cell division. The genera Lactobacillus and Listeria
possess CG-24 ask genes that are within gene neighborhoods
heavily populated with various mur and fts genes of cell wall
biosynthesis.

The five-gene operon within Bacilli and the six-gene operon
within Clostridia present a striking aspect of incongruence in
that each has closer relatives in their class that do not possess
these operons. One might think that this incongruence might
be explained by LGT between the two. If so, we would expect
the CG-24 Ask enzymes from Bacilli having the five-gene
operon and the CG-24 Ask enzymes from Clostridia with the
six-gene operon to group together on the phylogenetic tree to
the exclusion of CG-24 Ask proteins from other Bacilli and
Clostridia. However, when the Ask tree of the CG-24 section of
the overall master tree was examined, the Ask enzymes of
Clostridia and Bacilli clustered separately and cohesively in
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congruence with phylogenetic expectations, regardless of the
gene neighborhood patterns. This might indicate that the gene
clustering in the two classes of the Firmicutes emerged inde-
pendently. On the other hand, an ancient operon might have
been widespread in the ancestor of the Bacilli and Clostridia,
and operon disintegration might have occurred independently
in the two classes. Consistent with the latter possibility is the
fact that the portion of Bacilli that lack the five-gene operon
have lost the ability to make endospores and therefore lack the
now unneeded genes for dipicolinate synthase. Loss of the
genes encoding the two subunits of dipicolinate synthase would
disrupt the ancestral gene cluster. As far as we know, only 7.
tengcongensis (Tten in Fig. 14) is deficient in sporulation in the
class Clostridia (67). Elsewhere in the class Clostridia, loss of
the two genes encoding dipicolinate synthase also seems to
explain the disruption of the six-gene operon in the family
Clostridiaceae (Fig. 14). This is quite surprising, because the
family Clostridiaceae is known to make endospores and dipi-
colinate. This includes C. botulinum, Clostridium tetani, Clos-
tridium novyi, Clostridium acetobutylicum, and C. perfringens.
Only Clostridium difficile has the established dipicolinate syn-
thase genes, and they are remote from the CG-24 ask gene and
from other dap genes. It seems that the Clostridiaceae must
have an alternative pathway leading to dipicolinate! The ab-
sence of dpaA and dpaB in Clostridiaceae was previously noted
by Onyenwoke et al. (67).

In summary, it appears that the five-gene or six-gene operon
existed in the ancestor of endospore-forming Bacilli and Clos-
tridia. In Bacilli, the five-gene operon was disrupted by the
abandonment of the dpaA and dpaB genes in lineages where
endospore capability was lost. In Clostridia, an independent
abandonment of dpaA and dpaB disrupted the six-gene cluster
due to replacement of dpaA and dpaB by unknown genes.

Lysine branch specialization. There are three small-mem-
bership cohesion groups that can be considered to be coordi-
nated specifically with lysine biosynthesis. CG-33 is the best
known, because it contains the B. subtilis ask species charac-
terized as a lysine-sensitive enzyme (13). It presumably could
increase the supply of precursor under conditions where DAP
withdrawal for peptidoglycan biosynthesis decreases the avail-
ability for lysine biosynthesis. CG-33 members are limited to
the families Bacillaceae and Listeriaceae (Table 2 and Fig. 14).
Members of CG-30 are thus far restricted to the genus Staph-
ylococcus (Table 2 and Fig. 14). Since Staphylococcus spp.
possess an ask homolog in CG-03 that resides within a threo-
nine/methionine operon and since they lack a member of CG-
24, it seems straightforward that ask members of CG-30 must
be lysine specialized, a conclusion supported by colocalization
of CG-30 genes with genes for lysine biosynthesis and by the
indication of lysine allostery in Fig. 10. Finally, the ask mem-
bers of CG-28 are specialized for lysine biosynthesis because
they are closely linked to the gene encoding LysA, the only
gene that is unique to lysine biosynthesis. In addition, they fit
the pattern for lysine allostery in Fig. 10.

In Fig. 14, C. botulinum has a three-Ask functional profile
that resembles the putative ancestor of the class Clostridia,
compared to B. subtilis, which has a three-Ask profile that
resembles the putative ancestor of the class Bacilli. C. botuli-
num has three Ask enzymes that distribute into CG-03 (threo-
nine/methionine specialized), CG-24 (DAP/dipicolinate spe-
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cialized), and CG-28 (lysine specialized). Thus, the overall
functional interplay may be roughly similar to that in B. subtilis
(with the CG-33 enzyme of B. subtilis and the CG-28 enzyme of
C. botulinum being functionally equivalent). Even though both
B. subtilis and C. botulinum possess the DAP-inhibited CG-24
enzyme, however, they differ in that B. subtilis maintains the
five-gene operon, whereas C. botulinum lacks the six-gene
operon entirely, owing to replacement of dpaA-dpaB by un-
known functional counterparts. In addition, the C. botulinum
CG-24 ask gene is no longer in a gene neighborhood context
with DAP genes.

The overall evolutionary scenario in the vertical genealogy.
The scheme shown in Fig. 14 summarizes the evolutionary
progression of specialized Ask enzymes in the Firmicutes. At
the center of the diagram, the classes Bacilli and Clostridia are
shown to have diverged from a common ancestor already in
possession of the three specialized ask homologs that are fa-
miliar to us in B. subtilis. For convenience, the CG-03 Ask is
denoted as having a functional specialization for biosynthesis
of threonine, the most dominant end product regulator. This is
an oversimplification, because it is also tuned to methionine
biosynthesis, and it probably is feedback inhibited synergisti-
cally by the Thr-plus-Lys combination most of the time. The
lysine-specialized ask of the Firmicutes ancestor diverged into
the memberships of CG-33 and CG-30 in the Bacilli and di-
verged into the membership of CG-28 in the Clostridia. Genes
encoding Ask members of CG-03 and CG-24 have been the
most persistently retained. On the other hand, lysine special-
ization appears to have been abandoned quite often, especially
in the class Clostridia. The lysine-specialized Ask (CG-33) that
is present throughout most of the Bacillales has diverged in the
family Staphylococcaceae to become a member of CG-30.
In one interesting case (Fig. 14, lower right), gene duplication in
the common ancestor of two Lactobacillus spp. has resulted in the
emergence of a new CG-03 paralog that has shifted its special-
ization to lysine biosynthesis.

Figure 14 shows the trace of the lineages that have retained
the five-gene operon (class Bacilli) or the six-gene operon
(class Clostridia). The key common genes in these operons are
the CG-24 ask genes and the two genes (dpaA and dpaB)
encoding dipicolinate synthase. This ancient operon is tightly
associated with endospore formation, as elucidated in B. sub-
tilis (12). In various lineages, this elegant system has been
disrupted by (i) loss of competence for endospore formation,
and thus loss of dpaA-dpaB, as shown in the Bacilli; (ii) acqui-
sition of a pathway to dipicolinate outside of the ASK network,
and thus loss of dpaA-dpaB, as seen in the Clostridiaceae; and
(iii) loss of the the CG-24 ask gene, as seen in S. wolfei and C.
saccharolyticus from the Syntrophomonadaceae.

Endospore biosynthesis probably evolved once in a Firmi-
cutes ancestor, judging from the extremely large number of
genes engaged in this developmental process (26). Although
the particular gene-enzyme relationships that underpin endos-
pore biosynthesis appear to be more variable than previously
assumed (67), substantial evolutionary divergences in individ-
ual lineages could account for this. In Fig. 14, various points
are shown in the Bacilli lineage where capability for endospore
synthesis is asserted to have been lost. In most cases, there is a
correlated loss of the DAP-regulated ask (CG-24), e.g., in
Staphylococcaceae and four of the five families of the Lacto-
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bacillales. The only exception to the loss of CG-24 ask corre-
lated with the loss of endospore formation is in the family
Listeriaceae, where gene members of CG-24 are retained in
close linkage with the gene encoding peptidoglycan synthetase
(ftsI). Most of the genomes shown (Fig. 14, top) in the class
Clostridia can produce endospores, but a few of them never-
theless have not retained a CG-24 ask. This includes the two
genomic members of the Syntrophomonadaceae. In a separate
loss event, C. thermocellum has lost the CG-24 ask, leaving
behind the CG-03 ask to support the entire network. It seems
that the CG-03 Ask must differ from the B. subtilis CG-03 Ask,
which is unstable during sporulation physiology and therefore
would not be able to supply precursor for DAP and dipicoli-
nate. The C. thermocellum ask gene is of further interest in that
it exists in an act — hdh-met — ask operon. This gene orga-
nization is similar to that discussed above for the novel CG-45
members and four orphans, which appear to have replaced
CG-03 enzymes as threonine specialists. If the significance of
this gene organization is reflective of a mechanism for lysine
control, as proposed, it would be appropriate, since no ly-
sine-specialized ask is present in the genome. In this vein, it
is of further interest to consider a number of genomes that
have retained only a CG-24 ask gene. Recalling that high
sensitivity to feedback inhibition by DAP prevents the B.
subtilis enzyme from supporting threonine, methionine, and
lysine biosynthesis (95), how can a single CG-24 Ask enzyme
support the overall ASK network in C. perfringens and T.
tengcongensis (Fig. 14, top), as well as Geobacillus thermod-
enitrificans and Lactobacillus salivarius (Fig. 14, bottom)?
Either there are regulatory mechanisms to keep the DAP
pool sizes very small during vegetative growth or the feed-
back sensitivity to DAP is highly relaxed. In the case of C.
perfringens, there would only need to be enough slippage to
accommodate lysine biosynthesis, since the threonine/me-
thionine branches have been lost.

The prominent threonine/methionine specialist in the Firmi-
cutes is the CG-03 species, which belongs to the ASK,, subdi-
vision. In the class Clostridia, the losses of the CG-03 ask gene
have been followed by the emergence of a new threonine/
methionine specialist belonging to the ASKg subdivision. This
has apparently happened on two independent occasions: once
in the lineage leading to the Thermoanaerobacteriaceae and
once in a common ancestor of Peptococcaceae and Syntroph-
omonadaceae. In each case, there is a perfect correlation of the
disappearance of the lysine Ask specialist belonging to CG-28
and the appearance of threonine specialists in the form of
the four orphans in the bottom section of Table 2, as well as
the three members of CG-45. It is therefore suggested that the
ancestral CG-28 lysine specialist diverged in conjunction with
the acquisition of a new threonine/methionine gene context,
thus switching its functional role. The lysine allostery of CG-28
members was additionally transformed into threonine allostery
(Fig. 10). This scenario is consistent with the close proximity of
the four orphans, CG-45, and CG-28 to one another in the tree
in Fig. 5. No ask genes of the novel ASK; type, specialized for
threonine/methionine biosynthesis and present in some Clos-
tridia, are present in the Bacilli.
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Bacteroidetes-Chlorobi Superphylum

The overall evolutionary scenario in the vertical genealogy.
The phyla Bacteroidetes and Chlorobi possess ACT, Ask para-
logs. A summary of evolutionary events in the vertical geneal-
ogy is given in Fig. 13, left. Although the phylum Chlorobi may
appear to have been less dynamic in evolutionary change, only
five genomes in a single family (Chlorobiaceae) are available. The
five genomes are listed in Fig. 9. In contrast, genomes represent-
ing the phylum Bacteroidetes are drawn from five families.

A ubiquitous Ask of the superphylum is an Ask-Hdh fusion
that belongs to CG-05. The gene encoding this highly success-
ful bifunctional enzyme is strongly conserved but has diverged
sufficiently to yield another cohesion group (CG-07), which,
however, exhibits no obvious functional changes. The gene has
undergone duplication a number of times to yield paralogs
with different functional specializations, as described below.
Finally, the two catalytic domains of some duplicates have
become separated in a reversal of the original fusion and have
taken on individual roles in at least two cases. The cd04892-
cd04892 pattern of the twin ACT regulatory region and the
strong conformation with the QXXSE...QXXSE motif (Fig.
8A) indicates that both the Ask and homoserine dehydroge-
nase domains are allosterically inhibited by threonine. In the
phylum Bacteroidetes, the gene encoding the CG-05 Ask is
located within a threonine/methionine pathway operon. In the
phylum Chlorobi, the Ask gene is adjacent to two extraneous
genes that separate it from thrB and thrC (which are also
divergently transcribed with respect to ask).

A second paralog of Ask is almost as prominent throughout
the superphylum. This has diverged to form CG-10 (in Chlo-
robi) and CG-11 (in Bacteroidetes). Members of both CG-10
and CG-11 possess a cd04890-cd04892 pattern in the twin ACT
regulatory region and exhibit strong conformation (Fig. 8A)
with the residues known to be associated with lysine allostery
(Fig. 13, lower left). The fundamental picture of the ASK
network in the superphylum is thus one in which two ancient
paralog types are deployed, one (CG-05 and CG-07) special-
ized to control threonine and methionine biosynthesis and the
other (CG-10 and CG-11) tuned to the cellular demand for
lysine. While all Chlorobi (so far) use these two enzyme para-
logs, the phylum Bacteroidetes exhibits a larger paralog reper-
toire (Fig. 13). In this phylum, only Cyfophaga hutchinsonii is
limited to the two foregoing paralog types. In one case of
reductive evolution, P. gingivalis has lost the threonine/methi-
onine branches and has accordingly also lost the CG-05 ask
gene. It has retained a single Ask in CG-11, which, as would be
expected, is regulated by lysine. In most cases, the evolutionary
direction appears to be one in which an additional paralog is
generated in order to allow a more refined responsivity to
demands of the methionine branch. Phylogenetic changes
along these lines occurred independently in each of three Bac-
teroidetes classes, as discussed below.

The classes Flavobacteria and Bacteroidetes have generated
an additional species of Ask by two completely different mech-
anisms, the first derived from a CG-05 gene and the second
from a CG-11 gene. In the proposed step D of Fig. 13, the
bifunctional ask-hdh gene was duplicated and the catalytic
domains of one copy were separated to yield genes encoding a
monofunctional Ask (belonging to CG-06) and Hdh-min. The



VoL. 73, 2009

selective advantage may primarily have been to obtain a sec-
ond hdh gene, which then was inserted into a methionine
operon. The Hdh-min gene product would not be feedback
inhibited by threonine, unlike the parental Hdh domain of the
bifunctional ask-hdh gene in CG-05. The monofunctional Ask
of CG-06 has a disrupted twin ACT domain and is probably
insensitive to allostery. It is color coded as an unregulated
“basal” Ask activity in Fig. 13. The foregoing is descriptive of
Gramella, but other genera in the family Flavobacteriaceae had
a common ancestor that underwent the additional steps E and
F. Here, the CG-05 ask-hdh gene was duplicated, followed by
substantial disruption of the QXXSE...QXXSE motif in one
copy, as illustrated in the case of F. johnsonii at the bottom of
the alignment portion of Fig. 9. The Fjoh_Ab paralog has
deviated markedly (with respect to the twin ACT region) from
the Fjoh_Ac paralog, as well as from all other members of the
cohesion group. (Note that sequences from Robiginitalea,
Tenacibaculum, Kordia, and Polaribacter were not included in
the dynamic table or Fig. 9. Had they been, there would have
been paralog sets from each organism, which would have par-
alleled Fjoh_Ac and Fjoh_Ab). The altered paralog copy,
Fjoh_Ab (as well as its counterparts in the genomes of the other four
sister genera), was inserted into the methionine operon. Clus-
tered methionine branch genes are compared for the Gramella
forsetii and F. johnsonii genomes at the bottom of Fig. 9. Thus,
the methionine operons of all Flavobacteriaceae had the hdh-
min gene (which was generated by gene scission in step D)
inserted into the methionine operon. At a later time, following
the divergence of Gramella from the common ancestor of at
least five other genera, an ask-hdh gene duplicate that gener-
ated a disrupted twin ACT region was additionally appended
to the methionine operon. The gene context of the CG-06 Ask
gene is not informative, but since the CG-11 Ask has disap-
peared from the cluster of five or more genera, the CG-06 Ask
appears to be the default candidate for lysine specialization
and is so color coded in Fig. 13. The CG-06 Ask enzymes are
derived from the cd04892-cd04892 combination of ACT do-
mains, which are expected to be threonine regulated. In Fig.
8A, the CG-06 twin ACT region groups with “disrupted twin
ACT” regions. Perhaps this disrupted region represents an
alternative mode of lysine binding that has not yet been exper-
imentally demonstrated.

In the case of the family Bacteroidaceae, a paralog of the
CG-11 Ask arose by gene duplication. The motif signature for
lysine allostery has been totally disrupted in one copy, and
important residues for catalysis have been altered, including
the K(F/Y/I)GG motif. This is color coded as a basal activity
in Fig. 13, but it is likely a pseudogene.

The most dynamic evolutionary progression is seen in the
class Sphingobacteria, and it should be interesting eventually to
examine a greater sampling of genomes. Salinibacter possesses
four Ask genes that are clearly tuned to different ASK
branches. Differences from the common ancestor, which is
retained in the contemporary C. hutchinsonii, occurred via
phenomena of gene fusion, gene scission, and gene duplication
as follows. Srub_Ac, a member of CG-07, diverged from CG-
05. However, it has retained its features of bifunctionality,
threonine allostery, and theonine gene context. Second,
Srub_Ad (CG-09) diverged from a CG-11 antecedant after
fusing with the gene encoding LysA. The genes encoding Ask
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and LysA were probably adjacent prior to fusion, since phylo-
genetic neighbors, such as Bacteroides fragilis currently exhibit
these gene neighbors. The fused protein, a member of CG-09,
has retained a strong signature for lysine allostery in the twin
ACT region (Fig. 8A). Third, a duplicated copy of ask-hdh was
cleaved in such a way as to generate hdh-min and a gene
encoding an Ask lacking the ACT domains altogether
(Srub_Ab). The genes encoding this allosteric-incompetent
Ask belonging to CG-47 and the hdh-min remain adjacent and
have become incorporated into S. ruber’s methionine operon.
Fourth, Srub_Ab was duplicated, and one copy (encoding
Srub_Aa, a second member of CG-47) was translocated to a
gene context (genes encoding dihydrodipicolinate reductase
and p-alanine p-alanine carboxypeptidase) that implies func-
tional specialization for peptidoglycan/cell wall synthesis.

Proteobacteria

The overall evolutionary scenario in the vertical genealogy.
At the phylum level, two ancestral Ask enzymes can be traced
in the vertical genealogy of the Proteobacteria. One is ubiqui-
tous throughout the phylum and has diverged into the many
cohesion groups and orphans, as indicated in Fig. 7, right. It
belongs to the ASK; subhomology division and has CDD as-
partate kinase domain cd04246, the latter almost always being
cd04261 at a more shallow hierarchical level (Fig. 7). The
second ancestral Ask of the phylum belongs to the ASK,
subhomology division, and its members are tightly gathered
into a single cohesion group (CG-02). These ectoine-special-
ized Ask enzymes (Ask_ect) are broadly distributed within the
phylum, but their occurrence is quite erratic, as shown in the
far-right column of Fig. 11. At the level of any class, only a
minority of genomes possess Ask_ect. Even at the level of the
order, only a fraction of genomes are represented by Ask_ect,
the best represented being those of Vibrionales, where four of
five genomes have Ask-ect. The distribution of ask_ect within
Proteobacteria could perhaps be explained by frequent LGT
exchanges within the phylum. However, the explanation that
frequent independent losses occurred in different sublineages
seems more probable in view of the overall instability of the ect
genes (gene shuffling, inversions, transpositions, and deletions)
that comprise the ask_ect operon.

Figure 11 lists the classes of Proteobacteria in the middle of
the diagram, with the distribution of cohesion groups and or-
phans that persist within the vertical genealogy shown on the
right. Epsilonproteobacteria (6 genomes) and Betaproteobacte-
ria (33 genomes) are the most straightforward classes in that
they (i) have a single ancestral Ask per genome, (ii) lack any
CG-02 Ask, and (iii) lack any additional Ask enzymes origi-
nating from LGT. Ask enzymes from the entire class Epsilon-
proteobacteria belong to a single cohesion group (CG-35), and
those from the entire class Betaproteobacteria belong to CG-40.

The overall pictures of Ask distribution in both Deltapro-
teobacteria and Alphaproteobacteria are similar in that most
genomes are represented by a single ancestral Ask, but a few
genomes additionally possess Ask_ect (Fig. 11, far right col-
umn) or an Ask of LGT origin (Fig. 11, left). The ancestral Ask
orthologs of the 16 genomes of Deltaproteobacteria have di-
verged to yield three cohesion groups and two orphans. Three
of these genomes possess an Ask_ect Ask. Two of these appear
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to be remnants that have survived a deletion of all ect genes
previously comprising a presumed ask_ect operon. One of the
latter genomes (D. psychrophila) has also lost the ancestral
Ask, leaving ask_ect as a remnant Ask that now supports the
entire ASK network. Only two other Deltaproteobacteria ge-
nomes possess additional Ask enzymes of LGT origin (see
below and Table 3 in the supplementary files posted at http:
/fwww.theseed.org/Papers/MMBR-Aspartokinase/LGT.html).
Reminiscent of the Deltaproteobacteria, the 48 genomes of
Alphaproteobacteria possess Ask homologs that have diverged
to yield three cohesion groups and one orphan. The over-
whelming majority of ancestral Ask enzymes belong to CG-37.
Four genomes of Alphaproteobacteria additionally possess a
specialized Ask_ect Ask belonging to CG-02, and two other
genomes possess additional Ask enzymes of LGT origin.

Within the Alphaproteobacteria, the divergence of Ask
enzymes to the “Candidatus Pelagibacter ubique” orphan
(Pubi_Aa) and to memberships in CG-37 or CG-38 is strikingly
parallel to the divergence exhibited by Alphaproteobacteria in
the genome tree published by Wu and Eisen (88). A large
group of nonpathogenic Alphaproteobacteria genomes possess
CG-37 Ask enzymes, whereas a smaller group of pathogenic or
endosymbiotic genomes possess CG-38 Ask enzymes. The
smaller assemblage of genomes, including “Candidatus
Pelagibacter ubique” as the outlying genome branch on the
tree, corresponds to the order Rickettsiales. The genome of
“Candidatus Pelagibacter ubique” is the only one in this order
that possesses the threonine/methionine branches of the ASK
network. Thus, after the divergence of “Candidatus Pe-
lagibacter ubique,” the loss of the Thr/Met branches occurred
in the common ancestor of all of the remaining Rickettsiales. At
about the same time, the gene encoding LysA of the lysine
pathway was discarded, leaving an intact pathway to DAP but
loss of competence for lysine biosynthesis. This includes the
genera Rickettsia, Orientia, Wolbachia, and Anaplasma. This
simple ASK network consisting of a linear path to DAP is
reminiscent of what is present in Coxiella burnetii and Dich-
elobacter nodosum and in the Chlamydiae. The only genus in
the Rickettsiales that possesses LysA, and therefore compe-
tence for lysine biosynthesis, is Ehrlichia. If the recently di-
verged position of Ehrlichia in the genome tree (88) is ac-
cepted, either lys4 was lost independently a number of times or
lysA was reacquired recently in a common ancestor of Ehrlichia
spp. by LGT. If lysA in Ehrlichia were a gene retained in the
vertical genealogy, it should be more similar to that of “Can-
didatus Pelagibacter ubique,” which is a member of the same
order (Rickettsiales). Since it is more similar to lys4 genes of
other orders of Alphaproteobacteria, LGT from another Alpha-
proteobacteria organism is a strong possibility.

A greater level of detail is shown in Fig. 11 for the class
Gammaproteobacteria, which is subdivided into the “super-
orders” that represent upper Gammaproteobacteria and lower
Gammaproteobacteria (Fig. 3). Throughout the Gammapro-
teobacteria, the gene encoding the ancestral Ask (shown in Fig.
11) is conspicuous because it is located within a gene neigh-
borhood context that is highly conserved throughout the class.
This cluster of genes is shown on the bottom right of the
column. Ask genes that are associated with this gene cluster
are designated ask_alaS. Members of the order Xanthomonad-
ales in the upper Gammaproteobacteria, as well as members of
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the order Enterobacterales in the lower Gammaproteobacteria,
have lost ask_alaS. It is interesting that genomes in these two
orders still retain the conserved gene cluster (including alaS),
except that ask_ala$ has either been deleted (Enterobacterales)
or deleted in concert with replacement by another gene (Xan-
thomonadales). It is ironic that the best-studied organism, E.
coli, belongs to an order that is the least typical of its phylum,
since it has no Ask remnants of its vertical genealogy. The
Enterobacterales (and other lower Gammaproteobacteria) have
experienced a massive and complex replacement of Ask genes,
as shown in Fig. 11, left, and detailed in “LGT” below.

Reductive losses occurring in Ask networks originally hav-
ing multiple Ask enzymes. Endosymbionts and pathogens of-
ten evolve reductively, with the loss of some or all of the
branches of the ASK network. In endosymbiotic or pathogenic
derivatives of enteric bacteria (which coordinate three spe-
cialized Ask paralogs in tune to the differential demands for
threonine, methionine, and lysine end products), one might
expect loss of a given pathway branch to be accompanied by
loss of the corresponding paralog. As outlined below, recent
events of reductive evolution do not always follow simplistic
expectations.

The set of differentially regulated Ask enzymes (CG-04,
CG-08, and CG-21) encoded by lysC, metL, and thrA, respec-
tively, are generally present in those lower Gammaproteobac-
teria that have a complete ASK amino acid network. However,
a variety of endosymbionts and pathogens rely upon their hosts
as sources of lysine, methionine, and/or threonine. Alterna-
tively, endosymbionts are known to be important sources of
essential amino acids for their insect hosts (60). Buchnera
aphidicola lacks metL, which is in accord with expectations
raised by the absence of the methionine pathway branch. Since
an intact lysine pathway is present, one might have expected
LysC to have been retained. However, only ThrA has survived
reductive evolution and thus must support both threonine and
lysine biosynthesis. If the regulatory competence of ThrA is
fully intact in B. aphidicola, it could tend to interfere with
lysine provisioning to the host. Within the CG-04 cohesion
group, the QXXSE...QXXSE motif of B. aphidicola is unusual
in being imperfect (see individual CG alignments in the sup-
plementary files posted at http://www.theseed.org/Papers
/MMBR-Aspartokinase/CG04_aln.html), and it seems quite
possible that threonine inhibition of Ask and especially homo-
serine dehydrogenase is nil or much weakened. Similar consider-
ations apply to several Blochmannia spp. that have completely
intact ASK pathways for the three amino acids but have never-
theless lost lysC and metL. The regulation of the remaining ThrA
Ask by threonine appears to have been completely obliterated,
judging from the substantial disruption of the QXXSE. . .QXXSE
motif. Thus, the ThrA paralog has been selected for its relatively
high expression level, and its allosteric control has been elimi-
nated in order to feed all three branches for excess end product
production in order to provision the carpenter ant host with these
essential amino acids.

Wigglesworthia glossinidia, another endosymbiont living in
tsetse fly hosts, represents an instance where both metL and
lysC have been lost. A single amino acid branch has survived,
and one might expect it to be the threonine branch. However,
in this case, only the lysine pathway remains, and lysine bio-
synthesis therefore depends upon the thr4-encoded paralog of
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Ask. The Hdh domain of this bifunctional ThrA is still present,
but in view of the threonine/methionine auxotrophy of W.
glossinidia, the Hdh domain seemingly has no functional role to
exercise. Indeed, a multiple alignment with various other ho-
moserine dehydrogenases and the S. cerevisiae enzyme, whose
structure has been documented by X-ray crystal studies (20),
showed that nearly all of the highly conserved active-site res-
idues and residues important for metal coordination have un-
dergone mutational change (data not shown). Within the Ask
domain, recognizable ACT domains are no longer present in
the CDD, although sequence has been retained in that region.
Thus, what was originally a threonine-regulated bifunctional
Ask-Hdh has been conscripted to function as an unregulated
monofunctional Ask for lysine production. Endosymbionts are
well known to overproduce certain amino acids for the host
organism. Significant overproduction of lysine probably occurs
due to lack of feedback inhibition of ThrA by threonine, and
ThrA might have been further selected (instead of LysC, the
apparently logical choice) because ThrA is usually the most
highly expressed of the three paralog Ask enzymes.

Comparison of different species of Haemophilus pathogens
reveals surprising variations of reductive evolution. Haemophi-
lus ducreyi exhibits an expected correlation of pathway loss and
Ask homolog loss. It has retained only the lysine-sensitive Ask
member of CG-21 and, accordingly, has retained only the lysine
pathway. Haemophilus influenzae and Haemophilus somnus, on
the other hand, have retained apparently intact ASK pathway
branches to threonine, methionine, and lysine but have neverthe-
less lost both lysC and metL. If the allosteric regulation of ThrA
is intact (as seems to be the case, judging from the similarity of the
twin ACT regulatory region to other members of CG-04 known
to be sensitive to feedback inhibition by threonine), threonine
may interfere substantially with lysine and methionine biosynthe-
sis. This may not matter if these species are in the process of
losing the lysine and methionine branches anyway, similar to what
has happened in H. ducreyi.

Reductive losses occurring in ASK networks supported by a
single Ask enzyme. In most Proteobacteria, a single Ask sup-
ports the entire ASK network, and regulatory mechanisms that
can successfully sense and respond appropriately to multiple
end products have been discussed. In these organisms, the loss
of the only Ask species available is, of course, not an option in
response to loss of one or more branches of the network. It is
interesting to consider in these cases what adjustments might
be made to the loss of any network branches.

Upper Gammaproteobacteria typically have a single Ask sub-
ject to concerted feedback inhibition by the threonine-lysine
combination. C. burnetii and Dichelobacter nodosus possess
single orphan Ask_AlaS enzymes that must be relevant only to
DAP biosynthesis, since these organisms lack a capability for
methionine, threonine, and lysine biosynthesis. The lysine auxo-
trophy is due to lack of a LysA connection from DAP (Fig. 1).
One might expect the Ask enzymes from these two organisms
to be feedback inhibited by DAP. Indeed, the Cbur_Aa en-
zyme is in the second group from the top in Fig. 10, where the
DAP-inhibited enzymes of CG-24 are located. However, the
Dnod_Aa enzyme is in the third group in Fig. 10, a group for
which no pattern of feedback inhibition is predicted. Diver-
gence of the Cbur_Aa and Dnod_Aa sequences to orphan
status may be associated with a change to specialization for
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DAP biosynthesis. The C. burnetii Ask exhibits an apparent
lack of an internal start site (Fig. 12). L. pneumophila, which
belongs to the same order as C. burnetii (Fig. 11), is also
auxotrophic for methionine and threonine but does support
lysine (DAP) biosynthesis. In this case, ask_alaS has been lost
and replaced via LGT (see below) with an Ask gene fused to
the gene encoding LysA, the last gene of lysine biosynthesis.
The Legionella Ask sequence belongs to CG-09 and has the
signature motif for lysine allostery (Fig. 8A).

Provided that a number of LGT events are excluded, the
overall divergence of Alphaproteobacteria Ask enzymes into a
few cohesion groups and an orphan exactly parallels the or-
ganismal tree of Wu and Eisen (88). Most Alphaproteobacteria
genomes possess a single Ask belonging to CG-37 that sup-
ports a complete ASK network to threonine, methionine, and
lysine. All Ask proteins of the Alphaproteobacteria (except for
a few LGT arrivals and a few CG-02 Ask_ect Ask enzymes)
have the cd signatures that typify the ASK; division of Ask
enzymes: c¢d04261 for the aspartate kinase domain and
¢d04913-cd04936 for the tandem ACT domains. This cd signa-
ture in almost all of the Alphaproteobacteria within CG-37 may
be correlated with a generally present allosteric pattern
whereby a single Ask is synergistically inhibited by the combi-
nation Thr plus Lys. Although the enzyme of Rhodobacter
sphaeroides has instead been found to be inhibited only by
aspartate semialdehyde, both threonine and lysine were found
to bind the Ask enzyme as a protectant (19). Consistent with a
generally present Thr-plus-Lys pattern of concerted feedback
inhibition in all CG-37 enzymes is the conformation of all 34
members of CG-37 with the pattern of color-coded residues
illustrated in Fig. 10, top. It is interesting that this is true even
of Bartonella quintana, a human pathogen that is reductively
derived from Bartonella henselae (1). B. quintana, alone among
all of the Alphaproteobacteria having a CG-37 Ask, has lost the
threonine/methionine section of the ASK network. It should
be sufficient for the B. quintana Ask to be feedback inhibited by
lysine, since Ask no longer has a role in threonine biosynthesis.
There may be little or no selection against a more complex
pattern of feedback inhibition than is necessary, and loss of
threonine binding by Ask may be essentially neutral. Probably
the reductive loss of threonine/methionine biosynthesis has
occurred so recently that loss of threonine binding has yet to
occur.

Those bacteria that belong to the families Anaplasmatacea
and Rickettsiaceae within the order Rickettsiales of the Alpha-
proteobacteria are represented by 11 sequences that belong to
CG-38. These organisms have lost the methionine and threo-
nine branches of the ASK network. Thus, there is a correlation
between divergence to CG-38 and reductive evolution to loss
of threonine and methionine biosynthesis. In addition, all or-
ganisms having Ask enzymes in CG-38 have lost competence
for lysine biosynthesis, since LysA is absent (except in the three
Ehrlichia spp.). As in the cases discussed above, it seems likely
that the solitary Ask of CG-38 organisms may have altered
allostery so that DAP alone is an adequate allosteric effector
(or perhaps lysine alone in the case of Ehrlichia). This is con-
sistent with the observation that the ACT domains of many of
the CG-38 sequences are not recognized in the CDD as spe-
cific hits. “Candidatus Pelagibacter ubique” is unique among
the Rickettsiales in having a single orphan sequence that does
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TABLE 3. LGT genes for aspartokinase

o . Dynamic table Cohesion . . Ancient-donor Cotransferred
rgamsm link“ roup” Near-donor lineage lineage® domains/genes”
group & &
Escherichia coli K-12 Ecol_Aa 21 (39) Bacteroidetes
Ecol_Ac 04 (41) Sphingobacteriales hdh/thrB/thrC
Ecol Ab 08 (29) Sphingobacteriales hdh
Bdellovibrio bacteriovorus Bbac_Ab 21 (39) Lower Gammaproteobacteria Bacteroidetes
HD100
Francisella tularensis subsp. Ftul_Aa 21 (39) Lower Gammaproteobacteria Bacteroidetes
novicida U112
Ftul_Ab 07 (6) Sphingobacteriales hdh/thrB/thrC
Maricaulis maris MCS10 Mmar_Ab 09 (7) Sphingobacteriales lysA
Mmar_Ac 52(2) Sphingobacteriales hdh/thrB/thrC
Methanopyrus kandleri AV19 Mkan_Aa 19 (1) Desulfurococcales
Myococcus xanthis Mxan_Ac Orphan Lower Gammaproteobacteria Sphingobacteriales hdh
Mxan_Ad Orphan Flavobacteriaceae hdh
Thermus thermophilus HB27 Tthe_Aa Orphan ?

¢ In the full dynamic version of this table in the supplemental files, the AroPath acronyms in this column are hyperlinked to the dynamic table, facilitating access to

all available gene detail.

® The numbers in parentheses indicate the number of xenolog sequences in the cohesion group, all of which are included in the full dynamic version of Table 3 in

the supplemental files.

¢ In the three examples of piggyback LGT shown, the most recent donor lineage is indicated in the “Near-donor lineage” column, with the donor itself having been
obtained via an earlier LGT event in which the donor is referred to as the “Ancient-donor lineage.”
4 Operonic LGT transfers include the fused C-terminal domains (hdh or lysA) attached to ask, as well as thrB and thrC in some cases.

not belong to CG-38. Since “Candidatus Pelagibacter ubique”
is exceptional among the Rickettsiales in having an intact threo-
nine/methionine/lysine network, its single orphan Ask proba-
bly reflects ancestral properties that were otherwise altered by
rapid reductive evolution in the pathogenic CG-38 clade.
“Candidatus Pelagibacter ubique” also differs from all of the
other Alphaproteobacteria in having an Ask that appears to lack
an internal translation start site (Fig. 12).

LGT

The Cohesion Group Approach to LGT Detection

Since membership in a cohesion group is constrained by a
limited range of divergence, the protein members of the group
are expected to be phylogenetically congruent orthologs (and
perhaps one or more recent sets of paralogs). The phylogenetic
breadth of the organisms associated with a given cohesion
group varies considerably depending upon the pace of evolu-
tionary change. The presence in the cohesion group of any
sequence(s) that is incongruent with phylogenetic expections
indicates that the organismal host of the sequence received it
via LGT from a donor organism that belongs to the lineage
that is defined by the non-LGT members of the cohesion
group.

Below, ask genes obtained by LGT at various levels of cer-
tainty are discussed at length. ask genes that we consider to be
of certain LGT origin are enumerated fully in Table 3 in the
supplementary files posted at http://www.theseed.org/Papers
/MMBR-Aspartokinase/LGT.html. This sortable table is
linked to the dynamic table (http://www.theseed.org/Papers
/MMBR-Aspartokinase/dynamic.html) through clickable links
in the “Acronyms” column. This allows rapid and convenient
navigation to any bioinformatics information desired for a
given ask xenolog. To illustrate the functionality of the online
Table 3, a highly condensed version is included in Table 3 here.

It includes one example from each cohesion group that con-
tains xenolog intruders, as well as the three orphan intruders.

High Density and Even Spacing of Genome Representation
Assist Evolutionary Deduction

If phylogenetic space is represented with a well-spaced
continuity of genomes, then ideal information is available to
trace both vertical and lateral evolutionary progressions.
Density of genome representation becomes increasingly
useful in cases where a dynamic pace of evolutionary change
has occurred. Two phylogenetic groupings of particular in-
terest because of frequent LGT exchanges have been the
beneficiaries of sequencing choices that have resulted in the
availability of a relatively high density of sequenced ge-
nomes. Figure 13 shows a detailed analysis of evolutionary
events that are proposed for Ask divergence in the super-
phylum that includes the phyla Bacteroidetes and Chlorobi.
For the second grouping, Fig. 11 shows a comparable anal-
ysis of evolutionary events that are proposed for Ask diver-
gence in the phylum Proteobacteria. Although both Fig. 11
and 13 were discussed above in the context of vertical evo-
lutionary progressions, these figures also summarize LGT
events. Instances where members of the superphylum Bac-
teroidetes-Chlorobi were LGT donors are included in Fig. 13,
whereas occasions on which Proteobacteria were LGT recip-
ients are included in Fig. 11. These companion figures over-
lap to the extent that the phylum Bacteroidetes was a con-
spicuous LGT donor for the Proteobacteria, particularly for
the lower-Gammaproteobacteria component.

Sorting the Mix between LGT Acquisitions and Evolutionary
Events in the Vertical Genealogy of Proteobacteria

An effort is made in Fig. 11 to summarize the entire history
of Ask evolution in the Proteobacteria. Evolution in the vertical
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genealogy is represented in the two right-hand columns,
whereas LGT is shown on the left. The visual effect may give
the impression that LGT is more frequent than it is, because
each individual LGT event is shown. For example, 48 genomes
of Alphaproteobacteria are included in our analysis, but only 2
closely related genomes exhibit LGT for ask genes (Fig. 11,
third row). The common ancestor of O. alexandrii and M. maris
received an ask-hdh fusion (belonging to CG-52) and an ask-
lysA fusion (belonging to CG-09), possibly as a single LGT
event (see below). These two organisms have retained a third
Ask, which is the monofunctional ancestral enzyme (belonging
to CG-51). An overwhelming majority (42) of the Alphapro-
teobacteria genomes possess only the single ancestral Ask. Four
additional genomes possess the ancestral ask gene as well, but
an additional specialized ask_ect gene is also present. The
ask_ect genes are displayed in the vertical genealogy in Fig. 12
as a conservative choice, but the uncertain possibility that
CG-02 Ask enzymes originated in Proteobacteria via LGT is
considered below. If so, such an origin was sufficiently ancient
that they have since endured within the vertical genealogy for
most of the history of the Proteobacteria. Note that CG-08 Ask
enzymes on the lower left are displayed with vertical hatching.
This is technically incorrect, because the original CG-04 and
CG-08 genes had exactly the same history in their common
ancestor following LGT acquisition until the time of gene
duplication that produced two paralogs. In Fig. 11, the vertical
hatching is intended to convey the fact that MetL evolved
rapidly in the vertical genealogy in acquiring a new functional
specialization, whereas the ThrA paralog retained its previous
functional role in threonine biosynthesis.

LGT can potentially present substantial hurdles to the goal
of tracing the vertical genealogy of Ask enzymes. Two orders in
the Gammaproteobacteria have lost the ancestral Ask entirely
in favor of LGT replacement (Fig. 11), and therefore, the
record of the ask vertical genealogy has been obliterated in
these 21 genomes. First, within the upper Gammaproteobacte-
ria, Xanthomonadales (four genomes) possess ask-hdh and ask-
lysA fusions of LGT origin belonging to CG-07 and CG-09,
respectively. Second, within the lower Gammaproteobacteria,
the 17 genomes of Enterobacterales typically possess a threo-
nine-specialized ask-hdh fusion obtained by LGT from a
CG-07 source (which subsequently diverged in the recipient
lineage to become CG-04 members), they possess a lysine-
specialized ask obtained via LGT from a CG-11 source (which
subsequently diverged in the recipient lineage to become
CG-21 members), and they possess a methionine-specialized
paralog (CG-08 members) derived from the CG-04 xenolog
following gene duplication, as detailed below.

Given the adequate breadth of genome sampling available
for Proteobacteria, the ask replacements in Xanthomonadales
and Enterobacterales can be appreciated as intriguing and im-
portant events without masking the correct overall scenario.
Thus, the general persistence of the primary ancestral Ask
throughout the Proteobacteria is quite apparent when the en-
tire phylum is examined en bloc, as summarized in Fig. 11. It is
clear that in the upper Gammaproteobacteria, all of the various
orders, other than Xanthomonadales, possess a single ancestral
Ask with the ¢d04246 signature (and occasionally also possess
a second Ask_ect Ask). Even in the lower Gammaproteobac-
teria, where every order typically possesses the LGT-derived
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trio of ASK,, Ask enzymes (described above for the Entero-
bacterales) that are otherwise alien to the Proteobacteria, the
ancestral Ask is quite apparent in a larger context. Thus, the
three other orders of lower Gammaproteobacteria have so far
retained the ancestral ASK Ask gene, in addition to the new-
comer ASK, genes.

Epic LGT acquisition of three specialized ASK, genes in
lower Gammaproteobacteria. Members of the Epsilonproteobac-
teria, Deltaproteobacteria, Alphaproteobacteria, Betaproteobacte-
ria, and the upper Gammaproteobacteria usually have solitary
ASK, Ask enzymes with the cd04246 signature, and it is only
the occasional genome or small clade of organisms that has
received one or more xenolog ask genes. In contrast, the lower-
Gammaproteobacteria taxon is distinctive in having undergone
a relatively ancient importation via LGT of two genes encoding
an ASK,, type of Ask, followed by duplication of one of them.
This must have occurred near the time of divergence of lower
Gammaproteobacteria from upper Gammaproteobacteria, since
all lower Gammaproteobacteria possess the full alien gene set,
except for occasional cases of subsequent gene losses in endo-
symbionts or pathogens.

ThrA of lower Gammaproteobacteria is a bifunctional
Ask-Hdh belonging to CG-04. CG-04 Ask enzymes origi-
nated in lower Gammaproteobacteria from an LGT donor
related to S. ruber (which so far can be pinpointed only
somewhere in the order Sphingobacteriales). The latter pos-
sesses a bifunctional Ask-Hdh protein belonging to CG-07.
Members of CG-04, CG-07, and CG-05 are all very similar
bifunctional proteins that are specialized for threonine bio-
synthesis based on the criteria of allostery and gene context
(Fig. 8A and B). The relationship between these cohesion
groups is that CG-05 is the ancestral and generally present
threonine-regulated Ask of the superphylum Bacteroidetes-
Chlorobi (Fig. 13). CG-07 contains an Ask member from S.
ruber that has diverged from those in CG-05 at a time that,
due to lack of sufficient genome representation, can only be
stated to be sometime after the divergence of the two dif-
ferent families to which C. hutchinsonii and S. ruber belong
(Fig. 13). Members of CG-04 are most closely related to
members of CG-07, and the LGT ancestor of CG-04 Ask
enzymes diverged to form a new cohesion group in adjust-
ment to the new host lineage.

The second ASK, Ask in lower Gammaproteobacteria is
MetL, a bifunctional Ask-Hdh that is specialized for methio-
nine biosynthesis and members of which belong to CG-08. This
enzyme has quite reasonably been considered to have origi-
nated by gene duplication of the bifunctional thr4 (28). We
now can appreciate a slight variation of this in that the original
incoming ask-hdh xenolog from the phylum Bacteroidetes un-
derwent a gene duplication, with one copy remaining true to its
various properties of threonine specialization whereas the
other copy diverged dramatically with subsequent alteration of
allostery, migration away from the threonine gene context, and
acquisition of a new gene context near a methionine repressor
gene. Thus, the first paralog is ThrA, and the second paralog is
MetL. Lack of inhibition of MetL is accompanied by lack of a
cd signature assignment for the ACT domain region (although
sequence is retained, undoubtedly for structural reasons).

The third alien ASK,, (LysC) of lower Gammaproteobacteria
is a monofunctional Ask belonging to CG-21. Members of
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CG-21, CG-10, and CG-11 comprise a set of closely related
ASK, Ask enzymes that are lysine regulated based on the
criteria of allostery and gene context (Fig. 8A and B). The
relationship between these cohesion groups is that members of
CG-10 and CG-11 diverged from a common ancestor at the
time of divergence of the phyla Bacteroidetes and Chlorobi (Fig.
13). Members of CG-21 originated in a common ancestor of
lower Gammaproteobacteria via LGT from a donor member of
CG-11. In ameliorative adaptation to the new host lineage, the
ancestor of CG-21 diverged to form a new cohesion group.

As is the case for many gene-enzyme relationships, E. coli
has been one of the major organismal subjects in the literature
for the study of Ask enzymes. Since it belongs to the order
Enterobacterales, it is striking to consider that the three Ask
genes (thrA, metL, and lysC), received via LGT, do not reflect
the properties that generally progressed in the Proteobacteria
lineage. Rather, they are reflective of properties that originally
evolved in the phylum Bacteroidetes. Cassan et al. (9) were
correct in their conclusion many years ago that the three iso-
functional Ask enzymes of E. coli had a common ancestor.
However, the common ancestor with respect to all three was in
the phylum Bacteroidetes, rather than in the Gammaproteobac-
teria phylum. On the other hand, the most recent common
ancestor with respect to the thrA metL pair was within the
lower Gammaproteobacteria lineage, since the gene duplication
generating them occurred there. All organisms are mosaics in
that the history of some fraction of the genes is not the same
as the history of the organism. Compared to the prevailing
outlook prior to genome sequencing, it is quite incredible to
consider that this history can be disambiguated.

(i) Paralog, ortholog, and xenolog relationships summa-
rized. The functional counterparts of E. coli thrA and lysC
(thrA g and lysCp) in the superphylum Bacteroidetes-Chlorobi
(thrAg, and lysCy ) were very ancient paralogs from which
ortholog pairs were successfully maintained throughout the
lineage. The relationship between thrA g and metL . is one of
relatively recent paralogy, whereas each of them is an ancient
paralog of lysC. Put another way, thr4 . and metL g can be
stated to be coparalogs of lysCpc. thrApc and metLy were
equivalent at the time of duplicative origin, but their subse-
quent evolutionary progressions were quite different. thrd .
has remained true to its functional role, gene context, and
allostery, whereas metL - acquired a new gene context, new
regulation, and a new functional role. lysCg and lysCg,- are
xenologs; thrAg and metL g are coxenologs of thrAg,. The
overall outcome is a three-member set of ask orthologs of
xenologous origin that is distributed throughout the lower
Gammaproteobacteria. These homology relationships are dia-
grammed in the supplementary files posted at http://www
.theseed.org/Papers/MMBR-Aspartokinase/figure-2S.html
(Fig. 2S), and a succinct presentation of the Fitch homology
rules given by Jensen (40) might be helpful.

Miscellaneous LGT events elsewhere in the Proteobacteria.
(i) F. tularensis. The order Thiotrichales of the upper Gamma-
proteobacteria currently is represented by only two genomes.
That of Thiomicrospira crunogena is straightforward, having
the ancestral genes encoding Ask_alaS and Ask_ect. In con-
trast, the genome of F. tularensis has not only lost the ancestral
Ask(s) but maintains two ask genes obtained by LGT import
(Fig. 11). One of them is a bifunctional threonine-regulated
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Ask-Hdh and belongs to CG-07, the LGT donor being within
the lineage of S. ruber (Sphingobacteriales). The second is a
lysine-regulated monofunctional Ask and belongs to CG-21,
the LGT donor being a member of the lower Gammapro-
teobacteria. The latter xenolog appears to have arrived very
recently in the common ancestor of F. tularensis and Francisella
philomiragia (ATCC 25017). A presumed gene duplication in
F. philomiragia has generated a second paralog, which no
longer has recognizable ACT domains. Perhaps this paralog
has become specialized for methionine responsivity. F. tularen-
sis appears to be very unstable with respect to the gene encod-
ing the CG-21 Ask. Although the strain selected (F. tularensis
subsp. novicida U112) in our dynamic table (http://www
.theseed.org/PaperssMMBR-Aspartokinase/dynamic.html) has
an intact CG-21 Ask, seven other strains with complete ge-
nomes in the database have discarded this gene.

(ii) B. bacteriovorus. Bdellovibrio bacteriovorus, a member of
the Deltaproteobacteria, also received an ask xenolog from a
lower Gammaproteobacteria donor belonging to CG-21 (Fig.
11). B. bacteriovorus lacks intact pathways for methionine and
threonine. By default, it seems likely that the imported xenolog
has retained the responsivity to regulation by lysine that is
typical of CG-21 enzymes. In addition, B. bacteriovorus has
thus far retained its ancestral cd04246 ask gene, one that en-
codes an Ask enzyme belonging to CG-27 (populated by two
other Ask enzymes from Deltaproteobacteria). The twin ACT
domain region of CG-27 Ask enzymes yields no recognizable
cd hits from the CDD.

(iii) Xanthomonadales. Xanthomonadales organisms have re-
placed their ancestral ask genes with two bifunctional ask
genes (ask-hdh and ask-lysA) from a Bacteroidetes donor, as
discussed fully below.

(iv) Hyphomonadaceae. A common ancestor of M. maris and
O. alexandrii (belonging to genera within the Hyphomona-
daceae of Alphaproteobacteria) received exactly the same two
xenolog genes (ask-hdh and ask-lysA), one diverging from
members of CG-07 to CG-52 and the other remaining in
CG-09 (Fig. 11). In this case, the ancestral ask genes in CG-51
have been retained.

(V) M. xanthus. Myxococcus xanthus (Deltaproteobacteria)
possesses two ask-hdh gene fusions, which, like all ask-hdh
fusions, belong to the ASK,, subhomology grouping. Mxan_Ac
and Mxan_Ad are orphan sequences that are proposed in Fig.
11 to have originated by LGT. Mxan_Ac is related to the
Ask-Hdh fusions, which comprise CG-04 from the lower Gam-
maproteobacteria. It possesses the Q...Q motif in the twin ACT
region, which indicates that it is subject to feedback inhibition
by threonine. Unlike members of CG-04, however, it is not
adjacent to genes encoding other threonine branch enzymes.
Mxan_Ad has a disrupted Q...Q motif in the twin ACT region
(Fig. 8A), which indicates it probably is not feedback inhibited
by threonine. Indeed, specialization for methionine biosyn-
thesis is indicated because the encoding gene colocalizes
with genes of methionine biosynthesis. The LGT donor of
Mxan_Ad is from CG-05 of the Flavobacteria (Fig. 11). The
membership of CG-05 usually has a robust Q...Q motif region
indicating threonine specialization. However, five of six genera
within the Flavobacteriaceae have a common ancestral gene
duplication that generated two CG-05 paralogs, one of which
evolved a disrupted Q...Q region in combination with its trans-
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location to a methionine gene context (Fig. 13). One of these
paralog pairs from F. johnsoniae is included in the alignment in
Fig. 9, where Fjoh_Ac is the canonical threonine-regulated
member and Fjoh_Ab is the newly evolved methionine-special-
ized Ask member. A priori, Mxan_Ac and Mxan_Ad could be
paralogs comparable to Fjoh_Ac and Fjoh_Ab, i.e., a gene
duplication occurring in Myxococcus with Mxan_Ac remaining
true to the ancestral threonine allostery and Mxan_Ad diverg-
ing to methionine specialization. However, Mxan_Ad clearly
exhibits sequence similarity to the methionine-specialized Ask
enzymes present in most Flavobacteriaceae and was therefore
obtained from that lineage by LGT. In this connection, it is
interesting that Fjoh_Ab is the outlying member of CG-05 and
the Mxan_Ad orphan is most closely related to Fjoh_Ab. This
relationship can be seen in Fig. 4B, left. (Note that Ask se-
quences from F. johnsoniae and G. forsetii were the only rep-
resentatives of the family Flavobacteriaceae in our initial as-
semblage of genomes screened. However, close counterparts
of Fjoh_Ab [namely, a newly generated methionine-specialized
paralog] are found in other genera in the family, such as
Polaribacter, Kordia, Tenacibaculum, and Robiginitalea.)

Piggyback LGT. There are a few instances where it has been
possible to deduce a recent LGT event superimposed upon a
more ancient LGT event (“piggyback” LGT), i.e., where an
initial recipient lineage has in turn been an LGT donor for a
second recipient (Fig. 11). In the examples enumerated above,
a CG-21 member of the lower Gammaproteobacteria was an
LGT donor for the gene encoding the Bbac Ab Ask of B.
bacteriovorus, and a CG-21 member of the lower Gammapro-
teobacteria was also an LGT donor for the gene encoding the
Ftul_Aa Ask of F. tularensis. Since the ancestor of the CG-21
members was itself obtained by LGT from a Bacteroidetes
donor gene encoding a CG-11 Ask, Bbac_Ab and Ftul_Aa can
be considered to be encoded by alien genes derived from the
Bacteroidetes lineage, followed by an intermediate history in a
second lineage before contributing to the mosaicism of the
current host.

A CG-04 member of the lower Gammaproteobacteria was an
LGT donor for the gene encoding the Mxan_Ac orphan Ask of
M. xanthus (Deltaproteobacteria). Since the ancestor of the
CG-04 members was itself obtained by LGT from a Bacte-
roidetes donor gene encoding a CG-07 Ask-Hdh, the Mxan_Ac
orphan can be considered to be derived from the Bacteroidetes
lineage.

Other Cases where the LGT Donor Can Be Deduced

Challenging instances where the CG membership is derived
from mixed phylogenies. (i) Within CG-09. Eight bifunctional
proteins that contain an N-terminal Ask domain fused to a
LysA domain make up the complete membership of CG-09,
and this domain fusion combination is not thus far represented
within any other CG grouping. The subhierarchical cd signa-
tures for both the Ask domain and the twin ACT domains are
absolutely unique to this fusion group. The Ask domain carries
the cd identifier cd04259, and the tandem ACT domains have
the signature cd0435-cd04920. The erratic phylogenetic rela-
tionships of the organisms possessing these eight sequences
suggest LGT. Among these, the S. ruber lineage can be iden-
tified with confidence as the donor lineage for two reasons. (i)
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When the sequences of the two domain segments of each
bifunctional protein were separated and used as queries for
BLAST analysis of the monofunctional counterparts, the best
hits were all monofunctional proteins from the phylum Bacte-
roidetes. This indicates that the fusion originated somewhere
within the lineage that includes S. ruber. (ii) Additional com-
pelling support is provided by the fact that the other phylum
Bacteroidetes members, which all lack the fusion, possess
monofunctional Ask enzymes (in CG-11) that are adjacent to
LysA. Presumably, a near ancestor of S. ruber possessed the
side-by-side genes and fused them, subsequently diverging to
become a defining member of CG-09. No genomes are avail-
able that are even moderately related to that of S. ruber, the
closest being at the taxon level of order. It is quite possible that
when additional genomes become available, multiple taxa at
the level of family might prove to possess the fusion.

The CG-09 fusion has been passed by LGT to a common
ancestor of the order Xanthomonadales of the upper Gamma-
proteobacteria, which includes the genera Xanthomonas, Xy-
lella, and Stenotrophomonas (Fig. 11 and Fig. 13). An indepen-
dent LGT recipient was the common ancestor of Maricaulis
and Oceanicaulis, the sole members found to have the fusion
within the large group of Alphaproteobacteria included in our
analysis. This LGT event must have been particularly recent,
and it is quite possible that the donor genome was within the
order Xanthomonadales rather than directly from the S. ruber
lineage (in which case this would be an instance of piggyback
LGT). Yet another independent and very recent LGT of the
CG-09 fusion was to Legionella spp., and it is also possible that
this might have been a piggyback LGT.

(ii) Within CG-07 (and CG-52). Members of CG-07 com-
prise one of the cohesion groups populated by Ask-Hdh fu-
sions. This fusion group has been suggested to have diverged in
the S. ruber lineage from the Ask-Hdh fusions that are present
in CG-05 in all other Bacteroidetes and Chlorobi included in
this study (Fig. 13). Aside from the S. ruber sequence, other
members of CG-07 are two paralogs from A. thaliana (higher
plant) and from genera of the upper Gammaproteobacteria:
Franciscella and the Xanthomonadales genera (Xanthomonas,
Xylella, and Stenotrophomonas). Franciscella and the three
Xanthomonadales genera are not typical of the upper Gamma-
proteobacteria, whose single ask gene in the vertical genealogy
faithfully exhibits the ask_alaS gene neighborhood (Fig. 11). If
the ask-hdh gene fusion originated by LGT in these upper
Gammaproteobacteria, the attached Hdh domain should be
distinctly different from the Hdh domains of other upper Gam-
maproteobacteria. Figure 15 clearly illustrates that this is so.
Other than those having CG-07 fusions, upper Gammapro-
teobacteria possess Hdh-thr, which has a C-terminal ACT do-
main. Even an Hdh as distant as that of a Betaproteobacteria
organism (Nitrosomonas europaea) clusters with the Hdh-thr
sequences at the top of Fig. 15. The Hdh-min sequences from
various organisms that have ASK, Ask enzymes cluster sepa-
rately at the bottom of the figure. They include the well-studied
yeast (S. cerevisiae) enzyme and the CG-05 Ask-Hdh fusions
(represented by the B. fragilis enzyme). The Hdh domains of
the CG-07 fusions (represented by the Xylella, Salinibacter, and
Franciscella enzymes) and the CG-04 fusions (represented by
the Pseudoalteromonas atlantica enzyme) are expected to clus-
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FIG. 15. Phylogenetic-tree positions of Hdh from Xylella, Xanthomonas, and Franciscella imply an LGT origin from a Bacteroidetes donor. Hdh
sequences from organisms with ASK; Ask enzymes, which include upper-Gammaproteobacteria Hdh enzymes (shown in yellow), typically are
elongated (amino acid lengths are given) due to the presence of a C-terminal ACT domain, which is responsible for sensitivity to threonine-
mediated inhibition. This Hdh species is denoted Hdh-thr. On a phylogenetic tree, Hdh-thr sequences form a compact cluster that includes many
other Proteobacteria, e.g., the Hdh from N. europaea (Neur Hdh), which is a member of the Betaproteobacteria, is shown in the upper cluster. On
the other hand, organisms with ASK_, Ask enzymes have shorter Hdh sequences (Hdh-min) because they lack an allosteric domain, and these
cluster separately in the bottom cluster of the tree. They include the Hdh-min species from S. cerevisiae (Scer Hdh), the Hdh domain from a CG-04
Ask-Hdh fusion, and Hdh from various Bacteroidetes (shown in red). In the bottom cluster of the tree, Hdh domains from three members of the
upper Gammaproteobacteria (shown in blue) are distinctly separated from the Hdh domains of other upper Gammaproteobacteria (top) and cluster
instead with those from the Bacteroidetes, the proposed LGT donor lineage. The Hdh sequences from G. forsetii (Gfor Hdh) and F. johnsoniae
(Fjoh Hdh) are monofunctional enzymes that were generated by scission of a duplicated CG-05 ask-hdh to yield a monofunctional Ask and a
monofunctional Hdh, as indicated by step D in Fig. 13.
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ter with CG-05 enzymes, since CG-07 enzymes diverged from
a CG-05 ancestor and CG-04 enzymes are derived from a
CG-07 ancestor via LGT.

As with CG-05 members, the ask-hdh gene of CG-07 is
typically part of a threonine operon that includes thrB and
thrC. (Arabidopsis is an exception, of course, because higher
plants lack operonic gene organizations.) This raises the ques-
tion of whether an entire thrABC operon might have been
transferred to the bacterial recipients. Indeed, BLAST evalu-
ations of ThrB and ThrC from the above-mentioned upper
Gammaproteobacteria indicate that they are more similar to
one another (and to the ThrB and ThrC enzymes of S. ruber)
than they are to those from other upper Gammaproteobacteria.
It is interesting that the homology group defined by ThrB and
ThrC also includes the enzymes from M. maris and O. alexan-
drii. These two genera are so far unique among Alphapro-
teobacteria in having an ask-hdh fusion that occupies an operon
along with thrB and thrC. Thus, it appears that the entire
thrA-thrB-thrC operon has been passed via LGT from the S.
ruber lineage to the common ancestor of the above-cited upper
Gammaproteobacteria, as well as to the common ancestor of
Maricaulis and Oceanicaulis. Unlike ThrB and ThrC, the Ask-
Hdh fusion has diverged to such an extent in Maricaulis and
Oceanicaulis as to be assigned to a different cohesion group
(CG-52). Two striking features of variation in the two CG-52
members may account for divergence to form a new cohesion
group. One is the reductive loss of the twin ACT domain
region (Fig. 8A), and the other is deletion (Fig. 5) of the region
referred to as the indel region in Fig. 6. The CG-07 cluster is
very compact, suggesting that all of these are derived from a
common source at a fairly recent time. Although thrA4 and thrB
are unlinked in Arabidopsis and other higher plants, both thr4
and #hrB (but not thrC) were obtained in plants by LGT.

(iii) The extensive LGT radiation of the Bacteroidetes ask-
hdh—thrB-thrC operon summarized. The ask-hdh—thrB—thrC
operon originated in the Bacteroidetes at about the time of its
divergence from the phylum Chlorobi. The phylum component
ask-hdh fusion must have occurred much earlier in the com-
mon ancestor of Chlorobi and Bacteroidetes, since CG-05 is
populated by Ask-Hdh enzymes from both phyla. It appears
that the entire ask-hdh—thrB-thrC operon of Bacteroidetes (the
S. ruber genome being the closest current relative) was trans-
ferred to CG-04 members (lower Gammaproteobacteria), to
CG-07 members (several orders of upper Gammaproteobacte-
ria), and to CG-52 members (one isolated family of Alphapro-
teobacteria). Thus, the Ask-Hdh-ThrB-ThrC gene products of
the threonine operon from E. coli (and the many other mem-
bers of the lower Gammaproteobacteria), Franciscella, Xylella,
Xanthomonas, Stenotrophomonas, Maricaulis, and Oceanicaulis
are alien newcomers that do not parallel the organismal phy-
logeny. In addition, it can be deduced that Legionella spp.
originally received the operon but, as a consequence of their
evolved reductive auxotrophy, have retained only a thrC rem-
nant. Although higher plants do not have operons, both ask-
hdh and thrB were obtained from a Bacteroidetes donor.

(iv) Were the ask-hdh—thrB—thrC operon and ask-lysA trans-
ferred via a single LGT event? As discussed above, the ask-
hdh-thrB-thrC operon was obtained by recipient organisms
having members belonging to CG-07 and CG-52, and ask-lysA
was obtained by recipient organisms having members belong-
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ing to CG-09. In both cases, the LGT donor was closely related
to S. ruber (Fig. 13). Exactly the same combination of genes
was obtained by two LGT recipients: the common ancestor of
the order Xanthomonadales and the common ancestor of the
genera Maricaulis and Oceanicaulis. It seems unlikely that the
same combination of LGT events would occur in both sets of
organisms if the same two independent LGT events were re-
quired in each case. The most parsimonious explanation is that
ask-hdh—thrB-thrC and ask-lysA were adjacent or at least near
one another in the donor genome. If so, joint transfer would be
easier to envision if the two gene areas were closely linked in
the donor organism, which they are not in the contemporary S.
ruber. In fact, even thrC has become separated from the rest of
the thr operon in S. ruber. However, given the frequency of
gene scrambling, it is quite possible that at the ancestral time
when the common ancestor of the above-mentioned upper
Gammaproteobacteria existed, the donor gene sets were at least
relatively closely placed. It is also possible that thus far unse-
quenced relatives of S. ruber that did not experience the puta-
tive gene scrambling exist.

The above joint-transfer hypothesis must take into account a
small list of organisms that have either the ask-hdh-thrB—thrC
operon or the ask-lysA fusion but not both. All organisms that
possess the ask-lysA fusion also possess the ask-hdh—thrB—thrC
operon, except for Legionella spp. However, the ask-hdh—thrB—
thrC operon could have been lost via reductive evolution in
Legionella at a time after LGT acquisition, since intact
branches of methionine and threonine biosynthesis are absent
in this pathogen. Indeed, the latter is strongly indicated be-
cause L. pneumophila strains possess a ThrC remnant whose
sequence clusters closely with the ThrC enzymes present in the
organisms having the CG-07 Ask enzymes. Franciscella spp.
received the ask-hdh-thrB-thrC operon, but not the ask-lysA
fusion. Even here, it is possible that the ask-lysA fusion was
initially obtained but then displaced by another lysine-special-
ized Ask that arrived via LGT from lower Gammaproteobac-
teria (Fig. 11). Of course, just because the ask-hdh—thrB-thrC
operon and the ask-lysA fusion were adjacent, if they were, this
does not necessarily mean that the entire region was success-
fully transferred to or fully retained by a Franciscella recipient.

(v) CG-19. The CG-19 cohesion group has only two mem-
bers. Although both ask members are produced by Archaea,
the organisms are members of different phyla. It seems clear
that this represents a case of LGT, but there are no absolute
indicators pointing to which of the two is the xenolog in-
truder, since the genomic representation here is currently
sparse. However, since the Archaea almost always possess a
single ask gene and since M. kandleri possesses two paralogs,
the most parsimonious inference is that the M. kandleri ask
gene in CG-19 is a xenolog derived from a close relative of
A. pernix.

Where the LGT Donor Is Uncertain

In some cases, there may be feasible evidence that points to
an LGT origin, but the likely LGT donor is uncertain because
sufficiently close relatives of the donor genome have not yet
been sequenced. This will increasingly be rectified as large gaps
in genome representation are filled via modern genome-se-
quencing projects. In other cases, there may be a basis to
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suspect LGT involvement, but it may be difficult to decide
which member or group of members is the donor and which
member or group of members is the recipient. Until an LGT
donor is identified, the assertions of LGT listed below must be
considered tentative.

CG-02. CG-02 members are ASK, division Ask enzymes
that are components of an ectoine operon, with the exception
of a few cases where ectoine genes have been discarded, leav-
ing an ask_ect remnant behind. They are specific to the phylum
Proteobacteria. Since this phylum appears to have originally
been populated with ASK; Ask enzymes, CG-02 members
might have arrived via LGT as a very ancient event soon after
the divergence of the phylum. CG-02 members clearly arose
from the lysine signature (cd04890-cd04892) group of ASK,
Ask enzymes (Fig. 8A). However, at the present time, there are
no genomes that possess an ask_ect gene that are not members
of the Proteobacteria. Thus, no donor lineages can yet be im-
plicated.

CG-03. CG-03 presents exactly the same situation as does
CG-02. Its members belong to the ASK, division of Ask en-
zymes, and they are uniquely present in the phylum Firmicutes.
They are also derived from the lysine signature (cd04890-
cd04892) group (Fig. 8A), and at least some members are
known to be subject to allosteric control by a synergistic com-
bination of Thr plus Lys. This phylum probably was originally
populated with ASK, Ask enzymes (which still exist) and re-
ceived the CG-03 Ask gene via LGT. As with CG-02 members,
there are no current members of CG-03 that are not in Firmi-
cutes organisms, and therefore, no potential LGT donors can
be implicated. It must be conceded that an alternative scenario
is plausible. Perhaps the CG-03 type of Ask predated the
evolution of endospore differentiation in the Firmicutes. In the
absence of this complex developmental state, a single Ask
species subject to allostery by Thr plus Lys would present an
effective control mechanism (as indeed is the case in many
contemporary organisms). With the acquisitive evolution of
endospore formation, perhaps the various ACT genes present
in contemporary Firmicutes were imported via LGT.

CG-33 and Bacillus-Listeria. CG-33 contains a relatively
small number of sequences from the Firmicutes (Table 2). They
include three Listeria spp. that belong to the family Listeriaceae
and six Bacillus spp. that belong to the family Bacillaceae.
However, other genera of Bacillaceae (Oceanobacillus and
Geobacillus) do not contribute any sequences to CG-33. This
incongruence could be explained by LGT transfer between
Bacillaceae and Listeraceae. It is quite possible, on the other
hand, that Oceanobacillus and Geobacillus independently lost
the CG-33 paralog. These losses could be explained parsimo-
niously as a single event if Oceanobacillus and Geobacillus
share a common ancestor to the exclusion of other Bacillaceae
genera.

Thermus. T. thermophilus (and also Thermus aquaticus) pos-
sesses a single Ask orphan that belongs to the ASKg subho-
mology division, whereas two Deinococcus spp. (CG-17) have
Ask enzymes that belong to the ASK_, subhomology grouping.
These genera are members of the same phylum (Fig. 7), one in
which lysine is generated via the alpha aminoadipate pathway
(62). The positions of Ask proteins from the Deinococcus spp.
in a protein tree meet phylogenetic expectations, whereas the
positions of Ask proteins from Thermus spp. are incongru-
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ent with phylogenetic expectations (as previously observed
[62]). Both Thermus and Deinococcus possess a single Hdh.
In contrast to the difference observed for Ask, the two Hdh
proteins are the closest BLAST hits (outside of their genus).
Both Hdh enzymes lack an ACT domain (Hdh-min), as is
typical of enzymes from ASK, organisms. This suggests that
Thermus obtained an ask replacement from an ASKg bac-
terium via LGT while retaining an Hdh species that is typ-
ical of ASK_, organisms. The Ask donor is uncertain, but the
closest BLAST hits point to the order Clostridiales within
the phylum Firmicutes.

PERSPECTIVE

This article is cast in the spirit of the recent essay of Downs
(22), which pursues the thesis that an integration of experimen-
tally based information with bioinformatics information helps us
to appreciate a metabolic network as something that is more than
simply the sum of its atomistic parts. The cohesion group ap-
proach has been used to analyze Ask within the larger context of
the ASK network. This can be viewed as a beginning effort from
the vantage point that complementary analyses could be done
using other key enzymes of the network as the focal point, e.g.,
with the homoserine dehydrogenase genes. Such projects could
proceed with relative speed and efficiency because of the under-
lying groundwork provided by the Ask evaluation. Each analysis
would reinforce, correct, and expand the existing concept of the
ASK network. The consideration of how the network is regulated
is an extremely important part of the current effort, but much
more could be integrated with the current analysis, e.g., not only
the evaluation of likely protein regulators, but also the progres-
sively more sophisticated bioinformatics assessments of RNA reg-
ulation by riboswitches (65, 80) could be added to the scope of the
existing workup with great benefit.

Studies of LGT have usually been carried out at global levels
without much effort to evaluate which particular genes have
moved from what particular donor organisms to what particu-
lar recipients. Implementation of the cohesion group approach
shows how such LGT events can be cataloged in a systematic
way. One can envision that multiple cohesion group studies
that are focused upon different metabolic subsystems will even-
tually lead to a cumulative inventory of LGT genes that will
describe the mosaic makeup of individual organisms and
groups of organisms at various hierarchical levels.

Ask enzymes have been generally described as falling into
one of two groups: either homo-oligomers or a3, heterotet-
ramers. X-ray crystal studies have been carried out with several
enzymes of each type, and interpretations have been advanced
without benefit of the current realization that the two groups
actually correspond to the ASK, and ASKg subhomology di-
visions, which are quite distinct. The current analysis should
greatly assist the rational selection of additional enzymes
within each division in order to get a sense of what the con-
sensus features of ASK, and ASKj are. Ultimately, it will be
possible to reconstruct the steps that led to the substantial
divergence that currently exists.

Specific research initiatives that might have substantial merit
have been brought into focus. They include the following. (i) Is
it correct that a homoserine dehydrogenase (Hdh-met) species
with a C-terminal extension that is distinct from the threonine-
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inhibited ACT domain of Hdh-thr is an enzyme specialized for
methionine biosynthesis and perhaps subject to feedback inhi-
bition by methionine? (ii) The indel region in ASK, Ask en-
zymes (which corresponds to a proposed deletion in ASKg Ask
enzymes) is persistently present and therefore must have func-
tional importance. It contains no catalytic or substrate-binding
residues. Is this a regulatory region, perhaps a region dictating
protein-protein interactions with Hdh-min and/or perhaps in-
teracting with the twin ACT regulatory domains? (iii) Is it
correct that the cofactor-independent phosphoglycerate mu-
tase homolog present in some organisms that lack thrB is an
alternative ThrB as gene context analyses seem to suggest? (iv)
Is the ectR gene that is divergently oriented to the ectoine
operon in Gammaproteobacteria (and actually inside of the ect
operon of Betaproteobacteria) a regulatory gene for ectoine
biosynthesis, and if so, how does it work? (v) A free-standing
ACT domain-containing protein is frequently adjacent to hdh-
min in correlation with an absence of any obvious arrange-
ments for regulation of lysine biosynthesis in two widely sep-
arated lineages. Is it correct that this ACT domain complexes
with Hdh and interacts with lysine (in Clostridia) and with
lysine plus at least one aromatic amino acid (in a large clade of
Archaea) in a mode that blocks flux toward methionine and
threonine? (vi) Is it correct that the functional roles of aroA’
and aroB' in an organism like S. griseus are specialized for
some secondary-metabolism role, such as antibiotic synthesis?
(vii) What is the alternative pathway to dipicolinate that ap-
pears to exist in the Clostridiaceae?

SUPPLEMENTARY FILES

The supplementary files include (i) sequences (Fasta files par-
titioned into cohesion group and orphan files), (ii) trees available
in Newick or PDF files (the original master Ask tree, the tree of
cohesion group respresentative sequences/orphans depicted in
Fig. 5, and separate trees of ASK, and ASK subhomology divi-
sions that make up the Fig. 5 tree), (iii) the alignment of orphan
sequences and representative members of each cohesion group
used to obtain Fig. 5 and separate alignments of the individual
cohesion groups, (iv) tables (links to the comprehensive dynamic
table; to a scaled-down representative-sequences table; and to a
dynamic, sortable, complete list of LGT genes [Table 3] that is
linked to the dynamic table), (v) figures (Fig. 1S and Fig. 2S), and
(vi) links to the SEED and AroPath home pages. These supple-
mentary files can be accessed at http://www.theseed.org/Papers
/MMBR-Aspartokinase/.

APPENDIX

ANALYSIS OF RAW PROTEIN SEQUENCE DATA

Ask amino acid sequences were collected from the SEED (http://www
.theseed.org/), IMG (http://img.jgi.doe.gov/cgi-bin/pub/main.cgi), and
NCBI (http://www.ncbi.nlm.nih.gov) databases. The cutoff date for the
wholesale inclusion of new entries was about 8 August 2008, although
various entries deemed important to the analysis were periodically
added. The original collection of sequences was examined for incorrect
start sites by screening for a K(F/Y/I)GG motif, which marks the N-
terminal regions of all Ask proteins. A file of trimmed sequences
was created by trimming away fused domains or extensions that
were obvious from inspection of an initial multiple alignment. On
occasion, it was necessary to correct start sites that had been
incorrectly annotated. For example, the P. stutzeri Ask_ect sequence
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in CG-02 was missing about 40 amino acids at the N terminus; this
was obvious from inspection of the preliminary alignment, where the
KIGG motif was absent. If necessary, the CDD graphic (53) was
also used as a guide to help pinpoint fusion boundaries. Then, the
trimmed Ask sequence file was imported into the Molecular
Evolutionary Genetics Analysis (MEGA version 4) Alignment Explorer
(85) in order to generate an alignment using the built-in ClustalW
implementation. Manual adjustments were then made to obtain a final
high-quality alignment. The alignment was used as input for generation
of a phylogenetic tree using the MEGA Evolutionary Analysis feature.
The neighbor-joining program with 1,000 bootstrap replications was
used to obtain a distance-based tree. Trees were visualized with the
MEGA Tree Explorer.

DELINEATION OF COHESION GROUPS

In the initial tree of 518 trimmed sequences from 339 genomes,
nodes were collapsed at bootstrap values exceeding 75%. An arbi-
trarily chosen member of each collapsed group was selected as a
representative sequence of that node position. The resulting set of
representative sequences was used to build another tree, and node
positions having bootstrap values in excess of 75% were again col-
lapsed to generate a smaller number of representative sequences (as
illustrated by Fig. 4). An additional repetition of this process resulted in a
final tally of 52 cohesion groups and 31 orphans. The ultimate collapsed
tree (Fig. 5) exhibited nodes with bootstrap values below 74%.

16S rRNA TREE CONSTRUCTION

16S rRNA subtrees were derived by use of the tools available at the
Ribosomal Database Project site (14).

DYNAMIC TABLE

The sources and properties of Ask cohesion groups are tabulated in
a large working table (“dynamic table”) which can be accessed online
(http://www.theseed.org/Paperss/MMBR-Aspartokinase/dynamic.html)
at the SEED. In addition to the assigned cohesion group and the
assigned subhomology division (ASK, or ASKy), this table includes
the entire taxonomy lineage, the gene acronyms obtained from
AroPath (http://www.aropath.lanl.gov/cgi-bin/Get_absolute_acronyms
.cgi), variations of the K(F/Y/I)GG motif, fused domains, internal
translational start sites for ASK; Ask enzymes, and hyperlinks to gene
detail pages for other enzymes of interest (such as homoserine
dehydrogenase). The online version of the dynamic table is linked to
the SEED Viewer pages, the IMG gene detail pages, NCBI
taxonomy, the NCBI CDD, the PDB for crystal structures, a
dynamic and full version of Table 3 that lists LGT genes, and a
scaled-down version of the dynamic table in which a single member of
each cohesion group is used to represent the cohesion group (http://www
.theseed.org/Papers/MMBR-Aspartokinase/representatives.html). Each
column can be sorted by left clicking the column header. Right clicking
on any column header will deliver a pop-up of check boxes for each of
the columns so that any of them can be hidden by unchecking the
appropriate boxes. The “Acronym” column contains highlighted en-
tries that exemplify cases of LGT. These are hyperlinked to the ap-
propriate section of Table 3, which is a complete, dynamic, and sort-
able table of LGT genes in the supplementary files posted at http:
/www.theseed.org/Papers/MMBR-Aspartokinase/LGT.html.

The dynamic table contains links that allow gene neighborhoods to
be viewed at three different levels. The gene neighborhood graphic on
the front page of the SEED Viewer is accessed from the SEED ID
column. This has been set to display conserved gene neighborhoods
over a fairly wide phylogenetic range and can readily be set to view
greater numbers of gene neighborhoods. Two additional innovative
gene neighborhood tools that are linked to the SEED system of ge-
nome annotation are provided (69). In the second column, clicking the
triarrow icon in any given cohesion group will deliver a comparison of
gene neighborhoods for every member of the cohesion group. From
this SEED Viewer, built-in tools can be accessed to accomplish other
tasks, e.g., to download all of the sequences in the cohesion group or
to obtain a multiple alignment of the members of the cohesion
group. Another column entitled “strain level gene neighborhoods” will
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deliver, following clicking of the triarrows, a comparison of gene neigh-
borhoods for multiple strains in the SEED collection, one of which has
been selected arbitrarily for the table proper. Here, one can screen for
very recent phylogenetic changes in close relatives, as is illustrated by Fig.
1S in the supplementary files posted at http:/www.theseed.org/Papers
/MMBR-Aspartokinase/figure-1S.html.

The dynamic table is also linked at the upper left to a shorter version
called the “representatives table.” This shows all of the Ask orphans and
one “representative sequence” chosen to represent each cohesion group.
The representative sequences and the orphans are the same sequences
used to do an alignment and to construct the tree shown in Fig. 5. The
representatives table possesses all of the same columns and functionalities
as the dynamic table and is linked back to the dynamic table.

ACRONYMS

The nomenclature of genes follows the rules of nomenclature posted at
AroPath (http:/www.aropath.lanl.gov). The Fasta sequences extracted
from the IMG database were imported into the “convert sequence files”
tool at AroPath, which then generated four-letter acronyms that code
organisms to the species level and two additional extension letters to
define the strain and protein (or paralog). For example, E. coli (desig-
nated Ecol) strain K-12 (designated _A) has three Ask homologs that
were assigned the acronym designations Ecol_Aa, Ecol_Ab, and Ecol_Ac.
The system is set up so that a given gene product from a given strain will
never change (absolute acronym).

THE NCBI CDD

The CDD version 2.13 was downloaded from the NCBI (ftp:/ftp
.ncbi.nih.gov/pub/mmdb/cdd/). The domain search was conducted locally
by a RPS-BLAST program, using all sequences as queries. The RPS-
BLAST results then were parsed for E values, hit positions, and descrip-
tion fields for further manual inspection. For the Ask domain, and for the
ACT domains, the top BLAST hit was entered into the dynamic table.

ASSESSMENT OF OTHER ENZYMES

In order to understand Ask in the context of the ASK network, it
proved to be helpful to evaluate the presence or absence of key en-
zymes in the network. For example, if homoserine dehydrogenase is
absent, one knows that the genome lacks the capability to make threo-
nine and methionine (Fig. 1). It was also quite useful to access the
KEGG link from the dropdown list of the “comparative tools” tab
from the SEED Viewer in order to assess which variation of a pathway
branch exists in a genome or whether the branch is absent altogether.

Homoserine dedydrogenase (Hdh). The list of genes having the
COGO0460 homoserine dehydrogenase (ThrA) domain was retrieved
from the IMG database. Taxonomy object identifiers (taxon_oid) of
retrieved sequences were used to compare with the Ask list in the dynamic
table, and only those genes with the same taxon_oid were kept. There are
five columns that are related to Hdh in the dynamic table. The column
“HDh present?” displays yes or no. The column “Fused Domains” lists
any Ask-HDh or HDh-Ask fusions. For all of the monofunctional en-
zymes, the presence of pfam01842 (ACT domain) was used to recognize
threonine-inhibited Hdh (denoted Hdh-thr). For the remaining se-
quences, a sequence length cutoff of 380 amino acids was used to distin-
guish short unregulated sequences (denoted Hdh-min) from those having
a C-terminal extension (denoted Hdh-met).

Threonine deaminase. “Biosynthetic” and “catabolic” threonine
deaminases are homologs, except that the biosynthetic ones have a
unique carboxy-terminal extension that provides an allosteric module.
The list of biosynthetic threonine deaminases (IlvA), was retrieved
from the IMG database using genome context analysis based on two
pfam domains, pfam00585 (the C-terminal regulatory domain of threo-
nine dehydratase) and pfam00291 (a pyridoxal phosphate-dependent
enzyme). Catabolic threonine deaminases lack the pfam00585 domain,
as do other enzyme classes belonging to pfam00291. Thus, only bio-
synthetic threonine deaminases possess both pfam domains, and these
were entered into the dynamic table.

Citramalate synthase. Citramalate synthase is the key enzyme for
L-isoleucine biosynthesis from pyruvate. Its gene list was retrieved
from a subsystem of the SEED database, and “yes” entries were made
in the dynamic table as appropriate.
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