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In histidine and tryptophan biosynthesis, two related isomeriza-
tion reactions are generally catalyzed by two specific single-
substrate enzymes (HisA and TrpF), sharing a similar ðβ∕αÞ8-barrel
scaffold. However, in some actinobacteria, one of the two encod-
ing genes (trpF) is missing and the two reactions are instead
catalyzed by one bisubstrate enzyme (PriA). To unravel the
unknown mechanism of bisubstrate specificity, we used the Myco-
bacterium tuberculosis PriA enzyme as a model. Comparative struc-
tural analysis of the active site of the enzyme showed that PriA
undergoes a reaction-specific and substrate-induced metamorpho-
sis of the active site architecture, demonstrating its unique ability
to essentially form two different substrate-specific actives sites.
Furthermore, we found that one of the two catalytic residues
in PriA, which are identical in both isomerization reactions, is
recruited by a substrate-dependent mechanism into the active site
to allow its involvement in catalysis. Comparison of the structural
data from PriAwith one of the two single-substrate enzymes (TrpF)
revealed substantial differences in the active site architecture,
suggesting independent evolution. To support these observations,
we identified six small molecule compounds that inhibited both
PriA-catalyzed isomerization reactions but had no effect on TrpF
activity. Our data demonstrate an opportunity for organism-speci-
fic inhibition of enzymatic catalysis by taking advantage of the dis-
tinct ability for bisubstrate catalysis in theM. tuberculosis enzyme.
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Enzymes that fold into ðβ∕αÞ8 barrels provide the most widely
found prototype scaffold to study the molecular mechanisms

underlying enzymatic diversity (1, 2). Among those investigated,
many catalyze specific reactions, but there are also examples of
enzymes with broader substrate profiles (2, 3). Generally the level
of functional promiscuity seems to be correlated with active site
conformational plasticity (2, 4), conceptually described as “meta-
morphic proteins” (5). There is, however, at least one documen-
ted case in which two alternative solutions have evolved to
catalyze two distinct isomerization reactions involved in histidine
(his) and tryptophan (trp) biosynthesis, either by two single-sub-
strate enzymes or by one bisubstrate enzyme, all folded as ðβ∕αÞ8
barrels. The mechanism of bisubstrate specificity in the latter has
remained unknown to date.

In most bacteria with these biosynthesis pathways extant, two
different genes, hisA and trpF (6), encode two distinct single-sub-
strate enzymes (HisA, TrpF) that catalyze the isomerization of
distinct metabolites from two amino acid biosynthesis pathways,
N′-[(5′-phosphoribosyl)-formimino]-5-aminoimidazole-4-carbox-
amide ribonucleotide (ProFAR, his biosynthesis) and phosphor-
ibosyl anthranilate (PRA, trp biosynthesis). Biochemical data
indicate that both isomerization reactions are catalyzed by an
acid/base-assisted Amadori rearrangement (7). In structural
terms, both single-substrate enzymes are folded into ðβ∕αÞ8 bar-
rels (8, 9). However, because the two substrates differ by about a
factor of two in molecular weight, the active sites of HisA and

TrpF substantially differ in overall size. Whereas the larger HisA
substrate ProFAR is bound via two terminal phosphate groups
in symmetric positions across the active site of the HisA ðβ∕αÞ8-
barrel fold, the smaller TrpF substrate PRA is bound via only one
conserved phosphate group-binding site into the TrpF active site
(9, 10).

However, in most of the known genomes of the actinobacteria
phylum, the trpF gene is missing from the trp operon. A hisA-like
gene, referred to as priA, was shown to encode an enzyme with
bisubstrate specificity in Streptomyces coelicolor, rendering a
bifunctional his/trp biosynthesis isomerase (11). Although some
active site residues from the C-terminal ðβ∕αÞ8-barrel face in PriA
have been shown to be involved in PriA catalysis (12–14), it was
not known which molecular mechanism renders PriA a bisub-
strate enzyme, in the absence of structural insight into the posi-
tioning of any of the two substrates within the active site. Here,
we have investigated the PriA enzyme from Mycobacterium
tuberculosis to resolve this question. Because this pathogen, like
S. coelicolor, does not have a trpF gene, we expected bisubstrate
activity in the corresponding PriA enzyme as well. Based on
three separate structures—presenting the apo conformation and
distinct substrate-induced conformations of each of the two iso-
merization reactions—we have unraveled an unexpected ability
of the enzyme to form two different active site structures that
adapt to the respective his and trp biosynthesis substrates. We
furthermore demonstrate that one of two activities (PRA isomer-
ization) involves active site residues that are distinct from the
analogous single-substrate enzyme TrpF, and we show that these
differences can be exploited with PriA-specific inhibitors.

Results
Structural Basis of the Substrate-Dependent Active Site Properties of
PriA. To determine the molecular basis of bisubstrate specificity,
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we crystallized PriA from M. tuberculosis in the presence of two
reaction ligands involved in HisA-like ProFAR isomerization and
TrpF-like PRA isomerization (Figs. 1 and 2 and Table S1). Crys-
tals of the catalytically impaired PriA(D11N) variant, grown
in the presence of the substrate ProFAR, diffracted to ultrahigh
resolution (1.33 Å). The electron density map revealed the
presence of the product N′-[(5′-phosphoribulosyl)formimino]-
5-aminoimidazole-4-carboxamide ribonucleotide (PrFAR), with
an opened phosphoribulosyl moiety, indicating residual substrate
turnover under crystallization conditions. The structure of wild-
type PriA, in the presence of the reduced product analogue 1-(o-
carboxyphenylamino)-1-deoxyribulose 5-phosphate (rCdRP),
was determined as well. The crystallization conditions and result-
ing crystal forms were unrelated to each other (Table S1).

As reference, we also solved the PriA crystal structure in the
presence of sulfate ions, which mimic the phosphate groups of the
reaction ligands (apo form) (Fig. S1 A and B and Table S1). Com-
parison of this structure with those of the same enzyme from
S. coelicolor in the presence of sulfate (12, 13) reveals no signifi-
cant changes of the overall fold and active site loop structure,
indicating that the conformational changes observed in the two
PriA-ligand complexes are caused by the presence of the reaction
ligands.

The overall structure of M. tuberculosis PriA is a ðβ∕αÞ8 barrel
with a twofold repeated array of active site loops, 1–4 and 5–8
(Fig. 1A and Fig. S1A). Comparison of the two PriA-ligand com-
plexes reveals that the overall orientation of the two reaction
compounds, PrFAR and rCdRP, is similar (Figs. 1A and 2 and
Fig. S1C), despite substantial differences in the active site envir-
onment (see below). The phosphoribulosyl moiety of both reac-
tion ligands is anchored by the same conserved phosphate-
binding site, which is created by loops 7 and 8, and superimposes
well in the PriA active site (Fig. 2 and Figs. S1C and S2). In
contrast, the 5-aminoimidazole-4-carboxamide ribonucleotide
moiety of PrFAR exceeds the rCdRP structure and, therefore,
requires a larger PriA active site binding area. One of the sulfate
ions of the apo-structure superimposes with the common term-

inal phosphate group of the two reaction compounds (Fig. 1A
and Fig. S1C). The second phosphate of PrFAR is bound by
the symmetry-related loops 3 and 4 and superimposes with the
second sulfate ion of the apo structure.

In contrast to the rigid PriA ðβ∕αÞ8-barrel core, which is
virtually identical in all three structures, the active site loops 1,
5, and 6 from the C-terminal ðβ∕αÞ8-barrel face show reaction-
specific conformational changes with movements up to 20 Å
and, in part, order/disorder transitions (Fig. 1, Fig. S3, and
Movies S1 and S2). Loop 1 wraps over the PriA active site only
in the presence of PrFAR (his biosynthesis), whereas in the other
two structures it is either partly unfolded or tilted away from the
active site. The symmetry-related loop 5 folds over the active site
in the presence of both reaction compounds (PrFAR, rCdRP),
while being partly disordered in the apo conformation. Strikingly,
depending on the type of bound ligand, loop 5 either adopts a
β-sheet-like hairpin structure (rCdRP) or twists into a knot-like
conformation (PrFAR) (Fig. 1B). In these two arrangements,
Arg143 and Trp145 exchange positions, which we refer to as
“Arg143/Trp145 switch” hereafter. Loop 6 wraps similarly over
the active site in the presence of both reaction compounds,
whereas it is turned away from the active site in the apo structure.
Collectively, these loop movements change the PriA active site
from an open conformation (apo), to a half-closed arrangement
in the presence of rCdRP, and to an entirely closed active site
cavity in the presence of PrFAR (Fig. S4A andMovies S1 and S2).
The structural data of the PriA-PrFAR complex suggest that
ProFAR isomerization by PriA is entirely sequestered from the
external solvent.

The structural details of the two bound reaction compounds
PrFAR and rCdRP allow the categorization of residues involved
in ProFAR (his biosynthesis) and PRA (trp biosynthesis) isomer-
ization: (i) catalysis of the isomerization of the aminoaldose
ring, (ii) binding of the functional groups that differ in the two
substrates (anthranilate in the case of PRA, formimino-5-aminoi-
midazole-4-carboxamide ribonucleotide in the case of ProFAR),
and (iii) anchoring of the terminal phosphate groups (Fig. 2 and

Fig. 1. Ligand-induced active site changes of PriA. (A) Active site loop structure of the PriA complexes with sulfate (Left), rCdRP (Center), and PrFAR (Right).
The eight active site loops 1–8 are colored in yellow (1,5), green (2,6), cyan (3,7), and magenta (4,8), emphasizing the twofold repeated ðβ∕αÞ4 half-barrel
elements (9); those loop segments that are disordered are indicated by dashed lines. The remaining structures are shown in surface presentation (β-strands,
light gray; α-helices, dark gray). Each ligand is shown in stick presentation. (B) Ligand-specific Asp175 recruitment: by Arg143, in the presence of rCdRP (trp
biosynthesis, Left); and by Arg19, in the presence of PrFAR (his biosynthesis, Right). Loop 5 changes from a β-hairpin conformation (rCdRP) to a knot-like
conformation (PrFAR), allowing Arg143 and Trp145 to switch positions. Hydrogen bonds are shown with dashed lines. The areas shown in B approximately
correspond to the red boxes in A.
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Fig. S2). The structures of both PriA-ligand complexes (PrFAR,
rCdRP) reveal the same pair of residues, Asp11 and Asp175, as
candidates to catalyze the isomerization of the respective his and
trp biosynthesis substrates, ProFAR and PRA. Asp175 interacts
with the 4′-hydroxyl group of the ribulosyl moiety in both com-
plexes, whereas Asp11 interacts with the 2′-keto group (PrFAR)
or 2′-hydroxyl group (rCdRP) of the ribulosyl moiety. The posi-
tion and orientation of Asp11, which is situated at the C terminus
of strand β1, is nearly identical in all three PriA structures. In
contrast, Asp175, which is located on the flexible loop 6, is tilted
away from the PriA active site in the apo conformation. By con-
trast, in both PriA-ligand (rCdRP, PrFAR) structures the side
chain of the residue is oriented toward the center of the PriA
active site, associated with a movement of more than 10 Å with
respect to the apo conformation (Fig. 1A, Fig. S3, and Movies S1
and S2). However, whereas Asp175 is bound to Arg19 from loop
1 in the PriA-PrFAR complex (his biosynthesis), such an interac-
tion is not possible in the rCdRP complex (trp biosynthesis) as
loop 1 does not fold over the active site. Instead, the β-hairpin
conformation of loop 5, only observed in the presence of rCdRP,
allows recruitment of Asp175 via a charged interaction with
Arg143 from loop 5, thus assigning this loop a specific function
in active site recruitment for PRA isomerization (trp biosynth-
esis) (Fig. 1B).

In contrast to the central, chemically active ribulose segment,
the residual moieties of the two reaction compounds, the anthra-
nilate carboxylate group of rCdRP and the formimino group of
PrFAR, are in different orientations and thus determine binding
specificity by interacting with different PriA residues (Fig. 2 and
Figs. S1C and S2). Because of the larger size of PrFAR, the found
specific ligand interactions with PriA residues exceed those of
rCdRP. In addition, some of the interactions with PrFAR require
major active site loop movements, using the PriA apo conforma-
tion as reference. Notably, in the structure of the PriA-rCdRP
complex, Asp130 is shielded away from the anthranilate carbox-
ylate group of the ligand by Arg143, which inserts its guanidinium
group like a finger in between Asp175, Thr170, Asp130, and the
rCdRP molecule (Fig. 1B). The interaction is enabled because
of the Arg143/Trp145 switch, exchanging Trp145 and Arg143
in the PrFAR (his biosynthesis) and rCdRP (trp biosynthesis)
complexes with contributions to the ligand-specific active site
pockets. In the single-substrate HisA enzyme, the residue equiva-
lent to Asp130 in PriA was originally considered to be the second
catalytic residue for ProFAR isomerization (7, 9, 15, 16), whereas
the contribution of the equivalent of Asp175 was not tested.

Requirements for Bisubstrate Catalysis in PriA. To further investigate
our findings, we measured the catalytic activities for both
isomerization reactions of the wild-type enzyme by steady-state
kinetics (Table 1). The catalytic efficiencies (kcat∕KM) are 1.2×

104 s−1 M−1 for ProFAR isomerization and 1.7 × 105 s−1 M−1

for PRA isomerization. The approximately 14-fold difference
in catalytic efficiency almost entirely originates from differ-
ences in substrate turnover (kcatðProFAR isomerizationÞ ¼ 0.23 s−1,
kcatðPRA isomerizationÞ ¼ 3.6 s−1), whereas the Michaelis constants
are almost identical for both reactions (KM

ProFAR ¼ 1.9×
10−5 M, KM

PRA ¼ 2.1 × 10−5 M). Similar trends for the ratio
of ProFAR/PRA catalysis were also observed for the equivalent
single-substrate enzymes HisA and TrpF from Thermotoga mar-
itima (7).

In a series of subsequent experiments, we removed the side
chain-specific functions of several active site residues via site-
directed mutagenesis, and we biochemically characterized their
activities toward the two PriA substrates, ProFAR and PRA
(Fig. 3 and Table S2). Two PriA variants, D11A and D175A,
did not show detectable activity for either of the two catalyzed
reactions, thus supporting our structural data that suggested that
the two residues act as acid/base pair catalysts during isomeriza-
tion of both substrates ProFAR and PRA. We were particularly
interested in the functional roles of three key residues (Arg19,
Arg143, and Trp145) that are located on flexible active site loops
and are thus expected to play important roles in the substrate-
specific formation of the PriA active site (Fig. 1B). ProFAR
isomerization is largely diminished or even abolished when any
of the three residues is mutated, whereas PRA isomerization is
substantially affected in the R143A mutant only. The data thus
support a role for Arg19 (loop 1) as a substrate-specific recruiter
of Asp175 into the PriA active site for ProFAR isomerization (his
biosynthesis), as suggested by the structure of the PriA-PrFAR
complex. The structure of the PriA-rCdRP complex, by contrast,
suggests a role for Arg143 (loop 5) as an Asp175 recruiter for

Fig. 2. Active site structures of the PriA-rCdRP and PriA-PrFAR complexes. Each ligand (rCdRP,A; PrFAR, B) is shown in 2Fo-Fc electron density at a 1,5 σ contour
level. Hydrogen bonds between each ligand and PriA residues, in part mediated by ordered solvent molecules (red spheres), are represented with dashed lines.
Highlighted residues and ligands are shown in stick presentation, using atom-specific colors (oxygen, red; nitrogen, blue; sulfur, yellow; phosphorus, magenta).
The carbon atoms of PriA residues are colored according to the scheme used in Fig. 1; carbon atoms of ligands are in gray. Residues involved in side chain-
specific interactions with ligands are labeled. The labels of those residues that have been identified in catalysis or ligand-induced active site recruitment are
colored red. The remaining part of each PriA structure is shown in ribbon representation.

Table 1. Comparison of structural and functional properties of
the bisubstrate enzyme PriA and single-substrate enzymes
TrpF and HisA

mtbPriA tmHisA* tmTrpF*

ProFAR isomerization (his biosynthesis)

kcat [s−1] 2.3 × 10−1 6.7 × 10−1

KM [M] 1.9 × 10−5 6.0 × 10−7

kcat∕KM [M−1 s−1] 1.2 × 104 1.1 × 106

Catalytic residues D11/D175 D8/D169
Active site recruiter R19 none

PRA isomerization (trp biosynthesis)

kcat [s−1] 3.6 3.7
KM [M] 2.1 × 10−5 2.8 × 10−7

kcat∕KM [M−1 s−1] 1.7 × 105 1.3 × 107

Catalytic residues D11/D175 C7/D126
Active site recruiter R143 none

*Kinetic data taken from Henn-Sax et al. (7).
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PRA isomerization (Figs. 1B and 2A and Figs. S2B and S4B). The
structure of the PriA-PrFAR complex does not support such an
assignment for Arg143 in the catalysis of ProFAR isomerization,
because the residue does not participate in the PriA active site
conformation, adapted for ProFAR isomerization. However, in
this conformation, Arg143 forms a salt bridge with Glu109, which
is apparently critical to form the observed knot-like conformation
of loop 5, providing the basis of the observed Arg143/Trp145
switch (Fig. 1B).

Remarkably, the PriA variant, in which the other loop 5 switch
residue was mutated (W145A), shows little effect on PRA iso-
merization, but completely abolishes the ability of the enzyme to
isomerize ProFAR (Fig. 3 and Table S2). The data thus indicate
that the knot-like conformation of loop 5, observed only in the
PriA-PrFAR complex (Fig. 1B), is essential to properly position
Trp145 into the PriA active site conformation adapted for
ProFAR isomerization. In contrast, in the PriA-rCdRP complex,
the same residue does not participate in the active site, due to the
unrelated β-turn conformation of loop 5, thus explaining the lack
of any significant effects of this PriA variant on PRA isomeriza-
tion. Similarly, all remaining PriA variants (T105A, D130A, and
T170A) largely diminish or even abolish ProFAR isomerization,
while showing only minor effects on PRA isomerization (Fig. 3).
All these effects are supported by our structural data and demon-
strate the complexity of structural active site requirements for
ProFAR isomerization, exceeding those for PRA isomerization.

Relationship of the Bisubstrate PriA Isomerase to Corresponding Sin-
gle-Substrate Enzymes. In the next step of our analysis, we used
available structural data of several ðβ∕αÞ8-barrel enzymes from
the his and trp biosynthesis pathways (17) to elucidate possible
relationships between the bisubstrate enzyme PriA and the
equivalent single-substrate enzymes HisA and TrpF (Figs. S5
and S6). The structure-based sequence identity of PriA and HisA
is 24% and reveals identical or conserved residues along the en-
tire sequences. At the level of active site topography, the overall
similarity of HisA/PriA is also reflected by structural matches
of most of the conserved active site residues in both enzymes
(Fig. S5A). The observations point to a close evolutionary
relationship between PriA and HisA. However, in contrast to
available apo structures of PriA from M. tuberculosis (this contri-
bution) and S. coelicolor (12, 13), in which Asp175 is either
remote from the active site or invisible, requiring recruitment
into the active site upon substrate binding, in the available apo
structure of HisA from T. maritima (9), the equivalent residue
(Asp169) is oriented into the active site (Fig. S6A).

In contrast, superposition of the PriA structure onto TrpF does
not reveal significant structural similarity of the active site, except
a common phosphate-binding site at the C terminus of strand β7
(10) (Fig. S5B). In addition, none of the two catalytic residues in
TrpF (Cys7, Asp126) structurally matches the two PriA catalytic
residues (Asp11, Asp175). Moreover, in contrast to Asp175 in
PriA, which needs to be recruited into the active site of the
bisubstrate enzyme, both catalytic residues in TrpF are in rigid
β-strand positions (Fig. S6B), thus discarding a hypothetical
activation mechanism in TrpF by conformational changes of the
active site. Moreover, almost no conformational changes could be
detected in TrpF upon binding of the PRA isomerization product
analogue rCdRP (7, 8).

To experimentally validate these findings, we established an
approach to detect possible differences between the bisubstrate
enzyme PriA and the corresponding single-substrate enzymes
from T. maritima with two separate genes (7). We identified
and characterized six compounds that inhibited both PriA-cata-
lyzed reactions, ProFAR and PRA isomerization, by screening a

Fig. 3. Biochemical analysis of PriA ProFAR/PRA isomerization. Relative
catalytic efficiencies of several PriA variants (wild-type PriA ¼ 100%), in
which active site residues were mutated into alanines: ProFAR isomerization,
black bars; PRA isomerization, gray bars (A). The complete data are listed in
Table S2. The effects of the PriA mutations on ProFAR isomerization (B) and
PRA isomerization (C) are graphically mapped onto the respective PriA-
ligand complexes. The color codes of the mutated residues, shown in ball-
and-stick presentation, are red, <1% wt activity; orange, <5% wt activity;
green, <50% wt activity; blue, >50%wt activity. The orientation of PriA is
as in Fig. 1. Table 2. Effects of selected inhibitors on PriA (ProFAR, PRA), HisA

(ProFAR), and TrpF (PRA) activity

ID MW Ki
ProFAR [M] Ki

ProFAR [M] Ki
PRA [M] Ki

PRA [M]

PriA HisA PriA TrpF

#16827 296 1.3� 0.2 × 10−5 2.2� 0.4 × 10−4 3.6� 0.5 × 10−6 none
#17146 275 2.9� 0.3 × 10−5 3.0� 0.6 × 10−4 8.8� 2.2 × 10−6 none
#19746 297 7.2� 1.7 × 10−5 1.4� 0.2 × 10−4 2.4� 0.8 × 10−4 none
#20022 176 1.8� 0.1 × 10−5 7.0� 1.4 × 10−4 3.7� 0.7 × 10−5 none
#20138 539 1.3� 0.2 × 10−4 1.7� 0.5 × 10−4 4.1� 1.1 × 10−5 none
#20169 676 5.7� 1.0 × 10−5 3.2� 0.1 × 10−4 1.7� 0.5 × 10−5 none
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library of 20,000 small molecule compounds. The six compounds
were subsequently subjected to complete Michaelis–Menten in-
hibition analysis (Table 2). All selected compounds were compe-
titive inhibitors for PRA isomerization (Fig. S7), demonstrating
binding into the PriA active site. Several of them showed Ki
values below 10 μM for PRA isomerization. When we then tested
these compounds against the single-substrate T. maritima en-
zymes, all of them also inhibited ProFAR isomerization by HisA,
although with diminished affinities, confirming our findings of
a closely related ProFAR isomerization mechanism in the two
enzymes. In contrast, none of these compounds showed any
inhibition of the TrpF-catalyzed PRA isomerization, indicating
a level of active site structural differences in TrpF and PriA that
hinders cross-inhibition of the same reaction in the two enzymes.

Discussion
Our structural and biochemical data reveal the molecular me-
chanism of PriA catalysis of both ProFAR and PRA isomerization
with identical catalytic residues (Asp11, Asp175) and with a
substrate-specific recruitment mechanism for Asp175. Our data,
however, do not support previous hypotheses on either the
potential use of the twofold repeated half-barrel symmetry or
general loop flexibility considerations, which present features
largely shared by the bisubstrate PriA enzyme and the single-sub-
strate HisA enzyme (12, 14). These hypotheses were raised based
on available apo PriA structures only, without experiment-based
knowledge of the type of conformational changes associated with
substrate binding.

We next wondered what kind of structural constraints restrict
HisA and TrpF acting as single-substrate isomerases, in contrast
to PriA. Whereas for TrpF the answer is obvious—the respective
active site is too small to bind the HisA substrate ProFAR—the
reasons for single-substrate catalysis by HisA are less conceivable.
However, some rationalization is possible by a comparative
analysis of a conserved HisA key active site residue for specific
ProFAR isomerization: Asp127 (7). The equivalent position in
TrpF is replaced by other noncharged amino acids in all known
trpF sequences, suggesting that removal of the aspartate side
chain may be essential for PRA isomerization activity. Therefore,
it has remained an open question how PriA could tolerate an
aspartate in the same position (Asp130), despite PRA isomeriza-
tion activity. The structure of the PriA-rCdRP complex reveals
how the rCdRP molecule is shielded from potential repulsive
interactions with Asp130 by the insertion of the positively
charged side chain of Arg143 (Fig. 1B). The structural observa-
tions thus fit our biochemical data indicating that Arg143 is the
only residue, in addition to the catalytic residue pair Asp11/
Asp175, that is highly sensitive when mutated to both PRA
and ProFAR isomerization activity (Fig. 3). The structure-based
sequence alignment of HisA/PriA shows that whereas in known
PriA sequences this residue is highly conserved as an arginine, it
is variable in available HisA sequences (Fig. S5A), suggesting
that it could be a key contributor to the evolved bisubstrate spe-
cificity in PriA.

A comparison of the measured catalytic efficiencies both for
ProFAR and PRA isomerization in PriA and data from single-
substrate HisA and TrpF enzymes, however, reveals a negative
trade-off for bisubstrate specificity in PriA (Table 1). Most of
the reduction in activity is because of a substantial decrease in
substrate affinity. Similar trends were previously observed for the
equivalent enzyme from S. coelicolor (12, 13). A comparison of
the PriA-rCdRP and TrpF-rCdRP (7) product analogue structure
complexes may provide further hints for different substrate bind-
ing affinities in PRA isomerization that we observed in PriA and
TrpF. In the two structures, although the conserved phosphate
group-binding site for rCdRP is identical, the orientation of the
anthranilate group is opposite, leading to unrelated specific inter-
actions (Fig. S6C). Whereas in PriA the anthranilate carboxylate

group is deeply buried and hydrogen-bound by two conserved
active site residues (His50, Ser81) (Fig. 2A and Fig. S2B), in
the equivalent TrpF complex the same group is only loosely
bound to residues from loop 1.

Does this negative trade-off in PriA bisubstrate specificity
reflect evolutionary ancestry, and possibly even primitive enzyme
features, or evolutionary advantages such as adaptation to spe-
cific living conditions? Established evolutionary hypotheses,
which suggest that broad specificity could be precursors of re-
lated more specific enzymes (18), may point to PriA as a poten-
tial ancestral enzyme. This idea may be further supported by
ancestral properties of the actinobacteria phylum, however, with
largely undetermined relations to other bacteria phyla (19).
Therefore, ultimate proof of these observations will require
further studies of bacterial species without a trpF operon gene
under native living conditions. Nevertheless, irrespective of the
precise evolutionary relationships among PriA, TrpF, and HisA
enzymes, our data allow a mechanistic comparison with recent
laboratory-based evolution experiments to convert the scaffold
of the single-substrate substrate enzyme HisA from T. maritima
into an enzyme with TrpF-like properties catalyzing the isomer-
ization of PRA—albeit at the expense of its native ProFAR
isomerization activity (15, 20).

A comparison of the structure of PriA and that of the directed
evolution version of HisA (20) shows that two of the four mutated
HisA residues (D127V, D169V) have equivalents (Asp130,
Asp175) in the PriA active site with key roles for PriA catalysis,
as evidenced by our structural and biochemical data. As mutation
of Asp175 in PriA abolishes activity for both ProFAR and
PRA isomerization while being required for PRA isomerization
activity in HisA, the suggested role of the residue as an acid/base
catalyst inevitably needs to be carried out by a different active site
residue in the engineered HisA variant with TrpF-like activity,
assuming a similar biochemical isomerization mechanism. The
additional requirement for replacing Asp127 in the same HisA
variant to generate PRA isomerization activity fits all known TrpF
sequences without an aspartate in the equivalent position and
may be necessary because the local active site environment
in HisA is not sufficient to shield Asp127 from unwanted ligand
interactions in PRA catalysis. This is in contrast to the bisubstrate
enzyme PriA, in which the presence of an aspartate in the same
position is tolerated. Our structural data on the PriA-PrFAR
complex, by indicating direct involvement of Asp130 in catalysis,
also explain why this replacement in the HisA variant with TrpF-
like activity loses the original ProFAR isomerization activity (20).

We conclude that the solutions for generating PRA isomeriza-
tion activity either on the HisA scaffold by laboratory-based
evolution or on PriA, presenting a HisA-like scaffold, are differ-
ent. Whereas the directed evolution experiment has led to an
active site conformation with different functionality, with parallel
loss of the original activity, by replacing key active site residues,
we have found a flexible active site architecture in PriA that
involves identical residues for both ProFAR and PRA isomeriza-
tion. Comparison of our structural data suggests that an extraor-
dinary level of active site loop flexibility coupled with an active
site recruitment mechanism for Asp175 are key parameters for
its bisubstrate specificity properties and make it a paradigm for
substrate-induced active site metamorphosis of the same enzyme
scaffold. To the best of our knowledge, substrate-induced recruit-
ment of active site residues to generate distinct bisubstrate spe-
cificity is without precedence. The failure to capture a bisubstrate
profile by directed evolution experiments on the corresponding
single-substrate enzymes to date demonstrates the underlying
complexity of bisubstrate specificity.

Finally, comparison of our structural and functional data on
PriA fromM. tuberculosis and those from the two single-substrate
enzymes HisA and TrpF indicate substantial differences in the
active site architecture for PRA isomerization by PriA and TrpF,
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whereas the structural requirements for ProFAR isomerization
in PriA and HisA are highly conserved. These findings are sup-
ported by a lack of any measurable effect of six selected PriA
inhibitors for PRA isomerization in TrpF (Table 2). Although
the aim of this study was not drug discovery, our findings demon-
strate the potential of unraveling the structural and functional
details of molecular mechanisms in enzymes with suspected
altered specificity profiles, in this particular case genetically indi-
cated by the loss of the trpF gene in M. tuberculosis and related
organisms from the actinobacteria phylum. As shown by our
PriA inhibitor study, the identification of specific enzyme activity
mechanisms in potential protein targets that may be different
from other organisms, such as the pathogen host, may provide
unprecedented opportunities for the development of organism-
specific inhibitors and ultimately drugs.

Materials and Methods
PriA from M. tuberculosis, HisA from T. maritima, and TrpF from T. maritima
were expressed in Escherichia coli and purified by immobilized metal affinity
chromatography. For crystallization of the PriA-ligand complexes, drops
containing 300 μM (8 mg∕mL) PriA were mixed with either 5 mM ProFAR

or 5 mM rCdRP and mixed 1∶1 with the reservoir solution. PriA crystals
in the presence of ProFAR were obtained from 1.4 M tri-sodium citrate
dihydrate in 0.1 M Hepes (pH 7.5) buffer. PriA crystals in the presence of
rCdRP were grown from 32% (wt∕vol) PEG 6000 in 0.1 M sodium acetate
buffer (pH 5.7). The resulting X-ray structures were solved and refined to
a resolution of 2.5 Å (apo conformation), 2.4 Å (PriA-rCdRP), and 1.33 Å
(PriA-PrFAR). All PriA variants were biochemically investigated by steady-
state kinetics by either monitoring changes of the absorbance (ProFAR
isomerization) (21) or fluorescence (PRA isomerization) (22). A search for
potential PriA inhibitors was performed using a library of 20,000 small
molecule compounds (FMP). The library was designed to represent structural
diversity and predicted high solubility in water. Primary screening was
performed with compounds at a concentration of 50 μM each, using the
ProFAR isomerization assay, based on quantification of absorption decrease
at 300 nm.
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