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Abstract

Two structures of phosphoribosyl isomerase A (PriA) from Streptomyces coelicolor, involved in both histidine and tryptophan bio-
synthesis, were solved at 1.8 A resolution. A closed conformer was obtained, which represents the first complete structure of PriA, reveal-
ing hitherto unnoticed molecular interactions and the occurrence of conformational changes. Inspection of these conformers, including
ligand-docking simulations, allowed identification of residues involved in substrate recognition, chemical catalysis and conformational
changes. These predictions were validated by mutagenesis and functional analysis. Arg'® and Ser®' were shown to play critical roles

within the carboxyl and amino phosphate-binding sites, respectively; the catalytic residues Asp'' and Asp'*® are responsible for both

activities; and Thr'®® and Asp!'”!

, which make an unusual contact, are likely to elicit the conformational changes needed for adopting

the active site architectures. This represents the first report of the structure/function relationship of this (Bot)g-isomerase.

© 2007 Elsevier Inc. All rights reserved.
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Most members of the actinomycetes family lack a trpF
gene, which is involved in the tryptophan biosynthetic path-
way. The protein product of trpFis the (Bat)g-enzyme N'~(5'-
phosphoribosyl)anthranilate (PRA) isomerase (TrpF, EC
5.3.1.24), which converts the aminoaldose PRA into its cog-
nate aminoketose via an Amadori rearrangement [1].
Recently, the lack of a #rpF gene from the genomes of the
actinomycetes Streptomyces coelicolor and Mycobacterium
tuberculosis was experimentally clarified [2]. It was geneti-
cally demonstrated that these organisms contain a hisA
homologue, annotated as N’-[(5’-phosphoribosyl)formimi-
noJ-5-aminoimidazole-4-carboxamide ribonucleotide (Pro-
FAR) isomerase (HisA, EC 5.3.1.16), which is not only
involved in histidine biosynthesis but also in the cognate
isomerisation reaction catalysed by TrpF (Fig. 1). Thus,
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these actinomycetes-specific his4 homologues were renamed
priA (from phosphoribosyl isomerases A).

The evolution of the dual-substrate specificity of this
unique (Pa)g-isomerase has remained elusive; sequence
analyses proved insufficient to identify relevant residues,
which came as a surprise since the substrates PRA and Pro-
FAR must impose significant functional constraints upon
PriA, as they are different in size and in the total number
of phosphoribosyl moieties that they contain (Fig. 1);
moreover, the striking structural similarities between HisA
and PriA [3] suggest that changes leading to the appearance
of PriA dual-substrate specificity must be very subtle.
Thus, it was clear that if the dual-substrate specificity of
PriA was to be understood at the molecular level, the
structure/function relationship of this enzyme ought to be
established. With this aim in mind, we previously purified,
crystallised and assayed the recombinant form of this
enzyme for its TrpF activity [4] but unfortunately failed
to solve the structure, until recently. Soon after this report
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Fig. 1. Enzymatic reactions of PriA, HisA and TrpF. (i) PriA, HisA and TrpF catalyse Amadori rearrangements upon analogous phosphoribosyl
substrates. PriA (R =R; or R;), HisA (R =R;) or TrpF (R =R,). The products of ProFAR and PRA are N’-[(5'-phosphoribulosyl)formimino]-5-
aminoimidazole-4-carboxamide ribonucleotide (PRFAR) and 1-[(2-carboxyphenyl)amino]-1-deoxyribulose 5-phosphate (CdRP), respectively.

was published, a crystallographic structure of PriA of S.
coelicolor at 1.8 A resolution was published [3] showing
that PriA adopts the anticipated (Pa)g-fold consisting of
two symmetrical (Bo)s-halves. Unfortunately, some of PriA
funcional loops (P — o) lacked electron density in this
structure (PDB: 1vzw), which undermined any rational
mutagenesis experiments, leaving the structure/function
relationship of this bifunctional enzyme undefined.

Here, we report the structural elucidation of two differ-
ent conformers of PriA (1.8 A) obtained under identical
conditions, by means of the Multiwavelength Anomalous
Dispersion (MAD) method. One of these structures is a
closed conformer, which contains all of PriA loops. Nota-
bly, these findings have brought about novel structural
insights including hitherto unnoticed molecular interac-
tions, which were functionally characterised. We anticipate
that the structure/function relationship of PriA established
here will allow rational design of novel drugs targeting this
enzyme present in M. tuberculosis. Moreover, these results
may have a fundamental bearing on the evolution of the
(Po)g-fold as a whole, where co-occurrence of natural con-
formers and the link of these with the functional and struc-
tural versatility of the (Pa)g-barrels may become a
recurring theme.

Materials and methods

Crystallisation, X-ray data collection, structure determination and
refinement. Wild-type PriA and the mutant PriA_Ile®’Met, which was
seleno-methionine (Se-Met) substituted, were purified and crystallised as
previously reported [4]. For production of Se-Met substituted PriA, the
methionine auxotrophic Escherichia coli strain B§34(DE3) and M9 mini-
mal medium were used [5]. Protein expression was induced with IPTG to
1 mM at an ODggo of 0.6, and cell-growth was allowed to continue at
293 K for 16 h. 2-Mercaptoethanol was used at 2 mM in all buffers when

purifying the Se-Met substituted variant. Both native and Se-Met data sets
were collected at the ESRF (Table S1, Supplementary Information). Data
were processed using the HKL suite of programs [6]. The crystallographic
phase problem was solved by SOLVE [7] using Se-edge MAD data and the
resulting electron density map was interpreted by RESOLVE [8,9].
Refinement of the structures was carried out by alternate cycles of REF-
MAC [10] and manual refitting using O [11]. Water molecules were added
to the atomic model automatically using ARP [12] at the positions of large
positive peaks in the difference electron density, only at places where the
resulting water molecule fell into an appropriate hydrogen-bonding
environment. Restrained isotropic temperature factor refinements were
carried out for each individual atom. The coordinates for wild-type PriA
were deposited into the Protein Data Bank under the accession number
2vep.

Construction of PriA mutants. Single amino-acid mutations of PriA in
pGEX-4T-1 were constructed using the megaprimer method [13]. The
expression vector pET-PriASc [4] was mutated with a site directed
mutagenesis kit (Stratagene) using standard conditions. All constructs
were sequenced using vector universal primers prior to functional
analyses.

Functional characterisation of PriA mutants. Complementation of
E. coli hisA and trpF minus mutants was used for functional character-
isation of mutated PriAs, since it has been shown that growth kinetics of
E. coli mutants complemented with HisA and TrpF enzymes expressed in
trans correlates well with enzyme kinetic parameters [1,14,15] allowing for
a large number of mutant variants to be rapidly analysed. The histidine
auxotroph used was HfrG6 hisA [16] and due to the uncharacterised
requirement for Difco casamino acids of the available #rpF mutant, i.e.
W3110 trpC (Fdel), a trpF mutant (termed FBG-Wf) was constructed in a
prototrophic background (JM101) using the lambda RED mutagenesis
method (see Supplementary Information). Quantitative data from the
complementation assays was obtained by growing the auxotrophic
mutants bearing the pGEX-PriA constructs in LB broth with ampicillin
(200 pg ml~Y) for 4 h, after which the cells were harvested by centrifuga-
tion (10 min, 1000g) and thoroughly washed three times. Twenty micro-
litres of pre-adjusted cell suspensions (1x 104 cells ml™!) were used to
inoculate in parallel LB-ampicillin and M9 plates. The pGEX-PriA
derivatives were selected in M9 by their ability to rescue amino-acid
auxotrophy, such that the ratio of the colony-forming units (CFUs) grown
on LB over M9 plates could be established in terms of growth require-
ments. A decrease of ~10% CFUs on the M9 plate using wild-type PriA
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was reproducibly recorded, and this ratio (~0.9) was normalised as 1 to
quantitatively determine the effect of any given mutation. Growth time
was recorded when colonies 0.1 mm in size could be detected.

Solubility assays or PriA mutants. Protein solubility assays in vivo were
prepared using CoFi, which is a colony Western blot protocol that dis-
criminates between soluble and insoluble proteins (see Supplementary
Information). In vitro solubility assays were done using the same condi-
tions and system as for expression and purification of wild-type PriA [4].

Results and discussion
Structure determination of a novel conformer of PriA

The Se-Met substituted (open conformer) and wild-type
(closed conformer) structures of PriA are virtually identical,
both in terms of their crystallographic parameters (Table S1,
Supplementary Information) and the overall model they rep-
resent (0.32 A rmsd for 199 common C, atoms). Ordering of
different loops could in principle be related to the resolution
at which each structure was refined, although both structures
were elucidated at 1.8 A resolution. The Se-Met derived
model was refined against a near complete data set com-
prised of the first 30° of data collected at the beginning of
the MAD experiment. There were no further features in

the electron density map observed from this refinement, leav-
ing the same loops disordered as for the full dataset. There-
fore, the observations discussed cannot be interpreted as a
result of X-ray induced radiation damage; rather they are
an intrinsic feature of the structures.

Since the crystallisation conditions used for wild-type
PriA (PDB: 2vep) and Se-Met substituted PriA were iden-
tical, it can be concluded that these solved structures of
PriA are crystallographically equivalent, implying natural
co-occurrence of conformers. This conclusion is supported
by the fact that the previously determined wild-type struc-
ture of PriA (PDB: 1vzw) elucidated at 1.8 A resolution
using virtually identical conditions, includes the same dis-
ordered loops [3]. Furthermore, superimposition of the
structures reported here demonstrates that loops 1 and 6
undergo conformational changes: whereas the rmsd of
the superimposed structures is only 0.32 A, the distance
between the last residues of loops 1 and 6 that appear well
defined in the Se-Met structure, i.e. Gly* (loop 1) and
Ala'® (loop 6), is of 4.83 and 4.11 A, respectively. Interest-
ingly, these conformers co-occur irrespective of the pres-
ence of substrates since both structures have bound
sulphate ions (Fig. 2).
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Fig. 2. Structural comparison of PriA conformers. (A) Bound sulphate ions (sulphur atoms in yellow) and the catalytic residues Asp'' and Asp'>® are
shown in a stick representation. The functional loops 1 and 6 in the closed conformer are coloured in magenta and the distance measured between residues
Gly® (loop 1) and Ala'® (loop 6) (4.83 and 4.11 A, respectively) is shown with arrows (drawn with PyMOL). (B) Secondary structures and relevant

residues of PriA are shown: Asp'' and Asp'*® are marked with an asterisk; Thr

166

and Asp'”! are underlined; N-terminal (green) and C-terminal (red) PBS

residues, including Arg'® and Ser 8!, are also underlined. The regions that are missing from the open conformer are highlighted with magenta boxes. See
text for further details. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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The bifunctional active site of PriA

The functional and flexible loops 1 and 6 of wild-type
PriA interact through a hydrogen bond formed by the
backbone atoms of residues His*? and Asp'’!. Remarkably,
these flexible loops, together with loop 5, which lacks some
of the side-chains of its arginine residues (implying flexibil-
ity), follow B strands where residues presumed to be cata-
lytically important for the HisA activity of PriA are
present. These residues are Asp'' (B1), Asp'*® (B5) and
Thr'® (B6), which by analogy with HisA data [1,14,15]
are presumed to be catalytically essential. As expected,
mutation of Asp'" and Asp'* into alanine abolished both
activities of PriA implying a direct catalytic role of these
residues as either the general acid or the general base.
These results were confirmed by protein solubility assays,

Table 1

Functional analysis of PriA mutant variants

Mutation  TrpF Time®  HisA Time®  Protein
activity® (h) activity® (h) solubility®

Wild-type 1 31 1 40

Asp''Ala 0 0 0 0 +

Arg?Ala >1 31 0 o +

Ser®'Thr 0 oo 0.93 71 +

Asp'*®Ala 0.01 0 0 0 +

Asp*°Gln 0 0 0 0 +

Thr'Ala 0 0 0 00 +

Asp''Ala 0.14 74 0 ) +

(-) control 0 9 0 00

# The value reported (0-1) is a ratio of the total number of CFUs on LB
over that on M9, and normalized against the data obtained for wild-type
PriA, which equals 1. The mean value from at least three independent
experiments is reported.

® Time elapsed before appearance of visible colonies (0.1 mm in size); oo,
did not complement.

¢ The solubility of PriA mutants was determined both in vivo and in vitro
(see Supplementary Figure S1).

showing that loss of the TrpF and HisA activities of these
PriA mutants is unrelated to insolubility problems (Table 1
and Figure S1, Supplementary Information).

It was interesting to note, however, that the mutant var-
iant PriA_Asp'*°Ala occasionally showed very low levels
of TrpF activity. The odd colonies that appeared were re-
grown, their plasmids extracted, and re-sequenced to con-
firm the integrity of the constructs. This result is consistent
with previous experiments with HisA [14,15] in which as a
prerequisite for the TrpF activity of the mutant
HisA_Asp'?’X, the presence of an uncharged residue in
this position was established. We therefore constructed
the mutant PriA_Asp130Gln, and in accordance with this
observation, the TrpF activity of PriA was completely
abolished (Table 1). Analogous to hydrolysis of bacterial
peptidoglycans by lysozymes [17] one plausible mechanism
for TrpF’s activity of HisA_Asp'?’Val and PriA_Asp'*Ala
would be substrate-assisted acid catalysis involving the car-
boxylate of the anthranilate moiety.

Further light into the exact catalytic role of Asp'' and
Asp'*°, was shed by ligand-docking simulations upon both
structures using the products PRA and PRFAR. Coherent
results could only be obtained using the closed conformer,
implying that this may indeed be the catalytically relevant
conformer of PriA. In agreement with previous data for
HisA homologues [1,18] these simulations suggest that Pro-
FAR is oriented such that the phosphoribosyl moiety that
is attacked during catalysis interacts with the C-terminal
phosphate-binding site (PBS). In contrast, only the N-ter-
minal PBS appears to bind PRA (Fig. 3). Interestingly,
the orientations encountered for PRA and ProFAR may
imply that PriA may use Asp'' and Asp'* differentially
as the general acid or the general base, depending upon
which substrate is bound. The general base, which is
responsible for abstracting a proton from the carbon atom
next to the imine of the intermediary would be Asp'' for
the HisA activity (5.02 A) and Asp'*° for the TrpF activity

Fig. 3. The bifunctional active site of PriA. Ribbon diagram of the closed conformer of PriA coloured in blue (N-terminus) through to red (C-terminus)
docked with PRFAR (A) and PRA (B). The ligand-docking simulations were done with Molegro Virtual Docker [20] using 3D coordinates of PRA
obtained with PRODRG [21] and the reduced form of PRFAR (PDB: 1jvn). (For interpretation of the references to colour in this figure legend, the reader

is referred to the web version of this article.)
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o

Fig. 4. Key molecular interactions of PriA. Hydrogen bonds are drawn as thin lines. The SIGMAA [22] weighted 2mFo-AFc electron density using phases
from the final model is contoured at 1o level, where ¢ represents the rms electron density for the unit cell. Contours more than 1.4 A from any of the
displayed atoms have been removed for clarity. (A) The N-terminal PBS, including Ser®'. (B) The C-terminal PBS, including Arg'. (C) The unusual

contact (2.57 A) between Thr!® and Asp'”! is shown as a red dotted line. Residue Asp

would appear in front of Thr'®® and Asp'’".

(4.85 A), and vice versa for the general acid. An interesting
mechanistic implication of this proposal is that the bifunc-
tionality of PriA may be regulated by the protonation state
of these aspartate residues, which in turn may be mediated
by subtle conformational changes.

The dual-substrate specificity of PriA

To experimentally validate the proposed specificities for
PRA and ProFAR, the PBSs of PriA were scrutinised. Of
the different residues participating in substrate recognition
within either PBS, Ser®! (N-terminal) and Arg' (C-termi-
nal) were found to provide conclusive functional informa-
tion. In bona fide bifunctional PriA homologues, the N-
terminal PBS motif appears to be SGG, whereas in HisA
monofunctional enzymes this motif is GGG (F.B.G.,
unpublished results). Although Ser®! is not directly inter-
acting with the sulphate ion, it may potentially have a
key role on substrate recognition since it forms a hydrogen
bond with a molecule of water that contacts the sulphate
ion (Fig. 4A). Motivated by this structural observation,
we constructed the mutant PriA_Ser®' Thr with the expecta-
tion that a longer side-chain could interfere with this recog-
nition process. Interestingly, this mutation completely
abolished the TrpF activity of PriA, but not its HisA activ-
ity, supporting the notion that only the N-terminal PBS
binds PRA. This conclusion was supported by the fact that
mutation of Arg'®, which directly binds the sulphate ion
with its side-chain (Fig. 4B), abolished exclusively the HisA
activity.

A molecular switch for Prid conformational changes?

The equivalent residue of Thr'®® in HisA has been
shown to be catalytically essential [1], although its exact
role remains to be elucidated. As expected, mutation of this
residue in PriA completely abolished both the HisA and

130 was omitted to allow proper visualisation, but if included, it

TrpF activities. This result was complemented with solubil-
ity assays making it unlikely that this double phenotype is
due to protein solubility problems (Table 1 and Supple-
mentary Figure S1). At a first glance, this would imply
involvement of this residue during chemical catalysis per
se. However, we could not find any sound structural evi-
dence for Thr'® acting as a catalytic residue (Fig. 3). In
contrast, it should be noted that the structure of the HisA
orthologue from Saccharomyces cerevisiae, termed Hiso,
has been recently reported [18] showing that this residue
is not conserved. Moreover, as it can be seen in the
zoom-in of Fig. 4C the side-chain methyl group of Thr'®
is making a short contact (2.57 A) with the carboxylate
of Asp'”!, which is also involved in closing the active site
together with His*>. Short C-H...O hydrogen bonds are
relatively rare, but have been seen before [19]. The electron
density and the corresponding model are well defined at
this region and therefore this observation cannot be
regarded as an artefact. Based on this observation, it is
tempting to speculate that this unusual contact is acting
as a molecular switch that may mediate between the two
naturally co-occurring conformers of PriA. In support of
this, mutation of Asp171, which is unlikely to have a cata-
Iytic role, abolished the HisA activity completely, and the
TrpF activity was decreased by tenfold. Interestingly, this
unusual contact is absent from any of the HisA structures
that have been so far solved, despite the fact that these res-
idues are 100% conserved.
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Appendix A. Supplementary data

Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/j.bbrc.
2007.10.101.
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