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Mycobacteria express enzymes from both the de novo and purine-salvage
pathways. However, the regulation of these processes and the roles of indi-
vidual metabolic enzymes have not been sufficiently detailed. Both Myco-
bacterium tuberculosis (Mtb) and Mycobacterium smegmatis (Msm) possess
three guaB genes, but information is only available on guaB2, which
encodes an essential inosine 5'-monophosphate dehydrogenase (IMPDH)
involved in de novo purine biosynthesis. This study shows that guaBl,
annotated in databases as a putative IMPDH, encodes a guanosine 5'-
monophosphate reductase (GMPR), which recycles guanosine monopho-
sphate to inosine monophosphate within the purine-salvage pathway and
contains a cystathionine-B-synthase domain (CBS), which is essential for
enzyme activity. GMPR activity is allosterically regulated by the ATP/GTP
ratio in a pH-dependent manner. Bioinformatic analysis has indicated the
presence of GMPRs containing CBS domains across the entire Actinobac-
teria phylum.

Introduction

Purines, as the basic building block of nucleic acids,
energy metabolites, cofactors, signalling molecules and
metabolic intermediates, are essential components of
living organisms. In most organisms, there are two
pathways for purine nucleotide biosynthesis: (a) the de
novo pathway, in which nucleotides are synthesised
from 5'-phospho-a-p-ribose-1'-diphosphate (PRPP) in a
series of reactions; and (b) the salvage pathway, in
which corresponding purine nucleotides, nucleosides
and free bases are interconverted (Fig. 1A) [1]. Myco-
bacteria, including Mycobacterium smegmatis (Msm)
and Mycobacterium tuberculosis (Mtb), express enzymes
from both the de novo and purine-salvage pathways.

Abbreviations

However, the interdependence and regulation of these
processes during different stages of the mycobacterial
life cycle remain unclear [2]. Several de novo pathway
enzymes have recently been shown to be expressed in
dependence on the cell cycle progression in Mtb [3]. On
the other hand, the enzyme amidophosphoribosyltrans-
ferase (PurF, EC 2.4.2.14), catalysing the first step of
purine de novo synthesis, is required for the late station-
ary phase adaptation during hypoxia in Msm [4]. Nev-
ertheless, detailed data on purine metabolism in
mycobacteria are still scarce. It is generally supposed
that the less energetically demanding salvage pathway
contributes to the purine homeostasis under low energy

CBS, cystathionine-p-synthase domain; GMPR, guanosine 5-monophosphate reductase; IMPDH, inosine 5-monophosphate dehydrogenase;

Msm, Mycobacterium smegmatis; Mtb, Mycobacterium tuberculosis.
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Fig. 1. (A) A simplified scheme of purine metabolism in mycobacteria. In the first step of the de novo purine biosynthesis, the enzyme
amidophosphoribosyltransferase (PurF) catalyses the conversion of 5-phospho-a-p-ribose 1-diphosphate (PRPP) to 5-phospho-p-o-
ribosylamine (PRA). Subsequently, 10 enzymatic reactions are required for the generation of inosine 5'-phosphate (IMP, in red). IMP is then
converted to adenine and guanine nucleotides in two independent parallel step reactions. Individual purine nucleotides, nucleosides and
nucleobases could be interconverted via the salvage pathway. Enzymes are labelled in light blue. ADSS, adenylosuccinate synthase (PurA);
ADSL, adenylosuccinate lyase (PurB); IMPDH, IMP dehydrogenase (GuaB2); GMPS, GMP synthase (GuaA); 5-NTase, 5'-nucleotidase; AdoK,
adenosine kinase; NSase, purine nucleoside hydrolase (lunH); PNP, purine nucleoside phosphorylase (DeoD); ADD, adenosine deaminase;
APRT, adenine phosphoribosyltransferase; HGPRT, guanine phosphoribosyltransferase. (B) A comparison of the genomic localisation of
guaB1, guaB2 and guaB3 genes. The chromosome position of guaB1, guaB2 and guaB3 genes in Mtb and Msm (left). The homology and
identity of the individual genes are shown in the table on the right. (C) The Msm GuaB1 (GenBank # ABK74721), GuaB2 (GenBank #
ABKB69632) and GuaB3 (GenBank # ABK75325) amino acid alignment by cLusTaL Q software. Identical amino acid residues are marked by
black and similar by grey boxes. The amino acid residues involved in K*, IMP and NAD* binding in the structure of the GuaB2ACBS
complex with XMP and NAD* [13] are shown by black, red and blue arrows respectively. The GuaB2 catalytic loop is framed in orange, the

catalytic Cys325 residue is in orange and the amino acid sequence of the CBS domain (Glu110-Arg236) is underlined by a black line.

availability and is involved in extracellular purine utili-
sation in mycobacteria [5,6].

The hub metabolite for the biosynthesis of guano-
sine monophosphate (GMP) and adenosine monopho-
sphate (AMP) is inosine monophosphate (IMP). In
mycobacteria, IMP is converted into xanthosine mono-
phosphate (XMP) by an NAD™-dependent inosine
monophosphate  dehydrogenase = (IMPDH, EC
1.1.1.205) encoded by the guaB2 gene (MSMEG_1602
in Msm and Rv34/lc¢ in Mtb). This reaction is an
essential rate-limiting step in the de novo biosynthesis
of guanine nucleotides [6-18]. In subsequent reactions,
ATP-dependent GMP synthetase (EC 6.3.5.2) catalyses
the conversion of XMP to GMP, which can either be
further converted into GDP and GTP or back to IMP
by a two-step reaction catalysed by an NADPH-
dependent guanosine 5-monophosphate dehydroge-
nase (GMPR, EC 1.7.1.7). During the first step, GMP
is deaminated and the covalent intermediate adduct
GMPR-XMP* and NHj; are formed. In the second
step, the intermediate adduct is reduced to IMP by
NADPH, and both reaction products (NADP* and
IMP) are released from GMPR [19].

IMPDHs and GMPRs belong to the IMPDH
enzyme family. The members of this family share sev-
eral common structural features, including a (p/a)g
barrel structure of the catalytic domains which form a
tetramer or an octamer. They also share the modes of
ligand binding and the formation of a covalent
enzyme-XMP* catalytic intermediate [19-21]. A struc-
tural feature characteristic of IMPDHs is the presence
of cystathionine-p-synthase domains (CBSs; CBS
dimers are called Bateman domains), which usually
regulate enzymatic activity or multimerisation upon
nucleotide binding [13,22-25]. The deletion of the
IMPDH CBS in Escherichia coli causes the dysregula-
tion of the adenine and guanine nucleotide pool
[26,27]. So far characterised GMPRs from different

organisms, except for those described for the patho-
genic protozoans Trypanosoma brucei (Tb GMPR)
[28], Trypanosoma congolense (Tc GMPR) [29] and
Leshmania donovani (Ld GMPR) [30], do not possess
the CBS domain. The structural analysis of Tb GMPR
has recently shown that ATP induces octamer dissocia-
tion, while guanine nucleotides do not influence the
enzyme’s oligomeric state [31].

Whereas IMPDH activity is strictly required for
guanine nucleotide metabolism, the role of salvaging
GMPR reductase activity at different bacterial life
cycle stages and under stress conditions is still not well
understood. GMPR is not essential for the growth of
either Gram-negative bacteria such as E. coli [32,33] or
Gram-positive species such as Bacillus subtilis [34], and
its expression can be regulated by the intracellular
ratio of adenine and guanine nucleotide pools [35,36].
The presence of an enzyme with GMPR activity in
mycobacteria has not yet been identified.

Three GuaB proteins belonging to the IMPDH fam-
ily are encoded in the Mtb genome (Fig. 1B). The
exclusive IMPDH activity has been confirmed only for
GuaB2 [16], while the GuaBl and GuaB3 catalytic
activities have not identified yet. The random saturat-
ing transposon mutagenesis of the Mtb genome has
shown that the guaB3 gene is required for the in vitro
growth on the minimal [37] as well as on rich media
[38,39] but the guaBI gene is dispensable. The guaB2
and guaB3 genes are separated by a 19-bp DNA linker
in one operon unit, whereas guaB]I is distantly located
in an independent operon unit. Msm guaB genes have
a similar genome organisation and the corresponding
Mtb and Msm GuaB proteins show a homology of
more than 90% (Fig. 1B). The amino acid alignment
of Msm GuaB proteins shows that GuaBl is more
sequentially similar to GuaB2 (IMPDH) than to
GuaB3 (Fig. 1C). While GuaB1 and GuaB2 have simi-
lar length, GuaB3 lacks the corresponding sequence of
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the GuaB2 CBS domain. The majority of the amino
acid residues involved in the IMP and NAD" binding
in GuaB2 are not present in GuaB3, but most of them
are conserved in GuaBl1 (Fig. 1C). The GuaB2 active-
site loop involving the catalytic Cys325 residue is con-
served in GuaBl but not in GuaB3. However, no
structural data and biochemical characterisation of
mycobacterial GuaB1 or GuaB3 are available yet.

This study shows that the Msm and Mtb guaBl
genes encode an active guanosine 5'-monophosphate
reductase, which is not essential for bacterial survival
but contributes to the recycling of purine nucleotides.
The activity of Msm GMPR is allosterically regulated
by the ATP:GTP ratio only at pH values below 7, sug-
gesting different GMPR activities in growing bacteria
and during latent infection when the intracellular pH
decreases [40-42]. X-ray crystallography has confirmed
that Msm GMPR contains the CBS domain with an
atypical position in the octamer. Phylogenetic analysis
has indicated the presence of guaBl-encoded GMPRs
with CBSs throughout the Actinobacteria phylum.

Results

Msm GuaB1 is an NADPH-dependent GMPR
involved in the purine-salvage pathway

To investigate the potential role of GuaBl in myco-
bacterial purine nucleotide biosynthesis, we knocked
out the guaBl gene in Msm. As a control, we also
knocked out the guaB2 gene encoding IMPDH. The
AguaBl Msm strain did not require any purine supple-
ment for the growth and did not exhibit any growth
defects in media containing hypoxanthine, guanine and
adenine (Fig. 2A), indicating that GuaB1 is not essen-
tial for Msm growth on the synthetic 7H10/ADC agar
medium. As expected, the IMPDH-null AguaB?2 strain
exhibited guanine auxotrophy; it grew only in a
medium supplemented with guanine and not in media
supplemented with hypoxanthine or adenine (Fig. 2A).

Next, we blocked the de novo purine metabolic path-
way by knocking out the essential purF gene, which
encodes amidophosphoribosyltransferase, catalysing
the first step of purine de novo biosynthesis (Fig. 1A),
and compared the growth of the AguaBIApurF strain
with wt and ApurF Msm strains [43,44]. For its
growth, the ApurF strain needed an external source of
purine such as hypoxanthine, adenine or guanine
(Fig. 2B), which serve as precursors for purine metab-
olism via the corresponding salvaging enzymes (Fig. 1
A) [44]. The AguaBIlApurF strain grew on media con-
taining adenine or hypoxanthine but not on media
containing guanine as the sole purine source (Fig. 2B).

Z. Knejzlik et al.

The defect of guanine utilisation in the AguaBIlApurF
strain confirmed the involvement of Msm GuaBl in
the guanine-derived metabolite interconversion to
other purines through the purine-salvage pathway. The
growth of the AguaBIApurF Msm strain on media sup-
plemented with guanine was restored by complemen-
tary expression of Msm or Mtb GuaBl from an
integrated pFLAG plasmid (Fig. 2C,D), which demon-
strates that both Msm and Mtb GuaBl function
within the guanine-salvage pathway.

To further biochemically characterise GuaBl1, we
produced recombinant Msm GuaBl1 in E. coli. Never-
theless, because of the tendency of Mtb GuaBl to
form inclusions, we did not receive the soluble Mtb
GuaBl1 from this expression system. Finally, we were
able to produce a low amount of Mtb GuaBl in the
Msm AguaBl strain. Therefore, we compared only the
basic activities of Msm GuaBl and Mtb GuaBl
enzymes and performed a detailed kinetics analysis
only for Msm GuaBIl. To avoid the loss of detected
activities, we used a higher concentration of Msm and
Mtb GuaB1 (500 nm) to detect the dependence on
NADPH and different guanine nucleotides in the spec-
trophotometric assay (Fig. 2E). Importantly, we
detected activity in the presence of GMP but not in
the presence of the other guanine nucleotides tested
with both enzymes. Chromatographic analysis of the
enzymatic mixture showed the formation of IMP and
NADP* (Fig. 2F). Our results have confirmed that
GuaBl (hereafter referred to as Msm GMPR) func-
tions as a mycobacterial NADPH-dependent guano-
sine 5'-monophosphate dehydrogenase catalysing the
reduction in GMP to IMP and ammonium with the
concomitant oxidation of NADPH (Fig. 2G).

To assess the effect of guaBl gene deletion on purine
composition, we analysed the intracellular purine metab-
olites in the wt and AguaB! strains during exponential
growth using the fast acetic acid metabolome extraction
approach in combination with hydrophilic interaction
liquid chromatography (HILIC) coupled with UV/MS
detection [45]. Both strains contained comparable
amounts of adenine and guanine nucleotides (Fig. 3A).
To evaluate the influence of guaBl gene deletion on
Msm growth, wt, AguaBl and AguaBIpFLAGguaBI
strains were cultivated in the 7TH9/ADC medium at pH
5.5 and 6.9, mimicking macrophage intracellular pH, at
which mycobacteria survive, and the pH during the repli-
cation respectively. The AguaBI strain showed the slower
growth rate in the late exponential phase compared to
the wt and AguaBIpFLAGguaB] strains at pH of 5.5.
However, the delayed growth effect of the AguaBI strain
was not detected at pH 6.9 (Fig. 3B). Furthermore, we
compared the viability of Msm wt, AguaBl and
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Fig. 2. An analysis of GuaB1 function and activity. (A) The growth of AguaB7 and AguaBZ2 strains in media supplemented with different
purine nucleotides. Exponentially grown Msm strains were spotted at three O.D.ggo values (1072, 107 and 107 on the 7H10/ADC medium
with or without a 100-um purine nucleobase supplement and incubated at 37 °C for 3 days. (B) The growth of the ApurF and AguaB1ApurfF
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the pFLAG plasmid carrying the Msm or Mtb guaB7 gene, were grown on the 7H10/ADC medium with or without 100 pm guanine and
hypoxanthine supplementation. The wt and ApurF strains are shown as controls. (D) The immunoblot analysis of the Msm and Mtb GMPR
expression in the parental AguaB1ApurF strain and pFLAG transformants using anti-Flag antibodies and membrane staining with Ponceau S.
(E) The determination of the guanosine 5-monophospate reductase activity of GuaB1 in vitro. The absorbance at 340 nm of reaction
mixtures containing 500 nm recombinant Msm or Mtb GuaB1, 100 pm NADPH and 1 mm guanine nucleotides (cGMP, GMP, dGMP, GDP
and GTP) or 1 mm guanosine (Guo) was continuously monitored for 30 min in MPH buffer at pH 7.8 at 25 °C. (F) An analysis of the reaction
mixture with and without Msm GuaB1. Reaction mixtures containing 200 pm NADPH and 100 pm GMP without GuaB1 (light-blue field) or
with 100 nm GuaB1 (orange field) were incubated for 30 min at 25 °C and analysed by UPLC on a reversed-phase column. The peaks were
identified based on nucleotide calibration standards. (G) A scheme of the GMPR reaction catalysed by GuaB1.
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AguaBIpFLAGguaBI1 strains under 45-day starvation
conditions at both pH values, 5.5 and 6.9 respectively.
As illustrated by Fig. 3C, GuaBl is not dispensable for
Msm adaptation to nutrient starvation and survival.

The dependence of GMPR activity on pH and
monovalent cations

We analysed Msm and Mtb GMPR activities at pH
values ranging from 6.2 to 9 (Fig. 4A). The pH optima

5576

time (Days)

were determined by plating on the 7H10/
ADC medium (error bars — SD, n = 2).

of Msm GMPR and Mtb GMPR were 7.4-7.8 and
7.6-8.2 respectively. Mtb GMPR activity was, how-
ever, significantly lower than that of Msm GMPR at
all tested pH values.

Trypanosomal GMPRs require monovalent ions for
catalytic activity, but the effect of individual cations
on these enzymes is different [28,29]. We analysed the
influence of monovalent cations on both Msm and
Mtb GMPR activity and detected negligible activity in
the presence of Nat and increasing activity as follows:
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NADPH and 100 pm GMP as substrates (error bars — SD, n=3). (B) The influence of monovalent cations on GMPR activity. Reaction
velocities were measured at pH 7.8 in the presence of 100 mm of the corresponding salts, 200 pm NADPH and 100 pm GMP (error bars —

SD, n=2).

Cs* ~ NH} < K* < Rb* (Fig. 4B). For Msm GMPR,
the initial velocities in the presence of Rb™ and K*
were 0.68 + 0.02 s~ and 0.60 + 0.01 s~ respectively.
The reaction velocities in the presence of Cs* and
NH; were reduced by approximately 40% to
0.36 + 0.01 s~' and 0.39 + 0.03 s™' respectively. Mtb
GMPR exhibited similar activity dependence on
monovalent ions.

GMPR activity is regulated by substrates and
reaction products

Next, we measured the kinetic parameters of Msm and
Mtb GMPR near their pH optima (pH 7.8). The plot
of the initial reaction velocity as a function of
NADPH concentration at a fixed GMP concentration
(100 pum) followed Michaelis—Menten kinetics for Msm
and Mtb GMPRs (Fig. 5A). The apparent Michaelis—
Menten constant (K,) values for NADPH were
30 £ 4 pm and 63 £ 7 pm for Msm and Mtb GMPR
respectively. The corresponding apparent limiting ini-
tial velocities were calculated as 0.73 4 0.03 s~ (Msm)
and 0.27 4 0.08 s~ (Mtb). The catalytic efficiency
value (kc./Kn) of Mtb GMPR was six times lower
when compared to its Msm counterpart (Table 1).

On the other hand, the plot of the initial reaction
velocity versus GMP concentration at a fixed
NADPH concentration (200 pm) for both Msm and
Mtb GMPR showed rather negative cooperativity,
unlike the Michaelis—Menten dependence (Fig. 5B).
The Hill coefficient (nyg) was calculated as
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0.53 £ 0.05 and 0.52 £ 0.03 for Msm and Mtb
GMPR respectively. The apparent Kys values for
GMP were 4.2+ 0.6 pm for Msm GMPR and
10.5 + 1.17 um for Mtb GMPR. The apparent Msm
GMPR 1y, value was approximately five times
higher in comparison with Mtb GMPR. Reaction
products and substrate analogues often inhibit enzy-
matic reactions. Therefore, we evaluated Msm GMPR
activity in the presence of IMP (product) and XMP
(reaction intermediate). Our analysis showed that
IMP (Fig. 5C) and XMP (Fig. 5D) are competitive
inhibitors of Msm GMPR with K; values of
10 £ 0.4 pm and 0.6 = 0.1 pm respectively.

The Msm and Mtb GMPR pH optima are approxi-
mately 1 unit higher in comparison with the intracellu-
lar pH of mycobacteria, which ranges between 6.5 and
7.2 in dependence on the bacterial physiological state
and extracellular conditions [40-42]. At slightly acidic
pH (6.6), we were able to determine kinetic parameters
only for Msm GMPR but not for Mtb GMPR due to
its low measurable activity (Fig. 4A). The apparent
Michaelis—-Menten constant (K;,,) and apparent limiting
initial velocity values for NADPH at pH 6.6 were
63 +4pm and 0.51 & 0.01 pm  respectively. Msm
GMPR showed approximately three times lower cata-
lytic efficiency at pH 6.6 in comparison with the opti-
mal pH 7.8 (Table 1). The initial velocity versus GMP
concentration plot for Msm GMPR still showed nega-
tive Hill cooperative dependence at pH 6.6 (Table 1).
The Kys5 GMP values at pH 6.6 and 7.8 were compa-
rable (Table 1).
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Fig. 5. The steady-state kinetics of the Msm and Mtb GMPR-catalysed reaction at pH 7.8. Reaction velocities were measured in 80 mm
MPH buffer, 100 mm KCI and 20 nm Msm GMPR and 40 nm Mtbh GMPR, respectively, at pH 7.8 and 25 °C. (A) The dependence of the
initial reaction velocity on the NADPH concentration at a fixed GMP concentration (100 pm). The data were fitted with the Michaelis-Menten
equation. The inner insert is a graph for Mtb GMPR (error bars — SD, n = 2). (B) The dependence of the initial reaction velocity on the GMP
concentration at a fixed NADPH concentration (200 pm). The data were fitted with the Hill (solid line) or Michaelis-Menten (dotted line)
equation. The inner insert is a graph for Mtb GMPR (error bars — SD, n = 3). (C) The inhibition of Msm GMPR activity by IMP shown in
Lineweaver-Burk representation. The IMP concentration is shown to the right of each line (error bars — SD, n=2). (D) The inhibition of
Msm GMPR activity by XMP shown in Lineweaver-Burk representation. The XMP concentration is shown to the right of each line (error
bars — SD, n=2).

Msm GMPR activity is inhibited by ATP in a pH-
dependent manner

We tested the effect of a physiologically relevant 1 mm
ATP or GTP on Msm GMPR activity in the presence
of 2mm MgCl, at fixed substrate concentrations
100 pv GMP and 200 pm NADPH. At pH 7.8, GTP
had only a minor positive effect and ATP only a
minor negative effect on the activity. At lower pH
values, however, the effects of ATP and GTP
increased (Fig. 6A). The inhibitory effect of 1 mm
ATP increased sigmoidally with decreasing pH (7.8—
6.4), plateauing at pH 6.6. In contrast, the activating
effect of 1 mm GTP increased linearly with decreasing
pH.
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In order to analyse the impact of GTP and ATP on
GMPR activity at pH 6.6 more deeply, we measured
the initial velocity of the reactions in the absence or
presence of these nucleotides versus GMP concentra-
tion (Fig. 6B, Table 1). At 1 mm concentrations, GTP
and ATP caused only minor changes to ny and Kj s.
The ny value changed from 0.67 + 0.04 to 0.65 £ 0.06
and 1.29 £ 0.18, respectively, and the K s value chan-
ged from 2.7+£03 to 3.5+£03 and 1.9 £ 0.1 pm
respectively. However, the changes to V7, were more
substantial. The addition of 1 mm GTP increased the
Vim from 0.39 4 0.01 to 0.51 +0.01s™' (a 36%
increase), whereas the addition of 1 mm ATP
decreased Vym to 0.056 & 0.001 s~ (an 86% decrease).
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Table 1. The basic kinetic parameters of reactions catalysed by Msm and Mtb GMPR under different conditions.

V?’\?v:) ngp (KSpSD) kcat/Km
Species pH Ligand Varied substrate T+SD {M+SD Dependence (M5!
Msm 7.8 NADPH 0.73 +£ 0.03 30 £ 4 MM eq. 0.024
Msm 7.8 GMP 0.66 + 0.02 42+ 0.6 Hill eq.
ny 0.53 £ 0.05
Msm 6.6 NADPH 0.51 £+ 0.01 63 + 4 MM eq 0.008
Msm 6.6 GMP 0.39 + 0.01 3.5+ 0.3 Hill eq.
ny 0.67 £ 0.04
Msm 6.6 1T mm GTP GMP 0.51 + 0.01 27 +03 Hill eq.
ny 0.65 + 0.06
Msm 6.6 1T mm ATP GMP 0.056 + 0.001 1.9 £ 0.1 Hill eq.
ny 1.29 +£0.18
Mtb 7.8 NADPH 0.27 £ 0.08 63 +£7 MM eq. 0.004
Mtb 7.8 GMP 0.13 £+ 0.01 105+ 1.17 Hill eq.
ny 0.52 + 0.03
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Fig. 6. The influence of ATP and GTP on Msm GMPR activity. (A) The dependence of the relative Msm GMPR activity on pH in the
presence of 1 mm ATP or GTP. The relative activity is the ratio of the initial velocity of the reaction with 1 mm NTP and the velocity of the
control reaction without NTPs. For ATP and GTP, the data were fitted with Hill and linear equations respectively. All reactions were
performed at fixed substrate concentrations (100 pv GMP and 200 um NADPH), 2 mm MgCl, and 100 nm Msm GMPR in 80 mm MPH
buffer at 25 °C (error bars — SD, n = 2). (B) The plots of the initial velocity versus GMP concentration in the presence of or without a ligand
and 1 mm GTP and 1 mm ATP at pH 6.6. All reactions were performed at fixed NADPH concentrations (200 pm) and 30 nmv Msm GMPR in
80 mm MPH buffer containing 2 mm MgCl, at 25 °C (error bars — SD, n = 2).

ATP-dependent Msm GMPR inhibition is restored
by increasing GTP concentration

In our experimental setup, Msm GMPR activity is
negatively regulated by 1 mm ATP but positively regu-
lated by 1 mm GTP at slightly acidic pH. In vivo, how-
ever, both ATP and GTP, the endpoint products of
the purine metabolic pathway, can concurrently affect
Msm GMPR activity. The relative Msm GMPR activ-
ity sigmoidally decreased with increasing ATP concen-
tration and the ICsy value calculated for ATP was
57+ 1pum at pH 6.6 (Fig. 7A). Therefore, we
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measured Msm GMPR activity in the presence of
57 um ATP or 570 pm ATP (10 x ICsp) at increasing
GTP concentrations (Fig. 7B). At both ATP concen-
trations, the activity increased sigmoidally from the
most inhibited to fully recovered. In the presence of
57 um ATP, half of the activity was recovered at
27 £ 2 um GTP. In the presence of 570 pm ATP, half
of the Msm GMPR activity was recovered at
470 £ 11 pm GTP. These results indicate that the
activity of Msm GMPR can be tightly regulated by
the ATP/GTP ratio.
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Fig. 7. Msm GMPR inhibition by ATP and the restoration of its activity by GTP. All reactions were performed at fixed substrate
concentrations (100 pm GMP and 200 pm NADPH), 2 mm MgCl, and 100 nv Msm GMPR in 80 mm MPH buffer at 25 °C, (A) The
dependence of the relative Msm GMPR activity on ATP concentration at pH 6.6. The relative activity is the ratio of the reaction velocity at
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n = 2). (B) The effect of GTP on Msm GMPR activity inhibited by ATP. The activity of Msm GMPR at increasing concentrations of GTP was
measured in the presence of 57 um ATP (orange open squares) or 570 pm ATP (red filled squares). The relative activity is the ratio of the

initial reaction velocities measured in the presence and absence of ATP and GTP (error bars — SD, n = 2).

The oligomerisation state of Msm GMPR is
regulated by ligands and pH

In order to determine whether the oligomerisation
state of Msm GMPR is regulated by nucleotide bind-
ing, we used size-exclusion chromatography to analyse
Msm GMPR in the presence of GMP, IMP, GTP and
ATP at various pH values (6.6, 7.3 and 8.2). The olig-
omeric state of the protein was then expressed as the
percentage of protein-forming tetramers (Fig. 8). In all
experiments, we observed only tetramers or octamers.

The apo forms of Msm GMPR and Msm GMPR
with GTP were present only as octamers at all the pH
values tested. Nevertheless, Msm GMPR with GMP,
IMP or ATP formed octamers and tetramers in a pH-
dependent manner; the higher the pH, the stronger the
effect of the ligands on the dissociation of the octa-
mers. At pH 8.2, 33-59% of the protein formed tetra-
mers. At pH 7.3, 15-21% of the protein formed
tetramers. At pH 6.6, the effect of the ligands was not
observable. This indicates that pH plays an important
role in the dissociation of Msm GMPR octamers to
tetramers in the presence of a substrate (GMP), prod-
uct (IMP) or activity effector (ATP).

Subsequently, we analysed the effect of GTP or
ATP on the oligomeric state of the GMPR:GMP com-
plex. Interestingly, both ligands induced octamerisa-
tion of the complex. At pH 8.2, the percentage of
Msm GMPR-forming tetramers decreased from 52%
to 8% in the presence of GTP and to 14% in the
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presence of ATP. At pH 7.3 and 6.6, no tetramers
were observed.

X-ray crystallography shows the unique position
of CBS domains in the Msm GMPR octamer

The structure of T. brucei GMPR is the only known
structure of GMPR that contains CBS domains [31].
The presence of CBS domains in GMPRs is unusual.
However, an analysis of the Msm GMPR amino acid
sequence and its alignment with sequence of Msm
IMPDH have shown that residues Arg92-Arg214 in
Msm GMPR are located at the position corresponding
to the IMPDH CBS (region Glul10-Arg236, Fig. 1C).
To confirm the presence of a CBS domain in Msm
GMPR and to learn how the structure of Msm
GMPR differs from the structures of other IMPDHs
and GMPRs, we determined the structure of Msm
GMPR by X-ray crystallography.

Msm GMPR readily crystallised in many different
screened conditions. However, even after extensive opti-
misation, most of the crystals were of low quality and
contained various pathologies that usually prevented
successful molecular replacement or structure refine-
ment. The protein crystallised in several space groups
(P1, P2,, C2 and P2,2;) and, interestingly, sometimes
even in the same drop. The final crystals of the Msm
GMPR apo form were grown in a hanging drop con-
taining 17 mgmL™" Msm GMPR, 0.03m MgCl,,
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0.03 m CaCl,, 20% ethylene glycol, 13% PEG 8000 and
0.1 m Tris/bicine, pH 8.5. These crystals had the space
group C2 and eight monomers in the asymmetric unit.
Datasets from three crystals were merged to obtain the
final dataset. The final crystal of Msm GMPR in a com-
plex with GMP was grown in a sitting drop containing
22 mg-mL_1 Msm GMPR, 2 mm GMP, 0.2 m NaCl,
20% PEG 3000 and 0.1 m HEPES, pH 7.5. This crystal
had the space group P1 and 16 monomers in the asym-
metric unit. The crystal parameters and refinement sta-
tistics are listed in Table 2. The structures of the Msm
GMPR apo form and its complex with GMP have been
deposited in the Protein Data Bank under PDB ID
70Y9 and 7R50 respectively.

As expected, the Msm GMPR monomer is com-
posed of two domains (Fig. 9). The catalytic domain
has a TIM barrel structure typical of the IMPDH/
GMPR structural family. The Msm GMPR sequence
spanning residues 97-207 folds as a typical Bateman

domain composed of two CBS domains. The Msm
GMPR catalytic domains form a tetramer with a four-
fold axis and the Bateman domains at the perimeter.
Two tetramers interact through the Bateman domains,
thus forming an octamer typical of IMPDHs and
GPMRs with Bateman domains (Fig. 10A,B). Never-
theless, unlike Tb GMPR and all known structures of
IMPDH and GPMR octamers, in which the Bateman
domains protrude from the octamer and thus have few
contacts with the catalytic domains (Fig. 10C,D), the
Bateman domains in Msm GMPR are very close to
the catalytic domains and have a relatively large inter-
acting area.

The Bateman domains from opposing tetramers usu-
ally interact through both CBS domains, thus forming
a dimer with a specific conformation (Fig. 11A). This
conformation does not change even if the octamer
itself is extended, compressed or twisted after nucleo-
tide binding [31,47]. The independent movement of the

The FEBS Journal 289 (2022) 5571-5598 © 2022 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of 5581

Federation of European Biochemical Societies


https://doi.org/10.2210/pdb7OY9/pdb
https://doi.org/10.2210/pdb7R50/pdb

Mycobacterial GMPR

Table 2. Data collection and refinement statistics. Values for the
highest-resolution shell are shown in parenthesis.

Msm GMPR Msm GMPR with
apo form GMP
PDB ID 70Y9 7R50
Data collection
Space group C2 P1
Unit cell
a b, c(A) 253.06, 109.83, 104.79, 105.10,
200.82 170.47
a, B,y (°) 90.00, 119.43, 76.92, 81.86,
90.00 69.01
Wavelength (A) 0.9184 0.9184

Resolution range 43.73-2.8 (2.9-2.8) 47.69-2.5 (2.589-2.5)

(A)
Total reflections 4 685 585 (479 648) 437 781 (44 936)
Unique 118 145 (11 722) 208 443 (21 247)
reflections
Multiplicity 39.7 (40.9) 2.1 (2.1)
Completeness 99.89 (99.94) 90.06 (86.46)
(%)
R-merge 0.1555 (3.968) 0.1364 (1.632)
R-meas 0.1575 (4.018) 0.185 (2.22)
Average /l/o(/) 17.77 (1.07) 5.27 (0.58)
Wilson B-factor (A%)  94.66 48.86
CC1/2 1 (0.662) 0.992 (0.293)
cc* 1(0.892) 0.998 (0.673)
Refinement
Resolution range 43.73-2.8 (2.9-2.8) 47.69-2.5 (2.589-2.5)
(A)

Reflections used 118 056 (11 718) 205 619 (19 716)

in refinement

R-work 0.2410 (0.4045) 0.2635 (0.3813)

R-free 0.2791 (0.4468) 0.3058 (0.4325)

RMSD bond 0.010 0.005
length (A)

RMSD angle (°) 1.25 1.12

Atoms in AU 25 837 53 060

Protein atoms in 25 837 52 676
AU

Ligand atoms in 0 384
AU

Protein residues 3647 7307
in AU

Average B-factor (A%) 114.34 57.98

Ramachandran 98.42 97.03
favoured (%)

Ramachandran 1.58 2.97
allowed (%)

Ramachandran 0 0
outliers (%)

Rotamer outliers 1.43 0.50
(%)

Clashscore 5.28 491

dimer is enabled by the flexible linker between the cat-
alytic and Bateman domains. However, the formation
of this dimer is impossible for Msm GMPR without a

Z. Knejzlik et al.

substantial change in the mutual orientation of the cat-
alytic and Bateman domains, which seems to be fixed
in this protein due to the lack of a flexible linker. The
mutual orientation of the interacting Bateman domains
in the Msm GMPR octamer is thus unique among
IMPDHs and GPMRs (Fig. 11B). Furthermore, the
mutual orientation of two tetramers and, consequently,
the mutual orientation of interacting Bateman domains
in Msm GMPR with GMP (conformation A) differ
from that in the Msm GMPR apo form (conformation
B) (Figs 10A,B and 11B). However, we have no reason
to believe that this conformational change is caused by
GMP binding because we have obtained structures of
the Msm GMPR apo form and Msm GMPR with
GMP in both conformations. Unfortunately, because
of the low quality of the obtained crystals, we have
refined and deposited only the two above-mentioned
structures. The conformation of the dimer of the Bate-
man domains in Msm GMPR conformation A is
somewhat similar to the conformation of the dimer in
known structures of other IMPDHs and GPMRs
(Fig. 11). Nevertheless, the conformation of the dimer
of the Bateman domains in Msm GMPR conforma-
tion B is completely different. Because of the relatively
large rotation, it occurs at the very opposite sides of
the Bateman domains and is much smaller (Fig. 11).
At first, we thought that the different mutual orienta-
tion of the tetramers in the octamer is caused by the
pH in the crystallisation conditions, but the collection
of more datasets has shown that it does not correlate
with the pH or any other known factor in the crystalli-
sation conditions. The only correlation was observed
between the orientation and the space group of the
crystal. All crystals with the space group P1 or P22,
contained protein in conformation A, and all crystals
with the space group P2; or C2 contained protein in
conformation B.

Despite all these differences, the tertiary structures
of the catalytic and Bateman domains in Msm GMPR
do not differ from the known structures of IMPDHs
and GPMRs (Fig. 12). In the structure of Msm
GMPR with GMP, we found GMP bound only at the
active site, unlike in Tb GMPR, where GMP was
bound at the active site and the allosteric regulatory
site [31]. The orientation of GMP at the active site is
virtually identical to other structures of IMPDHs and
GPMRs despite the differences in amino acid
sequences. The interaction of GMP and the active site
involves 13 hydrogen bonds. The loop that covers the
active site and is usually disordered without a bound
substrate is stabilised by the interaction with GMP
(Fig. 13), namely by the interaction of residues
Met387, Ala388, Arg391 and Glu413.
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catalytic domain

CBS1 CBS2
Bateman domain

Fig. 9. The structure of the Msm GMPR monomer determined by
X-ray crystallography. The Msm GMPR monomer is composed of a
catalytic domain with the TIM barrel structure typical of the
IMPDH/GMPR family (green) and a Bateman domain composed of
two CBS domains (pink). The structure figures were generated by
using PYMOL.

The CBS domain is necessary for Msm GMPR
function in vivo

To test the importance of the CBS domain for GMPR
function in Msm, we complemented the guanine
utilisation-deficient Msm AguaBlApurF strain with
plasmids encoding the C-terminal FLAG-tag fused
Msm GMPR or with two deletion Msm GMPR vari-
ants lacking the CBS domain, designated as S-ACBS
(the region Arg92-Arg214 replaced by a GG motif)
and L-ACBS (the region Val96-Leul94 replaced by an
SGG motif).

Restored AguaBIlApurF growth on guanine as a sole
purine supplement has only been observed in the pres-
ence of full-length Msm GMPR (Fig. 14A). An immu-
noblot analysis has shown that the expression of all
three FLAG-fused GMPR variants is comparable
(Fig. 14B). These results illustrate the indispensability
of the CBS domain for the function of Msm GMPR.
Although we have prepared several constructs and
used different purification procedures, we have not

Mycobacterial GMPR

succeeded in purifying the ACBSGMPR mutants for
complementary biochemical studies.

The Msm guaB1 gene is an Actinobacteria
phylum-specific feature

In order to determine whether GMPRs containing
CBS-domain homologues (GuaBl1) are also present in
other organisms, we have searched for protein
sequences homologous to Msm GMPR in bacterial
genomes using BLAST. Our analysis has revealed GuaB1
homologues throughout the entire phylum of Actino-
bacteria (Fig. 15A). Genomes of Actinobacteria species
contain two GuaBl homologues with CBS domains.
These GuaB1 sequence homologues typically contain
two CBS domains inserted into a highly conserved
IMPDH domain. Because of the principal sequence
similarity between GMPRs and IMPDHs, we used the
hidden Markov model (HMM) approach to confirm
the identity of GuaBl (Fig. 15B). Genes for IMPDH
in Actinobacteria are accompanied by another
IMPDH homologue, designated as GuaB3 in myco-
bacteria (Rv3410c in Mtb and MSMEG_1603 in Msm;
see Fig. 1B).

Discussion

The Msm and Mtb genomes contain three guaB genes
each (Fig. 1B). Most studies have focused on Mtb
guaB2, which encodes an essential IMPDH and is a
potential drug target [7,14-16]. Two other genes, Mtb
guaBl (Rv1843c) and guaB3 (Rv3410c), and their
Msm orthologues, Msm guaBl (MSMEG _1602) and
guaB3 (MSMEG_1603), have an unknown function
and are currently annotated in databases as members
of the IMPDH family.

The characterisation of mutated Msm strains lacking
guaBl and the essential purF gene from the de novo bio-
synthesis pathway has shown that Msm GuaBl is
involved in guanine interconversion in the purine-
salvage pathway. The testing of the in vitro activity and
the identification of reaction products using UPLC
chromatography has revealed that GuaBI catalyses the
NADPH-dependent conversion of GMP to IMP and
thus serves as a guanosine 5'-monophosphate reductase.
The results of positive complementation tests in the
Msm AguaBlApurF strain with Msm and Mtb guaBI
sequences, the high amino acid sequence similarity of
Msm and Mtb guaBl-encoded proteins and the testing
of recombinant Msm and Mtb GuaBl1 activities have
demonstrated that guaBl encodes a GMPR in both
Msm and Mtb. Our experiments have indicated that
GMPR activity is not required for a long-term Msm
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Fig. 10. A comparison of the quaternary organisation of Msm GMPR and the complex of Msm GMPR with GMP with Trypanosoma brucei
(Tb) GMPR and Eremothecium gossypii (Eg) IMPDH. The catalytic domains (green/blue) form a tetramer with fourfold symmetry and the
CBS domains (pink/white) at the perimeter. Two tetramers then form an octamer. The side views have been rotated to centre the
interacting CBS domains. (A, B) The CBS domains in the Msm GMPR octamer are much closer to the catalytic domains than in the other
known structures of GMPRs and IMPDHs, such as (C) the Tb GMPR apo form (PDB ID: 6JL8) [31] and (D) Eg IMPDH with bound GDP and
GMP (PDB ID: 4287) [46]. Msm GMPR tetramers (A, B) can adopt two different mutual orientations and thus form two different dimers of
the Bateman domains (see Fig. 11 for details). The structure figures were generated by using pymoL.

adaptation to nutritional stress. On the other hand, the
abolition of GMPR activity is linked with the slower
growth of Msm in the late exponential phase at pH 5.5
but not at pH 6.9. Our results are consistent with previ-
ous observations about GMPR inessentiality in other
bacterial species such as Mtb [38], E. coli [32,48], B. sub-
tilis [49], Helicobacter pylori [S0] and Streptococcus pyo-
genes [51]. On the other hand, GMPR is present across
most bacterial species. This evolutionary conservation
implies some benefit of the GMPR reaction for the bac-
terial life cycle, but further studies, such as the large-
scale condition phenotypic profiling of the GMPR-null
Msm strain and/or the identification of the correspond-
ing synthetic lethal gene pair(s), might explain the
GMPR importance for the mycobacterial life cycle.

Our results indicate that the properties of mycobac-
terial GMPRs are significantly different from the hith-
erto known GMPRs. Whereas Msm and Mtb GMPRs
require alkali metal ions with the ionic radius of K* or
higher (Rb*, Cs™) for catalysis, the majority of

characterised GMPRs (Homo sapiens, Salmonella
typhimurium, E. coli and Mycoplasma mycoides) do
not need monovalent cations for their activities [35,52—
55]. Protozoal Tb GMPR and Tc GMPR exhibit
increased activity in the presence of K* and NHj
[28,29], but the essentiality of ions for GMPR activity
has not been demonstrated. The requirement of mono-
valent cations for activity is, however, considered to be
a characteristic feature of IMPDHs [56-60]. Therefore,
to the best of our knowledge, mycobacterial GMPRs
are the first GMPRs to be identified as strictly requir-
ing monovalent ions for activity.

Another unique feature of Msm and Mtb GMPRs is
the presence of a CBS sequence motif, spanning the
amino acid residues 97-207, which forms the Bateman
domain. So far, only protozoal GMPRs are known to
harbour the CBS domain [30,31]. The presence of the
CBS domain is very likely to contribute also to differ-
ent kinetic properties of mycobacterial GMPRs. The
hitherto characterissd GMPRs lacking the CBS
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(A) Tb GMPR (B)

Mycobacterial GMPR

Msm GMPR

conformation B ( ;
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Fig. 11. The dimer interface of the Bateman domains in Msm GMPR and its comparison to the Bateman domains of Trypanosoma brucei
(Tb) GMPR and Eremothecium gossypii (Eg) IMPDH. (A) The dimers of the Bateman domains typical of GMPRs and IMPDHs, such as the
Tb GMPR apo form (PDB ID: 6JL8) [31] and Eg IMPDH with bound GDP and GMP (PDB ID: 4787) [46]. Msm GMPR Bateman domains can-
not form this dimer because they cannot rotate independently of the catalytic domains. (B) Msm GMPR has formed two different dimers of
the Bateman domains. The two dimers are superposed over the pink monomer. Conformation A has a larger interface and is more similar
to the typical interface (see in A) than conformation B. The interface of the Bateman domains in conformation B is on the opposite side of
the Bateman domains than in conformation A. The structure figures were generated by using PymoL.

domain follow the Michaelis—Menten kinetics in
dependence on GMP concentration. Whereas the pro-
tozoal GMPRs bind GMP into the allosteric site in
the CBS domain and show the positive cooperative
kinetics in dependence on increasing GMP concentra-
tion [30,31], the Msm and Mtb GMPRs exhibit nega-
tive cooperative kinetics dependent on GMP
concentration. Our X-ray structural analysis has indi-
cated the binding of GMP only in the catalytic sites in
the Msm GMPR octamer. Therefore, we hypothesise
that the negative cooperative effect of GMP may
rather be caused by its binding to the active site of the
neighbouring subunit. The Msm GMPR K, s values
for GMP at pH 6.6 and 7.8 are 4.2 and 3.5 {m respec-
tively. The corresponding K, values of biochemically
characterised eukaryotic and prokaryotic GMPRs are
in the range 1.5-17.5 {m [53-55,61]. Nevertheless, the
determined intracellular GMP concentration in Msm
cells ranges between 30 and 100 {mM and is approxi-
mately 10 times higher than the corresponding Kj s
value for this nucleotide. Therefore, the Msm GMPR
reaction velocity is not likely to be limited by GMP
concentration in vivo. The Msm GMPR K, values for
the second substrate, NADPH, are 30 and 63 {m at
pH 7.8 and 6.6, respectively, and they are comparable

with the corresponding K, values of characterised
GMPRs [53-55,61]. The intracellular NADPH level in
Corynebacterium glutamicum, a species similar to
Msm, has been shown to be in the range 140-330 {m
in dependence on nutrient availability [62]. This
NADPH concentration range is still well suited for the
efficient catalysis of Msm GMPR in vivo.

ATP and GTP, the end products of the purine bio-
synthesis pathway, regulate the Msm GMPR activity
in a pH-dependent manner. At the optimal pH of 7.6,
1 mm GTP or ATP had only a minor effect on Msm
GMPR activity. At lower pH, the positive effect of
GTP and the negative effect of ATP became apparent.
At pH 6.6, 1 mm GTP increased the activity by 31%
and 1 mm ATP decreased it by 86%. Intracellular pH
can vary in dependence on extracellular pH and the
replication state of mycobacteria. Different methods
have been used to detect the intracellular pH in differ-
ent mycobacteria. Using radiolabelled pH probes, the
intracellular pH, measured at the external pH of 5.0,
was close to the value of 7 in Mtb [42]. In Msm and
Mycobacterium bovis BCG, the intracellular pH ranged
between pH 6.5 and 7 at the extracellular pH of 4-7
[40]. Under growth conditions, measurement using the
pH-sensitive green fluorescent protein detected the
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Fig. 12. Structure of Msm GMPR and its comparison to Trypanosoma brucei (Tb) GMPR and Eremothecium gossypii (Eg) IMPDH.
Monomers of (A) Msm GMPR with bound GMP, (B) Msm GMPR apo form, (C) To GMPR apo form (PDB ID: 6JL8) and (D) Eg IMPDH with
bound GDP and GMP (PDB ID: 4787). (E) Overlay of the structures where the catalytic and the CBS domains were aligned independently to
compensate for differences in the quaternary structure. The catalytic domains are in green and the CBS domains in white. The structure fig-

ures were generated by using pPymoL.

intracellular pH in the range 7.3-7.6 in Mtb H37Rv
[63]. However, when bacteria survive in macrophages
or are cultivated in vitro in acidic conditions, they
maintain the intracellular pH in the range 6.76-7.25
[41,64,65]. Differences in the pH of intracellular niches
should also be taken into account [66]. The data avail-
able show that the intracellular pH in mycobacteria
could vary between 6.5 and 7.6, which means that the
GTP-positive and ATP-negative regulation of GMPR
activity may function in bacteria.

Both GTP and ATP are V-type allosteric regulators,
influencing the V7, parameter but not the Ky s value.
In this respect, GTP can be considered as a non-
essential allosteric activator and does not play a signif-
icant role. On the contrary, the negative regulation of
Msm GMPR activity by ATP is more important
because its higher concentration can decrease the activ-
ity even by 86%. Our metabolomic analysis showed
the 4 mm intracellular ATP pool in exponentially
grown Msm cells, which is similar to the ATP

concentration determined in M. bovis [67]. However,
this value is approximately two orders higher than the
50% inhibitory ATP concentration (57 {m) determined
for Msm GMPR. Although the intracellular level of
ATP in mycobacteria may depend on many factors,
especially on hypoxia degree and nutrient availability,
a decrease below 500 {m is very unlikely [67-72]. In
light of these facts, the importance of GTP, which is
able to reactivate the ATP-inhibited Msm GMPR, is
apparent. We have shown that the full activity of the
Msm GMPR inhibited by an excess of ATP (570 {m)
is restored by approximately twice as high GTP con-
centration. The ratio of GTP and ATP concentrations
can thus effectively regulate the activity of Msm
GMPR, but only at slightly acidic pH. The determined
concentration of GTP in Msm was 2.5 mm (Fig. 3A).
Under these conditions, the Msm GMPR will be dom-
inantly in an inhibited state.

The analysis of the oligomeric state of Msm GMPR
by gel filtration revealed the effect of GMP (substrate),
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(A) Msm GMPR-GMP
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E413

Fig. 13. The stabilisation of the Msm GMPR active site by GMP.
(A) The binding of GMP into the active site stabilises the adjacent
loop by the interaction with residues Met387, Ala388, Arg391 and
Glu413. Hydrogen bonds are dashed. (B) The loop has a different
conformation and is partially disordered without GMP. The
structure figures were generated by using pPymoL.

IMP (product) and ATP and GTP (activity effectors)
on the dissociation of octamers into tetramers at dif-
ferent pH values. The Msm GMPR apo form was
octameric under all the conditions tested. At pH 6.6,
the binding of the substrate, product or allosteric
effectors led to the formation of tetramers; Msm
GMPR was present in solution only as an octamer.
However, at pH higher than 7, substrate or product
binding did lead to the formation of a tetrameric pool,
which increased with increasing pH. The binding of
ATP and GTP to the Msm GMPR-GMP complex
shifted the octamer/tetramer ratio back to an octa-
meric state. A low percentage of tetramers was
detected only at pH 8.2. The intracellular pH thus sig-
nificantly contributes to the regulation of Msm GMPR
activity and oligomeric state by the binding of alloste-
ric effectors.

X-ray crystallography has confirmed the presence of
CBS domains in Msm GMPR. Despite low sequence
similarity, the individual structures of the catalytic
domain and the CBS domains are very similar to other

Mycobacterial GMPR

known IMPDH and GMPR structures (Fig. 12). The
quaternary structure of Msm GMPR is an octamer
typical of the structures of IMPDHs and GMPRs with
CBS domains. The catalytic domain forms a tetramer
with the CBS domains at the perimeter, and then two
tetramers form an octamer through the interaction of
the CBS domains (Fig. 10).

Although the structure of Msm GMPR is similar to
other structures of IMPDHs and GMPRs in many
respects, it has several distinguishing features. The
CBS domains in Msm GMPR are much closer to the
catalytic domains and thus have a much larger interac-
tion area. This close interaction is caused by the
absence of a flexible linker, which allows independent
movement of the catalytic and the CBS domains in
other available IMPDH and GMPR structures
(Fig. 10). Msm GMPR has crystallised in two distinct
conformations (Fig. 10), which differ in the mutual
orientation of the two tetramers. Since the catalytic
and CBS domains in Msm GMPR cannot move inde-
pendently, the changes in the mutual orientation of the
tetramers have resulted in the formation of distinct
dimerisation interfaces between the CBS domains
(Fig. 11). The catalytic and CBS domains of the other
known IMPDs and GMPRs can move independently,
as a consequence of which the different orientation of
the tetramers does not influence the CBS dimer and its
conformation (Fig. 11). In several IMPDHs and
GMPRs, the changes in the mutual orientation of the
tetramers are induced by ligand binding. However, we
have excluded that the conformational changes in the
crystal structures of Msm GMPR could have been
caused by GMP binding, pH or some other known
crystallisation conditions. We suggest that the mutual
orientation of the two tetramers in the octamer is a
result of the crystal packing because it correlates with
the space group of the crystals. Msm GMPR with or
without GMP has crystallised in four different space
groups regardless of the crystallisation conditions.
Therefore, the space group of the crystal has probably
been determined by some local condition, such as the
amount of the precipitate in the area of crystal nucle-
ation. This also implies that neither of the CBS-
domain dimerisation interfaces is strong enough to
overcome crystal packing forces during crystallisation.
A much more extensive set of structures in different
space groups would probably be necessary to show
whether the GMP, or any other ligand, has at least
some effect on the mutual orientation of the tetramers.
Even if the structures cannot be properly refined
because of the low quality of the crystals, it is possible
to show in which conformation the protein is. In our
opinion, it is the close and fixed position of the
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Fig. 14. The importance of the CBS domain for Msm GMPR. (A) The AguaB1ApurF Msm

strain was transformed with pFLAG plasmid

carrying genes for wt and ACBS GMPR variants (S and L). AguaBT1ApurF parental strain and its transformants, ApurfF and wt strains, were
analysed for growth in the absence and presence of 100 pm hypoxanthine or guanine on the 7H10/ADC medium. (B) The immunoblot
analysis of the crude lysates of the AguaBTApurF parental strain and its transformants using a-FLAG antibody.

catalytic and the CBS domains that is responsible for
at least some of the unique properties of Msm GMPR.

We found bound GMP only in the active site of
Msm GMPR, and the orientation of GMP in the
active site is virtually identical to that in other struc-
tures of IMPDHs and GPMRs (Fig. 13). The binding
of GMP stabilises the loop covering the active site by
the interaction with residues Met387, Ala388, Arg391
and Glu413. The stabilisation of this loop by purine
nucleotide monophosphate binding is often observed
in the structures of IMPDHs and GMPRs
[13,24,25,33] and is considered important for the activ-
ity of the proteins [19].

The stabilisation of the loop may explain the influ-
ence of GMP on the oligomerisation of Msm GMPR
and its other properties. We have shown that the bind-
ing of GMP has caused the dissociation of Msm

GMPR octamers (Fig. 8). Since the loop can interact
with the CBS domains from the neighbouring and the
opposing monomers, it is possible that conformational
changes in the loop can cause changes in the mutual
orientation of the tetramers and thus influence their
dissociation. It is also possible that the stabilisation of
the loop in one monomer affects the conformation of
the loop in other monomers through interactions with
the CBS domains. This can explain the cooperative
kinetics dependent on the GMP concentration. Fur-
thermore, the unique position of the CBS domains in
Msm GMPR can be one of the reasons for the nega-
tively cooperative kinetics, occurring only in Mtb and
Msm GMPRs.

Based on the two structures presented, we can spec-
ulate about the ATP and GTP effect on the activity
and oligomerisation of Msm GMPR. It is possible that

Fig. 15. (A) A phylogenetic tree constructed from GuaB1 homologues found throughout the Actinobacteria phylum. For clarity, the tree
shows only a fraction of the organisms from the 12 orders. Orders are visually distinguished by colour; the family is indicated by the
abbreviation in front of the name of the organism. Homologues have been chosen to capture the diversity of the homologous sequence
within the entire phylum and to show interrelationships. Blue dots represent the bootstrap value of replicate trees above 0.5. (B) The
conservation of GuaB1 across the Actinobacteria phylum. The height of the letters indicates the level of amino acid conservation; the colour
of individual letters follows the cLustalx convention. The consensus of the sequences aligned by the muscLe algorithm used for building a
phylogenetic tree has the same domain composition as the Mycobacterium smegmatis GuaB1 protein sequence. The pink and yellow
shadings indicate the catalytic and CBS domains respectively.
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in solution, where the conformation is not restricted
by crystal packing, the mutual orientation of the two
tetramers can be influenced by ligand binding to the
CBS domains, by pH or other factors. GTP and ATP
could preferentially stabilise different conformations of
the CBS dimers and thus influence the conformation
of the loop covering the active site and subsequently
the activity. However, future studies are necessary to
elucidate the precise mechanism.

Taken together, our data show that the Msm guaBl
gene encodes a functional guanosine 5'-monophosphate
reductase with a CBS domain and that its orthologues
are spread across the Actinobacteria phylum. Its activ-
ity is negatively regulated by ATP and positively by
GTP based on pH. Although the Msm GMPR is not
essential for Msm viability, it may contribute to the reg-
ulation of the purine nucleotide pool by recycling GMP
to IMP.

Materials and methods

DNA constructs

For all cloning procedures, we used Q5 polymerase (NEB,
Ipswich, MA, USA) for PCR DNA amplification and E.
coli DH5a for plasmid amplification. T4 DNA ligase and

Table 3. List of primers used in this study.

Z. Knejzlik et al.

restriction endonucleases were purchased from NEB. The
ligation of DNA fragments was performed using In
Fusion™ cloning (Takara, Shiga, Japan). The final con-
structs were verified by Sanger sequencing (EUROFINS,
Hamburg, Germany). Primer sequences (Generi Biotech,
Hradec Kralové, Czech Republic) are listed in Table 3.

Specific Msm guaBI and guaB2 deletion cassettes (desig-
nated as pYS2-AguBl or pYS2-AguaB2) were based on the
pYS2 plasmid, which contains the Spel/Swal-loxP-gfp-hyg'-
loxP-Pacl/Nsil selection locus [73]. The regions upstream
of guaBl (703 bp) and guaB2 (889 bp) were amplified by
PCR using Msm chromosomal DNA as a template with
the primer pairs 1/2 and 5/6, respectively, and ligated into
pYS2 via Spel/Swal sites. Subsequently, 829-bp guaBI and
747-bp guaB2 downstream regions were amplified by PCR
with the primer pairs 3/4 and 7/8, respectively, and ligated
into the corresponding pYS2 intermediate via Pacl/Nsil
sites. The construction of the deletion plasmid pYS2-ApurF
has been described previously [43].

Msm and Mtb GMPR complementation expression plas-
mids were constructed on the basis of the artB-site integra-
ble pFLAG vector containing a constitutive et promoter in
the absence of a Tet repressor [74]. The pFLAG-
Msm.GuaB1 and pFLAG-Mtb.GuaB1 plasmids were con-
structed as follows: Msm.guaB1 and Mth.guaBl were ampli-
fied from genomic DNA by PCR using the primer pairs 9/
10 and 11/12, respectively, and the fragments were inserted

Restriction

Primer Sequence (5'-3') Orientation® site
1° aaaACTAGTtggtcgatgtgatcgtcgacgag F Spel
2° tttATTTAAATggagtcgaatctactcaggecctcga R Swal
3P aaaTTAATTAAaactgcacgagaaggtggtgctc F Pacl
4° tttATGCATacctgagcgtcggtggcaacgt R Nsil
5P aaaACTAGTaagaagagcccgcagagccg F Spel
6° tttATTTAAATaacgctgctttcagcgatcgacat R Swal
7° aaaTTAATTAAacagggggacccttcagtcatg F Pacl
8P tttATGCATgtggccatcgggacgctgat R Nsil
9 GATATACATATGAGTGTGAGGTTTCTTGACGGACACACGCCC F -
10 GTCTTTGTAGTCTGCCCAGCCGGCGGGTAGCGG R -
11 GATATACATATGAGTatgagatttctagacgggcacc F -
12 GTCTTTGTAGTCTGCccagccggcggg R -
13 GGAGGTCTGCGCATCGCTGCGGCCGTC F
14 ATGCGCAGACCTCCGCTCTTGACGAAGTCGACGGTCTCGCTGAC R
15 TCGGGAGGTACGCGCACGGGGGCGATCCGGGCGGG F
16 GCGCGTACCTCCCGACACCAGATCGCGGCTCTTGACGAAGTCGACGGT R
17 ACCGCTGCTGCGAAAGAGGATCTCGAGCACCACCATCACCA F
18 CATGGTATATCTCCTTTGATTGTAAATAAAATGTAATTTA R
19 CAATCAAAGGAGATATACCATGGTGAGGTTTCTTGACGGACACACGCCC F
20 TTTCGCAGCAGCGGTCCAGCCGGCGGGTAGCGGATG R
21 ATGCTTAATTAACAGCTGATTTatgagatttctagacgggcacccacccgggta F
22 CCGGGGGATCCATTTTTAGTGATGGTGATGGTGATGG R

TGGTGCTCGAGATCCTCTTTCGCAGCAGCGGTccagccggcgggcagcggatggec
aF, forward direction; R, forward direction.
bCorresponding restriction sites are in a capital letters
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into Sapl-linearised pFLAG by the in-fusion approach. The
pFLAG-Msm.GuaB1(S-ACBS) encoding GuaBl1 lacking
the region R92-R214, with it being replaced by the GG
motif, was constructed as follows: pFLAG-Msm.GuaBl
was PCR linearised by the primer pair 13/14 and circu-
larised by the in-fusion approach. The pFLAG-
Msm.GuaB1 (L-ACBS) encoding GuaB1 lacking the region
V96-L194, with it being replaced by the SGG motif, was
constructed as follows: pFLAG-Msm.GuaB1 was PCR line-
arised by the primer pair 15/16 and circularised by the in-
fusion approach. The plasmid encoding of C-terminally
His-tagged Mtb GMPR for expression in Msm was based
on the pSE200 vector [44], derived from the pSE100 plasmid
containing a constitutive PmycltetO-promoter in the
absence of a Tet repressor [75]. Mth.guaBIHis was amplified
from genomic DNA by PCR using the primer pair 21/22
and inserted into Swal-linearised pSE200 by the in-fusion
approach. E. coli expression pTriex-Msm.GuaB1 plasmid
was constructed as follows: the Msm guaBI gene was ampli-
fied by PCR by the primer pair 19/20 and inserted into the
PCR-linearised pTriex-4 vector (Novagen, Madison, WI,
USA) with the primers 17/18 by the in-fusion approach.

The cultivation of M. smegmatis

The M. smegmatis mc> 155 strain and its mutants were
propagated in liquid 7H9 medium (Sigma-Aldrich, Burling-
ton, MA, USA) with 10% ADC supplement (5% BSA,
0.85% NaCl and 2% dextrose) and 0.05% tyloxapol or
7H10-ADC agar medium (Sigma-Aldrich) at 37 °C. In both
cases, the carbon source was enriched with 0.5% (vol/vol)
glycerol. Hygromycin and kanamycin were added at final
concentrations of 150 and 25 pg-mL™" respectively. Purine
supplements (adenine, guanine and hypoxanthine) were pre-
pared as 75 mm stocks in DMSO and were added to a final
concentration of 200 pm when required.

Gene deletion

Gene disruption using a pYS2 deletion plasmid was per-
formed as previously described [73]. Briefly, the Spel/Nsil-
linearised pYS2-AguaBl or pYS2-AguaB2 deletion cassette
was introduced into electrocompetent M. smegmatis cells
with 0.2% acetamide-driven expressed Chec9 DNA by elec-
troporation. Msm recombinants were obtained by selection
on the 7H10/ADC medium containing hygromycin at
42 °C for 3 days. In the case of the guaB2 gene, the
medium was supplemented with 200 pm guanine. To
remove the Hyg' cassette, gene disruptants were trans-
formed with the pML2714 vector, which constitutively
expresses Cre recombinase. Deletions were screened by
PCR using Q5 polymerase and primer pairs that anneal at
the boundaries of the deleted regions, and amplicons were
sequenced. In the AguaB2 strain, the second deletion of the
purF gene was not cleared from the Hyg" cassette.

Mycobacterial GMPR

Metabolite analysis

The 7H9/ADC medium (100 mL in a 500-mL Erlenmeyer
cultivation flask) was inoculated with a fresh culture of
Msm at the stationary phase (O.D.go0 = 10) to an initial
0.D.g00 of 1073, The cell suspension was grown to an
0.D.gpp of 0.5 at 37 °C and 200 r.p.m. (15-18 h). Subse-
quently, 3 mL of the cell suspension was quickly vacuum
filtered through a 0.45 pm/25 mm cellulose acetate filter.
The membrane with the collected bacteria was immediately
transferred into 1 mL of ice-cold 1 m acetic acid in a 1.5-
mL microtube and quickly frozen in liquid nitrogen. The
samples were slowly thawed on ice and then incubated on
the ice for 30 min with short vortexing at 5-min intervals.
The crude bacterial lysate was separated from the filter by
centrifugation (4000 g, 30 s) through a pinhole at the bot-
tom of the 1.5-mL microtube inserted into a 2-mL collec-
tion tube. The lysate was flash frozen in liquid nitrogen
and lyophilised. The material was then resuspended in
200 pL of ice-cold deionised water and incubated on ice for
30 min. Insoluble material was removed by centrifugation
at 22 000 g for 20 min at 4 °C. A clear aqueous bacterial
extract was collected and stored at —80 °C for subsequent
analysis. The analysis of Msm extracts was performed on
c¢ZIC-HILIC columns (150 x 2.1 mm) with a flow rate of
0.3 mL-min~'. Mobile phase A was 10 mM ammonium ace-
tate, pH 5, adjusted with acetic acid. Mobile phase B was
10 mm ammonium acetate, pH 5, and 90% acetonitrile.
MS quantification was performed by negative electrospray
ionisation with the following parameters: capillary volt-
age = 2 kV, cone voltage = 20 V, source temperature = 120
°C, desolvation temperature = 400 °C, desolvation gas
flow = 400 L-h~! and cone gas flow = 30 L-h™".

The intracellular concentrations of metabolites were cal-
culated from Eqn (1), where [metabolite]., is the concentra-
tion of the metabolite in the extract in pm, Ve is the
volume of the extract (uL), OD is the optical density of the
cell suspension and V¢ is the volume of the filtered cell sus-
pension (mL). NC (2.3 x 10’ mL™") is the number of cells
in 1 mL of cell suspension at O.D.gpo = 0.1; it has been
determined by a colony forming unit assay. Ve
(5.2 x 107° pL) is the volume of a rod-shaped mycobacte-
rial cell of the average dimensions 5.5 X 1.1 pm.

VCX
OD x VC x NC x Vcell‘

(D

[metabolite], = [metabolite],, x

Growth curve

Three hundred and thirty microlitre of the 7H9/ADC
medium in a honeycomb 100-well cultivation Bioscreen C
plate (Growth Curves Ltd., Helsinki, Finland) was inocu-
lated by 20 pL of Msm exponentially growing cells to the
initial O.D.gp9 of 0.005. Bacterial growth was monitored at
37 °C and 400 r.p.m. shaking speed by measuring the
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0.D.goo in 15-min intervals. The real O.D.gqq for the 1 cm
optical path value was calculated by the calibration curve
using the Msm culture standards of the known O.D.gg
accessed on a BioPhotometer plus spectrophotometer in a
1-cm cuvette (Eppendorf Ltd., Hamburg, Germany).

Nutrient starvation

Ten millilitre of the exponentially growing cells (O.D.goo in
range 0.2-0.5) were centrifuged at 2000 g for 5 min at
room temperature. Five millilitre of sterile deionised water
was used for four washing steps and the cell pellet was
finally resuspended in 1 mL of water. Bacterial suspension
was used for the inoculation of 5 mL starvation buffer
(10 mm NaH,PO,4, 4 mm KCIl, 120 mm NaCl and 0.1%
tyloxapol; the pH was adjusted by NaOH to pH 5.5 or 6.9)
in 12-mL screw-cap glass tubes (Carl Roth GmbH+Co.,
Karlsruhe, Germany) with a 4-mm magnetic Teflon stirrer
to the final c.fu. ~ 10° c.fu-mL™". Bacterial suspensions
were cultivated at 37 °C under mild stirring (100 r.p.m.),
and viable cells at individual time points of the starvation
were determined by plating serially diluted culture aliquots
on the 7TH10/ADC medium.

Nucleotide ligands

The sodium salts of GMP, IMP, XMP and NADPH were
purchased from Santa Cruz (Dallas, TX, USA), the sodium
salts of ATP and GTP from Sigma. Except for NADPH, the
compounds were dissolved in deionised water to the final
concentrations of 50-100 mm. The pH of the ATP and GTP
stocks was immediately adjusted to pH 7.0 with 1 m NaOH.
The exact concentrations of the stocks were determined spec-
trophotometrically at the absorption maxima using the fol-
lowing absorption  coefficients: €™  (ATP) of
154 mm~em™, ¢ "™ (GTP, GMP) of 13.7 mm~'-cm™,
203 nm (XMP) of 8.6 mmM 'cm™' and ** "™ (IMP) of
12.1 mm~"em™!. The stocks were aliquoted and stored at
—70 °C. NADPH was dissolved in deionised water directly
before the measurements to create a 20 mm solution. The
exact concentration was determined spectrophotometrically
at 340 nm using the extinction coefficient ¢3*° "™ (NADPH)

of 6.3 mm -cm™!.

Protein expression and purification

Recombinant Msm GMPR with uncleavable C-terminal and
N-terminal histidine tags, respectively, was produced in E.
coli BL21(DE3) RIL cells. The ZYM-505 medium [76] con-
taining ampicillin (50 pg-mL™") was inoculated with an over-
night culture of cells carrying the appropriate expression
plasmid to an initial O.D.4oo of 0.1. The resulting culture was
cultivated at 37 °C to an O.D.¢gg of 2.0-3.0. The temperature
was then lowered to 18 °C and expression was induced by
0.4 mm IPTG. The cells were harvested 16 h after induction
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at 8000 g for 10 min. The cell pellet was resuspended in lysis
buffer (200 mm potassium phosphate, pH 8.0, 2 M potassium
chloride, 2.5 mm TCEP, 10 mm imidazole, 0.5% Triton X-
100, 1 mm PMSF and 0.1 mg-mL™" lysozyme) and stirred at
4 °C for 60 min. The lysate was sonicated, and the insoluble
fraction was removed by centrifugation at 35 000 g for
30 min. The supernatant was loaded onto an immobilised
metal affinity chromatography column (HiTrap IMAC HP
5mL) charged with Ni** and equilibrated with buffer A
(200 mm potassium phosphate, pH 8.0, 2 M potassium chlo-
ride and 2.5 mm TCEP) containing 10 mm imidazole. The
column was washed with buffer A containing 82.5 mm imid-
azole, and the His-tagged proteins were eluted with buffer A
containing 300 mm imidazole. Msm GMPR and Msm CBS
were next purified by size-exclusion chromatography using
HiLoad 26/60 Superdex 200 pg and HiLoad 26/60 Superdex
75 pg columns in buffer A respectively. The purified proteins
were transferred into storage buffer (50 mm Tris, pH 8.0,
2.5 mm TCEP) by desalting (HiPrep 26/10 Desalting) and
concentrated to 25 mg-mL~! by centrifugal ultrafiltration.
Finally, the proteins were aliquoted and stored at —70 °C.
All purification procedures were performed on ice or at 4 °C.
All FPLC equipment was manufactured by GE Healthcare
Life Sciences (Chicago, IL, USA). The purity of the target
proteins was analysed by SDS/PAGE, and the identity of the
proteins was confirmed by mass spectrometry. The concen-
tration and identity of copurified nucleotide 5'-
monophosphates were determined by HPLC.

Recombinant Mtb GMPR with an uncleavable C-
terminal His tag was produced in Msm with a deleted
guaBl gene (AguaBl) under the control of the constitutive
Psmyc promoter. The Msm AguaB] strain transformed with
plasmid pSE200-Mtb.GuaB1.His was cultivated in the LB
medium containing 0.1% (w/v) tyloxapol and 0.5% (w/v)
glycerol until the O.D.g99 reached 10. The cell pellet from
5 L of media was resuspended in 200 mL of lysis buffer
and disintegrated by three passes on a French press at a
pressure of 1500 psi. The crude lysate was centrifuged at
50 000 g for 40 min. The supernatant was loaded onto an
immobilised metal affinity chromatography column
(HiTrap IMAC HP 5 mL) charged with Ni** and equili-
brated with buffer A containing 50 mm imidazole. The col-
umn was washed with buffer A containing 100 mm
imidazole, and the His-tagged Mtb GMPR was eluted with
buffer A containing 300 mM imidazole. Purified Mtb
GMPR was desalted into storage buffer using a PD10 col-
umn (GE Healthcare), concentrated to 2 mg-mL™" by cen-
trifugal ultrafiltration, aliquoted and stored at —70 °C. All

purification  steps  were carried out at 4 °C.

Enzyme kinetics

All enzymatic reactions were carried out in MPH buffer composed
of 30 mm MES (2-(N-morpholino) ethanesulfonic acid), 30 mm
HEPES (2-{4-(2-hydroxyethyl) piperazin-1-yllethanesulfonic acid),
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20 mm PIPES  (2-{4-(2-sulfoethyl)piperazin-1-yllethanesulfonic
acid), 100 mm KCl and 2 mm DTT and adjusted to the appropri-
ate pH with 10 M NaOH. Msm GMPR was used in the concen-
tration range 20-100 nm; the actual concentrations are stated for
individual experiments. Msm GMPR did not show any deviations
in specific activity in this concentration range. The data were pro-
cessed with GRAPHPAD PRIsM 7 software (GraphPad Software Inc.,
San Diego, CA, USA).

The initial reaction velocity of the GMPR reaction was
determined from the decrease in NADPH absorbance at
340 nm during the reaction. The absorbance was measured
in 20-s intervals for 30-60 min in a l-cm quartz cuvette at
25 £+ 0.1 °C using a Specord 200 PLUS spectrophotometer
(Analytik Jena GmbH, Jena, Germany). The slope of the
decrease was calculated from the linear part of the steady
state of the absorbance curve by least-squares linear regres-
sion. The initial reaction velocity (s™') was then calculated
from Eqn (2):

_ Islopeg — slopepjan|
[E] e ’

Vo (2
where slopeg and slopep.n are the slopes of the absor-
bance decrease at (A-s™") for a reaction mixture containing
Msm GMPR, NADPH and GMP or for a blank mixture
containing only Msm GMPR and a corresponding concen-
tration of NADPH under the same conditions (pH, ionic
strength, etc.) respectively. [E] is the molar concentration of
Msm GMPR in nm and ¢ is the absorption coefficient of
NADPH at 340 nm in nm™"-cm™" units (6.22 x 107).

The kinetic parameters of Msm GMPR were determined
at pH 7.6 and 6.6. A reaction mixture containing NADPH
and GMP in MPH buffer was equilibrated to 25 °C, and
the reaction was started by the addition of 20 nM Msm
GMPR. The parameters of the reaction at a fixed GMP
concentration (100 {mM) were calculated from the initial
reaction velocities for the concentrations of NADPH in the
range 10-200 {m using Eqn (3).

_ Viim - [5]

po — im (5]
"7 K+ [5]

3)

The parameters of the reaction at a fixed NADPH con-
centration (200 {m) were calculated from the initial reaction
velocities for the concentrations of GMP in the range 1-
500 {m using Eqn (4).

~ Vi - [S]"

- n 4
TRy T 8] @)

The inhibition constants for XMP and IMP at a fixed
NADPH concentration (200 {m) were calculated from the
initial reaction velocities for the concentrations of GMP in
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Viim - [S]
K- (1+4) +15]

)

Vo =

The effect of pH on the activity of Msm GMPR in the
presence of ATP or GTP was measured as follows: 250 {L of
200 nm Msm GMPR in MPH buffer containing 2 mm MgCl,
at the given pH were preincubated without a ligand or with
1 mm GTP or ATP at 25 °C for 30 min. The reaction was
started by the addition of 250 {L of a preheated twice con-
centrated substrate mix containing 200 {M GMP and 400 {m
NADPH in the same buffer (including 1 mm GTP or ATP as
appropriate). The activity at the given pH was expressed as
the relative activity calculated from Eqn (6):

relative activity y = ~ eul ©)

NTP trl L .
where (vo) and (vo)yy are the initial velocities of the reac-

tion at the given pH in the presence or absence of the ligand
respectively. The relative activities were plotted against pH
and fitted with a linear (GTP) or Hill equation (ATP).

The effect of ATP concentration (1-125 {M) on Msm
GMPR activity at pH 6.6 was measured as follows: 250 {L
of 200 nm Msm GMPR in MPH buffer containing 2 mm
MgCl, was preincubated with ATP at 25 °C for 30 min.
The reaction was started by the addition of 250 {L of a
preheated twice-concentrated substrate mix (200 {m GMP
and 400 {Mm NADPH) with the same ATP concentration.
The activity at the given ATP concentration was expressed
as the relative activity calculated from Eqn (7):

(vo) [ATP]

(Vo)clrl

where (vo)jatp) and (vo)cr are the initial velocities of a reac-
tion containing ATP at a given concentration and a control
reaction without ATP respectively. The relative activity was
plotted against ATP concentration and fitted with the Hill
equation.

The ability of GTP to restore partially or fully ATP-
inhibited Msm GMPR at pH 6.6 was measured as follows:
250 {L of 200 nm Msm GMPR in MPH buffer containing
2 mm MgCl, was preincubated with 57 {m (partial inhibi-
tion) or 570 {m ATP (complete inhibition) at 25 °C for
30 min. The reaction was started by the addition of 250 {L
of a preheated twice-concentrated substrate mix (200 {m
GMP and 400 {Mm NADPH) with ATP (57 or 570 {m) and
GTP (twice final concentration). The activity at the given
GTP concentration was expressed as the relative activity
calculated from Eqn (8):

@)

relative activity s rp) =

the range 5-100 {M using Eqn (5). The parameters Ki, Viim ATP) (Vo)%ég]]
and K, were shared for all IMP (0-200 {m) and XMP (0- relative act1v1ty[GTP] = (v—) ®)
5 {M) concentrations. 0/ctrl
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where (vo)%é?;]] is the initial velocity of a reaction contain-

ing ATP (57 or 570 {M) and GTP (0-1 mm), and (vg)cy 18
the initial velocity of a control reaction without ATP or
GTP. The relative activity was plotted against GTP concen-
tration and fitted with the Hill equation.

Chromatographic analysis of the GMPR reaction
mixture

Mixtures containing 75 pm NADPH and 100 pm GMP with
or without 50 nm purified GMPR in MPH buffer (pH 7.6)
in a total volume of 500 pL were incubated at 25 °C for
30 min. To remove the protein, 200 pL of the mixtures was
passed through a minispin Amicon 3-kDa cut-off centricon
(Millipore, Burlington, MA, USA). The filtrate was ana-
lysed by UPLC using an ACQUITY HSS T3 column
(Waters, Milford, MA, USA) equilibrated with a mobile
phase composed of 50 mMm potassium phosphate (pH 3.1)
and 3 mMm tetrabutylammonium bisulfite at a flow rate of
0.4 mL-min~". After the sample was loaded, a linear gradi-
ent of 5-30% acetonitrile per 10 min was applied. The elu-
tion was monitored spectrophotometrically at 200-360 nm
using a diode array detector. The compounds were assigned
to individual elution peaks based on 50-pm calibration stan-
dards for NADPH, NADP*, GMP and IMP.

Analytical size-exclusion chromatography

The influence of selected ligands on the oligomeric state of
Msm GMPR was analysed by size-exclusion chromatogra-
phy (Superdex 200 Increase 10/300 GL, 1 mL-min~',
25 °C). Frozen aliquots of the concentrated protein were
diluted with running buffer (45 mm MES, 30 mm PIPES,
45 mm HEPES, 100 mm KCIl, 0.5 mm TCEP and 2 mwm
MgCl,) containing appropriate ligands. The final concen-
tration of the loaded protein was 2.5 mg-mL~" and the final
volume was 10 uL. Protein elution was monitored by UV
absorbance at 280 or 295 nm with respect to the absorption
properties of the ligand. The chromatographic data were
processed with FITYk software [77]. The data were normal-
ised and then fitted with an exponentially modified Gauss-
ian function. The oligomeric state of the protein was
expressed as the percentage of protein-forming tetramers.

Protein crystallisation

The initial conditions for MsmGMPR crystallisation were
screened with MorPHEUS (Molecular Dimensions, Altamonte
Springs, FL, USA) and JSCG Core I Suite (QIAGEN,
Germantown, MD, USA) protein crystallisation screening
kits.

Crystals were grown in a mixture of 0.3 pL protein solu-
tion and 0.3 pL reservoir solution in sitting drops at 19 °C
in 96-well plates. The crystallisation trials were set up with
a Mosquito Crystallisation Workstation (SPT Labtech,
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Melbourn, UK). The initial conditions were further opti-
mised by changing the protein concentration, buffer pH
and precipitant concentration. The final crystals were
grown in drops containing 22 mgmL~' MsmGMPR,
0.03 M MgCl,, 0.03 m CaCl,, 20% ethylene glycol, 10%
PEG 8000 and 0.1 m Tris/bicine, pH 8.3. The harvested
crystals were flash frozen in liquid nitrogen.

Data collection and structure determination

The data were collected at the MXI14.2 beamline at
BESSY, Berlin, Germany [78], and processed using XDs
[79] with xpsapp Gur [80]. The initial structure was
obtained by molecular replacement using the structure of
the catalytic domain of the inosine monophosphate dehy-
drogenase from S. pyogenes (PDB ID 1ZFJ) as a model
[81]. The initial structure was then improved by iterative
manual rebuilding in coot [82] and automatic refinement
in PHENIX.REFINE [83,84]. The Bateman domains were built
manually in the process. The final refined structure was
validated with moLProOBITY [85]. Data collection and refine-
ment statistics are summarised in Table 2. The structure
figures were generated by using the pymoL Molecular
Graphics System, Version 2.3.0 (Schrodinger, L.L.C., New
York, NY, USA)

GuaB1 tree reconstruction and consensus
sequence

Sequences for phylogenetic analysis were retrieved from
the NCBI non-redundant protein sequence (nr) database
using the similarity search program BLASTP (similarity
matrix BLOSSUM 62) [86]. The domain composition of
the sequences was obtained from the Conserved Domain
Database (CDD) [87] and served to confirm the identity of
GuaBl. The sequences were filtered, redundant sequences
were removed and the number of the sequences used to
construct the phylogenetic tree was reduced by random
selection to maintain the diversity representing the differ-
ent orders of Actinobacteria. The analysis was performed
on the PHYLOGENY.FR platform [88]. Sequences were aligned
with MuscLE (v3.8.31) [89]. Ambiguous regions were
removed with GBLocks (v0.91b) [90] with the following set-
tings: no gaps were allowed in the final alignment; the
minimum number of sequences for a flank position was
85% and contiguous non-conserved positions larger than 8
were removed. The phylogenetic tree was reconstructed
using the maximum-likelihood method [91]. The gamma
parameter was estimated from the data (gamma = 0.733).
Internal branch reliability was assessed by the aLRT test
(SH-Like). The phylogeny tree was visualised with the 1TOL
platform [92]. The domain composition of the consensus
sequence was explored using INTERPROSCAN [93]. The con-
sensus logo and visualisation were created in JALVIEW
(v2.11.1.4) [94].
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