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Amajor regulatory mechanism evolved by microorganisms
to combat stress is the regulation mediated by (p)ppGpp (the
stringent response molecule), synthesized and hydrolyzed by
Rel proteins. These are divided into bifunctional and mono-
functional proteins based on the presence or absence of the
hydrolysis activity. Although these proteins require Mg2� for
(p)ppGpp synthesis, high Mg2� was shown to inhibit this reac-
tion in bifunctional Rel proteins fromMycobacterium tubercu-
losis and Streptococcus equisimilis. This is not a characteristic
feature in enzymes that use a dualmetal ionmechanism, such as
DNA polymerases that are known to carry out a similar pyro-
phosphate transfer reaction. Comparison of polymerase Pol�
and RelSeq structures that share a common fold led to the
proposal that the latter would follow a single metal ion mech-
anism. Surprisingly, in contrast to bifunctional Rel, we did
not find inhibition of guanosine 5�-triphosphate, 3�-diphos-
phate (pppGpp) synthesis at higherMg2� in themonofunctional
RelA from Escherichia coli. We show that a charge reversal in a
conservedmotif in the synthesis domains explains this contrast;
an RXKD motif in the bifunctional proteins is reversed to an
EXDD motif. The differential response of these proteins to
Mg2� could also be noticed in fluorescent nucleotide binding
and circular dichroism experiments. In mutants where the
motifs were reversed, the differential effect could also be
reversed.We infer that although a catalytic Mg2� is common to
both bifunctional and monofunctional proteins, the latter
would utilize an additional metal binding site formed by EXDD.
This work, for the first time, brings out differences in (p)ppGpp
synthesis by the two classes of Rel proteins.

In the living world, prokaryotes are the most successful due
to the way they respond to changes. They have evolved a pleth-
ora of cellular regulatory mechanisms to combat the adverse

environmental conditions among which stringent response is
most well characterized. The hallmark of stringent response is
the accumulation of an effector molecule (p)ppGpp5 (1–3).
These molecules are responsible for the rapid shut down of
stable RNA biosynthesis and up-regulation of specific genes
involved in amino acid biosynthesis under stress conditions
(4–6). Also, the importance of (p)ppGpp arises due to several
roles that it plays in pathogenic bacteria such asMycobacterium
tuberculosis (7–13).
Synthesis and hydrolysis of (p)ppGpp are carried out by two

distinct domains in the N-terminal region of the Rel family of
proteins that are divided into a bifunctional class (that synthe-
sizes and hydrolyzes) and amonofunctional class (that can only
synthesize). This difference arises due to the absence of a well
conserved HDXXEDmotif required for (p)ppGpp hydrolysis in
the latter. Although the N-terminal (�1–395) region of these
proteins is sufficient to catalyze synthesis and hydrolysis reac-
tions, theC-terminal domain ensures regulation of these antag-
onistic activities (14, 15). Given the critical role that Rel pro-
teins play, it is important to understand the mechanism of
(p)ppGpp metabolism.
The synthesizing domains of Rel proteins are classified

along with enzymes that catalyze a pyrophosphate transfer
reaction. Althoughmost of these enzymes utilize a dual diva-
lent cation mechanism, Rel has been proposed to follow a
single-cation mechanism. This proposal was based on the
following observations. (p)ppGpp synthesis by the bifunc-
tional Rel proteins from M. tuberculosis (RelMtb) and Strep-
tococcus equisimilis (RelSeq) is inhibited whenMg2� concen-
tration is higher than that of NTPs, which is not the case for
proteins employing a dual divalent cation mechanism (16–
18). Besides this, RelSeq structure identified the palm domain
of DNA polymerase (Pol�), also known to follow a dual cat-
ion mechanism (19) as the closest relative of the synthesis
domain. Of the three conserved Asp residues that coordinate
two Mg2� ions in Pol�, only two carboxylic groups, namely
Asp-264 and Glu-323, are conserved in RelSeq. These were
implicated in coordinating the catalytic Mg2� along with
ATP in the active site (20). The observed inhibition of
(p)ppGpp synthesis at high Mg2�, the absence of a third
conserved carboxylic residue, and the lack of electron den-
sity for Mg2� in RelSeq, despite supplying it during crystalli-
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zation, led Hogg et al. (20) to propose a single-cation mech-
anism for Rel proteins.
Surprisingly, in contrast to the bifunctional RelMtb and

RelSeq, we did not find inhibition of pppGpp synthesis at higher
Mg2� by their monofunctional homologue in Escherichia coli
(RelAE. coli). We associate this contrast to a charge reversal in a
conserved motif in the synthesizing domains of Rel proteins.
AnRXKDmotif in the bifunctional proteins is substituted by an
EXDD motif in the monofunctional proteins, which possibly
forms a second metal binding site other than the one used by
catalyticMg2�. The significance of thesemotifs in determining
the differential effect of Mg2� on (p)ppGpp synthesis is further
substantiated by fluorescent nucleotide binding and circular
dichroism (CD) experiments (21–23).

EXPERIMENTAL PROCEDURES

Cloning, Expression, and Purification—The bifunctional
RelMtb consists of 790 amino acids. PCR product corre-
sponding to the N-terminal domain (amino acids 53–446) of
M. tuberculosis rel was amplified using forward (5�-TTAGA-
ATTCCATATGACCGCCCAACGCAGCACCACC-3�) and
reverse (5�-GGATCCAAGCTTTTACCAGTCGAGCAGCT-
GACGCATCCA-3�) primers from M. tuberculosis genomic
DNA using Pfu DNA polymerase (Stratagene). The amplicon
was digested with NdeI and HindIII and cloned into corre-
sponding sites in the pQE-2 expression vector (Qiagen). E. coli
RelA consists of 744 residues, of which the N-terminal domain
(1–395) was amplified from its genomic DNA using primers
5�-GTTGCGGCATATGGTTGCGGTAAGAAGTGC-3� and
5�-AATAAGCTTTAAGCTGCGTACTTCGTCGAG-3� and
similarly cloned into pQE-2 vector.
Protein expressionwas carried out inE. coli. DH5� cells from

500ml of growthmediumwere resuspended in 50mMTris-HCl
(pH 8), 300mMNaCl, 1mM protease inhibitormixture (Sigma),
1 mM dithiothreitol, 1% Triton X-100, and 5% glycerol. Cells
were lysed by sonication. The supernatant, clarified by centrif-
ugation at 35,000 relative centrifugal force for 30 min, was
loaded onto a nickel-nitrilotriacetic acid column (Amersham
Biosciences). The columnwas washed with 10 column volumes
of wash buffer containing 20 mM Tris-HCl (pH 8.0), 500 mM
NaCl, 1mMdithiothreitol, and 25mM imidazole. For eluting the
protein, an imidazole gradient of 20 column volumes (0–0.5
M) was used, and the protein was eluted at 20% of the gradient.
The purified protein was then subjected to gel filtration chro-
matography (Superdex 75, Amersham Biosciences). The buffer
was exchangedwith 50mMHEPES, (pH 8), 200mMNaCl, 1mM
dithiothreitol. Themonomer fractions of the proteins were col-
lected and stored at �80 °C after snap-freezing in liquid N2.
Here, the N-terminal halves of Rel proteins fromM. tuberculo-
sis (53–446) and E. coli (1–395) are referred to as RelMtb and
RelAE. coli, respectively, unless mentioned otherwise.
pppGpp Synthesis Assays—pppGpp synthesis assays were

carried out in a 5-�l reaction volume containing 0–50 mM
HEPES (pH 8), 100 mM NaCl, 1 mM dithiothreitol, 10 mM
MgCl2, 1 mM GTP, 1 mM ATP, and 1 �Ci of [�-32P]ATP and 5
�M Rel proteins at 37 °C for 30 min. The reaction was stopped
by adding 1 �l of 6 M formic acid. The mixture was then centri-
fuged at 13,000 rpm for 10 min. 5 �l of the sample was spotted

on the polyethyleneimine-coated TLC (Merck), resolved in 1.5
MKH2PO4 (pH 3.4) buffer, and subjected to autoradiography to
detect the formation of pppGpp. Autoradiograms were aligned
with the TLC plate, spots corresponding to pppGppwere cored
out, and the counts (cpm) were determined using the scintilla-
tion counter. cpm obtained at 1 mM Mg2� concentration was
normalized to 100%. The percentage of activity for the other
samples were calculated with respect to activity (cpm) at 1 mM
Mg2�.
Sequence Retrieval and Alignment—Protein sequences were

obtained from SwissProt/Trembl (expasy.org/sprot/) and
NCBI (www.ncbi.nlm.nih.gov/) databases. The protein sequences
that belong to the Rel family were extracted and manually
scanned for the presence of residues involved in (p)ppGpp syn-
thesis and hydrolysis. An HDXXED motif in the hydrolyzing
domains coordinates a Mn2� ion and participates in (p)ppGpp
hydrolysis reaction (16). Therefore, the proteins were grouped
into the bifunctional class when HDXXED motif was present
and into the monofunctional class if it was absent since the
latter can only synthesize (p)ppGpp. Multiple sequence align-
ment of all the sequences was performed using ClustalX (24).
Following this, careful manual examination ensured the align-
ment of conserved motifs.
Site-directed Mutagenesis—Site-directed mutagenesis was

carried out by the overlapping PCR method. Forward and
reverse primers were designed with the desired change in the
codon sequence (underlined in the primer sequence). In RelMtb,
Arg-348 and Lys-350 were mutated to Glu and Asp, respec-
tively. Primers used are as follows: RelMtb R348E/K350D for-
ward primer, 5�-GATGGCGGGTGAGTTCGACGACTACA-
TCGC-3�; RelMtb R348E/K350D reverse primer, 5�-GCGAT-
GTAGTCGTCGAACTCACCCGCCATC-3�. In RelAE. coli,
Glu-306 and Asp-308 were mutated to Arg and Lys, respec-
tively. Primers used are as follows: RelE. coli E306R/D308K for-
ward primer, 5�-CGCCACCTGCCCGGGCGGTTTAAGGA-
TTACGTCGC-3�; RelAE. coli E306R/D308K reverse primer, 5�-
GCGACGTAATCCTTAAACCGCCCGGGCAGGTGGCG-
3�. In each case, the fragments were amplified using forward
primer of the gene and the reverse primer containing themuta-
tion and the reverse primer of the gene and the forward primer
with the mutation. Amplicons were gel-purified, and equal
quantities of both fragments were used as template for the sec-
ond round of PCR amplification using forward and reverse
primers originally used for amplifying the gene. The full-length
amplicon for the mutant gene was digested with NdeI and
HindIII and cloned into corresponding sites in pQE-2 vector.
mant-Nucleotide Binding Assays—Fluorescent nucleotide

binding studies were carried out using LS 55 Fluorescence
Spectrometer (PerkinElmer Life Sciences) at room tempera-
ture. TheN-methyl-3�-O-anthranoyl (mant) group attached to
the nucleotides was monitored with an excitation wavelength
of 350 nm (slit width of 2.5 nm) and emission wavelength of
400–500 nm (slit width of 5 nm). Emission and excitation pro-
files of mant-nucleotides were generated from 0.2 �M free
mant-GTP and mant-ATP in buffer. Protein mant-nucleotide
complexeswere generated by preincubating various concentra-
tions of proteins (1–5 �M) with 0.2 �M mant-nucleotides in
buffers supplemented with or without 1 mM EDTA for 10 min
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at room temperature. The effect of Mg2� on the interaction of
Rel proteinswithmant-GTP andmant-ATPwas determined by
comparing with 0.2 �M mant-GTP or mant-ATP fluorescence
and 4 �M proteins in a buffer supplemented with 0–10 mM
MgCl2.
Circular Dichroism Experiments—CD spectra were recorded

at 22 °C on a Jasco J-715 spectropolarimeter. A total of 1 �M of
the proteins was used for CD studies. Protein samples were
filtered through a 0.2-�m filter (Millipore) prior to use. Scans
were taken at a bandwidth 1.5 nm, response time 2 s, data pitch
0.2 nm, and scanning speed of 50 nm/min from 250 to 200 nm
in a quartz cuvette of path length 1 mm. Spectra were averaged
over 10 scans.

RESULTS

pppGpp Synthesis by Monofunctional RelAE. coli Is Not Inhib-
ited at HigherMg2� Concentrations—Rel proteins that are well
characterized to synthesize and hydrolyze (p)ppGpp contain

about 700–750 amino acids. Rigorous biochemical studies
using RelMtb and RelSeq have shown that the N-terminal (�1–
395) region of these proteins is sufficient to catalyze these reac-
tions efficiently (15, 18). Therefore, for the proteins mentioned
in this study, RelMtb, RelSeq and RelAE. coli indicate their N-ter-
minal regions, whereas the full-length proteins are indicated
explicitly, when required.
A small excess of Mg2�, above that of the substrate concen-

tration, was reported to drastically reduce (p)ppGpp synthesis
by the bifunctional enzymes RelMtb (full-length) and RelSeq (17,
18). A complete inhibition of synthetase activity was observed
for the former, whereas a residual activity was seen in the latter.
This difference seems to be due to the use of full-length RelMtb
versus the N-terminal region (53–446) of RelSeq that was
employed in the studies. Overall, Mg2� seems to inhibit
(p)ppGpp synthesis by bifunctional Rel proteins. We investi-
gatedwhetherMg2� can confer a similar effect on the synthesis
activity bymonofunctional RelAE. coli. The reaction was ATP�
GTP3 pppGpp�AMP; pppGpp synthesis by both RelMtb and
RelAE. coli was measured (see “Experimental Procedures”) at
constant levels of enzyme and substrates while varying Mg2�

concentrations from 0 to 50 mM (25 times higher than ATP/
GTP concentration). Fig. 1A shows that the amount of pppGpp
synthesized by RelMtb decreases significantly as the concentra-
tion ofMg2� is increased. Here, unlike for RelMtb(full-length), a
residual activity is observed as in the case of RelSeq (18). In
contrast, the amount of pppGpp synthesized by RelAE. coli was
not affected under similar conditions (Fig. 1B, and see also Fig.
3C). This indicates a clear difference in metal requirement by
RelAE. coli and RelMtb, RelSeq, possibly suggesting differences in
the reaction mechanism, despite a 59.3% sequence similarity in
their synthesizing domains. The following studies were
designed to further characterize this intriguing observation.
A Charge Reversal in a Conserved Motif Distinguishes the

Bifunctional and Monofunctional Proteins—The differential
response to Mg2� by monofunctional RelAE. coli and bifunc-

tional RelMtb, RelSeq enzymes led us
to inquire whether this is an attrib-
ute of all monofunctional and
bifunctional proteins. To corrobo-
rate this, we resorted to analyzing
the sequences of all Rel proteins
(see “Experimental Procedures”).
Although the sequence alignment
displayed several conserved motifs
across species, our attempt to
search for motifs that distinguish
the bifunctional and monofunc-
tional proteins led to the identifica-
tion of a unique charge reversal in a
conserved motif in the (p)ppGpp
synthesizing domains. An RXKD
motif, conserved in all the bifunc-
tional proteins, is substituted by an
EXDD motif, conserved in all the
monofunctional proteins (Fig. 2).
An examination of the available
structure of RelSeq (20) hinted at the

FIGURE 1. pppGpp synthesis is inhibited as Mg2� concentration is
increased in RelMtb (A), a bifunctional enzyme, but not in monofunctional
RelAE. coli (B). The reaction assayed was *pppA (ATP) � pppG (GTP) 3
pppGpp* � pA (AMP). * indicates the position of the radioactive label. A 5-�l
reaction mixture was spotted on polyethyleneimine-TLC plates, separated,
and visualized as described under “Experimental Procedures.” The amount of
pppGpp produced under varying MgCl2 is shown from lanes 1–7. Lane 1, neg-
ative control with out the proteins; lane 2, 1 mM EDTA (0 mM MgCl2); lane 3, 2
mM MgCl2; lane 4, 5 mM MgCl2; lane 5, 10 mM MgCl2; lane 6, 25 mM MgCl2; lane
7, 50 mM MgCl2.

FIGURE 2. A charge reversal in a conserved motif distinguishes monofunctional and bifunctional Rel
proteins. RXKD motif in bifunctional proteins is substituted by EXDD motif in monofunctional proteins (boxed).
Bifunctional and monofunctional Rel proteins (separated by a dotted line) are grouped based on the presence
or absence of HDXXED motifs (boxed). Relevant regions (containing these motifs) of the multiple sequence
alignment of sequences representing these two groups are shown. The numbers above the alignment corre-
spond to those of RelSeq.
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functional significance of this motif. The absence of bound
Mg2� in the structure, despite providing 5 mM MgCl2 during
crystallization, indicated thatGDP/GTPbindingmay beMg2�-
independent. The RXKD motif lies in close proximity to the
GTP/GDP binding pocket and is well conserved in the bifunc-
tional class. It appeared that this motif could possibly stabilize
the �- and �-phosphates of GTP. In monofunctional proteins,
Arg and Lys are substituted by Glu and Asp, respectively, and
the EXDDmotif is well conserved. We argued that a Mg2� ion
coordinated by Glu and Asp provides a similar stabilization to
GTP. This led us to hypothesize that, apart from the catalytic
Mg2� binding site in these proteins, EXDD forms a second
Mg2� binding site in the monofunctional proteins to stabilize
GTP and that this charge reversal could explain the differential
use of Mg2� by Rel proteins. Further experiments were
designed to verify this hypothesis, using mutant proteins that
exchanged the RXKD and EXDD motifs in the bifunctional
RelMtb and monofunctional RelAE. coli.
Exchanging RXKD and EXDD Motifs Reverses the Effect of

Mg2� on pppGpp Synthesis—To verify whether interchanging
RXKD and EXDD motifs would reverse the effect of Mg2� on
pppGpp synthesis, the conserved arginine (Arg-348) and lysine

(Lys-350) residues in the RXKD
motif of bifunctional RelMtb were
mutated to Glu and Asp, respec-
tively. Similarly, Glu-306 and Asp-
308 in the EXDDmotif of RelAE. coli
were mutated to Arg and Lys,
respectively. (Hereafter, the mu-
tants are referred to with the
prefix “MT,” and the wild type pro-
teins are referred to with the prefix
“WT.”) These mutants were puri-
fied, and pppGpp synthesis assays
were conducted as earlier. In line
with our proposal, the mutants
reversed the effect of Mg2� on
pppGpp synthesis. Fig. 3A shows
that the amount of pppGpp synthe-
sized by MT-RelMtb is not inhibited
at high Mg2� when compared with
WT-RelMtb (Fig. 1A). Conversely,
Fig. 3B shows that pppGpp synthe-
sis by MT-RelAE. coli is severely
affected, unlike WT-RelAE. coli (Fig.
1B). These experiments clearly
established (Fig. 3C) that the motifs
RXKD and EXDD play significant
roles in determining the differential
effect ofMg2� on (p)ppGpp synthe-
sis by Rel proteins. It appears that
the inhibitory effect at higher Mg2�

is seen for proteins having an RXKD
motif and not if they have an EXDD
motif (Fig. 3C). To further under-
score the role of these motifs, fluo-
rescent nucleotide binding and CD
experiments were conducted.

RXKD Motif Determines Mg2�-dependent Inhibitory Effect
on (p)ppGpp Synthesis—mant-nucleotides are sensitive fluo-
rescent probes to study nucleotide binding in proteins (21). The
nucleotide analogues, mant-GTP and mant-ATP, were used to
study the significance of RXKD and EXDDmotifs in nucleotide
binding under varying Mg2� concentrations. Proteins having
the RXKD motif, i.e. WT-RelMtb and MT-RelAE. coli, bound to
mant-GTP andmant-ATP even in the presence of 1 mM EDTA
(Fig. 4A, panels 1–4, colored blue), negating the need forMg2�

in nucleotide binding. However, this effect was not obvious for
WT-RelAE. coli and MT-RelMtb, having an EXDD motif (Fig.
4B) where no nucleotide binding could be detected. We pre-
sume that in these proteins, the nucleotide dissociation con-
stants are very high at equilibrium, and therefore, nucleotide
binding in the steady state does not lead to a significant
increase in fluorescence.
When the fluorescence experiment was conducted with

increasing Mg2�, both GTP and ATP binding to WT-RelMtb
reduced appreciably (Fig. 4A, panels 1 and 2). Similarly, MT-
RelAE. coli (with RXKD) behaved like WT-RelMtb (Fig. 4A, pan-
els 3 and 4) and showed a reduction in nucleotide binding.
Interestingly, the exchange of motifs reversed the effect of

FIGURE 3. Mutant proteins, with motifs RXKD and EXDD interchanged, show a reversal of Mg2�-depend-
ent inhibition. pppGpp synthesis assays were carried out on mutants MT-RelMtb (A) MT-RelAE. coli (B) under
conditions identical to Fig. 1. The amount of pppGpp produced under varying MgCl2 is shown from lanes 1–7.
Lane 1, negative control without the proteins; lane 2, 1 mM EDTA (0 mM MgCl2); lane 3, 2 mM MgCl2; lane 4, 5 mM

MgCl2; lane 5, 10 mM MgCl2; lane 6, 25 mM MgCl2; lane 7, 50 mM MgCl2. C, quantitation of the results obtained
from three independent experiments, similar to those shown in Fig. 1, A and B, and in panels A and B of this
figure. Spots corresponding to pppGpp were cored out, and the counts were determined. The percentage of
activity was calculated with respect to the activity at 1 mM Mg2� that was normalized to 100%. The percentage
of pppGpp synthesized by WT-RelMtb, MT-RelMtb, WT-RelAE. coli, and MT-RelAE. coli are plotted against increasing
Mg2� concentration (Mg2� conc.).
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Mg2� to the extent that MT-RelMtb behaved like WT-Re-
lAE. coli, wherein no nucleotide binding could be detected (Fig.
4B). In conclusion, these experiments clearly demonstrate that
nucleotide binding is severely affected in the presence of higher
Mg2� when the proteins carry an RXKDmotif (i.e.WT-RelMtb
and MT-RelA E. coli). This is in line with the effect seen on
pppGpp synthesis (Figs. 1 and 3).
Mg2� Induces a Structural Transition in RXKD-containing

Rel Proteins—Based on the structure of RelSeq, an interesting
feature suggested by Hogg et al. (20) is a structural transition of
a loop (�13/�4 loop), termed “catalytic loop,” situated in the
synthesis domain. This loop was postulated to be involved in
Mg2�-ATP binding. As fluorescence studies revealed that
Mg2� affects nucleotide binding (Fig. 4), we wanted to test
whether Mg2� alone could influence any structural transitions
in the protein. Thus, all CD experiments were carried out in the
absence of nucleotides and with varying Mg2� concentrations.
We observed an increase in helical content forWT-RelMtbwith
increasing concentration of Mg2� (Fig. 5A). However, under
similar conditions, there was no significant difference in the
helical content of WT-RelAE. coli (Fig. 5D). Interestingly, like
the reversals in pppGpp synthesis and nucleotide binding,
the structural transition (i.e. increase in helical content) was
also reversed in MT-RelMtb having an EXDD motif (Fig. 5B).
In MT-RelAE. coli where EXDD is replaced with RXKD, this
reversal is not apparent at lower concentration of Mg2� (up
to 5 mM) but is clearly noticed at 10 mM Mg2� (Fig. 5C). It is
possible that an increase in helicity would be observed at

higher concentrations if experimental limitations did not
restrict us to minimal Mg2� concentrations (22, 23). Overall,
the data from the CD experiments suggest that an increase in
helical content in Rel proteins occurs only when they carry
an RXKDmotif and also that this effect is solely due to Mg2�

as ATP and GTP were not supplied in these experiments.
Hence, together with the nucleotide binding studies, it is
tempting to speculate that the increase in helical content is
possibly associated with the loop-to-helix transition of the
catalytic loop proposed by Hogg et al. (20).

DISCUSSION

The metabolism of (p)ppGpp is dependent on metal ions
whereMg2� is utilized for the synthesis reaction that involves a
pyrophosphate transfer from ATP to GTP/GDP/IMP. Rel pro-
teins are classified along with enzymes such as DNA Pol� that
catalyze a similar reaction. Most biochemical studies, sup-
ported by crystal structures, suggest a dual metal ion mecha-
nism for DNA Pol� (19, 25, 26). Three conserved Asp residues
at the active site are proposed to coordinate the binding of two
Mg2� ions andATP at the active site. There is little effect on the
polymerase activity of DNA Pol� as Mg2� is increased (27).
However, reports byAvarbock et al. (17) andMechold et al. (18)
suggest that a similar mechanismmay not prevail in RelMtb and
RelSeq as they observe a severe inhibition of pppGpp synthesis at
highMg2� concentration. Based on these and the lack of a third
conserved Asp in the structural comparison of RelSeq and Pol�,

FIGURE 4. The effect of increasing Mg2� on mant-nucleotide binding to RXKD motif-containing proteins (A) and EXDD motif-containing proteins (B).
Shown are emission spectra (�ex 350 nm) obtained following incubation of 4 �M protein with 0.2 �M mant-nucleotides (ATP/GTP) and in the presence of 1 mM

EDTA (blue) and varying concentrations of Mg2� as indicated in the insets. The proteins and nucleotides used are indicated in the insets. Spectra corresponding
to various Mg2� concentrations are indicated in different colors.
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Hogg et al. (20) proposed a single-cation mechanism for Rel
proteins.
Here, we distinguish between the bifunctional and mono-

functional classes of Rel proteins and show that they utilize
Mg2� differentially for the (p)ppGpp synthesis activity. We
associate this difference in metal requirement to a unique
charge reversal in a conserved motif of the synthesizing
domain. The significance of this charge reversal is revealed in
pppGpp synthesis assays using the wild type andmutant RelMtb
and RelE. coli (Fig. 3C), which clearly suggests that the presence
of RXKD/EXDD motif determines this differential effect. The
inhibition due toMg2� is restricted only to proteins containing
an RXKD motif.
Furthermore, fluorescence studies revealed the influence of

RXKD/EXDD motifs in determining nucleotide binding in the
presence of Mg2�. Firstly, both GTP and ATP binding are
Mg2�-independent for proteins having an RXKD motif since
WT-RelMtb andMT-RelAE. coli bind nucleotides even inMg2�-
depleted (with EDTA) conditions (Fig. 4A, colored blue). Sec-
ondly, GTP and ATP binding reduced considerably in WT-
RelMtb that carried an RXKDmotif as Mg2� concentration was
increased (Fig. 4A, panels 1 and 2). Although this effect was not
seen for RelAE. coli (with EXDD), MT-RelAE. coli carrying an
RXKD motif showed a clear reversal as nucleotide binding
reduced at higher Mg2� (Fig. 4A, panels 3 and 4). Thus, it is
apparent that RXKD-containing proteins do not bind nucleo-

tides at high Mg2� and therefore
explains the lack of pppGpp synthe-
sis seen in Figs. 1A and 3B.
Our observation from CD exper-

iments, that RXKD-containing pro-
teins show an increase in helicity
(Fig. 5, A and C) with increasing
Mg2�, gains prominence due to the
fact that a similar loop-to-helix
transition of a region, termed cata-
lytic loop, is implicated in Mg2�

binding in the bifunctional RelSeq
(20). In RelSeq, two monomers pres-
ent in the asymmetric unit display
a conformational antagonism, i.e.
in one monomer, the synthesis
domain is inactive and the hydroly-
sis domain is active (synthesis-OFF/
hydrolysis-ON) and vice versa in the
second monomer (synthesis-ON/
hydrolysis-OFF). The catalytic loop
is unstructured when the synthesis
domain is inactive and forms a heli-
cal structure when the synthesis
domain is active. The importance of
this structural transition arises due
to the way Mg2� is proposed to be
coordinated. Two conserved resi-
dues, Asp-264 of the catalytic loop
and Glu-323 from a neighboring
�-sheet, coordinate the Mg2�. As
this�-sheet is a part of the rigid core

that confers stability to the domain, we assume thatMg2� bind-
ing is determined by an appropriately positioned Asp-264 (and
Glu-323). This positioning of Asp-264 could be achieved by the
structural transition of the catalytic loop to a helix, and hence,
could regulateMg2� binding. Hogg et al. (20) proposed that the
catalytic loop undergoes this transition when Mg2� binds
together with ATP. However, for proteins having an RXKD
motif, fluorescent nucleotide binding experiments clearly
depict that ATP binding isMg2� independent (Fig. 4A, colored
blue), and the CD experiments reveal that the structural tran-
sition, too, is exclusively due to Mg2� (Fig. 5, A and C). Alto-
gether, it is likely that the structural transition noticed in the
CD experiments is largely of the catalytic loop observed in the
structure of RelSeq (20).
The differential effect of Mg2� on pppGpp synthesis, nucle-

otide binding, and CD experiments can be rationalized as fol-
lows. In the case of RXKD-containing bifunctional proteins,
perhaps the loop-to-helix transition of the catalytic loop
induced by Mg2� leads to a closure of the substrate binding
pocket such that ATP and GTP are excluded from it, which
leads to the lack of (p)ppGpp synthesis. In the case of EXDD-
containing proteins, Mg2� is unable to induce a similar struc-
tural change, and hence, does not affect (p)ppGpp synthesis.
This may be due to a secondMg2� binding site coordinated by
Glu and Asp of EXDD in the monofunctional proteins, where
GTP could be stabilized by this additional Mg2� ion (see

FIGURE 5. Increasing Mg2� induces an increase in helical content in Rel proteins carrying an RXKD motif.
Circular dichroism spectra were recorded as follows. A, WT-RelMtb; B, MT-RelMtb; C, MT-RelAE. coli; D, WT-RelAE. coli.
in the absence of nucleotides, but with increasing Mg2�. The experiment was conducted with 0 mM MgCl2
(– – –), 10 �M MgCl2 (—–), 100 �M MgCl2 (�–�–�–), 1 mM MgCl2 (����), and 10 mM MgCl2 (——). mdeg, millidegrees.
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“Results”). Perhaps Mg2� binding to the second site prevents
the structural transition of the catalytic loop at highMg2�. This
difference suggests that unlike bifunctional Rel proteins that
follow a single-metal ion-mediated catalysis, monofunctional
proteins use an additional metal ion for (p)ppGpp synthesis.
However, the second metal ion is dispensable since the muta-
tion of EXDD to RXKD retains synthesis activity in monofunc-
tional RelAE. coli.
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