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ABSTRACT. The dual-function Rely protein fromMycobacterium tuberculosisatalyzes both the synthesis

and hydrolysis of (p)ppGpp, the effector of the stringent response. In our previous work [Avarbock, D.,
Avarbock, A., and Rubin, H. (2000Biochemistry 3911640], we presented evidence that theyiel
protein might catalyze its two opposing reactions at distinct active sites. In the study presented here, we
purified and characterized fragments of the 738-amino acigRetotein and confirmed the hypothesis
that amino acid fragment-1394 contains both synthesis and hydrolysis activities, amino acid fragment
87—394 contains only (p)ppGpp synthesis activity, and amino acid fragmeh81 contains only (p)-
ppGpp hydrolysis activity. Mutation of specific residues within fragmenB824 results in the loss of
synthetic activity and retention of hydrolysis (G241E and H344Y) or loss of hydrolytic activity with
retention of synthesis (H80A and D81A). The C-terminally cleavedig&lagment proteins have basal
activities similar to that of full-length Rely,, but are no longer regulated by the previously described
Rel, activating complex (RAC). Residues within the C-terminus ofyRelD632A and C633A) are
shown to have a role in interaction with the RAC. Additionally, size exclusion chromatography indicates
Relw, forms trimers and removal of the C-terminus results in monomers. The C-terminal deleti@®4,1
which exists as a mixture of monomers and trimers, will dissociate from the trimer state upon the addition
of substrate. Furthermore, the trimer state of fragmer834 appears to be a catalytically less efficient
state than the monomer state.

Mycobacterium tuberculosi{tb) infects more than one- An Mtb gene reluw, encodes a protein of 738 amino acid
third of the world’s population and kills more than 3 million  residues and belongs to thelA/spoTfamily of genes that
people a year, making it the world’s deadliest bacterial mediates a global regulation of protein synthesis known as
infection (1). Tuberculosis incidence as well as the develop- the stringent response4)( A knockout strain ofrelwy
ment of multidrug-resistant tuberculosis has escalated be-(Arelw,) demonstrated that the enzyme is responsible for
cause of the increasing prevalence of HIV infection, increas- the intracellular regulation of (p)ppGpphe effector of the
ing rates of homelessness and incarceration, and the limitedstringent response, and the consequent ability of Mtb to
capacity of tuberculosis control programs to treat patients survive long-term starvation in cultures)( Rely also
until they are cured2). Although the disease can be treated regulates a broad transcriptional program encompassing more
with antimicrobial agents that kill a great majority of the than 80 genes and is critical for the establishment of a
tubercle bacilli in a lesion within 1 or 2 weeks, it is necessary persistent Mtb infection in micegj.
to continue multidrug therapy for at least 5 months. This  Relw is @ member of the superfamily of single-gene-
prolonged therapy maximizes the elimination of the few encoded bifunctional enzymes that catalyze opposing reac-
remaining bacilli, thereby preventing reactivation of the tions (7). During amino acid starvation, the Rgl protein
disease years later. It is presumed that these bacilli “persis-catalyzes the transfer of the/3,y-pyrophosphate group from
tors” lie dormant in an environment characterized, in part, ATP to the 3-OH of GTP or GDP [ATP+ GTP (GDP)~
by nutrient deprivation and oxygen limitatioB)( It is also ~ AMP + (p)ppGpp]. As amino acid levels return to normal,
suggested that Mtb can persist in this environment by the stringent response is reversed by\Retatalyzing the
entering a state of dormancy via the process of rapidly hydrolysis of the pyrophosphate group (Pfom the 3-
reducing or completely switching off protein synthesis to OH of both pppGpp and ppGpp, yielding GTP or GDP [(p)-

achieve a shutdown of cellular metabolic activity. pPGpp— GTP (GDP)+ PR] (5, 7). Differential regulation
of Relww's opposing activites by the aminoacylation state

of a tRNA-ribosomemRNA complex (Rehy activating
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In our previous study7), three pieces of evidence led us
to believe that the two opposing catalytic activities ofRel
take place at distinct active sites: (i) the differential
sensitivity of the two reactions to Mg, (ii) the ability to
synthesize but not hydrolyze ppplpp, and (iii) the simulta-
neous synthesis and hydrolysis of (p)ppGpp at the maximal

Avarbock et al.

described %). The concentration of wild-type Rg) was

determined by ORyousing a calculated extinction coefficient

of 77 170 Mt cm™* for full-length 82 kDa Rép.
Expression and Purification of Rgh Using Mycobacte-

rium smegmatis as a Hosdwild-type and Ry, genes with
the desired mutation (D632A, D632R, and C633A) were

basal rate of each reaction. On the basis of a previous studyPCR-amplified and cloned into aB. coli-M. smegmatis

which showed that the (p)ppGpp synthesis and hydrolysis
activities of SpoT, a Rek, homologue found ifEscherichia
coli, could be separated into distinct domairf), (we
constructed Rek, fragments to test our hypotheses. In the
study presented here, we confirm thatjgetontains distinct
active sites by purifying functional synthesis and hydrolysis
fragments. We also confirm that the C-terminus ofyggbk

an important region for multimerization and regulation of
(P)pPGpp synthesis and hydrolysis.

MATERIALS AND METHODS

DNA Manipulation and PCR AmplificatiorRel, frag-
ments were PCR-amplified from Rgl template DNA using
Vent polymerase. The following primers were used: N-
terminus, GATATACCATGGGCAGCAGCC; 87394 N-
terminus, GATTGATCCATATGGGTTACACCCTGGAG-
GCGTT; 1-394 and 87394 C-terminus, GATCAT-
GGATCCCTAGTCGTAGCGCAATGATTCCA; 1203
C-terminus, GATCATGGATCCCTACTCCTCGTACTT-
CTTGGGAT; 1-181 C-terminus, GATCATGGATCC-
CTACATGCCCAGCCGATGCGCCAG; and 1156 C-
terminus, GATCATGGATCCCTACAAGAAGCGCATG-
GTGCGCAT. Restriction sites used for cloning are under-
lined. Amplification conditions were as follows: 30 cycles
at 94°C for 45 s, 55°C for 45 s, and 72C for 3 min. The
PCR products were digested with Ndel, Ncol, and BamH1
(New England Biolabs) and cloned into pET15b vectors.

Expression and Purification of Rg) Using E coli as a
Host BL21[DE3] cells carrying pET15b plasmids with the
appropriate fragment DNA were grown in LB medium to
an OD of 0.6 for 37°C growth (1-450, 1-394, 1-181,
395-738, G241E, H344Y, H80A, and D81A) and to an OD
of 1.1 for 15°C growth (1-203, 87394, D632R, and
D632A). Isopropyl 1-thiogalactopyranoside (IPTG) was
added to a final concentration of 1.0 mM (3T growth)
and 0.04 mM (15C growth), and the protein was expressed
for 3 and 15 h, respectively. Cells were resuspended in buffer
containing 50 mM NaP(pH 8.0), 300 mM NacCl, and 20
mM imidazole and then lysed with a French press. Cell debris
was removed by one round of centrifugation. The lysate was
added to Mi*—NTA agarose (Qiagen) for 1 h, and the resin
was then transferred to a column and washed with 50 mL
of 50 mM NaR (pH 8.0), 300 mM NaCl, and 20 mM
imidazole. The His tag proteins were eluted with 50 mM
NaR (pH 8.0), 300 mM NaCl, and 100 mM imidazole.
Protein fractions were checked at @Rusing calculated
extinction coefficients of 5120 M cm ™ for fragment 1-156
(17.3 kDa), 5120 M* cm* for fragment +-181 (20.1 kDa),

12 090 Mt cm™ for fragment 1203 (22.7 kDa), 49 620
M~1cm for fragment 87394 (35.1 kDa), and 53 460 M
cm 1 for fragment -394 (44.6 kDa) (Swiss-Prot Analysis),
and purity was assessed by SBIBAGE analysis.

shuttle vector downstream of an acetamidase gene promoter
(cloned fromM. smegmatiggenomic DNA) and upstream
of a hexahistidine tag. This vector, carrying a hygromycin
resistance gene, was constructed in our laboratbty.
smegmatisompetent cells carrying the construct were used
to inoculate 2 mL of 7H9 medium, and this starter culture
was incubated at 37C with shaking for 2 days, and then
used to inoculate larger volumes of 7H9 medium supple-
mented with OADC enrichment and 2% acetamide (Sigma).
The culture was grown for 3 days, and cells were then
harvested and resuspended in equilibration buffer [25 mM
imidazole, 400 mM NacCl, and 50 mM NafpH 8.0)]. The
same protein purification method in the previous section was
then followed.

Transferase Assaylhe transferase assay was carried out
as previously described). Briefly, ribosome-independent
transferase reaction mixtures (3C) contained 50 mM
HEPES (pH 8.0), 108225 mM NaCl, 1 mM DTT, indicated
concentrations of ATP/GTP (Pharmacia), varying Mga
MnCI, concentrations, and enzyme. In addition, theyRgel
activating complex (RAC) reaction mixtures included ribo-
somes (0.150.30uM), tRNA (0.20—-1.50uM), and mRNA
[2.00 uM poly(U)]. Reactions were monitored using either
[y-33P]ATP or [y-**P]GTP (NEN) at 1uCi/umol. Reaction
rates were calculated by taking/8. aliquots at multiple
time points, spotting them onto PEIl-cellulose TLC plates
(Sigma-Aldrich), and developing the plates in 1.5 M;KP
(pH 3.4). Reaction products were visualized using a Storm
Phosphorimager (Molecular Dynamics) and quantitated using
ImageQuant version 1.2 (Molecular Dynamics).

Hydrolysis AssayThe hydrolysis assay was carried out
as previously described7), Briefly, hydrolysis reaction
mixtures (30°C) contained 50 mM HEPES (pH 8.0), 160
225 mM NaCl, 1 mM DTT, indicated concentrations of
pppGpp, varying MnGl concentrations, and enzyme. Pre-
parative amounts of pppGpp were synthesized from fragment
protein -394 and purified. The hydrolysis reaction product,
*PP, was visualized and quantitated as described for the
assay for the transferase reaction.

Gel Filtration ChromatographyA Superdex 200 HR 10/

30 column was used to estimate the apparent molecular mass
of Reluyw multimers at room temperature. Protein samples
were applied to the column system equilibrated in a standard
elution buffer [50 mM HEPES buffer (pH 8.2), 250 mM
NaCl, 0.1 mM DTT, and 5% glycerol] at a flow rate of 0.75
mL/min. Ribonuclease A, chymotrypsinogen A, ovalbumin,
albumin, aldolase, catalase, ferritin, and thyroglobulin (Am-
ersham Pharmacia Biotech) were used as protein standards

for column calibration. Elution was monitored for protein

at ODygo
RESULTS

The pET22b expression system (Novagen) was used to Dissection of the Bifunctional Protein into Separate

purify the 82 kDa recombinant Rg) protein as previously

Catalytic DomainsOur previous finding that the 738-amino
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Ficure 1: Summary of truncated Rgh proteins, activity, and important domains. Panel A shows full-length,Rednd panels BH
show truncated proteins.

acid Relin can both synthesize and hydrolyze (p)ppGpp (iii) amino acid fragment 8#394 capable of only pppGpp
suggested that it may have separate domains for thesesynthesis.

opposing activities. Seven fragments were expressed and Comparison of Dual-Function Rgh Fragments to Wild-
purified, and three fragments with activity were characterized Type Raly. To determine whether both of the catalytic
in detail (Figure 1): (i) amino acid fragment-B94 capable  activities of Rel could be localized to a smaller region,

of both pppGpp synthesis and hydrolysis, (ii) amino acid three truncated proteins were expressed and purified: amino
fragment 203 capable of only pppGpp hydrolysis, and acid fragments +450, 1-394, and 395738 (Figure 1).
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Table 1: Kinetic Constants for the RgJ Transferase Reactidn

reaction Kgre (MM) Keat (571 KealKeTp(MM ™1 57%)

(1) full-length Relin 1.36+0.12 0.4+ 0.04 0.29
(2) full-length Rely, + tRNAPhe 0.7+ 0.04 0.4+ 0.04 0.58
(3) full-length Rel, + tRNAPPeribosomespoly(U) (RAC) 0.33+ 0.04 8.4+ 0.3 25

(4) fragment 394 monomer 0.6# 0.05 0.66+ 0.06 0.98
(5) fragment -394+ tRNAPhe 0.67+ 0.05 0.66+ 0.06 0.98
(6) fragment -394+ tRNAPribosomespoly(U) (RAC) 0.67+ 0.05 0.66+ 0.06 0.98
(7) fragment 87394 0.784+0.08 0.47+0.04 0.52
(8) fragment 87-394 + tRNAPhe 0.78+ 0.08 0.47+0.04 0.52
(9) fragment 87394+ tRNAPheribosomespoly(U) (RAC) 0.78+ 0.08 0.47+0.04 0.52

2 The transferase reaction that was assayed was *pppA (*ATPYPG (GTP)— pA (AMP) + pppGpp*. pppGpp* indicates that the radioactive
label is on the 3PR group of the ribose ring of GTP. Reactions were performed a&t@3@nd pH 8.0. For the determination K&rp, the ATP
concentration was held constant (15 mMuCi/umol of [y-33P]ATP). Thek. was calculated as if all components in the reaction were in a
monomer state.

Table 2: Relative Activity of pppGpp Hydrolysis by Rel concentration of nucleotide substr.ates ([ATP] [GTP]),
Variant$ whereas the optimal M concentration was approximately
one-half of the total concentration of nucleotide substrates.

reaction mol of PPs~* (mol of enzyme)?!
Relw fragments 1394 and 87394 also had the same metal
(2) full-length Relu, 0.028 . . .
(2) fragment -394 monomer 0027 concentration range requirements for the transferase reaction
() fragment +203 0.03 as wild-type Raly. Like in wild-type Relw, only M2t is
(4) fragment +181 0.00021 capable of supporting the hydrolysis reaction for the truncated

aThe hydrolysis reaction that was assayed was pppGpp* (pppGpp) Relmn proteins.
— *PP, + pppG (GTP). pppGpp* indicates that the radioactive label if At ; ;
is on the 3PR group of the ribose ring of GTP. Reactions were s Idimlf.lc_?ﬂoré of FSRS(TRtglzsRleéldueS .for .Relp.ppdGSp h
performed for 20 min at 36C and pH 8.0 with 0.1 mM pppGpp. Moles ~ SYNthesisThek. coliRe mutation impaired bot
of enzyme were determined as if all of the enzyme was in a monomer ATP and GTP binding and caused a complete loss of RelA
state. (P)PPGpp synthesis ability in culture, and a RelA H354Y

mutation impaired ATP binding and caused a partial loss of

Fragment proteins 4450 and +394 were capable of _synt_hetic activity 9). RelA G251 and H354 are conserved
synthesis and hydrolysis and had similar activities, while In Wild-type Relw, and correspond to Rgh G241 and H344,
fragment protein 395738 was devoid of any activity. respectlvely (Figure 1A).We mutated bqth of these residues
Fragment +394 had & for pppGpp synthesis similar to N Relw, fragment protein £394, creating two separate
that of wild-type Rel,, and aKn, for GTP ~2-fold lower mutants, G241E and H344Y. Both the G241E and H344Y
than that of wild-type Rej, (Table 1, reaction 1 vs reaction mutants retained pppGpp hydrolytic activity, with hydrolysis
4). The relative activity of Rek, fragment -394 and wild- kinetics similar to that of £394, but both lost the ability to
type Relw for pppGpp hydrolysis was nearly the same Synthesize pppGpp (Figure 2).
(Table 2, reaction 1 vs reaction 2). Identification of Essential Residues for Rel(p)ppGpp

Comparison of pppGpp Hydrolysis-Only Fragments to Hydrolysis Rel, contains a hist.ic_iine and aspartate doublet
Wild-Type Reks. Three fragments were purified and assayed (H80-D81) that has been identified as part of a conserved
to determine the domain necessary for pppGpp hydrolysis: region known as the HD domain (Figure 1A}0j. The
amino acid fragments-4203, 1-181, and +156 (Figure histidine and aspartate residues are predicted to be essential
1). Amino acid fragments 4203 and *+181 possessed for coordinating divalent cationdQ, 11), and thus may be
pppGpp hydrolysis activity but were incapable of pppGpp essential for Rgk,. We mutated each of these residues in
synthesis activity. Amino acid fragment-156 was not  Rely fragment protein 394, creating two mutants, H80A
capable of either pppGpp synthesis or hydrolysis. The relative and D81A. Both the H80A and D81A mutants were capable
activity of amino acid fragment-1203 was similar to that ~ of pppGpp synthesis, with synthesis kinetics similar to that
of wild-type Relw, (Table 2, reaction 1 vs reaction 3), while of the 1-394 protein, but were not capable of pppGpp
the relative activity of fragment 4181 decreased ap- hydrolysis (Figure 2).

proximately 130-fold compared to that of wild-type Rel Higher-Level Regulation of Rek, Activity by the Reh,
(Table 2, reaction 1 vs reaction 4). Activating Complex (RAC)In our previous study, adding

Comparison of a pppGpp Synthesis-Only Fragment to only uncharged tRNA to the full-length Re} ribosome-
Wild-Type Relw. A fragment containing amino acids 87  independent transferase reaction mixture caused a 2-fold
394 was found to have only pppGpp synthesis activity. The decrease ifKare andKere (Table 1, reaction 1 vs reaction
keafor protein fragment 87394 was similar to that of wild-  2) (7). Addition of a complex of uncharged tRNA, ribosomes,
type Redw, while theKy, for GTP was approximately 2-fold  and cognate mRNA (RAC) to the wild-type Rgltransferase
lower (Table 1, reaction 1 vs reaction 7). reaction mixture lowere#arp andKgrp 4-fold and increased

Metal Requirements for Transferase and Hydrolysis Reac- keat 20-fold (Table 1, reaction 1 vs reaction 3). In contrast,
tions. We previously describedr) a very narrow divalent  Rel, fragments +394 and 87394 with (p)ppGpp trans-
cation concentration range required for the maximal activity ferase activity failed to be activated above basal levels by
of wild-type Relw: the optimal M@" concentration for ~ uncharged tRNA alone or the Rel activating complex
pppGpp synthesis was approximately equal to the total (RAC) (Table 1, reactions-49).
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Reluw formed one distinct peak with an apparent molecular

pppGpp mass of 240 kDa that corresponds to a trimer state (trimer
gz:::i'(\:f‘is calculated molecular mass of 245 kDa) (Figure 3A). Amino

acid fragment +394 formed two distinct peaks with
apparent molecular masses of 141 and 47 kDa, which
correspond to a trimer and monomer state, respectively
(trimer calculated molecular mass of 134 kDa and monomer
mass of 45 kDa) (Figure 3B). Consistently, more than 75%
i - of the Relu, 1—394 species was purified in the monomer
Pyrophosphate ‘ t ‘ state. Fragment-1203 formed a major peak-©5%) with

: an apparent molecular mass of 28 kDa (monomer calculated
molecular mass of 22.7 kDa) which approximates the
molecular mass of the monomer state, and a minor peak
(~5%) with an apparent molecular mass of 60 kDa that
resembles a multimer state (Figure 3C). The C-terminal end

- 13

pppGpp '.'c“

No 1.394 G241E H344Y H80A DB1A

of Relwy, (395-738) formed a major peak-©9%) with an
apparent molecular mass of 37 kDa, which corresponds to a
monomer state (monomer calculated molecular mass of 37.3
kDa), and a very small peak-(%) at 119 kDa correspond-

Enz ing to a trimerized state (trimer calculated molecular mass
of 112 kDa) (Figure 3D).

Analysis of Proposed Rgl) C-Terminal Multimerization
Mutants Residues C612, D637, and C638 within the
C-terminal domain oE. coli RelA have been demonstrated
to affect oligomerization 9). These RelA residues are
conserved in Regh, at positions C607, D632, and C633,
ATP respectively (Figure 1). The homologous residues insgel

were mutated, and Rgb variants D632A, D632R, and
C633A were expressed in a newly developédsmegmatis
- ‘ . expression system and analyzed. Wild-typeyRednd the
F ¥ B D632A mutant were expressed in both tBecoli and M.
. 3 - I N smegmatisystems. Kinetic parameters of the enzymes were
- E B consistent between expression systems. The oligomer state
<, & % of these mutants was investigated by size exclusion chro-
pPPGPP : = N matography, and the C-terminal mutants eluted at a size
consistent with a trimer.
y D632A and D632R had similar catalytic activities, so only
% o & 9 5 D632A was further analyzed. Like wild-type Regl, D632A
and C633A were still activated by uncharged tRNA and the
RAC complex during pppGpp synthesis. However, kinetic
data revealed important differences between wild-typaRel

Ficure 2: Synthesis and hydrolysis capabilities 6394, G241E, ;
H344Y, H80A, and D81A. Five microliters of a 3L reaction and the mutants (D632A and C633A) for the synthesis

mixture was spotted on a TLC plate, separated, and visualized as'®action. First, the mutants showed decreased RAC pppGpp
described in Materials and Methods. The synthesis reaction thatSynthesis activity relative to wild-type Rel: D632A had
was assayed was *pppA (ATP) pppG (GTP)< pA (AMP) + an approximately 3.5-fold decrease and C633A a 20-fold

PPPGpp*. pppGpp* indicates that the radioactive label is on the gecrease in RAC synthesis activity compared to wild-type

3'-P, group of the ribose ring of GTP. ATP and GTP concentra-
tionslwere held constant at 2 mM fiCilumol of [y-3P]ATP). Reluw. Second, although the D632A and C633A mutants

The hydrolysis reaction assayed was pppGppbppG (GTP)+ exhibited linear pppGpp production during the basal trans-
pp* (pyrophosphate). The pppGpp concentration was held constantferase reaction (no RAC) like that of wild-type Rgl these
at 0.1 mM. Only radioactive components are visualized. No Enz, mutants displayed a significant lag in pppGpp production
the negative control, indicates that no enzyme was added to theduring the RAC transferase reaction compared to wild-type
reaction mixture. Relw, (Table 3). The activity lag, defined by the amount of
Also described in our previous study was the fact that time before a linear rate of activity, was most evident when
addition of uncharged tRNA or the RAC to wild-type Regl the enzyme and RAC components (tRMibosomemRNA
had the opposite effect on hydrolysis activity, increasing complex) were not preincubated together before the reaction
Kpppapp 3-fold and decreasind..: 2-fold. In the study  was initiated by the addition of substrate (Figure 4 and Table
presented here, both uncharged tRNA and the RAC failed 3, reactions 2, 4, and 7).
to inhibit the activity of the fragments capable of (p)ppGpp  To further investigate the effect of enzyme and RAC
hydrolysis (1-181, 1-203, and 1+394). preincubation on the lag, RAC components and enzyme were
Evidence of Rel, Multimerization To determine whether  preincubated separately or together, for various lengths of
multimerization plays a role in the regulation of Rg] the time, and at different temperatures before initiation of the
protein was studied using analytical gel filtration. Wild-type reaction (Table 3). To reduce an initial RAC pppGpp

pPPPGPP
Synthesis
Reaction

No 1.394 G241E H344Y H80A D81A
Enz
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Ficure 3: Determination of the Rgl, multimer state by size exclusion chromatography. HPLC elution monitored afo@id (A) full-

length Rely, (retention time of 16.72 s corresponds to 240 kDa), (B) fragmei®9¥ (retention time of 18.1 s corresponds to 141 kDa and

a time of 21.2 s corresponds to 47 kDa), (C) fragmen®Q@3 (retention time of 20.6 s corresponds to 60 kDa and a time of 22.9 s
corresponds 28 kDa), and (D) fragment 39538 (retention time of 18.6 s corresponds to 119 kDa and a time of 22 s corresponds to 37
kDa).

Table 3: Different Degrees of Lag for RAC pppGpp Synthesis

condition wild type D632A C633A
(1) basal synthesis (no RAC) no lag no lag no lag
(2) Enz and RAC preincubated separately on ice for 20 min 14 min 34 min 30 min
(3) Enz and RAC preincubated together on ice for 20 min 9 min 30 min 27 min
(4) Enz and RAC preincubated separately at room temperature for 20 min 9 min 28 min 22 min
(5) Enz and RAC preincubated together at room temperature for 8 min 6 min 22 min 18 min
(6) Enz and RAC preincubated together at room temperature for 20 min no lag 18 min 16 min
(7) Enz and RAC preincubated separately at@dor 20 min 5 min 24 min 20 min
(8) Enz and RAC preincubated together at’80for 5 min 4 min 14 min 10 min
(9) Enz and RAC preincubated together at’80for 20 min no lag no lag no lag

a Monitoring the RAC synthesis reaction of wild-type Rg) D632A, and C633A every 2 min during a 40 min time course. Times indicate the
amount of time of the RAC synthesis lag. Lag is defined by the time delay until linear rates of pppGpp synthesis occur. For the enzyme and RAC
preincubated separately, the enzyme is added as the last component to initiate the reaction. For preincubation of enzyme and RAC together, the
ATP substrate is added as the last component to initiate the reaction.

synthesis lag, preincubation of enzyme and RAC componentspreincubation effect was temperature- and time-dependent
was necessary before reaction initiation (Figure 4), and the (Table 3). For wild-type Reky,, preincubation of the enzyme
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35 and enzyme were preincubated separately or together (Figure
A 4A—C).

Stability of Ral, Multimers Since Rely, fragment -394
formed both monomers and trimers, we tested whether an
equilibrium existed between the two states. In all purifications
of Relwy fragment 1394, the monomer state would range
from 75 to 95% of the total level of species in solution. We
therefore tested a 0.6 mg/mL fragment394 solution with
90% monomer and 10% of species in the trimer state as well
as a similarly concentrated solution with 75% monomer and
25% trimer to see if there was interconversion between the
species. After incubation of these solutions af@0for 100
min, both solutions attained an equilibrium with approxi-
mately 75% of the species in the monomer state and 25%
of the species in the trimerized state (9 mol of monomer for
every 1 mol of trimer). The fragment-1394 trimer and
monomer were each isolated by size exclusion chromatog-
raphy and run on denaturing SB8AGE, and both formed
single bands corresponding to a 44 kDa fragment, the size
of monomer fragment-1394.

We next tested whether disulfide bonds were responsible
for multimerization. Wild-type Rel, and Rely, fragment
1—-394 were incubated with 3 mM DTT for 60 min on ice
followed by size exclusion chromatography. The reducing
agent did not disrupt the stability of the wild type or the
Relw fragment 1394 multimer.

Studies similar to those with fragment proteinrd94 were
conducted with the fragment proteins 203 and 395738,
but no conditions were found to alter the existing monomer-
to-multimer ratio.

Fragment 1394 Monomer and Trimer Equilibrium
StudiesAfter determining that a 0.6 mg/mL fragment 394
solution will form an equilibrium consisting of approximately
25% of the species forming trimers and the remaining 75%
of the species forming monomers, we next tested elements
which might alter this equilibrium. Starting with a fragment
FiGURE4: RAC pppGpp synthesis reaction monitored as a function 1—394 solution consisting of 13% of the species in the trimer
of time. Reactions (9@L) were performed at 30C and pH 8.0. state and 87% of the species forming a monomer state (Figure
ATP and GTP concentrations were held constant at 2 mM. (A) 5A) we tested whether nucleotide binding would alter the
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Wild-type Reln: enzyme and RAC preincubated separat@y (
and enzyme and RAC preincubated togetiBr (B) D632A mutant
enzyme: enzyme and RAC preincubated separa@lyagd enzyme
and RAC preincubated togethall)( (C) C633A mutant enzyme:
enzyme and RAC preincubated separat® &nd enzyme and

monomer and trimer ratios during incubation at°8over
a 45 min time course. Incubation of the fragment3D4
solution without nucleotides caused an increase in the trimer
percentage and resulted in 21% of the species interacting to

RAC preincubated togetheMj. For the separate preincubation, form trimers and 79% remaining monomers (Figure 5B). thus
the enzyme and RAC were incubated separately atGor 20 0 g (Fig )

min and then enzyme was added as the last component of the@PProaching the equilibrium of 25% trimers and 75%
reaction mixture. For preincubation of the enzyme and RAC Monomers. However, incubation of the fragment3B4
together, the ATP substrate was added as the last component aftesolution with 2 mM ATP and 2 mM GTP caused a decrease
enzyme preincubation with RAC components at'80for 20 min. in the original trimer percentage and resulted in only 7% of
the species interacting to form trimers and 93% of the species
with RAC components for 20 min at 36C or room  asmonomers (Figure 5C). Likewise, the hydrolysis substrate,
temperature prior to the reaction prevented a lag in RAC pppGpp, decreased the trimer percentage in solution, result-
synthesis while preincubation on ice did not (Table 3, ing in 6% trimer species and 94% monomer species (Figure
reactions 3, 6, and 9). In contrast, for the C-terminal mutant 5D).
enzymes, only a preincubation with RAC components for  After isolating the fragment-1394 trimer by size exclu-
20 min at 30°C prevented a lag in RAC synthesis (Table 3, sion chromatography, we monitored its multimerization state
reactions 3, 6, and 9). There appeared to be a minimal timeduring the course of a pppGpp synthesis reaction (Figure
requirement for preincubationsa 5 min preincubation of  6). When we began with a solution composed of 86% of the
the enzymes with RAC components at D decreased the  species interacting to form trimers and 14% percent of the
lag, but did not completely alleviate it like the 20 min species in a monomer form (68% moles trimer and 32%
preincubation (Table 3, reaction 8 vs reaction 9). Despite moles monomer), 100 min after reaction initiation the
an initial synthesis lag, reaction rates eventually became solution was composed of 21% of the species in the trimer
linear and equal, regardless of whether RAC componentsform and 79% of the species in the monomer from (8% moles
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mAY

Monomer

.. [Reaction Trimer | Monomer
A 1-394 from ice 13% 87 %
B 1-394 45 min at 30°C 21 % 79 %
¢ |C 1-394 2mM ATP & GTP 45 min at 30°C 7% 93 %
D 1-394 0.1mM pppGpp 45 min at 30°C 6% 94%
Trimer

: P ® » P
Ficure 5: Monitoring the fragment-2394 trimer and monomer ratio by size exclusion chromotography. Sixty-five micrograms of fragment

1-394, with 13% of species in the trimer state and 87% of species in the monomer state (time 0 withtthim&@bation), was incubated
in a 30uL solution [50 mM HEPES (pH 8.2) and 1 mM DTT] at 3€ for 45 min with and without nucleotides.

! Table 4: Kinetic Constants for the R@l Fragment 1394

09 Ribosome-Independent Synthesis Reaétion
c 08 normalized activity
2 o7 at the same enzyme
S synthesis reaction Keat (S73) concentration
06
E (1) fragment 394 Relu, 0.66+ 0.04 3
S 05 monomer (45 kDa)
8 04 (2) fragment 1394 Rely,  <0.66+ 0.04 <1
s o trimer (135 kDa)
s a Comparison of synthesis activity of the isolated fragmen834

02 monomer and isolated fragment-394 trimer. Reaction mixtures

0.1 contained equal concentrations of each species. At the same concentra-
tion, there are 3 times more moles of fragment3D4 trimer than

0 fragment 1394 monomer.

0 20 40 60 80 100 120
Time (min)

Ficure 6: Monitoring fragment +394 trimer dissociation and  Table 5: Kinetic Constants for the Rg Fragment 1394

corresponding monomer formation during the pppGpp synthesis Ribosome-Independent Hydrolysis Reaction

reaction by size exclusion chromatography. Six hundred microliters

of fragment -394 trimer synthesis reaction mixture contained 1.5

mM ATP and GTP, 3 mM Mg", and 55ug of fragment 1-394

trimer; 100uL of the reaction mixture was injected onto a sizing

normalized activity
mol of PRs™ at the same enzyme
hydrolysis reaction (mol of enzyme)* concentration

column over a 100 min time course and monitored ab§Drhe (1) fragment 394 Rely 0.027 3
original solution was composed of 86% trimer species and 14%  monomer (45 kDa)
monomer species, which in mole fraction is 0.68 trimer and 0.32 (2) fragment -394 Relu, <0.027 <1

monomer (trimer, 134 kDa; and monomer, 45 kDa). Trimer trimer (135 kDa)
dissociation @), and corresponding monomer formatidl){ are aComparison of hydrolysis activity of the isolated fragment3b4

represented in terms of mole fraction in solution. monomer and the isolated fragment394 trimer. Reaction mixtures

. o . . . contained equal concentrations of each species. At the same concentra-
trimer and 92% moles monomer). Since the dissociation of tjon, there are 3 times more moles of fragmert394 trimer than

each trimer produces three monomers, we have representettagment -394 monomer.
trimer dissociation and monomer formation as the mole
fraction of species in solution (Figure 6). (133.7 kDa) for the trimer reaction. The pppGpp synthesis
Activity of the Isolated Fragment-1394 Monomer and  and hydrolysis activities of the isolated fragment304

Trimer. After separating the fragment-B94 monomer from  monomers were at least 3 times greater than that of the
the trimer by size exclusion chromatography, we separatelyisolated trimers at the same enzyme concentration (Table 4
assayed the isolated monomer and isolated trimer for pppGppreaction 1 vs reaction 2, and Table 5, reaction 1 vs reaction
synthesis and hydrolysis activity and compared their relative 2). Therefore, 1 mole of monomer has at least the same
activities. Synthesis and hydrolysis reaction mixtures for each activity as 1 mole of trimer (Table 4, reaction 1 vs reaction

species contained equal concentrations of total enzyme (0.02, and Table 5, reaction 1 vs reaction 2). Because the trimer
mg/mL): 374 nM fragment 4394 monomer (44.5 kDa) for ~ dissociates over the course of a reaction and both the trimer
the monomer reaction and 124 nM fragment3B4 trimer and monomer lose activity over the course of a reaction, we
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only determined with certainty that 1 mol of trimer has the  While the Relw (p)ppGpp synthesis and hydrolysis
same activity as or less activity than 1 mol of monomer activities can be isolated on different fragment proteins, the
(Tables 4 and 5). protein fragments share an overlapping region of amino acids
87—181 (Figure 1). IrE. coli SpoT, an overlapping region
DISCUSSION is necessary for (p)ppGpp synthesis and hydrolysis activities
In the Gram-negative bacteriuE coli, two proteins are (8) and the Relqcrystal structure reveals that residues in
responsible for the synthesis and hydrolysis of (p)ppGpp: this overlapping region are important for nucleotide binding
the RelA protein synthesizes (p)ppGpp in response to amino(11). Much of this overlap occurs in a predicted region
acid starvation, and the SpoT protein hydrolyzes (p)ppGpp. known as the HD domain, named for the conserved histidine
Under certain conditions, SpoT is also capable of synthesiz-and aspartate doublet in this region (Figure 1AP)( On
ing (p)ppGpp, but RelA is not capable of hydrolyzing (p)- the basis of the catalytic properties of enzymes with this
ppGpp. Results of deletion analys®) of the spoTgene in domain, the conserved H and D residues are predicted to be
E. coliidentified mutants that contain either one activity or essential for coordinating divalent cations needed for activity
the other: residues-4203 contain the domain for (p)ppGpp (10). Rekeq crystal structure analysis locates a manganese
degradation, while residues 8375 contain the domain for  ion coordinated by a group of residues that includes the HD
(p)PpGpp synthesis. The SpoT protein is related to the Gram-doublet (1). An HD domain in Relw was identified using
positive, dual-function Rel class of proteins, and it is the PSI-BLAST program with amino acids 4959 from
hypothesized that thepoTandrelA genes evolved from the  the SMART databaseld, 15). Deletion of the terminal
gene duplication of an ancestral-like gene (2). Thus, it amino acids of this domain may remove necessary active
is likely that Relu, from the Gram-positive organisril. site residues for (p)ppGpp hydrolysis and thus may explain
tuberculosiswhich carries out both synthesis and hydrolysis the inactivity of amino acid fragment-1156 (Figure 1F).
of (p)ppGpp, will have separate catalytic domains like the Likewise, while much of the HD domain is present in (p)-
SpoT protein of E. coli (8). Mechold and colleagues ppGpp synthesis-only fragment 8394, the conserved
demonstrated separate catalytic domains in a Rel homologuehistidine and aspartate doublet as well as the N-terminal
from Streptomyces equisimilisReke; residues +224 portion of this domain are absent, suggesting the necessity
contain the domain for (p)ppGpp degradation, and residuesof these residues for (p)ppGpp hydrolysis (Figure 1G). Both
79—-385 contain the domain for (p)ppGpp synthedid (The the H80 and D81 residues were mutated inJgéb alanines,
recent crystallization of the catalytic half of Rgl(residues ~ and each residue was found to be essential for pppGpp
1—-385) places the synthetase and hydrolase active sites mordydrolysis, but not required for pppGpp synthesis (Figure
than 30 A apart 11). Consistent with these studies, our 2). Although Relw pppGpp synthesis is supported by
biochemical study also indicates that [getatalytic activities manganese, the H80 and D81 residues do not appear to have
are located in distinct domains in the N-terminus and the a role in manganese coordination for the synthesis reaction.
regulatory domains are present in the C-terminus. E. coli RelA contains substitutions of the predicted histidine
Our current results support the conclusion from our and aspartate doublet, which may account for the fact that
previous study based on kinetic evidence that the transferaseéRelA has only (p)ppGpp synthesis activity, (L0).
and hydrolysis reactions of Rgl are catalyzed at distinct Gropp and colleagues found that thecoli RelA G251E
active sites 7). Relyy fragment 1181 is only capable of = mutation impaired both ATP and GTP binding and caused
(P)pPGpp hydrolysis, and protein fragment-8394 is only a complete loss of RelA (p)ppGpp synthesis ability in culture,
capable of (p)ppGpp synthesis (Figure 1). Furthermore, awhich agreed with the observation of the analogous spon-
fragment 395-738 is devoid of all activity. The pppGpp taneousBacillus subtilis mutant that lacked a stringent
hydrolysis activity of fragment protein-1181 is significantly response and (p)ppGpp syntheSisl@). Gropp further found
decreased compared to those of fragmen8d4, fragment  that a RelA H354Y mutation impaired ATP binding and
1—-203, and wild-type Rek, (Table 2), possibly because of caused a partial loss of synthetic activi§).(RelA G251
an unidentified domain disruption or decreased protein and H354 are conserved in wild-type Rgland correspond
stability. Otherwise, Retk, hydrolysis-only fragment-4203 to Relw G241 and H344, respectively (Figure 1A). These
and dual-function Rel, fragment 394 have pppGpp  two residues are also conserved ingghnd crystal analysis
hydrolysis activity similar to that of wild-type Reb, which indicates their proximity to binding pockets for the synthesis
is in contrast to the 150-fold reduction in hydrolysis activity substrates](l). Both the Ral, G241E and H344Y purified
of similar C-terminal deletions in the Rgl system (3). mutants failed to synthesize pppGpp, while their pppGpp
Deletion of the C-terminal end of full-length Rel (residues hydrolytic capability was not impaired (Figure 2). These
1—-394 or 87-394) does not greatly affect the basal level of essential residues are present in the protein fragments capable
pppGpp synthesis either (Table 1), which is in contrast to of pppGpp synthesis (1394, 1-450, and 87394) but
the Releqsystem where a weak (p)ppGpp synthesis activity absent in the fragments incapable of pppGpp synthesis (1
in full-length Releq is activated 12-fold by a C-terminal 203 and +181) (Figure 1D,E).
deletion (L3). Mechold and colleagues suggest that a C-  Wild-type Relw synthesis activity is activated 2-fold from
terminal deletion in the Rel, system is analogous to the basal levels by uncharged tRNA alone and 80-fold by a
effect by the RAC in synthesis activation and hydrolysis complex of uncharged tRNA, ribosomes, and cognate mRNA
reduction for wild-type Rely, (13). These observations (RAC) (7). The inability of Rely, synthesis fragments-1394
suggest that in both the Rgl and Rely, systems the  and 1-450 to be activated above basal levels by the RAC
C-terminus is necessary to respond to amino acid deprivation,(Table 1) indicates that the 288 C-terminal amino acids
but the two species have evolved different strategies for contain an area of R} regulation (Figure 1). This agrees
utilizing the C-terminus based on their environmental niches. with work by Metzger and Schreibef{, 18), who found
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that the N-terminal domain (residues—-455) of RelA was preincubated with RAC components for 20 min at 30
contains the catalytic domain and the C-terminal domain °C (Figure 4A-C), indicating that the aspartate and cysteine
(residues 455744) of RelA is involved in regulating residues are important for association ofygglith the RAC.
activity. Yang has also reported that the RelA amino acid Whether the D632A or C633A mutation causes a direct
region from residue 455 to the C-terminus represents theassociation problem between the protein and RAC compo-
ribosome binding domain of the proteih9]. This ribosomal nents or a possible disruption in the multimerization interface
binding area identified by Yang corresponds to theyiRel  of the protein and subsequent altered association with RAC
region from residue 449 to the C-terminus (Figure 1A). components has yet to be determined.

Using bacterial two-hybrid analysi&. coli RelA was Kinetic analysis of the isolated fragment 394 monomer
found to form oligomers, mediated by its C-terminal domain indicates pppGpp synthetic and hydrolytic activities similar
(9). Amino acid residues 455538 and 556-682 in RelA, to those of wild-type Rek, (Table 1, reaction 1 vs reaction,
corresponding to residues 44835 and 547676 in Rel, and Table 2, reaction 1 vs reaction 2). However, the isolated
respectively (Figure 1A), have been demonstrated to takefragment -394 trimer displayed an unusual increase in
part in dimerization 19). Our results from gel filtration  activity over time. The increased rate of activity over time
assays indicate that wild-type Rglis capable of forming  for the isolated fragment 1394 trimer was due to its
trimers (Figure 3A). Rel, fragment 394 forms both dissociation into more active monomer components (Figure
monomers and trimers (Figure 3B), but monomers are 6). By comparing the activity of the isolated trimer with that
predominantly observed. This suggests (i) the C-terminal of the isolated monomer and factoring in the dissociation of
region of the full-length protein may have interactions the trimer over time, we calculated 1 mol of fragment3P4
responsible for multimerization, (ii) the region around amino Relyy, trimer has activity approximately equal to 1 mol of
acid 394 may be important for multimerization, and/or (iii) fragment -394 Rel,, monomer for both pppGpp synthesis
the N-terminus contains amino acids sufficient for multim- and hydrolysis (Tables 4 and 5). It is possible that the
erization. Gropp demonstrated interactions between thefragment -394 Rely, trimer may not be active and all
C-termini of RelA and weak interactions of full-length RelA activity that is observed is actually due to dissociated
with the N-terminus of RelA ). We observed more than monomers. Although this is a possibility, it is more likely
99% of Rely, fragment 395-738 is in the monomer state, that the trimer state is active since the wild-type Jgeis
suggesting residues in the terminal 344 amino acids are notassayed in a purified trimer state, and we have always
sufficient for stable multimerization (Figure 3D). To deter- observed constant basal activity rates over time rather than
mine if N-terminal interactions play a role in multimerization, an increase in rate due to dissociation of the trimer into
we tested whether fragment proteir-203 could form monomer components. Wild-type Rglcould very rapidly
multimers. We observed a predominantly monomer state, dissociate into monomer components during the basal

with a potential multimer state with fragment—203, reaction or RAC reaction, thus requiring more precise
indicating the N-terminus alone is not sufficient for stable techniques for monitoring of this activity.
multimerization (Figure 3C). The isolated fragment-1394 trimer dissociates during the

RelA mutation analysis suggests that amino acids C612,course of pppGpp synthesis (Figure 6), but maintains an
D637, and C638, which are part of a highly conserved 27- equilibrium of trimer and monomer species when not
amino acid sequence in RelA homologues, are important for incubated with substrate, suggesting that nucleotide binding
RelA oligomerization 9). These three amino acids are may affect the monomer and trimer distribution. Substrate
conserved at positions C607, D632, and C633 inyRel binding causes a dissociation of the fragmenB24 trimer
(Figure 1A), and overall R@l, is 67% homologous to the  into monomer components (Figure 5). In Refragment
conserved 27-amino acid sequence of RelA. The oligomer- 1—385, synthesis and hydrolysis substrates seem to lock each
ization state of the D632A and C633A mutants in \gel individual monomer within the crystallized unit into a
was assessed by size exclusion chromatography, but mostlyconformation suitable for either (p)ppGpp synthesis or
large aggregations eluted in the void volume. This was also hydrolysis (L1). Because full-length Rgl, simultaneously
a problem for wild-type Reky,, SO we believe the full-length  catalyzes its opposing reactions at maximal rates during basal
proteins are highly unstable and precipitate on the sizing activity (7), we suggest the same locked state does not exist
column. On several occasions, we observed an elution profilefor Relw,. However, rather than affecting the opposing
that was consistent with trimer formation, and we suggest activity on the same monomer, nucleotide binding to one of
that residues D632 and C633 are neither sufficient fopRel  the monomers within the fragment-894 Rel, trimer could
multimerization nor solely responsible for preventing mul- prevent the other two monomers from having activity. The
timerization. Furthermore, since high concentrations of DTT fragment 394 Rely, shift to the monomer state upon
did not disrupt multimer formation, we also suggest that substrate binding may prevent inactive monomer components
Relun multimerization is not due to disulfide bonds from from becoming tied up in a multimer state. While substrate
the C607 or C633 residues, but rather from strong nonco- binding causes a shift toward the monomer state for fragment
valent interactions. 1-394, we do not yet know the effects on the full-length

Biochemical analysis of the purified D632A and C633A protein. Nucleotide binding may represent a means of
Relpn mutants revealed a notable lag in their pppGpp controlling the trimer and monomer ratio and subsequent
synthesis activity compared to wild-type Rgl during activity of the protein.
reactions with RAC components (Table 3 and Figure4A Wild-type Relw, was found to exclusively form trimers
C). This delayed synthesis activity was not present during in vitro (Figure 3A), so we predict that Rgh maintains a
basal activity (absence of the RAC) (Table 3). The delay in trimer state during normal growth conditions in vivo. A
the (p)ppGpp synthesis rate was relieved after the enzymeproper multimerization configuration may be necessary for
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Relup to bind uncharged tRNA, as is the case for GCN2

and class Il tRNA synthetase2(, 21). On the basis of

kinetic evidence that the trimer state may contain two
catalytically inactive monomers, we suggest that trimerized
Relwn may be an environmentally responsive state while the
monomer state is the highly active state. Crystal structure
analysis, NMR analysis, and investigation of tRNA and

ribosome binding with Regk, will help elucidate this
mechanism further.
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