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Summary
Obg is a versatile GTPase that plays a pivotal role in
bacterial persistence. We previously showed that the
Escherichia coli homolog ObgE exerts this activity
through transcriptional activation of a toxin–antitoxin
module and subsequent membrane depolarization.
Here, we assessed the role of G-domain functionality
in ObgE-mediated persistence. Through screening of
a mutant library, we identified five obgE alleles (with
substitutions G166V, D246G, S270I, N283I and I313N)
that have lost their persistence function and no
longer activate hokB expression. These alleles support viability of a strain otherwise deprived of ObgE,
indicating that ObgE’s persistence function can be
uncoupled from its essential role. Based on the ObgE
crystal structure, we designed two additional mutant
proteins (T193A and D286Y), one of which (D286Y) no
longer affects persistence. Using isothermal titration
Accepted 1 September, 2019. *For correspondence. E-mails jan.
michiels@kuleuven.vib.be; Tel. (+32) 16 32 96 84; Fax. +32 16 32 19
63 (J. M.); wim.versees@vub.be; Tel. (+32) 2 629 18 49; Fax (+32)
2 629 19 63 (W. V).
†
Co-first author.
‡
Co-last author.

calorimetry, stopped-flow experiments and kinetics,
we subsequently assessed nucleotide binding and
GTPase activity in all mutants. With the exception
of the S270I mutant that is possibly affected in protein–protein interactions, all mutants that have lost
their persistence function display severely reduced
binding to GDP or the alarmone ppGpp. However, we
find no clear relation between persistence and GTP or
pppGpp binding nor with GTP hydrolysis. Combined,
our results signify an important step toward understanding biochemical determinants underlying
persistence.

Introduction
GTPases are central regulators of cell physiology. They
are widely represented throughout the three domains
of life and play a pivotal role in all major cell processes
including protein synthesis, DNA replication, and cell
division (Caldon and March, 2003). When bound to GTP,
GTPases are generally considered to be in the ‘on’ state,
allowing them to interact with downstream effectors. GTP
hydrolysis is effectuated by a nucleophilic water molecule
attacking the GTP γ-phosphate, which leaves the protein
in the GDP-bound ‘off’ state. GDP can subsequently be
released, allowing a new round of GTP binding and hydrolysis to proceed (Verstraeten et al., 2011; Wittinghofer and
Vetter, 2011).
The bacterial GTPase Obg, also known as CgtA or
YhbZ, was previously demonstrated to be a key actor in
ribosome assembly, DNA replication, sporulation, morphological differentiation and cell cycle regulation (Kint et
al., 2014; Dewachter et al., 2017a). We recently reported
on the crystal structure of the Escherichia coli homolog,
ObgE, that contains an N-terminal domain and a central G
domain that are both common to all Obg proteins, as well
as an intrinsically disordered C-terminal domain (Gkekas
et al., 2017). In addition, we revealed a central role for
ObgE in bacterial survival upon antibiotic treatment
(Verstraeten et al., 2015). When challenged with antibiotics, survival of a bacterial population partly relies on a
small fraction of cells that transiently display multidrug
tolerance. These so-called persister cells are genetically
identical to normal cells within their population yet they
are able to withstand treatment with extremely high levels
© 2019 John Wiley & Sons Ltd
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of killing agents. Upon removal of these agents, persisters
can give rise to a new population, thereby compromising
successful clearance of bacterial infections (Lewis, 2010;
Michiels et al., 2016; Van den Bergh et al., 2017).
Our previous work has established a clear correlation
between persister levels and cellular ObgE concentrations in E. coli. High levels of ObgE were shown to induce
expression of the pore-forming toxin HokB, which leads
to ATP leakage, membrane depolarization and ultimately
persistence. This process was shown to rely on the alarmone of the stringent response (p)ppGpp. Furthermore,
we demonstrated that the increase in persister fraction
upon overexpression of ObgE is completely abolished by
introducing a single point mutation (G166V) within ObgE’s
central G domain (Verstraeten et al., 2015; Wilmaerts
et al., 2018). The identification of additional amino acid
residues that affect persistence and characterization of
their biochemical properties can lead to novel insights in
the activities of ObgE. This information can in turn provide
clues concerning the cellular mechanism responsible for
ObgE-mediated persistence.
Here, a structure–function analysis of ObgE with
respect to the persistence phenotype was carried out.
Screening of a mutant ObgE overexpression library
constructed by random mutagenesis led to the identification of five amino acid substitutions (G166V, D246G,
S270I, N283I and I313N) that abolish ObgE’s persistence
function without interfering with its essential function for
growth. Based on the crystal structure of ObgE, additional mutant alleles (T193A and D286Y) were rationally
designed and their effect on persistence and viability was
assessed. Detailed biochemical and biophysical analyses
of the mutated Obg proteins with respect to their nucleotide binding and hydrolysis properties were performed,
showing no link between the GTP hydrolysis rate and the
persistence phenotype, while the relationship between
persistence and nucleotide binding seems more complex.

Results
Identification of amino acid residues within ObgE that
affect persistence
We have previously demonstrated that E. coli persister
levels correlate with the cellular concentration of ObgE
(Verstraeten et al., 2015). To identify amino acid residues
that are crucial for mediating persistence, the obgE gene
was randomly mutagenized by error-prone PCR focusing
in first instance on the G domain. Mutant obgE alleles
were overexpressed from the PBAD promoter and introduced in wild-type E. coli cells to construct a library of
600 random mutants that were subsequently subjected to
persistence screening. After a first round of screening, 71
mutants showed a persister phenotype that was not significantly different from the negative control, suggesting
that the encoded ObgE proteins were unable to mediate
persistence. A more quantitative persistence assay was
performed on these mutants, after which 30 alleles were
withheld for further investigation (Fig. 1). Sequence analysis revealed from one up to seven amino acid substitutions
in each of the selected mutant alleles (silent mutations
were not taken into account) (Table 1). Amino acid substitutions were located all over the targeted obgE region.
Out of a total of 88 identified mutated positions, 17 were
substituted at least twice. Of interest, the G166V substitution, for which we have previously demonstrated that it
abolishes the persistence function of ObgE (Verstraeten
et al., 2015), was identified in one of the selected mutants
(RM13).
Next, single amino acid substitutions that were responsible for the loss of persistence function upon obgE
overexpression were identified. Therefore, all substitutions originating from the 30 selected mutant alleles
containing a maximum of three substitutions were independently introduced in obgE. If a specific position was
substituted to different amino acids in different mutants,

0HDQ UHODWLYH
SHUVLVWHU IUDFWLRQ

 
 
2EJ(

 

 

&RQWURO

 

50

50

50

50

50

50

50

Fig. 1. Selection of random mutant alleles with a loss of persistence function. Mean relative persister fraction of E. coli in stationary phase
following treatment with ofloxacin upon expression of obgE alleles generated by error-prone PCR. Bars represent the 25th and 75th percentiles of
the data series. Strains carrying pBAD/His A-venus (negative control) or overexpressing wild-type obgE-venus (positive control) were included
(indicated as squares). The selection of mutants with a relative persister fraction below 2 (dotted line) is indicated in gray. These mutants were
named RM1 to RM30
© 2019 John Wiley & Sons Ltd, Molecular Microbiology, 112, 1593–1608
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Table 1. Overview of identified substitutions of 30 selected random
mutant alleles of which the expressed mutant ObgE proteins display
a loss of persistence function.
Random mutant

Mutation(s)

MRPFa

RM1

K185E, L235M, P249Q,
Y311N
L154P, C238Y, H243R,
D248N, A259S
L154P, D254E, E302V
I313N
F175I, G220C, S270R,
L273P, K284M, E307V,
E366K
G163S, K290M, W306C,
L324F
D148V, A160T, K296I,
C325S, D368V
N283I, P346S
K276Q, C325Y, E334G,
E363A
S314P
R202Q, C238R, S264G,
N335H
S314P
G166V, P336L
D188G, C238R, I261N,
D308Y
M167V, F231L, G320S,
V328E
P146S, S173T, N283S,
D286Y, A293P
V162D, T275A
L244H, N283S, D289E,
K298E
G147S, S270C, I332T,
M352V
D246G, L273P, K296N
D213E, L241P, E334G
I247N, P255Q
D161G, L287P, A303V,
Y310C, D355V
R177H, D308V, D327V,
I333N
L242M, D246T, Q360E
V179L, I218V, S270I
S197N, V256D, I300N,
D323G, V384I
L159Q, Y189H, L266Q,
K309I
F191S, D248Y, V328E,
E382G
M167S, V211D, D213S,
G228C, H243R, T275A

0.196

RM2
RM3*
RM4*
RM5
RM6
RM7
RM8*
RM9
RM10*
RM11
RM12*
RM13*
RM14
RM15
RM16
RM17*
RM18
RM19
RM20*
RM21*
RM22*
RM23
RM24
RM25*
RM26*
RM27
RM28
RM29
RM30

0.226

1595

functionality due to protein misfolding. The introduction of
11 out of 25 tested substitutions (G166V, V179L, I218V,
L241P, D246G, P255Q, S270I, N283I, I313N, S314P and
C325Y) led to a significant loss of persistence function
upon overexpression of the mutant alleles (Fig. 2).
Complementation analysis of a strain expressing a
temperature-sensitive obgE allele

0.301
0.346
0.356
0.393
0.443
0.448
0.462
0.505
0.513
0.559
0.574
0.574
0.614
0.631
0.649
0.668
0.735
0.888
0.911
0.936
0.964
0.971
1.060
1.244
1.536
1.802
1.922
1.996

Random mutants of which the identified amino acid substitutions
were assessed individually for their involvement in the persistence
function of ObgE are marked with an asterisk. Residues in italics are
mutated in more than one mutant. Substitutions in bold abolish the
persister function of ObgE (Fig. 2). Underlined substitutions abolish
the persister function of ObgE while supporting growth (Fig. 3).
a
MRPF: mean relative persister fraction as indicated on Fig. 1.

only one substitution was chosen for construction of the
single mutants. Random mutant alleles carrying more
than three substitutions were not taken into account
as the corresponding mutant protein likely had lost its

The loss of persistence function of the selected single
mutants may be caused either by a mutation that specifically affects the persistence function of ObgE itself or by a
mutation that affects ObgE’s structure and hence protein
stability and overall functionality. To verify which of these
scenarios applies to the selected single mutants, we took
advantage of the fact that ObgE is essential for growth
(Kobayashi et al., 2001). We therefore checked whether
the mutant ObgE proteins were able to provide the essential function for growth in E. coli GN5003. This strain lacks
a functional chromosomal obgE copy but a plasmid-borne
temperature-sensitive obgETs allele is provided in trans to
support growth under permissive conditions (Kobayashi
et al., 2001).
At the non-permissive temperature, only strains
expressing the wild-type ObgE and mutants with substitutions G166V, D246G, S270I, N283I or I313N were
able to fully complement the essential function for growth
(Fig. 3A). This indicates that these mutant proteins are
at least partially correctly folded and functional in vivo.
Mutant ObgE proteins with substitutions L241P, S314P
and C325Y could only partially complement the essential function for growth (Fig. 3A). Possibly, these mutations generate temperature sensitive ObgE proteins, as
has previously been shown for ObgES314P (Sato et al.,
2005). Alternatively, substitutions at these positions lead
to significant structural alterations that severely impact
stability and functionality of ObgE.
Out of 12 originally selected random mutants containing three or less amino acid substitutions, the loss of
persistence function of nine of them could be attributed
to the effect of a single mutation (Table 1). This was
however not the case for three mutants. When the ability to complement the essential function for growth was
assessed for these mutants, the allele carried by mutant
RM3 (with mutations L154P, D254E and E302V) was not
capable of supporting growth, indicating that this mutant
was selected based on an overall reduced functionality.
However, the mutant alleles expressed by mutant RM17
(with mutations V162D and T275A) and RM22 (with mutations I247N and P255Q) fully complement the essential
function of ObgE (Fig. 3B). Therefore, it seems that the
specific combination of point mutations in these mutants
leads to the observed loss in persistence function.

© 2019 John Wiley & Sons Ltd, Molecular Microbiology, 112, 1593–1608
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Fig. 2. Selection of site-specific mutant alleles with a loss of persistence function. Percent survival of E. coli in stationary phase following
treatment with ofloxacin upon expression of obgE alleles represented by the respective amino acid substitution indicated on the X axis. An
empty vector control and a strain overexpressing wild-type obgE were included. Means ± SEM are presented (n ≥ 3). Significant differences in
survival fraction as compared to the control are indicated with an asterisk (P < 0.05).

Rational design of active site mutants predicted to affect
nucleotide binding
The above described random mutagenesis approach identified five point mutations (G166V, D246G, S270I, N283I and
I313N) in obgE that nullify the effect on persistence upon
overexpression compared to the wild type (Fig. 4). In addition,
since the high-resolution structure of ObgE bound to GDP is
available (Gkekas et al., 2017), we also rationally designed
two extra active site mutations that could potentially affect certain aspects of ObgE’s function (e.g. nucleotide binding and
GTP hydrolysis): T193A and D286Y. T193 is the main switch
residue from Switch I and a T193A mutant is hence predicted
to mainly affect GTP binding (Vetter and Wittinghofer, 2001;
Wittinghofer and Vetter, 2011), as also demonstrated for the
Caulobacter crescentus Obg homolog CgtA (Lin et al., 2001).
In the D286Y mutant, an aspartate close to the guanine moiety of the nucleotide is replaced by a bulky tyrosine residue,
and this mutation is thus predicted to severely affect both
GDP and GTP binding (Fig. 4). It should be noted that this
mutation is also present in random mutant RM16, which was
not withheld for further analysis since it combines five different
point mutations (Table 1). For both ObgET193A and ObgED286Y,
in vivo functionality was confirmed and they support viability
(Fig. 3A). Intriguingly, overexpressing ObgED286Y does not
increase persistence, while overexpressing ObgET193A does
increase persistence to a nearly similar level as wild-type
ObgE (Supplemental Fig. S1).
In vivo functionality of selected obgE alleles
To exclude potential effects of the temperature-sensitive
obgETs allele in E. coli GN5003, we expressed the six
selected alleles (G166V, D246G, S270I, N283I, I313N
and D286Y) in a clean knockout strain lacking its chromosomal obgE gene. The T193A allele was also included
as a control. Expression levels of all alleles were similar

(Fig. 5A) and strains expressing mutant alleles displayed
normal growth (Supplemental Fig. S2) with CFUs/ml ranging from 107.9 to 108.3 (Fig. 5B). However, strains expressing any of the six selected mutant alleles displayed a
significant decrease in persister fraction as compared to
a ΔobgE strain expressing the wild-type obgE gene or
obgET193A from a plasmid (Fig. 5C). This difference is relatively small compared to the large effects of overexpressing the mutant alleles in the presence of the endogenous
wild-type copy of obgE (Figs 2 and S1) but nonetheless
significant. In addition, none of the selected mutant alleles
induced hokB transcription upon overexpression (Fig. 5D).
Combined, these results suggest that the G166V, D246G,
S270I, N283I, I313N and D286Y substitutions specifically
target the persistence function of ObgE.
In vitro fold and stability of mutant ObgE proteins
In order to relate the in vivo effect on persistence of
the mutants with their in vitro biochemical properties,
the ObgE wild-type and mutant proteins were in first
instance expressed and purified in small scale. Among
the seven tested mutants (G166V, D246G, S270I,
N283I, I313N, T193A and D286Y), ObgEI313N showed
significant degradation during expression and/or purification, which was also confirmed by western blotting
(Fig. 6A and B). The other mutants did not show such
severe degradation and were expressed and purified on
a large scale. The purified proteins were subjected to a
detailed biochemical and biophysical analysis to determine the role of the affected amino acids in the molecular mechanism of ObgE.
To test the influence of the mutations on ObgE function, we determined whether the mutants are correctly
folded and stable in vitro. First, we determined their fold
(secondary structure content) by comparing their circular
dichroism (CD) spectrum to that of the wild type (Fig. 6C).

© 2019 John Wiley & Sons Ltd, Molecular Microbiology, 112, 1593–1608
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Fig. 3. Assessing the essential function of selected mutant obgE alleles. 10-fold serial dilutions of E. coli GN5003 expressing the indicated
ObgE proteins were spotted on LB plates supplemented with the appropriate antibiotics and 0.2% arabinose, and growth was assessed in
parallel at permissive (30°C) and non-permissive (42°C) temperature. Control: E. coli GN5003 carrying the empty vector pBAD/His A; ObgE:
GN5003 carrying pBAD/His A-obgE.
A. ObgE mutants carrying single amino acid substitutions.
B. ObgE mutants carrying multiple amino acid substitutions (RM3: L154P, D254E, E302V; RM17: V162D, T275A; RM22: I247N, P255Q). Strains
in which the expressed ObgE protein fully complements the essential function for growth are marked with an asterisk.

The CD profiles show that at 20°C all the mutant proteins
seem properly folded and display approximately the same
secondary structure content as the wild-type protein
ObgE (Supplemental Table S1).
Next, we determined the thermal stability of wild-type
and mutant ObgE by performing thermal shift assays
(TSA) (Fig. 6D). Wild-type ObgE has a moderate thermal stability with a Tm value of 30.1°C. The Tm values
of the D246G, S270I, T193A and D2286Y mutants
(31.8°C, 28.5°C, 29.7°C and 29.1°C, respectively) are
comparable to that of wild-type ObgE, indicating that
these mutations do not affect the global fold or stability of the protein. However, the Tm value of the N283I
mutant is significantly lower (23.8°C), indicating an
effect of this mutation on the stability, but confirming
that the protein is expected to be mainly folded at 20°C

as observed by CD spectroscopy. Finally, the G166V
mutant shows an aberrant behavior as no cooperative
unfolding with increasing temperature is observed in a
thermal shift assay. Rather a gradual decrease in fluorescence between 5 and 40°C is observed. Although
the underlying reason for this behavior is not exactly
known, it could indicate that the protein already displays large hydrophobic surfaces at low temperatures
(although secondary structures are formed as seen in
CD) and that the protein precipitates upon increasing
the temperature. In conclusion, from these experiments,
we can say that the D246G, S270I, T193A and D286Y
mutants are not affected in folding and stability, while
the N283I mutation has a mild effect on stability and the
G166V and I313N mutants are more severely affected
in folding and stability.

© 2019 John Wiley & Sons Ltd, Molecular Microbiology, 112, 1593–1608
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Fig. 4. Localization of mutations on the G domain of ObgE.
A. Cartoon representation in two orientations of the G domain of ObgE from the crystal structure of ObgEE341STOP bound to GDP (PDB-ID 5M04)
(Gkekas et al., 2017). GDP is shown as sticks and Mg2+ as a sphere. The residues that were found mutated in the random screen for ObgE
variants that lose the persistence phenotype (G166, D246, S270, N283, I313) are shown as magenta sticks. Two additionally mutated residues
(T193, D286) are shown in green.
B. Schematic representation of the domain organization of ObgE with indication of the five conserved sequence motifs in the G domain (G1-G5).
The position of the mutations is indicated on the zoom-in into the G domain.

Effect of mutations on nucleotide binding
In order to investigate the role of the mutated amino
acids in nucleotide binding and hydrolysis by ObgE,
we first determined their contribution to the nucleotide
binding affinity for GDP and the nucleotide triphosphate analogue guanosine 5ʹ-[γ-thio] triphosphate
(GTPγS) using isothermal titration calorimetry (ITC)
experiments (Table 2, Supplemental Figs S3 and S4).
Moreover, using ITC, we also determined their effect
on the binding of guanosine 3ʹ-diphosphate 5ʹ-diphosphate (ppGpp) and guanosine 3ʹ-diphosphate 5ʹ-triphosphate (pppGpp) (Table 2, Supplemental Figs S5
and S6). ppGpp and pppGpp are so-called alarmones
that are produced in periods of nutrient stress and trigger the stringent response (Braeken et al., 2006), and

our previous results indicate that the presence of ppGpp
and/or pppGpp is a prerequisite for Obg-mediated persistence (Verstraeten et al., 2015).
Wild-type ObgE displays a relatively low affinity for
GDP (KD = 0.44 ± 0.03 μΜ), GTPγS (KD = 1.3 ± 0.1 μΜ)
and ppGpp (KD = 0.63 ± 0.08 μΜ) (Gkekas et al., 2017).
Remarkably, but in agreement with other recent reports
(Zhang et al., 2018), we find here that wild-type ObgE
displays a much lower affinity for pppGpp in comparison
to the other three nucleotides (KD = 9.8 ± 1.1 μΜ). Two
of the mutants found in the random mutagenesis screen
for loss of persistence phenotype, G166V and N283I, do
not show any observable nucleotide binding. Moreover,
as envisioned, also the additional rationally designed
mutant D286Y completely loses the ability to bind nucleotides. N283 and D286 are both located in the conserved

© 2019 John Wiley & Sons Ltd, Molecular Microbiology, 112, 1593–1608
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Fig. 5. Expression of obgE mutant alleles in ΔobgE knockout strains.
A. Western blot using anti-His6 antibodies showing expression of obgE in wild-type E. coli BW25113 harboring pBAD/His A-obgE (control) and in
BW25113 ΔobgE expressing indicated obgE alleles from pBAD/His A. Cultures were grown overnight in the presence of 0.2% arabinose.
B. Number of CFUs of E. coli BW25113 ΔobgE in stationary phase following treatment with water (gray) or ofloxacin (white) upon expression of
obgE alleles represented by the respective amino acid substitution indicated on the X axis. Means ± SEM are presented (n = 5).
C. Percent survival of E. coli BW25113 ΔobgE in stationary phase following treatment with ofloxacin upon expression of obgE alleles
represented by the respective amino acid substitution indicated on the X axis. A control strain overexpressing wild-type obgE was included.
Survival fractions were calculated from the data shown in panel B. Means ± SEM are presented (n = 5). Significant differences in survival
fraction as compared to the control are indicated with an asterisk (P < 0.05).
D. hokB expression following obgE overexpression. Strains harboring a transcriptional fusion of HokB to RFP under control of the PhokB promoter
(pACYC184-PhokB-hokB-RFP) and either pBAD/His A (control) or pBAD/His A-obgE (alleles indicated on the X axis) were grown overnight in
the presence of 0.2% arabinose. Red fluorescence was measured using a Synergy Mx Monochromator-Based Multi-Mode Microplate Reader
(BioTek). Means ± SEM are presented (n = 3). Significant differences as compared to the empty vector control are indicated with an asterisk
(P < 0.05). a.u., arbitrary units.

so-called G4 motif of G proteins, and interact with the N7/
O6 and N1/N6 of guanine, respectively. Replacement of
these residues by a non-polar bulky amino acid is thus
indeed expected to severely affect nucleotide binding.
G166 is located in the P loop that interacts with the Mg2+
ion and phosphate groups of the nucleotide, and corresponds to the first glycine in the G-xxxx-GK-[TS] consensus sequence (G10 in Ras) (Clanton et al., 1987).
Replacement by a bulky valine residue could either
directly interfere with nucleotide binding or more generally affect the folding of the protein as observed in our
TSA assays.
The D246G substitution has also a significant effect on
the binding affinity for GDP, GTPγS and ppGpp, with an
almost 10-fold decreased affinity for GDP (KD = 4.1 ± 0.4
μΜ), an 11-fold decreased affinity for GTPγS
(KD = 14.8 ± 0.9 μΜ) and a 12-fold decreased affinity for

ppGpp (KD = 7.8 ± 1.2 μΜ), compared to wild-type ObgE.
In contrast, the binding affinity for pppGpp is only affected
by less than a factor 2 by the mutation (KD = 16.9 ± 3.6).
This global but milder effect of nucleotide binding can
be explained from the crystal structure. D246 does not
directly interact with the nucleotide, but rather interacts
with a lysine residue at position 284, which in turn does
interact directly with the nucleotide.
The S270I substitution has a negligible effect
on the binding of GDP (KD = 0.45 ± 0.05 μΜ) and
pppGpp (KD = 11.5 ± 1.0), while the affinity for GTPγS
(KD = 4.9 ± 0.5 μΜ) and ppGpp (KD = 1.14 ± 0.09) is
decreased about fourfold and twofold, respectively.
The S270 residue is located quite far from the nucleotide binding pocket and an effect on the affinity of
GTPγS was therefore not anticipated. Since S270 is
located close to Switch II in the ObgE crystal structure

© 2019 John Wiley & Sons Ltd, Molecular Microbiology, 112, 1593–1608
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Fig. 6. Folding and stability of wild-type and mutant ObgE proteins.
A. SDS PAGE after (small scale) purification of wild-type ObgE and the mutants that are described in this study.
B. Western blot using anti-His6 antibodies.
C. Far-UV circular dichroism (CD) spectra representing the secondary structures of ObgE wild-type and mutants. The proteins were
concentrated to 4.4 μΜ and experiments were performed at 20°C in a 1 mm path length cuvette at a scanning speed of 50 nm min−1. The
spectra represent the average of 15 scans per sample.
D. Thermal shift assays showing the thermal unfolding of wild-type ObgE (WT) and mutants as indicated on the graphs. Experiments were
performed at 0.5 mg ml−1 protein and the temperature was increased from 10°C to 95°C at 0.5°C/30 s steps (mean ± s.d. of three independent
measurements are plotted). The melting temperatures (Tm) were determined by fitting the first derivatives of the data using GraphPad Prism with
a Boltzmann sigmoidal equation.
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Table 2. Binding affinities (KD in µM) of ObgE wild type and mutants
for GDP, GTPγS, ppGpp and pppGpp as determined by ITC.a

Effect of mutations on GTP hydrolysis and activation by
the ribosome

Protein

Apart from the influence on nucleotide binding, we also
measured the effect of the mutations on the steady-state
Michaelis–Menten kinetic properties of GTP hydrolysis
(Table 3 and Supplemental Fig. S7). The wild-type ObgE
protein displays a very low intrinsic GTPase activity, with
a kcat = 0.064 ± 0.001 min−1 and a KM = 10.4 ± 0.7 μΜ
(Gkekas et al., 2017). For the G166V, N283I and D286Y
mutants, no GTP hydrolysis was observed up to a concentration of 1 mM of GTP, consistent with the observed
lack of binding of GTPγS. Also, for the T193A mutant, no
GTP hydrolysis was observed up to 1 mM GTP, although
this mutant does bind GTPγS (albeit with lowered affinity). The T193 residue corresponds to the major Switch
I residue required for attaining the catalytically competent ‘spring-loaded’ ON-conformation of G proteins, and
mutating this residue might thus in this way affect GTP
hydrolysis (Vetter and Wittinghofer, 2001; Wittinghofer
and Vetter, 2011). Finally, the D246G and S270I mutants
display GTPase activity, albeit less efficient than the
wild-type ObgE protein. Both mutants have a KM value
comparable to wild-type ObgE (indicating that KM ≠ KD),
but display a 7-fold and 4.5-fold decreased kcat value for
D246G and S270I, respectively. This thus shows that all
tested ObgE mutants are affected in their ability to hydrolyze GTP albeit at different levels.
While ObgE has a very low intrinsic GTPase activity, it was previously described that this activity is
increased upon binding to the ribosome (Feng et al.,
2014; Chatterjee and Datta, 2015; Gkekas et al., 2017).
To investigate whether the ribosome activation of those
mutants that still bear an intrinsic GTPase activity is
affected by the mutation, we measured their activity in
the absence and presence of varying concentrations of
ribosome (Supplemental Fig. S8). It needs to be noted
that at the highest concentrations of ribosome used,
a contaminating GTPase activity was encountered in
the ribosome preparation, probably due to co-purified
GTPases. After subtracting this background activity, a
gradual increase in the GTPase activity of ObgED246G
and ObgES270I with increasing (catalytic) amounts of
ribosome was found, comparable to the activation that
we previously found for wild-type ObgE (Supplemental
Fig. S7). Addition of the highest tested concentration of
ribosome (0.1 μM of 70S ribosome to 0.5 μM ObgE)
activates the hydrolysis rate of wild-type ObgE (Gkekas
et al., 2017) by about a factor of 10. In comparison,
addition of the same amount of ribosome activates GTP
hydrolysis of ObgED246G ninefold and ObgES270I 8.5fold. This indicates that activation by the ribosome, and
consequently probably also ribosome binding, is not
affected by the mutations.

WT
G166V
D246G
S270I
N283I
T193A
D286Y

GDP
0.44 ± 0.03
NMBc
4.1 ± 0.4
0.45 ± 0.05
NMB
0.53 ± 0.03
NMB

GTPγS
1.3 ± 0.1
NMB
14.8 ± 0.9
4.9 ± 0.5
NMB
4.7 ± 0.4
NMB

ppGpp
0.63 ± 0.08
NMB
7.8 ± 1.2
1.14 ± 0.09
NMB
0.8 ± 0.1
NMB

pppGpp
b

9.8 ± 1.1
NMB
16.9 ± 3.6
11.5 ± 1.0
NMB
8.8 ± 2.1
NMB

a

See Supplemental Figs S3–S6 for raw ITC data.
Data were taken from Gkekas et al. (2017).
c
NMB: no measurable binding.
b

(Gkekas et al., 2017), mutations in S270 could potentially
lead to effects on GTP binding via effects on the conformation of Switch II. Finally, the rationally designed T193A
mutant located in the Switch I region has a nearly unaltered affinity for GDP (KD = 0.53 ± 0.03 μΜ) and an almost
fourfold decreased affinity for GTPγS (KD = 4.7 ± 0.4 μΜ),
as expected. In contrast, this mutation displays no effect
on the affinity for either ppGpp (KD = 0.8 ± 0.1 μΜ) or
pppGpp (KD = 8.8 ± 2.1 μΜ). In conclusion, while GDP
and ppGpp binding is severely affected in certain mutants
(G166V, D246G, N283I and D286Y) and nearly unaffected in others (S270I, T193A), effects on the affinity for
GTP (GTPγS) are a common property of all mutants that
were characterized. pppGpp displays an overall lower
affinity in comparison to the other nucleotides and binding is significantly affected only in the G166V, N283I and
D286Y mutants.
To further pinpoint the effect of the D246G, S270I
and T193A substitutions on nucleotide binding kinetics,
we used stopped-flow fluorescence experiments (using
the commercially available fluorescently-labeled nucleotides mant-GDP/GTP). It has been shown that wildtype ObgE displays a low affinity for GDP and GTP due
to fast nucleotide binding and dissociation (kon (GDP)
= 1.94 ± 0.04 µM−1s−1; koff (GDP) = 0.35 ± 0.01 s−1; kon
(GTP) = 1.19 ± 0.04 µM−1s−1; koff (GTP) = 0.44 ± 0.19 s−1)
(Gkekas et al., 2017). The lower affinity of the D246G
mutant for GDP and GTP results from a threefold
decreased association rate for GDP and GTP combined
with a 5-fold and 12-fold increased dissociation rate for
GDP and GTP, respectively (Fig. 7). The specific effect of
the S270I substitution on the affinity for GTP is the result
of nearly unaltered association rates for GDP and GTP
combined with an unaltered GDP dissociation rate but a
12-fold increased dissociation rate for GTP. Finally, also
the effect of T193A on GTP affinity is the result of unaltered GDP and GTP association rates, in combination
with a threefold increased GDP and 19-fold increased
GTP dissociation rate (see Fig. 7 for all data).

© 2019 John Wiley & Sons Ltd, Molecular Microbiology, 112, 1593–1608

1602

N. Verstraeten et al. 

© 2019 John Wiley & Sons Ltd, Molecular Microbiology, 112, 1593–1608

ObgE nucleotide occupancy affects persistence

1603

Fig. 7. GDP and GTP binding and dissociation kinetics of ObgE mutants determined via stopped-flow fluorescence analysis.
A. Transients obtained by following mant-GDP (0.2/0.1 µM, before/after mixing) fluorescence upon rapid mixing with different concentrations of
ObgED246G, ObgES270I, and ObgET193A. Concentration values given on the graph represent ObgE mutant concentrations before and after mixing. The
lower panels show the concentration dependency of the observed rate constant (kobs). The slope of the linear fit yields the GDP association rate (kon).
B. Direct determination of the GDP dissociation rate (koff) by following the release of mant-GDP from ObgED246G, ObgES270I, and ObgET193A
upon mixing 200 μM of unlabeled GDP with a mixture of 0.4 μM ObgE mutant and 1.5 μM mant-GDP.
C. Transients obtained by following mant-GTP (0.2/0.1 µM, before/after mixing) fluorescence upon rapid mixing with different concentrations of
ObgED246G, ObgES270I and ObgET193A. The same concentrations as in (A) are used. The lower panels show the concentration dependency of the
observed rate constant (kobs). The slope and intercept of the linear fit yield GTP association (kon) and dissociation (koff) rates, respectively.
D. Summary of nucleotide binding/dissociation kinetics and the deduced KD values of ObgE mutants. For ObgE wild-type, data were taken from
Gkekas et al. (2017).
Table 3. Steady state kinetic parameters of GTP hydrolysis by
ObgE wild type and mutants.
Protein

kcat (min−1)

KM (μM)

WTa
G166V
D246G
S270I
N283I
T193A
D286Y

0.064 ± 0.001
NMAb
0.009 ± 0.002
0.014 ± 0.007
NMA
NMA
NMA

10.4 ± 0.7
NMA
12.7 ± 0.7
15.5 ± 1.0
NMA
NMA
NMA

a
b

Data were taken from Gkekas et al. (2017).
NMA: no measurable activity.

Discussion
Obg is a widely conserved GTPase that was found to
be essential for bacterial viability in all tested organisms
(Verstraeten et al., 2011). Previously, we have demonstrated that E. coli Obg (ObgE) plays a central role in the
regulation of bacterial persistence, with the fraction of
persister cells within a population scaling with the cellular
concentration of ObgE (Verstraeten et al., 2015). ObgEmediated persistence occurs via transcriptional activation
of the hokB gene which encodes the toxin part of a type
I toxin-antitoxin module. It is therefore distinct from type II
toxin-antitoxins whose role in persistence has previously
been the subject of some debate (Ramisetty et al., 2016;
Harms et al., 2017; Goormaghtigh et al., 2018; Ronneau
and Helaine, 2019). HokB’s cognate antitoxin, sokB, is
an RNA molecule that binds the leader region of hokB
mRNA, targeting it for degradation (Gerdes et al., 1986).
The small peptide HokB induces persistence by forming pores that allow passage of ATP molecules, resulting in membrane depolarization (Wilmaerts et al., 2018).
ObgE-mediated persistence depends on the presence
of the alarmone (p)ppGpp and since the latter co-purifies with Obg in certain circumstances and binds to Obg
with similar affinities as GDP and GTP (Buglino et al.,
2002; Persky et al., 2009; Gkekas et al., 2017), we have
previously proposed that the involvement of (p)ppGpp in
persistence might occur through direct binding to Obg
(Verstraeten et al., 2015).
In order to gain further insights in the mechanisms
of ObgE-mediated persistence and the link with the

biochemical properties of ObgE, we resorted in first
instance to random mutagenesis to identify ObgE residues that modulate the persistence phenotype. In this
way, we identified five individual point mutations that
abolish the persistence phenotype of ObgE upon overexpression (G166V, D246G, S270I, N283I and I313N).
Also, two randomly mutated alleles were identified that
need to combine two individual point mutations in order
to affect the persistence phenotype (V162D/T275A and
I247N/P255Q). From the random mutagenesis screen, it
was evident that a number of obgE mutant alleles have
a stronger effect on persistence relative to the wild-type
gene (Fig. 1). At present, we do not have an explanation
for this observation: the encoded proteins might be present in higher quantities or there might be alterations in
their biochemical properties or in their interaction with
other proteins.
In addition to the mutations identified via random
mutagenesis, we also tested two rationally designed
mutants located in the G2 (switch I) and G4 motifs of
the G domain of ObgE (T193A and D286Y, respectively). The D286Y mutation completely disrupts the
persistence phenotype of ObgE. In contrast, the T193A
mutant increases persistence upon overexpression to
a level nearly equal to the wild-type protein. Combined
with the results from our screening, we now have at our
disposal six mutant ObgE proteins that no longer affect
persistence. None of the six selected alleles is capable of inducing hokB expression. Since many G proteins function as molecular switches that cycle between
a GTP-bound ‘on-state’ and a GDP-bound ‘off-state’
(Vetter and Wittinghofer, 2001), we next investigated
whether and how the effect on the persistence phenotype is coupled to the nucleotide binding and hydrolysis
properties of the ObgE mutants.
Binding to wild-type and mutant ObgE was tested for
GDP and the GTP analogue GTPγS, and for the alarmones ppGpp and pppGpp. In agreement with previous
reports, we found that wild-type ObgE has an approximately threefold higher affinity for GDP in comparison to
GTPγS, while the affinity for ppGpp is comparable to GDP
as expected considering the similar 5ʹ-diphosphate group
(Wout et al., 2004; Gkekas et al., 2017). However, we measured an approximately 10-fold lower affinity for pppGpp
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in comparison to both ppGpp and GTPγS. This low affinity is surprising considering that pppGpp combines a triphosphate group at the 5ʹOH, similar to GTPγS, with a
diphosphate at the 3ʹOH, similar to ppGpp. Nevertheless,
a recent paper reported a similar low affinity of pppGpp
in comparison to ppGpp for ObgE, as well as for other
GTPases involved in translation (Zhang et al., 2018).
Awaiting structural information of ObgE bound to pppGpp,
this seems to indicate that pppGpp binds to the ObgE
active site pocket differently from the other three nucleotides. The lower affinity of ObgE for pppGpp, in combination with the reported lower accumulation of pppGpp
compared to ppGpp in stressed E. coli cells, points toward
ppGpp as the most relevant alarmone in ObgE-mediated
persistence (Potrykus and Cashel, 2008).
There does not seem to be a simple and straightforward relationship between the nucleotide binding
properties of the ObgE mutants and their effect on persistence. All tested mutants display lowered affinity for
GTP (or GTPγS), albeit to different degrees. However,
no clear link between GTP binding and the induction of
a persistence phenotype emerges. Indeed, the T193A
mutant shows a fourfold reduced affinity for GTP while
no (or a very small) effect on persistence is found. The
G166V, D246G, N283I and D286Y mutants, which have
lost the ability to induce persistence, are also severely
affected in their binding affinity for GDP and ppGpp. In
contrast, the T193A substitution which does not influence the persistence phenotype does not affect GDP nor
ppGpp binding. This might indicate that ObgE needs to
bind either GDP or ppGpp to induce persistence. In first
instance, the S270I mutant seems to be an exception,
since this mutant completely loses the ability to induce
persistence, while the affinity for GDP and ppGpp is unaffected or only lowered twofold, respectively. However,
the S270 residue is located quite far from the GTP/GDPbinding site, on the backside of the G domain. Therefore,
other effects, such as a disturbed interaction with (so-far
unidentified) effector proteins, might play an additional
role in the loss of the persistence phenotype of the S270I
mutant. Indeed, in the crystal structure, S270 is located
very close to K268 (Gkekas et al., 2017). Mutation of
the latter residue to isoleucine (K268I) has been found
to activate a programmed cell death pathway in E. coli,
probably by affecting interactions with effector molecules
(Dewachter et al., 2015; 2016; 2017b). Together, our
binding studies allow us to cautiously speculate that the
ability of ObgE to bind to GDP or ppGpp is coupled to its
persistence phenotype, yet other factors certainly also
play a role as exemplified by the S270I mutant. Although
we find that all mutants that were identified in the random
screen are affected in their GTP hydrolysis rate, there
also seems to be no clear link between GTPase activity and the induction of persistence, since the rationally

designed T193A mutant is only very mildly affected in its
ability to induce persistence while its GTPase activity is
reduced below detection.
Interestingly, the six point mutants affected in their
persistence phenotype that we identified in this study
retain full viability, indicating that the role of ObgE in
persistence can be uncoupled from its essential function. This thus confirms that ObgE likely plays several
distinct functions in bacterial physiology. Additionally,
we find that three of the mutants (G166V, N283I and
D286Y) are completely impaired in binding of any
nucleotide up to the highest concentrations tested in
ITC (approximately 150 µM), while no GTP hydrolysis
is observed up to GTP concentrations of 1 mM. This
observation can be interpreted in different ways. A first
very intriguing possibility would be that ObgE exerts
its essential function in a nucleotide independent way
or using a conformation that is similar to the nucleotide-free protein. Alternatively, at the high GTP concentrations in the cell (approximately 1–1.5 mM), a small
fraction of GTP-bound mutant ObgE could still exist,
which is sufficient to sustain viability (Buckstein et al.,
2008; Varik et al., 2017).
In conclusion, this study gives new insights in mechanism by which ObgE induces persistence. We find that
the ObgE persistence phenotype can be uncoupled from
its essential cellular function. No clear link is observed
between the ability to induce persistence and GTP hydrolysis or stimulation by/binding to the ribosome. However,
our data suggest that GDP or ppGpp binding is required
but not sufficient for ObgE to activate expression of hokB,
ultimately leading to persistence.

Experimental procedures
Bacterial strains and growth conditions
E. coli TOP10 (Invitrogen) was used as a parent strain in
most experiments. To assess the viability upon expression
of different obgE alleles, E. coli GN5003 (Kobayashi et al.,
2001) and E. coli BW25113 (Baba et al., 2006) were used. E.
coli Rosetta (DE3) pLysS was used to purify overexpressed
ObgE proteins. Cells were cultured in lysogeny broth (LB)
medium or solidified medium (1.5% agar) at 37°C (TOP10,
BW25113), 30°C/42°C (GN5003), or 37°C/25°C (Rosetta).
Medium additives were supplemented at following concentrations: ampicillin at 100 μg ml−1, chloramphenicol at 25 μg ml−1,
kanamycin at 40 μg ml−1 and tetracycline at 10 μg ml−1. obgE
knockout strains were always grown in the presence of 0.2%
arabinose.

Construction of obgE knockout strains
The endogenous copy of obgE was deleted in E. coli
BW25113 carrying pBAD/His A-obgE by λ Red-mediated
gene replacement as described (Datsenko and Wanner,
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2000) using primers listed in Supplemental Table S2.
Successful replacement of obgE by a kanamycin resistance
cassette (KmR) was verified by PCR. P1 phage transduction
was used to transfer the genomic region of obgE::KmR to
BW25113 acceptor strains expressing mutated obgE alleles
from pBAD/His A. In brief, a lysate was prepared by diluting an overnight culture of BW25113 obgE::KmR pBAD/
His A-obgE 100-fold in 1 ml of LB medium supplemented with
0.2% glucose and 5 mM CaCl2. This sample was incubated
for 30–60 min at 37°C. Subsequently, different amounts of
P1 lysate (5–100 µl) were added and samples were incubated during 2–3 h until lysis occurred. The sample with the
smallest amount of P1 was selected, 100 µl of chloroform
was added and vortexing was applied. The supernatant was
collected and centrifuged for 1 min at 12 000 rpm. The supernatant was again exposed to 100 µl of chloroform and vortexed. Finally, the lysate was stored at 4°C. For transduction,
an overnight culture of the acceptor strain was centrifuged
for 1 min at 12 000 rpm. The pellet was dissolved in 500 µl
of LB supplemented with 0.2% arabinose, 5 mM CaCl2 and
10 mM MgSO4. Different volumes of the donor lysate were
added (10 µl, 50 µl and 100 µl) and samples were incubated
(non-shaking) at 37°C for 30 min. Next, 1 ml of LB medium
and 200 µl of 1 M Na+-citrate were added and samples were
incubated (shaking) for 1 h. Finally, samples were plated on
selective medium supplemented with 0.2% arabinose and
5–20 mM Na+-citrate.

Construction of a mutant library by error-prone PCR
Error-prone PCR was performed using the GeneMorph II
Random Mutagenesis Kit (Stratagene) with primers listed
in Supplemental Table S2 and pBAD/His A-obgE-venus
(Verstraeten et al., 2015) as template DNA. The mutagenesis targeted the 248 C-terminal codons of ObgE, covering
the complete GTP-binding and C-terminal domains. Practical
considerations led us to exclude the N-terminal domain. The
desired intermediate mutational frequency of 4.5 to 9 nucleotide substitutions per kb was achieved using 100 ng of starting DNA material and completing 30 amplification cycles.
The number of strains in the library was calculated based
on the probability of mutating every amino acid within the
GTP-binding and C-terminal domain of ObgE at least once
(P < 0.01). This number was deduced from the chance of
amino acid substitution at each position, assuming that this
chance is equal throughout the mutated region. Using the
PEDEL-AA algorithm that estimates the amino acid diversity
within error-prone PCR libraries (Patrick et al., 2003), this
chance of mutation was calculated based on the nucleotide
sequence of the mutated region, the rate of all possible transitions and transversions, and the chance of generating stop
codons, insertions or deletions. Those characteristics are
inherent to the used mix of error-prone polymerases provided
in the kit.
The mutated PCR products were digested with SacII and
XbaI and cloned into pBAD/His A-obgE-venus. The expression of Venus either independently or coupled to ObgE had
no effect on the expected persistence phenotype (data not
shown). Constructs were introduced in E. coli TOP10 and
selected in parallel on ampicillin and ampicillin + arabinose.
Monitoring the expression of the ObgE-Venus fusion protein
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through its fluorescence allowed to exclude mutants from
the library in which an insertion, deletion or introduction of
a stop codon had occurred. The final library consisted of
600 mutant strains. Mutants were stored in 50% glycerol
at −80°C.

Persistence assay
For screening purposes, strains were grown in 96-well plates
in 250 µl of LB supplemented with ampicillin. After overnight
growth, cultures were diluted 100-fold in fresh LB medium
supplemented with ampicillin and 0.2% arabinose. Cultures
were again grown overnight while shaking at 200 rpm. Two
times 90 µl of each culture was transferred to a fresh 96-well
plate. In the first plate, 10 µl of sterile water was added to
each well to perform a control treatment. In the second plate,
10 µl of an ofloxacin solution yielding a final concentration
of 5 µg ml−1 was added. Both 96-well plates were then incubated at 37°C, shaking 200 rpm for 5 h. Next, a 10-fold serial
dilution of each culture was spotted on LB plates. A positive and negative control for the persistence phenotype was
included in each experiment. After 48 h of incubation at 37°C,
the number of CFUs was determined.
For selected mutants, more quantitative persistence
assays were performed as described previously (De
Groote et al., 2009). Briefly, overnight cultures were diluted
100-fold in 250 ml flask containing 100 ml of LB medium
supplemented with ampicillin and 0.2% arabinose, and
incubated while shaking at 200 rpm for 24 h. About 1 ml of
culture was treated with 10 µl of ofloxacin (final concentration of 5 µg ml−1). A control treatment was performed with
sterile water. Treatments were performed while shaking at
200 rpm, during 5 h, after which the number of CFUs was
determined by plate counts. CFU measurements of treated
and control samples were compared to determine survival.
Potential differences in persister fractions were statistically
verified. Each of the comparative studies checked for significant differences in the variances of the log-persister
fractions, using a classical Fisher F-test. If such difference
was detected, a Welch test for the means was applied, otherwise, a t-test with pooled variance estimation was used
instead. Also, normality of the log-persister fractions was
verified. Data plotted in Fig. 1 represent the mean relative
persister fraction which was defined as the ratio of the persister fraction of the strain of interest to that of the negative
control strain carrying the empty vector.

Construction of site-specific single-amino-acid mutants
For persistence assays, site-specific mutations were introduced using the QuikChange Site-Directed Mutagenesis
Kit (Stratagene) and pBAD/His A-obgE as template
(Verstraeten et al., 2015). Primers for the creation of
site-specific mutations are listed in Supplemental Table S2.
Single E. coli mutants containing N283I, I313N or S314P
substitutions were constructed by cloning XhoI-BglII fragments from the randomly generated mutants RM8, RM4
and RM10, respectively, into pBAD/His A-obgE. The L154P
and V162D substitutions were introduced by digesting the
RM3 and RM17 construct, respectively, with XhoI and AleI
and cloning the fragments into pBAD/His A-obgE. The
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presence of single mutations was verified using Sanger
sequencing and expression of mutant proteins after overnight induction with 0.2% arabinose was assessed by western blotting using anti-His6 antibodies.

Measuring hokB expression
A transcriptional fusion of HokB to RFP (mCherry) under control of the PhokB promoter was used as a measure for hokB
expression. Construction of the pACYC184-PhokB-hokB-RFP
plasmid has previously been described (Verstraeten et al.,
2015). pBAD/His A plasmids expressing obgE (wild-type
and selected mutant alleles) from the PBAD promoter were
introduced in this strain. Cultures were grown overnight at
37°C in 5 ml of LB medium in the presence of 0.2% arabinose. Red fluorescence was assessed using a Synergy
Mx Monochromator-Based Multi-Mode Microplate Reader
(BioTek).

Protein expression and purification
For overexpression, the obgE open reading frame was
cloned in a pET-28(+) vector (Novagen) using the NdeI
and HindIII sites as previously described (Verstraeten et
al., 2015). ObgE point mutations were introduced using the
QuickChange site-directed mutagenesis kit (Stratagene)
using primers listed in Supplemental Table S2. ObgE proteins
were expressed as N-terminally His6-tagged proteins in E.
coli strain Rosetta (DE3) pLysS cells, purified using Ni2+-NTA
affinity chromatography and size exclusion chromatography,
and made nucleotide free as described previously (Gkekas
et al., 2017). Fractions containing purified ObgE were concentrated, flash frozen in liquid nitrogen and stored at −80°C.
All subsequent experiments were started from these nucleotide-free ObgE batches.

fitting the first derivatives of the data using GraphPad Prism
with a Boltzmann sigmoidal equation.

Circular dichroism spectroscopy
The far-UV circular dichroism (CD) spectrum of ObgE
was recorded using a Jasco J-715 CD spectropolarimeter
equipped with a PTC 423S Peltier element. The protein
concentration was 4.4 μM in 20 mM Tris pH 7.5, 150 mM
NaCl, 5 mM MgCl2 and 1 mM TCEP. The far-UV CD spectrum of the protein was recorded in a quartz cuvette of
1 mm path-length at wavelengths ranging from 260 nm to
200 nm, at a scanning speed of 50 nm min−1, a response
time of 1 second and a spectral bandwidth of 10 nm. The
final CD spectrum was the result of 15 accumulated scans
at 20°C. The molar ellipticity (θ) was calculated according
to Bertoldo et al. (2011). The secondary structure content
based on the CD spectrum was derived using the BeStSel
web server (Micsonai et al., 2015).

Isothermal titration calorimetry
Isothermal titration calorimetry (ITC) experiments were performed at 25°C using the MicroCal iTC200 (GE Healthcare)
or Nano ITC (TA Instruments) system, in a buffer consisting
of 20 mM Hepes pH 7.5, 150 mM NaCl, 5 mM MgCl2 and
1 mM β-mercaptoethanol. For binding affinity measurements
of ObgE to GDP (Sigma), GTPγS (Jena Bioscience), ppGpp
(TriLink Biotechnologies) and pppGpp (Jena Bioscience), a
protein concentration in the cell between 50 µM and 75 µM
and a ligand concentration in the syringe between 525 µM
and 750 µM were used, depending on the affinity. To obtain
the equilibrium binding dissociation constant (KD) and the
binding stoichiometry (n), the resulting data were fitted to
a single binding site model using the standard Marquardt
non-linear regression method as provided from the Origin
software accompanying the ITC instrument.

Purification of 70S Ribosomes
70S ribosome purification was performed as described
before (Gkekas et al., 2017). The purified ribosomes were
resuspended in 1.6 ml of buffer containing 50 mM Tris pH
7.5, 10 mM MgCl2, 100 mM NH4Cl and 6 mM β-mercaptoethanol. The ribosome concentration was calculated
according to: ε260 nm = 4.35E7 M−1cm−1. The ribosomes
were flash frozen in liquid nitrogen and stored at −80°C
until further experiments.

TSA analysis
The thermal stability (melting temperature: Tm) of different ObgE mutants was obtained via thermal shift assays.
Thermal unfolding was detected on the basis of SYPRO
orange fluorescence with a CFX connect real-time PCR system (Bio-Rad). About 0.5 mg ml−1 of protein was combined
with 5× SYPRO Orange Protein Gel Stain (Thermo Fisher
Scientific) and the temperature was increased from 10°C to
95°C at 0.5°C/30 s steps. All measurements were performed
in triplicate. The melting temperatures were determined by

Fluorescence stopped-flow kinetics
Using a stopped-flow apparatus (SX18.MV; Applied
Photophysics), ObgE in a concentration range of 2–16 μM
was rapidly mixed with 0.2 μM of 2ʹ/3ʹ-O-(N-methylanthraniloyl)-labeled nucleotides (mant-GDP/mant-GTP; Jena
Bioscience), providing conditions for pseudo-first-order binding kinetics. Mant nucleotides were excited at 360 nm and
change in fluorescence was monitored through a 400 nm
cut-off filter. For each protein concentration, the obtained
data were fitted to a single exponential function, yielding the
observed rate constant kobs. The association rate constant
kon was obtained from the slope of the linear fit plotting the
kobs versus the protein concentration, and the dissociation
rate constant koff from the intercept. The dissociation rate
constant was additionally obtained by mixing 0.4 μM of protein and 1.5 μM of mant nucleotide with 200 μM of unlabeled
nucleotide and fitting on a single exponential function. The
KD values were calculated from the ratio of koff and kon. The
experiments were performed at 25°C in 20 mM Hepes pH
7.5, 150 mM NaCl, 5 mM MgCl2 and 2 mM DTT.
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GTP hydrolysis assay
Hydrolysis of GTP catalyzed by ObgE was followed over
time by separation of the nucleotides (GDP and GTP) using
a C18 reversed phase column attached to an HPLC system
(Waters). Measurements were performed at 25°C in a buffer consisting of 20 mM Hepes pH 7.5, 150 mM NaCl, 5 mM
MgCl2 and 2 mM DTT. About 0.5 μM of ObgE was incubated
with different GTP concentrations from 2.5 until 100 μM. At
several time points, samples were taken and the reaction
was stopped by heating for 5 min at 100°C. After centrifugation, the supernatant was loaded on a C18 reversed phase
column (Jupiter, 25 cm × 4.6 mm) and the nucleotides were
eluted using a buffer containing 100 mM KH2PO4 pH 6.4,
10 mM tetrabutyl ammonium bromide and 7.5% acetonitrile.
Nucleotides were detected using absorbance at 254 nm.
The GDP concentration in the sample was calculated from
the peak area using a standard curve derived from known
GDP concentrations. Initial rates were obtained as the slope
of the [GDP] versus time plot and fitted to the Michaelis–
Menten equation. The influence of the 70S ribosome on
ObgE GTPase activity was determined by pre-incubating
increasing amounts of the 70S ribosome to ObgE at 25°C as
described earlier (Gkekas et al., 2017).
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