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Glutamyl-tRNA synthetases (GluRS) provide Glu-tRNA for different processes including protein synthesis,
glutamine transamidation and tetrapyrrole biosynthesis. Many organisms contain multiple GluRSs, but
whether these duplications solely broaden tRNA specificity or also play additional roles in tetrapyrrole
biosynthesis is not known. Previous studies have shown that GluRS1, one of two GluRSs from the
extremophile Acidithiobacillus ferrooxidans, is inactivated when intracellular heme is elevated suggesting
a specific role for GluRS1 in the regulation of tetrapyrrole biosynthesis. We now show that, in vitro,
GluRS1 activity is reversibly inactivated upon oxidation by hemin and hydrogen peroxide. The targets
for oxidation-based inhibition were found to be cysteines from a SWIM zinc-binding motif located in
the tRNA acceptor helix-binding domain. tRNAGlu was able to protect GluRS1 against oxidative inactiva-
tion by hemin plus hydrogen peroxide. The sensitivity to oxidation of A. ferrooxidans GluRS1 might pro-
vide a means to regulate tetrapyrrole and protein biosynthesis in response to extreme changes in both
the redox and heme status of the cell via a single enzyme.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction Glu-tRNAGlu is transformed to glutamate semialdehyde by the
The aminoacyl-tRNA synthetases are an ancient family of pro-
teins. Their primary role is to provide aminoacyl-tRNA for protein
synthesis, although they have also been found to provide activated
amino acids to an increasing number of processes outside transla-
tion [1]. One example is GluRS. During protein synthesis glutamyl-
tRNA is used both to translate glutamate codons and sometimes as
a precursor for glutaminyl-tRNA synthesis depending on the gen-
ome context. In cells containing glutaminyl-tRNA synthetase
(GlnRS), a discriminating GluRS specifically aminoacylates tRNAGlu

with glutamate. Conversely, when there is no GlnRS a structurally
distinct non-discriminating (ND) GluRS mischarges tRNAGln with
glutamate. The resulting Glu-tRNAGln is excluded from translation,
and instead is transformed into Gln-tRNAGln by a tRNA dependent
amidotransferase [2,3]. Outside of protein biosynthesis, Glu-tRNA-
Glu serves as the first substrate for the biosynthesis of tetrapyrroles
in organisms that carry out this process by the C5 pathway (ar-
chaea, chloroplasts and most bacteria). The glutamate moiety of
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glutamyl-tRNA reductase (GluTR) and is subsequently transformed
to d-aminolevulinic acid (ALA), the universal precursor of tetrapyr-
roles, by the glutamate semialdehyde amidotransferase [4].

A number of bacterial genomes encode two different versions of
GluRS, consistent with the different possible roles of the enzyme.
For example, the existence in Helicobacter pylori of two GluRSs that
each recognize tRNAGlu or tRNAGln, respectively, allows for a high
degree of tRNA specificity during aminoacylation with Glu [2,3].
Conversely, in the extremophile Acidithiobacillus ferrooxidans, an
acidophilic bacterium that contains two GluRSs, all tRNAGlu isoac-
ceptors and at least one of all the tRNAGln species are aminoacylat-
ed by GluRS1, while GluRS2 preferentially aminoacylates one of
the tRNAGln isoacceptors and to a lower extent the tRNAGlu isoac-
ceptors [2,5].

Acidithiobacillus ferrooxidans has received attention due to its
role in the bioleaching of minerals both in natural and man-made
environments. A. ferrooxidans obtains reducing power from the oxi-
dation of ferrous ions or reduced sulfur compounds using oxygen
as the final electron acceptor. To compensate for the low reducing
power of some of these substrates, A. ferrooxidans produces an ex-
tremely high number of respiratory chain components per cell. The
level of these respiratory chain components, including cyto-
chromes and, thus, heme depends greatly on the growth condi-
tions. For example, heme content in A. ferrooxidans cultured in
medium with ferrous ions is 1.8 times higher than in S� and up
to 5.8 times the level in Escherichia coli cultured in Luria broth
[6–8]. Given the high levels of heme in A. ferrooxidans and since

http://dx.doi.org/10.1016/j.bbrc.2010.06.031
mailto:oorellan@med.uchile.cl
http://dx.doi.org/10.1016/j.bbrc.2010.06.031
http://www.sciencedirect.com/science/journal/0006291X
http://www.elsevier.com/locate/ybbrc


52 A. Katz et al. / Biochemical and Biophysical Research Communications 398 (2010) 51–55
the biosynthesis of the molecule in this organism occurs via the C5

pathway, the ability of GluRS to provide considerable amounts of
Glu-tRNA outside of protein synthesis is critical. In this context
the duplication of GluRS may provide a means to ensure the ade-
quate provision of substrate for the C5 pathway without adversely
affecting protein biosynthesis.

The observation that GluRS2 preferentially aminoacylates
tRNAGln suggests that GluRS1 is the main enzyme responsible for
supplying Glu-tRNAGlu for heme biosynthesis. Addition of ALA to
A. ferrooxidans cultures increased the intracellular levels of heme
and greatly reduced the activity of GluRS1 [8]. Heme, as well as some
of its biosynthesis intermediates, is known to generate oxidative
radicals [4,9,10] leading us to speculate that GluRS1 might be regu-
lated by oxidative reactions. This idea is supported by the observa-
tion that the inactivation of GluRS1 by addition of ALA to the
culture medium is partially prevented if the medium is also supple-
mented with glutathione, a known thiol reducing agent [8]. The fact
that some cysteines from E. coli GluRS may be oxidized in vivo [11]
provides further support to the idea that GluRS1 from A. ferrooxidans
might be a target for in vivo oxidation. The objective of this study
was to evaluate in vitro the effect of oxidative agents in the activity
of GluRS1 and determine the molecular mechanism involved in this
process. Our results indicate that specific zinc-coordinating cysteine
residues in GluRS1 are sensitive to oxidation in a reversible manner.
Both tRNA and ATP protected GluRS1 from oxidative inactivation.
Thus, these findings led us to propose that redox modulation of
GluRS1 might provide a means to control both heme and protein
biosyntheses in response to stress via a single enzyme.
2. Materials and methods

2.1. Overexpression, purification and mutagenesis of GluRS1

Overproduction and purification of the recombinant protein GST-
GluRS1 was carried out as described [2], and the GST tag removed by
digestion with thrombin (Sigma, St. Louis, MO) according to the
manufacturer’s instructions. Purified protein was dialyzed against
a buffer containing 20 mM Hepes KOH, pH 7.2, 10 mM MgCl2,
50 mM KCl and 50% glycerol. 0.5 mM DTT was added to the dialysis
buffer as required. When necessary, DTT was removed using Bio-Gel
P-10 Micro Bio-Spin columns (Bio-Rad). The GluRS1 C183A encoding
gene was obtained via site-directed mutagenesis as described [12]
using the following primers: ERS1_C183A_fd (50-CCG ACC TAC AAT
TTC GCC GTG GTG GTG GAT GAC-30) and ERS1_C183A_rv (50-GTC
ATC CAC CAC CAC GGC GAA ATT GTA GGT CGG -30).

2.2. Oxidation and reduction of GluRS1

GluRS1 free of DTT was incubated in reaction buffer (100 mM
Hepes KOH, pH 7.2, 30 mM KCl, 12 mM MgCl2) in the presence of
varying amounts of H2O2. When indicated, the reaction mixture
also contained one or more of 10 lM hemin, 50 lM glutamate,
5 mM ATP or 2.6 lM in vitro transcribed A. ferrooxidans tRNAGlu

2

[5]. At indicated times, aliquots were removed for enzymatic activ-
ity measurements or quantification of reduced cysteines. In the lat-
ter case, excess oxidizing agent was removed using Bio-Gel P-10
Micro Bio-Spin columns (Bio-Rad). DTT or b-mercaptoethanol
was added to the mixture as necessary, and aliquots were taken
at the corresponding times for activity measurements. The oxida-
tion reactions were performed at 37 �C unless otherwise stated.

2.3. tRNA aminoacylation

Reactions were carried out as described [2] in a reaction buffer
containing 5 mM ATP, 2.6 lM in vitro transcribed tRNAGlu

2 and
50 lM glutamate. Data is presented either as nM Glu-tRNA/s or
as a percentage of GluRS1 activity compared to the enzyme treated
in the same conditions without the addition of oxidizing agents. All
reactions were carried out at 37 �C.

2.4. Cysteine quantification

Reduced cysteine content was analyzed as previously described
[13]. Briefly, the reaction was carried out at pH 7.27 in a solution
containing 0.1 M Tris–HCl, 1 mM EDTA and 500 lM 5,50-dithio-
bis(2-nitrobenzoic acid) (DTNB). Changes in absorbance at
412 nm due to the release of nitro benzoic acid (TNB�) were re-
corded in a Jenway 6305 spectrophotometer. Cysteine content
was assumed to be equal to TNB� concentration and calculated
using a molar extinction coefficient of 14,150 M�1 cm�1 for native
conditions and 13,700 M�1 cm�1 in the presence of 0.2% SDS.

2.5. Circular dichroism spectroscopy

2.5 lM GluRS1 in 50 mM Tris–HCl, pH 7.23, 0.5 mM EDTA, was
incubated for 50 min at 37 �C in the presence or absence of 300 lM
H2O2 and 10 lM hemin. The circular dichroism (CD) spectra were
measured at 25 �C in an Aviv 62A DS spectropolarimeter (Aviv,
Lake Wood, NJ). Spectra were recorded five times for each sample
from 200 to 250 nm with step-size of 1 nm in a 1 mm pathlength
cuvette with 1 nm bandwidth and 5 s averaging time. The protein
only spectra were obtained by subtracting the CD signal of buffer.
Experiments were repeated 3 times [14].

2.6. Zinc determinations

Zn2+ content of GluRS1 was analyzed by ICP-mass spectrometry
at the Trace Element Research Laboratory of the Ohio State Univer-
sity, Columbus, Ohio, USA. For Zn2+ release analysis, 0.1 lM 4-(2-
pyridylazo)resorcinol (PAR) was added to the solution and change
in absorbance at 500 nm due to complex formation with released
Zn2+ was measured [15]. The amount of released Zn2+ was then cal-
culated using a calibration curve with known amounts of zinc ace-
tate in similar buffer conditions. The data is presented as the ratio
of the amount of Zn2+ released to the total Zn2+ release by the oxi-
dized enzyme denatured in the presence of 8 M urea. All Zn2+

determinations were performed at room temperature (�25 �C).
3. Results

3.1. Cysteine oxidation inactivates GluRS1

Previous data suggested that oxidation of GluRS1 might regu-
late tetrapyrrole biosynthesis [8], prompting us to directly investi-
gate the effect of hydrogen peroxide (H2O2) on the activity of the
enzyme. Ten minutes incubation with 300 lM H2O2 reduced
GluRS1 activity by more than 90%. Addition of 10 lM hemin,
equivalent to a typical physiological heme concentration and a le-
vel that on its own has no effect on GluRS1 activity [8,16], signifi-
cantly increased both the sensitivity of the enzyme to H2O2 and the
rate of inactivation (Fig. 1A). The inactivation of the enzyme by
H2O2, either in the presence or in the absence of hemin, was par-
tially reversed by subsequent incubation with DTT (not shown)
or b-mercaptoethanol (Fig. 1B) suggesting that cysteine residues
are the primary targets for oxidative inactivation of GluRS1. Partial
recovery of the enzymatic activity by treatment with DTT or b-
mercaptoethanol suggests that cysteines might be oxidized to
disulfide bonds or sulfenic acid [11].

Acidithiobacillus ferrooxidans GluRS1 is predicted to contain four
cysteines clustered in the catalytic domain. Amino acid sequence



Fig. 1. H2O2 inactivates GluRS1. (A) 0.25 lM GluRS1 was incubated at 37 �C in the
presence (h) or absence (j) of 10 lM hemin and variable concentrations of H2O2.
After 10 min of incubation the activity of a 0.1 lM GluRS1 aliquot was measured.
(B) 0.25 lM GluRS1 was incubated in the presence of 10 lM hemin plus 60 lM
H2O2. At given time points the activity of a 0.1 lM GluRS1 aliquot was measured.
After 15 min of oxidation, 24 mM of b-mercaptoethanol was added (;) and the
remaining activity was measured.

Fig. 2. GluRS1 is protected from oxidation by tRNA and ATP. The enzyme was
incubated at 37 �C for 8 min. in the absence (control �) or presence (control +) of
10 lM hemin plus 300 lM H2O2. Where indicated, the enzyme was incubated in the
presence of the oxidation mixture plus saturating concentrations of either
glutamate (50 lM), tRNA (2.6 lM) or ATP (5 mM). After incubation the activity of
a 0.068 lM GluRS1 aliquot was measured.
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alignments of GluRS from different sources revealed that cysteines
98, 100 and 125 together with glutamate 127 (Fig. S1) from A. fer-
rooxidans GluRS1 are equivalent to the characteristic residues of
the SWIM domain from E. coli GluRS, which is known to bind
Zn2+ [14]. The presence of one Zn2+ ion per molecule in A. ferroox-
idans GluRS1 was confirmed by ICP-mass spectrometry (see be-
low). Replacement of C125A at the SWIM domain led to a mostly
insoluble enzyme, as for several SWIM domain replacements in
E. coli GluRS [17]. The recovered soluble fraction of GluRS1
C125A showed �10% of the specific activity of the wild type en-
zyme (13.8 vs 118.6 pM Glu-tRNA/(s x nM enzyme), respectively).

Outside the SWIM domain the sequence alignment indicated
that Cys183 is likely equivalent to Ala190 from Thermus thermo-
philus GluRS. The crystal structure of T. thermophilus GluRS (pdb
1N78) [18] indicates that Ala190 is located in a cleft near the ac-
tive site, thus Cys183 of A. ferrooxidans may have the potential to
impact activity upon oxidation. Replacement of A. ferrooxidans
GluRS1 Cys183 by alanine had no effect on the enzymatic activity,
nor did the C183A variant show any alteration compared to wild
type in sensitivity to hemin/H2O2 and in ability to recover activity
after thiol reduction (Fig. S2). These findings indicate that Cys183
is not a target for inactivation of GluRS1 by oxidizing agents,
lending further support to the idea that the target(s) of oxidation
should be one or more cysteine(s) in the putative Zn2+-binding
domain.

The possible protective effect of GluRS substrates during oxida-
tive inactivation was investigated. Glutamate provided no protec-
tion against oxidation, while saturating concentrations of tRNAGlu

or ATP, both protected the enzyme from oxidative inactivation by
hemin and H2O2 (Fig. 2). Since all substrates bind far from the
SWIM domain, these results suggest that upon binding of tRNA
or ATP, a conformational change might take place in the enzyme
that protects the distant cysteine(s) from oxidation. The SWIM mo-
tif is located in the CP1 insertion of GluRS [17,19]. In addition, pre-
vious studies have shown specific binding of the tRNA acceptor
stem to the CP1 insertion of other GluRSs, an interaction which
may also hinder the access of oxidizing agents to the Zn2+-binding
cysteines [18].

3.2. Assessment of the redox status of cysteine residues in GluRS1

Since only reduced cysteines are sensitive to chemical modifica-
tion by DTNB, we used this reagent to assess the redox status of
cysteines in GluRS1. All four cysteines from reduced and denatured
(0.2% SDS) GluRS1 reacted with DTNB. Fully inactive (99%) GluRS1
retained �1 reduced cysteine indicating that almost three cyste-
ines are oxidized (Fig. 3A). Under non-denaturing conditions,
approximately 2.6 cysteines are accessible to the reagent in the re-
duced enzyme (Fig. 3B). As DTNB is in excess over the concentra-
tion of cysteines, the modification reaction kinetics can be
treated as pseudo first order for each cysteine. The Guggenheim
linearized plot [20] (Fig. 3C) revealed that there are fast and slow
reacting cysteines in GluRS1. Upon full inactivation by incubation
with 400 lM H2O2, one reduced cysteine which reacted slowly
with DTNB remained indicating that �1.6 accessible cysteines
per GluRS1 were oxidized (Fig. 3B and C). To verify that cysteine
oxidation did not denature the enzyme we performed a far-UV
CD spectra of the reduced and oxidized GluRS1. The results showed
that the structure of the enzyme is maintained. Differences in the
far-UV CD spectra of reduced and oxidized GluRS1 in the 205–
225 nm region suggest a subtle change in the a-helix content of
the enzyme [21] (Fig. S3).

3.3. Zn2+ ion release and modulation of GluRS1 activity

In light of the fact that readily oxidizable cysteines in the Zn2+-
binding motif are important for GluRS1 activity, we investigated
whether the release of Zn2+ critically impacts the enzyme. ICP-
mass spectrometry revealed that A. ferrooxidans GluRS1 contains
1.03 Zn2+ per molecule. While more than 80% inactivation is ob-
served upon oxidation by H2O2, only �30% of the bound Zn2+ is re-
leased from the oxidized GluRS1 (Fig. 4). Also, the kinetics of
inactivation is significantly faster than the release of the metal.
In addition, after the treatment of the oxidized enzyme with a



Fig. 3. DTNB reactivity of cysteines from GluRS1. (A) Number of reduced cysteines
per molecule of denatured (0.2% SDS) GluRS1 either reduced or oxidized in the
presence of 400 lM H2O2 as determined by DTNB reactivity. (B) GluRS1 was
incubated in the presence (gray) or absence (black) of 400 lM H2O2. The resulting
enzyme was treated with DTNB and the reaction was followed by absorbance at
412 nm. (C) Guggenheim plot of the data from (B). Discontinuous lines indicate the
linear zone of the plot lines.
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reducing agent, the proportion of activity recovered is also greater
than the proportion of reabsorbed ion. These data suggest that
although oxidation of cysteines induces release of Zn2+, ion loss
is not the sole cause of enzyme inactivation.
Fig. 4. Oxidation of GluRS1 induces partial Zn2+ release. GluRS1 was incubated with
PAR (Zn2+ indicator) and in the presence of 500 lM H2O2. After 2 h of incubation
10 mM b-mercaptoethanol was added (;). Changes in Zn2+ concentration were
recorded through variations in absorbance at 500 nm (graph line with no symbol).
At given time points, aliquots were taken to measure the remaining GluRS1 activity
(j).
4. Discussion

4.1. Role of zinc in the function of A. ferrooxidans GluRS1

Zn2+ binds to a number of aminoacyl-tRNA synthetases, includ-
ing GluRS from some species such as E. coli and Bacillus subtilis
[14,17]. E. coli GluRS contains a Zn2+ ion coordinated to three cys-
teines and one histidine forming a so called SWIM motif in the cat-
alytic domain of the enzyme [14]. We found that A. ferrooxidans
GluRS1 contains one Zn2+ ion per enzyme. Sequence alignments
predict that a relatively canonical SWIM motif (C-X-C-X24-C-X-E)
forms a Zn2+-binding site in A. ferrooxidans GluRS1. The crystal
structure of GluQRS (pdb 1NZJ), a paralog of the GluRS catalytic do-
main, indicates that this enzyme binds Zn2+ with a slightly differ-
ent motif which uses the same cysteines, but a different non-
cysteine-binding amino acid (C-X-C-X11-Y-X3-C) [22]. This motif
is also observed in GluRS1 from A. ferrooxidans (Fig. S1). Thus,
while our data clearly indicate that cysteines are involved in Zn2+

binding, it is still an open question exactly which residues are
the ligands of the ion in A. ferrooxidans GluRS1. A. ferrooxidans
GluRS2 also contains the two predicted Zn2+-binding motifs (C-X-
C-X24-C-X-H or C-X-C-X20-Y-X3-C) (Fig. S1), but the presence of
the ion as well as the enzyme sensitivity to H2O2 has not been
determined.

It is known that Zn2+ is essential for the proper binding of gluta-
mate to GluRS, consistent with a structural communication between
the Zn2+-binding motif and the active site [14]. Our work now pro-
vides further support for such a role for the Zn2+-binding domain,
since oxidation of the metal-binding site cysteine of GluRS1 signifi-
cantly impaired catalysis. Also, binding of ATP or tRNA protects the
distant cysteines of the SWIM motif. The Zn2+-binding site is part of
the CP1 insertion in the Rosmann fold of the catalytic domain
[17,19]. The CP1 insertion is predicted to be involved in the trans-
duction of the conformational change promoted by the binding of
the anticodon of tRNA to the anticodon-binding domain [23]. This
conformational change is required for the activation of glutamate
by ATP. Thus, we propose that the inactivation observed upon oxida-
tion of cysteines at the Zn2+-binding motif from A. ferrooxidans
GluRS1, might be due to an impairment of the structural communi-
cation between the anticodon-binding domain and the active site.
This interpretation is consistent with the observation that Zn2+ re-
lease from the E. coli enzyme affects the affinity of GluRS for glutamic
acid only in the presence of tRNA [14].

It has been shown that some proteins that participate in trans-
lation are oxidized in vivo under oxidative stress inhibiting transla-
tion or modifying its fidelity [11,24,25]. Whether A. ferrooxidans
GluRS1 is reversibly inactivated in vivo by the cellular redox status
is a question still to be answered. Also, whether redox sensitivity is
a common feature of all GluRSs and GluQRSs that contain Zn2+, or is
confined to certain extremophiles such as A. ferrooxidans is an open
question.

4.2. Reversible oxidation of cysteine and the regulation of heme
biosynthesis

Heme and its tetrapyrrole precursors are known to be toxic be-
cause of their capacity to generate reactive radicals [4,9,10], thus,
cellular levels of heme must be finely tuned. While it has been
shown in several organisms that GluTR, which is involved in the
biosynthesis of ALA, is the first enzyme directly committed to the
C5 pathway [4,26], our previous results led us to speculate that
in A. ferrooxidans GluRS1 might be the first regulated enzyme of
the pathway [8].

The inactivation of GluRS1 upon exposure of A. ferrooxidans to
conditions that increase the intracellular levels of heme [8] is
counteracted by the presence of a reducing agent (glutathione) in
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the culture medium suggesting that an oxidative event modulates
GluRS1 activity. The data presented here revealed that hemin at
concentrations near to the reported intracellular levels has a syner-
gistic effect on the oxidation and inactivation of GluRS1 by H2O2.
As the redox status and the activity of GluRS1 are recovered after
treatment of the oxidized enzyme with reducing agents, we spec-
ulate that the cellular activity of GluRS1 might be controlled by
changes in the redox status induced by heme, and possibly other
oxidizing agents, in a reversible process. As A. ferrooxidans prolifer-
ate in the bioleaching environment, Fe2+ is transformed to the oxi-
dizing agent Fe3+, exposing the bacterium to oxidative stress [27]
and enormous variations in the available reducing power [28].
Thus, the reversible inactivation of GluRS1 might represent a pos-
sible regulatory mechanism by which the enzyme could rapidly re-
spond to environmental conditions that alter the cellular redox
status and heme requirements.

Beyond the immediate effect on GluRS activity, redox modula-
tion may also more broadly fine tune heme biosynthesis. An inter-
action between GluRS and GluTR has been proposed [29,30]. Our
data indicate that a complex between GluRS and GluTR from A. fer-
rooxidans is also formed (O. Orellana, D. Pezoa, P. Alamos, unpub-
lished results), which could potentially channel Glu-tRNA directly
for tetrapyrrole synthesis. Another possible function of the com-
plex could be to protect GluRS1 and GluTR from inactivation or
degradation. Previous reports suggest that GluTR may be regulated
by protein degradation in A. ferrooxidans [8] as well as in Salmonella
typhimurium [26]. Answering the question as to whether the stabil-
ity of the complex is altered by the cellular redox status and/or the
levels of heme could shed light on the global mechanisms of
regulation of tetrapyrrole synthesis in A. ferrooxidans and other
c-proteobacteria.
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