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Atypical OmpR/PhoB Subfamily Response Regulator GInR of
Actinomycetes Functions as a Homodimer, Stabilized by the
Unphosphorylated Conserved Asp-focused Charge
Interactions”
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functional homodimerization.

homodimer for physiological function.
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(Bacl(ground: Orphan response transcription factor GInR regulates nitrogen metabolism in important actinomycetes.
Results: GInR has no typical “phosphorylation pocket,” where the only conserved Asp is unphosphorylated but is essential for

Conclusion: Actinomycete GInR is an atypical response regulator functioning as a homodimer.
Significance: Conserved Asp-focused charge interactions of actinomycete GInR are probably the mechanism that stabilizes the
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The OmpR/PhoB subfamily protein GInR of actinomycetes is
an orphan response regulator that globally coordinates the
expression of genes related to nitrogen metabolism. Biochemi-
cal and genetic analyses reveal that the functional GInR from
Amycolatopsis mediterranei is unphosphorylated at the poten-
tial phosphorylation Asp®° residue in the N-terminal receiver
domain. The crystal structure of this receiver domain demon-
strates that it forms a homodimer through the a4-5-a5 dimer
interface highly similar to the phosphorylated typical response
regulator, whereas the so-called “phosphorylation pocket” is
not conserved, with its space being occupied by an Arg®? from
the B3-a3 loop. Both in vitro and in vivo experiments confirm
that GInR forms a functional homodimer via its receiver domain
and suggest that the charge interactions of Asp®® with the highly
conserved Arg®” and Thr? in the receiver domain may be crucial
in maintaining the proper conformation for homodimerization,
as also supported by molecular dynamics simulations of the wild
type GInR versus the deficient mutant GInR(D50A). This model
is backed by the distinct phenotypes of the total deficient
GInR(R52A/T9A) double mutant versus the single mutants of
GInR (i.e. D50N, D50E, R52A and T9A), which have only minor
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effects upon both dimerization and physiological function of
GInR in vivo, albeit their DNA binding ability is weakened com-
pared with that of the wild type. By integrating the supportive
data of GInRs from the model Streptomyces coelicolor and the
pathogenic Mycobacterium tuberculosis, we conclude that the
actinomycete GInR is atypical with respect to its unphosphory-
lated conserved Asp residue being involved in the critical Arg/
Asp/Thr charge interactions, which is essential for maintaining
the biologically active homodimer conformation.

A two-component system, typically consisting of a mem-
brane-associated sensor histidine kinase and a cognate intracel-
lular response regulator (RR),? is the predominant signal trans-
duction system employed by bacteria, and also found in archaea
and eukarya (1). Most typical RRs remain as monomers or
“weak” dimers (2, 3) with their receiver domains unphosphor-
ylated. Once the environmental stimulus triggers histidine
kinase autophosphorylation, the phosphoryl group is trans-
ferred to a conserved Asp residue in the receiver domain of the
cognate RR. The phosphorylated RR then undergoes a substan-
tial conformational change for “tight” homodimerization that
enables its binding to the target DNA sequences (cis-elements)
and in turn affects the transcription (4 — 6). Based on the homol-
ogy of their DNA-binding domains, most RRs can be catego-
rized into four major subfamilies (i.e. OmpR/PhoB, NarL/Fix],

3 The abbreviations used are: RR, response regulator; GInRRec, GInR regula-
tory domain; DSS, disuccinimidyl suberate; Bistris propane, 1,3-bis[tris(hy-
droxymethyl)methylamino]propane; MD, molecular dynamics; FAM,
6-carboxyfluorescein.
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NtrC, and LytR), leaving the remaining RRs containing miscel-
laneous effector domains, such as RNA binding or enzymatic
functions (2, 7).

In most bacteria, a two-component system is employed to
sense and respond to the nitrogen status in the environment,
and the NtrB/NtrC-mediated nitrogen assimilation regulation
in enteric bacteria is one of the best studied (8, 9). However, in
many actinomycetes, including the rifamycin-producing indus-
trial actinomycete Amycolatopsis mediterranei, the model
organism Streptomyces coelicolor, and the pathogenic Myco-
bacterium tuberculosis, nitrogen assimilation is globally regu-
lated by an OmpR/PhoB subfamily protein, GInR (10-13),
which is considered an orphan RR because its cognate sensor
histidine kinase has not been identified (10, 11, 14 —16). Despite
its great importance in global regulation of nitrogen metabo-
lism, the understanding of the regulation of GInR activity as
well as its impact upon the GInR-mediated global transcription
regulation is limited, although much attention has been paid to
the identification of the GInR target genes and their corre-
sponding cis-elements so far (10, 13, 17-19) .

The GInR from S. coelicolor (ScoGInR) was once predicted to
be a typical RR subject to Asp phosphorylation as typical
OmpR/PhoB subfamily members due to the presence of the
conserved residues Asp®® and Thr®® of the active site quintet
(14, 20, 21), essential in defining the so-called acidic “phosphor-
ylation pocket” of the typical RRs (22). Recently, the atypical
receiver domains of several orphan RRs (7, 22, 23) were shown
to be generally similar to the typical receiver domains in their
amino acid sequences and three-dimensional structures but
lacked one or more residues of the highly conserved active site
quintet (22, 24). Because the GInR from actinomycetes other
than streptomycetes (see Fig. 2) only has its putative phosphor-
ylation site Asp residue found to be conserved in the active
quintet (21, 25), we hypothesized that GInR is an atypical RR,
with its activity being independent of Asp phosphorylation.
However, this hypothesis was mechanistically challenged by a
mutational analysis, in which substitution of the potential
phosphorylation site Asp residue with Ala abolished the GInR
function in Mycobacterium smegmatis (14).

In this study, the structure-function relationship of GInR
from A. mediterranei (AmeGInR) is comprehensively analyzed.
By integration of the knowledge learned from those of M. tuber-
culosis and S. coelicolor, the conserved Asp site of actinomycete
GInR is proved to be unphosphorylated but critical for
homodimerization via its charge interactions with the sur-
rounding residues, which, in turn, are essential for its physio-
logical function in vivo and DNA binding ability in vitro.

EXPERIMENTAL PROCEDURES

Bacterial Strains, Plasmids, and Growth Conditions—Esche-
richia coli strains were grown at 37 °C in lysogeny broth (LB)
medium (26). A. mediterranei were grown at 30 °C in the nutri-
ent-rich Bennett’'s medium (27). To examine the growth phe-
notypes of A. mediterranei U32 and its glnR mutants, strains
were incubated at 30 °C in minimal medium (27) supplemented
with 80 mM potassium nitrate or 60 mm ammonium sulfate as
the sole nitrogen source, and the growth was observed after 7
days’ cultivation. S. coelicolor M145 and its derivatives were
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generally cultured at 30 °C in the MS medium for spore suspen-
sion preparations (28), whereas phenotype analysis was con-
ducted in nitrogen-limited N-Evans medium with 5 mm nitrate
or 100 mm ammonium sulfate as the sole nitrogen source after
4 days’ cultivation. If necessary, the media were supplemented
with antibiotics (100 ug ml~" for ampicillin, 50 pg ml~" for
kanamycin, 50 pg ml~' for apramycin, and 50 ug ml~" for
thiostrepton).

Expression and Purification of GInR Regulatory Domain
(GInRRec) Protein—DNA fragments encoding the receiver
domains of GInR proteins were PCR-amplified using the
genomic DNA of A. mediterranei U32 (AmeglnRRec) and
M. tuberculosis H37Rv (MtbginRRec). The PCR products were
digested and inserted into the pET28b expression vector,
resulting in N-terminal His,-tagged pET-28bAmeglnRRec and
pET-28bMtbglnRRec. The plasmid was transformed into
E. coli BL21 (DE3) strain (Novagen), and the cells were cultured
at 37 °C in LB medium containing 50 ug ml~' kanamycin. Pro-
tein expression was induced by adding isopropyl B-p-thiogal-
actoside into the medium to a final concentration of 1 mwm,
when the A is 0.8. Then the cells were harvested by centrif-
ugation at 5,000 X g for 10 min at 4 °C, resuspended in a lysis
buffer (50 mm Tris-HCI, pH 8.0, 100 mm NaCl, and 1 mm
PMSE), and disrupted using a French press. The recombinant
protein was purified with affinity chromatography using a
Ni**-nitrilotriacetate Superflow column (Qiagen) pre-equili-
brated with buffer A (50 mm Tris-HCI, pH 8.0, and 100 mm
NaCl) and then washed with buffer B (buffer A supplemented
with 50 mm imidazole) to remove nonspecific binding proteins.
The target protein was eluted with buffer C (buffer A supple-
mented with 250 mm imidazole), and the eluted fractions were
further purified using a gel filtration column (GE Healthcare).
After the two-step purification, the target protein was of suffi-
cient purity (above 95%) and was then concentrated to ~10 mg
ml ™" in buffer A by ultrafiltration for further structural and
biochemical studies.

Selenomethionine-substituted AmeGInRRec protein was
prepared following a method described previously (29). Purifi-
cation of the selenomethionine AmeGInRRec protein was per-
formed using the same methods as for the native protein. Gel
filtration analysis of the purified protein was performed to
measure the oligomeric state of AmeGInRRec in solution. High
and low molecular weight (mass) calibration kits (GE Health-
care) were used to calibrate the molecular mass of wild type and
mutants of AmeGInRRec. All of the above analysis was carried
out on an FPLC system (GE Healthcare). Protein samples of 100
pl each were loaded into a 0.5-ml sample loop and injected into
a Superdex 200 column. The apparent molecular mass of the
protein sample was calculated according to the protocol pro-
vided in the kit.

Phos-tag Acrylamide Gel Analysis of GInR Phosphorylation—
For sample preparation for in vivo detection of phosphoryla-
tion, a standard protocol was used with minor modifications
(30). A. mediterranei U32 or S. coelicolor M145 and related
mutants were grown in Bennett’s or MS medium (10) at 30 °C
for 2 days and were then harvested by swabbing from the plate.
Aliquots of the cells were washed and resuspended in minimal
medium or N-Evans medium supplemented with 80 mm potas-
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sium nitrate or 60 mm ammonium sulfate as the sole nitrogen
source for GInR or with 4 or 0 mMm potassium hydrogen phos-
phate as the sole phosphate source for AmePhoP. After 12 h of
growth, cells were pelleted by centrifugation, immediately fol-
lowing harvest; cells were lysed with 3.3 ml of 1 M formic acid
(0.55 M final concentration formic acid) per equivalent of pellet
of 50 ml of 0.2 A, of cells. A French press was used to lyse the
frozen cell pellet. Each lysate was solubilized by the addition of
200 ul of 5 M NaOH (0.17 M final concentration) to neutralize
the solution and 1.5 ml of 5X SDS loading solution. Resulting
cell lysates (20 ul) were immediately loaded onto a Phos-tag gel
for electrophoresis as described below; the whole lysis process
should be kept at alow temperature to prevent the hydrolysis of
phospho-Asp residues.

For in vitro phosphorylation experiments, solutions of 10 um
protein in phosphorylation buffer (50 mm Tris-HCI, pH 8.0, 100
mMm NaCl, 2 mm B-mercaptoethanol, 20 mm MgCl,) with or
without incubation with 20 mM ammonium hydrogen phos-
phoramidate (synthesized as described previously (31)) for 30
min at 37 °C were prepared. The phosphorylation reactions
were stopped by the addition of 5X SDS-loading buffer. Phos-
tag acrylamide gels were prepared as described previously with
minor modifications (30, 32, 33). Phos-tag acrylamide running
gels contained 12% (w/v) 29:1 acrylamide/N,N-methylene-bisa-
crylamide, 375 mm Tris, pH 8.8, 0.1% (w/v) SDS. Gels were
copolymerized with 25 um Phos-tag acrylamide and 50 um
MnCl, for analysis of purified GInR and other positive control
proteins. The stacking gels contained 5% (w/v) 29:1 acrylamide/
N,N-methylene-bisacrylamide, 125 mm Tris, pH 6.8, 0.1% (w/v)
SDS. All Phos-tag acrylamide-containing gels were run at 4 °C
under constant voltage (120 V). Gels were fixed for 10 min in
standard transfer buffer (20% (v/v) methanol, 50 mm Tris-HCI,
40 mu glycine, with 1 mm EDTA added to remove Mn>") and
then incubated for an additional 20 min in transfer buffer with-
out EDTA to remove the chelated metal. Transfer to nitrocel-
lulose membranes was performed using a Bio-Rad transfer
apparatus under a constant 300 mA for 1 h. Western blotting
assay was performed using standard protocols.

Crystallization, Data Collection, and Structure Determination—
The AmeGInRRec and MtbGInRRec proteins were used in
crystallization experiments at 4 °C using the sitting drop vapor
diffusion method. Crystals were grown in the drop containing
equal volumes (1 ul) of the protein solution (~10 mg/ml
AmeGInRRec/MtbGInRRec) and the reservoir solution (0.1 M
Tris-HCI, pH 8.0, and 20% MPD (1.8 M sodium acetate trihy-
drate, pH 7.0, 0.1 M Bistris propane)), respectively. For diffrac-
tion data collection, the AmeGInRRec and MtbGInRRec crys-
tals were first cryoprotected using paratone oil (Hampton
Research) and then flash-cooled in liquid nitrogen. Selenium
single-wavelength anomalous dispersion and native data of
AmeGInRRec were collected to a resolution of 3.0 and 2.8 A,
respectively, from flash-cooled crystals at 100 K at the Shanghai
Synchrotron Radiation Facility, beamline BL17U. The native
data of MtbGInRRec were collected to 2.8 A. The diffraction
data were processed, integrated, and scaled together using the
HKL2000 suite.

Structure of the AmeGInRRec was solved using the Autosol
implemented in Phenix (34). Over 60% of main chain residues
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were built, and the overall figure of merit was increased from
0.35 to 0.69 at 3.0 A. The full structure model was built manu-
ally using the program Coot (35). Structure refinement was car-
ried out using Phenix and refmac. Because the resolution and
statistics of the single wavelength anomalous dispersion data
set of AmeGInRRec were better than the native data, the single
wavelength anomalous dispersion data set was used in the final
refinement of the structure of AmeGInRRec. The structure of
MtbGInRRec was solved by molecular replacement using the
structure of AmeGInRRec as a starting model. The final model
was refined to 2.8 A. All of the statistics of data collection and
structure refinement are summarized in Table 1.

Molecular Dynamics Simulations—The starting structure of
AmeGInR monomer was extracted from the crystal structures
of AmeGInR dimer. The D50A, D50E, and D50N mutants were
built from the wild type by mutating the aspartic acid into glu-
tamate or asparagine, respectively. After that, each system was
solvated by TIP3P waters with 0.15 m NaCl. Finally, each simu-
lation system includes about 17,000 atoms (55 X 55 X 55 A).

MD simulations were carried out with the GROMACS ver-
sion 4.6.1 package with the NPT ensemble and periodic bound-
ary condition (36). The AMBER99SB-ILDN force field was
applied for the simulations (37). Energy minimizations were
first performed to relieve unfavorable contacts, followed with 2
ns in total to equilibrate the side chains of protein and solvent.
The particle mesh Ewald method was used for long range elec-
trostatic interactions with a short range cut-off of 1.2 nm. All
simulations were run at 300 K using the v-rescale method with
a coupling time of 0.1 ps (38). The pressure was kept at 1 bar
using the Berendsen barostat 7p = 1.0 ps and a compressibility
of 4.5 X 107° bar~'. SETTLE constraints and LINCS con-
straints were applied on the hydrogen-involved covalent bonds
in water molecules and in other molecules, respectively, and the
time step was set to 2 fs. Each system was put into a 150-ns
production run.

Electrophoretic Mobility Shift Assay (EMSA)—For expres-
sion of recombinant mutated AmeGInR (i.e. D50A, D50N, T9A,
R52A, T9A/R52A, R111A, and R111E mutants), the wild type
AmeglnR gene on the expression plasmid pET28b was mutated
using site-directed mutagenesis methods (18). The glnA pro-
moter region of A. mediterranei U32 was generated by PCR and
was then inserted into the HinclII site of pUC18. The obtained
plasmid was used as the template for preparation of the FAM-
labeled probes using the universal primer pair of FAM-labeled
M13F (—47) and M13R (—48). FAM-labeled probe (30 ng) was
incubated with varying amounts of AmeGInR or its mutants at
25 °C for 20 min in a buffer of 25 mm Tris-HCI (pH 8.0), 50 mm
KCl, 2.5 mm MgCl,, 5% glycerol, 1 mm dithiothreitol (DTT),
and 100 pg ml ™' sonicated salmon sperm DNA (Sangon) (total
volume 20 ul). Because GInR has been proved a specific regu-
lator for binding of the glnA promoter region in A. mediterranei
U32 (39) and the EMSA employed in this study is to measure
the DNA binding affinities of GInR as well as its mutants, the
cold probe competition assay was unnecessary and was there-
fore omitted. The resulting DNA-protein complexes were sub-
jected to electrophoresis on agarose gels with a running buffer
containing 40 mm Tris-HCI (pH 7.8), 20 mM boric acid, and 1
mM EDTA at 150 V and 4 °C for 1 h. After electrophoresis,

JOURNAL OF BIOLOGICAL CHEMISTRY 15415



Structure and Function of the Receiver Domain of GInR

gels were directly scanned for fluorescent DNA using an
ImageQuant™ LAS 4000 system (GE Healthcare).

Complementation Assay—The A. mediterranei ginR gene
together with its native promoter region was amplified from
A. mediterranei genome DNA and ligated with pRT803, which
was excised by EcoRV, yielding plasmid pRT803AmeglnR,
which was then used as the template for site-directed mutagen-
esis of AmeglnR. After verification by DNA sequencing, the
complementation plasmids were transformed into A. mediter-
ranei U32AglnR using a Bio-Rad Gene Pulser according to the
methods described previously (40). Transformants were
selected in Bennett’s agar plates containing hygromycin. The
S. coelicolor ginR gene together with its native promoter region
was excised from pSETScogInR with BamHI (18) and was sub-
sequently cloned into the same site of pBluescript II SK (Strat-
agene), yielding plasmid pSKScogInR, which was then used as
the template for site-directed mutagenesis of scoginR. The gen-
erated plasmids with various mutations of scoglnR were
digested with BamHI and inserted into the same site of
pSET1521 (41) to obtain the relevant plasmids for scog/nR com-
plementation. After being verified by DNA sequencing, the
complementation plasmids were conjugated into S. coelicolor
M145AgInR (18). Exconjugants were selected by growth on MS
agar flooded with nalidixic acid and thiostrepton.

In Vivo Chemical Cross-linking Experiment—A. mediterra-
nei strains containing the mutated residues in g/nR were made
by complementing the A. mediterranei U32AgInR strain with
mutated A. mediterranei ginR fused with a FLAG tag at the C
terminus using the method described above. A. mediterranei
was first cultured in liquid Bennett’s medium at 30 °C for 48 h
before being inoculated into fresh liquid minimal medium sup-
plemented with either 80 mm KNO; or 60 mm (NH,),SO, for
another 24-h culture. Cells were then collected, and the cell
pellets were resuspended in PBS and exposed to 5 mm DSS
(Pierce). After a 20-min incubation at 25 °C, the reaction was
quenched with the addition of 50 mm Tris-HCI (pH 8.0) (final
concentration) for 15 min. The samples were subjected to SDS-
PAGE and immunoblot assays were performed using the anti-
FLAG antibody.

Reverse Transcription PCR (RT-PCR)—For RNA extraction,
wild type A. mediterranei U32 and glnR mutants were grown in
liquid Bennett’'s medium for 48 h before being inoculated into
fresh liquid Bennett’s medium supplemented with 80 mwm
KNO; or 60 mm (NH,),SO, for further culture for 36 h. Total
RNA was extracted using TRIzol reagent (Invitrogen). RNA
was treated with RNase-free DNase I (Promega) to prevent con-
tamination of trace genomic DNA. Reverse transcription was
performed with a random hexamer primer using 3 ug of RNA
in a total volume of 30 ul employing Super-Script III reverse
transcriptase (Invitrogen). PCR was performed employing
20-ng reaction mixtures as the template to check the transcrip-
tion of nasA and glnR genes and using the rpoB gene as the
internal control. A negative control was made by following the
same procedures except that the addition of reverse transcrip-
tase was omitted. Two independent samples were used for
analyses.
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RESULTS

GInR of Either A. mediterranei or S. coelicolor Is Unphosphor-
ylated at the Potential Asp Phosphorylation Site—Because the
Phos-tag methods (30, 32, 33) are able to characterize the phos-
phorylation state of the Asp residues in typical RRs, such as that
shown for PhoB from E. coli (EcoPhoB) cell lysates (42), similar
in vitro phosphorylation assays employing the high energy
phospho-donor, ammonium hydrogen phosphoramidate,
against the purified recombinant proteins of AmeGInR and
ScoGInR proteins were conducted individually. Both of the
annotated typical RRs (i.e. PhoP of A. mediterranei (AmePhoP)
(13) and SCO5403 of S. coelicolor (21)), bearing the highly con-
served acidic quintet in their amino acid sequences, as well as
the purified well characterized EcoPhoB could be successfully
phosphorylated in vitro by ammonium hydrogen phosphor-
amidate, probably at their corresponding Asp residues, whereas
neither AmeGInR nor ScoGInR could (Fig. 14). Therefore, it is
unlikely that the conserved Asp residues of either of the two
GInRs can be phosphorylated by the high energy phosphodonor
in vitro.

In order to test whether GInR is phosphorylated or not in
vivo, the phosphorylation status of AmeGInR or ScoGInR in
vivo was tested via Western blot analysis against the cell lysates
of A. mediterranei or S. coelicolor electrophoresed on Phos-tag
gel, employing AmePhoP as a positive control and AmePhoP-
(D52A) as a negative control. In accord with the fact that the
Asp®? of PhoP is phosphorylated under the phosphate limita-
tion conditions (43), AmePhoP exhibited a single band on the
gel when cells are grown in phosphate (K,HPO4)-rich medium,
whereas double bands of AmePhoP were observed for cells
grown in phosphate-limiting media. Obviously, the upper band
corresponding to the phosphorylated AmePhoP disappeared in
the D52A mutation, indicating that Asp®* was the phosphor-
ylation site (Fig. 1B). In contrast, although GInR is functional
under nitrogen-limited conditions (39), no phosphorylation
band of AmeGInR or ScoGInR could be observed in lysates of
cells grown in either nitrogen-rich ((NH,),SO,) or nitrogen-
limited (KNO,) media. All of these results are in good agree-
ment with the results of the in vitro experiments mentioned
above (Fig. 14), and therefore, we conclude that both AmeGInR
and ScoGInR are unphosphorylated at their conserved Asp
residues.

Crystal Structures of the GInR Receiver Domains from
A. mediterranei and M. tuberculosis Are Distinct from That of
the Typical RRs Regarding the Potential “Phosphorylation
Pocket” and Its Surrounding Amino Acid Residues—W'e deter-
mined the crystal structures of the receiver domains of GInR
from A. mediterranei U32 (AmeGInRRec) and M. tuberculosis
(MtbGInRRec). The final structure models of both proteins
were refined to 2.8 A, with their statistics summarized in Table
1. Considering that AmeGInRRec and MtbGInRRec not only
share 58% sequence identity (Fig. 2A4) but also form similar
homodimer structures (root mean square deviation = 1.0 A),
AmeGInRRec alone is selected for further structural and func-
tional analyses (Fig. 2B). The structures of AmeGInRRec and
MtbGInRRec have been deposited to the Protein Data Bank
with the codes 401H and 4011, respectively.
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FIGURE 1. Biochemical analyses detecting the phosphorylation status of the conserved residue Asp of GInR. A, Western blot monitoring the phosphor-
ylation status of the His tag-fused E. coli PhoB (EcoPhoB), S. coelicolor GInR/5403 (ScoGInR/SCO5403), A. mediterranei U32 GInR (AmeGInR), and the A. mediter-
ranei U32 PhoP (AmePhoP), purified by nickel affinity chromatography from the corresponding E. coli heterologous expression systems (see “Experimental
Procedures”) treated with (+) or without (—) 20 mm ammonium hydrogen phosphoramidate (PA). B, Western blot monitoring the in vivo phosphorylation
status of the FLAG tag-fused PhoP (WT, D52A) under phosphate-replete (K,HPO,) or -limited (—) conditions and the phosphorylation status of FLAG tag-fused
GInR (WT, D50A) under nitrogen-rich ((NH,),SO,) or -limited (KNO5) conditions in the A. mediterranei U32AgInR and S. coelicolor M145AgInR strains. Cell lysates

were treated as described under “Experimental Procedures.”

TABLE 1
Statistics of diffraction data collection and structure refinement
MtbGInRRec AmeGInRRec AmeGInRRec-Se

Diffraction data

Wavelength (A) 0.9793 0.9793 0.9793
Space group 141 P6522 P6522
Cell parameters

a(h) 144.2 93.1 93.1

b(A) 144.2 93.1 93.1

c(A) 92.2 308.4 310.4

a (degrees) 90.0 90.0 90

B (degrees) 90.0 90.0 90

7v (degrees) 90.0 120.0 120
Resolution (A) 50.0-2.80 50.0-2.80 50.0-3.00

(2.90-2.80)*  (2.90-2.80) (3.11-3.00)
Observed reflections 71,225 196,781 698891
Unique reflections (I/o(I) > 0) 23,093 20,511 16,902
Average redundancy 3.1(3.1) 9.6 (9.9) 41.3 (42.8)
Average I/o (I) 13.7 (4.4) 19.1 (4.4) 54.8 (10.9)
Completeness (%) 99.0 (99.7) 99.8 (100.0) 100.0 (100.0)
Riperge (%) 9.8 (31.9) 11.7 (62.1) 16.0 (63.0)
Refinement and structure model

Reflections (F, =00(F,))

Working set 21,918 19,390

Test set 1,158 1,039
Ryyori/ Reveo (%)° 18.0/22.5 22.1/26.9
No. of atoms 4,283 3,391

Protein 4,111 3,364

Water 172 27
Average B factor (A%

All atoms 38.8 54.5

Protein 38.8 54.6

Water 38.5 50.3
Root mean square deviations

Bond lengths (A) 0.007 0.011

Bond angles (degrees) 1.4 1.9
Ramachandran plot (%)

Most favored 95.3 97.6

Allowed 4.7 2.4

“ Numbers in parentheses represent the highest resolution shell.
Amerge = P I,-(h/{l) - <1(hkl)>‘/Ehklzifi(hkl)'
R = 2yl Fol = [EZ el ol

The structure of AmeGInRRec consists of five alternating
B-strands and a-helices folding into a five-stranded parallel
B-sheet in the middle surrounded by two a-helices on one side
and three on the other (Fig. 2B), which is similar to most of the
known structures of the typical RR receiver domains (22)
except that the helices a1, @2, and a4 of AmeGInRRec are par-

SASBMB

MAY 30, 2014 +VOLUME 289+-NUMBER 22

tially unwound (Fig. 2C). We notice that the so-called “phos-
phorylation pocket” defined in the typical RRs as well as its
microenvironment are significantly altered in the structure of
AmeGInRRec (Fig. 2, A and C). All of the five residues essential
for the phosphorylation of PhoB except Asp®® are neither con-
served nor in proper position, which is also demonstrated by
the structure-based sequence alignment among GInR proteins
from representative actinomycetes and the well characterized
typical and atypical RRs from Gram-negative bacteria (Fig. 24).
The Glu® and Asp*® residues known to bind with Mg?* to pro-
mote phosphorylation and dephosphorylation in PhoB of E. coli
are replaced by residues Thr® and Ala'® in AmeGInRRec,
respectively. These changes are likely to exclude the binding of
a divalent metal cation and hence reduce the possibility of
phosphorylation at AmeGInRRec residue Asp®. In addition,
the Thr and Lys residues believed to communicate between the
phosphorylation site and dimer interface in typical RRs are
changed to Val®' and Leu'®, respectively, and the critical con-
formation switch residue Tyr is also substituted with an Ile®® in
AmeGInRRec. These data suggest that the AmeGInR is signifi-
cantly diverged from the canonical RRs with respect to the
potential “phosphorylation pocket” and its surrounding amino
acid residues.

When the monomer structure of AmeGInRRec is superim-
posed with that of the phosphorylated PhoB (root mean square
deviation = 2.1 A), we find that the B1-al and B3-a3 loops
move toward the putative phosphorylation pocket, thus shrink-
ing the size of the “pocket.” It is particularly significant that the
Arg®” residue, conserved among all GInR proteins but com-
pletely different in Gram-negative OmpR/PhoB subfamily pro-
teins (Fig. 2A4), protrudes from the $3-a3 loop into and occu-
pied the “pocket” with its guanidinium side chain positioned at
the close vicinity of the carboxyl side chain of the only con-
served Asp°°. Based on the measured distance of the interac-
tions, an ionic bridge may form between the side chains of these
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FIGURE 2. Structure and comparison of different GInRRecs. A, structure-based sequence alignment of different GInRRecs. The five residues constituting the
phosphorylation pocketin typical RRs are highlighted in red, whereas the corresponding residues that differ from typical RRs in GInR and atypical RRs are shown
in yellow. The highly conserved residues among OmpR subfamily RRs are colored in blue, and the residues only showing conservation among GInRs are colored
in cyan. Red stars, conformation switch residues in typical RRs; red triangle, conserved residue Asp in the putative phosphorylation site; red circles, the two
residues Thr and Arg forming interactions with the residue Asp in the putative phosphorylation site; red square, Arg residue essential for the dimerization. The
secondary structure elements of AmeGInR and PhoB (Protein Data Bank code 1ZES) are shown at the top and bottom, respectively. AmeGInR, GInR from
A. mediterranei U32 (YP_003771100); MtbGInR, GInR from M. tuberculosis H37Rv (NP_215333); ScoGInR, GInR from S. coelicolor M145 (NP_628336); MseGInR,
GInR from M. smegmatis strain MC2 155 (YP_890012); SveGInR, GInR from S. venezuelae ATCC 10712 (YP006879462). ChxR is from C. trachomatis 434/Bu
(YP_001654963); NbIR is from Synechococcus elongatus PCC 7942(AAC33849); HP1043 is from H. pylori (NP_207833); JadR1 is from S. venezuelae ATCC
10712(AAB36584); ArcAis from E. coli K12 (NP_418818); OmpR is from E. coli O157:H7 strain EDL933 (NP_289945); and PhoB is from E. coli K12 (NP_414933). B,
ribbon diagram shows the structure of the AmeGInRRec. The two molecules A and B constituting the homodimer are colored in yellow and cyan, and the dimer
interface is shown in magenta. C, structure comparison of AmeGInRRec (cyan) with phosphorylated PhoB (gray) (Protein Data Bank code 1ZES). B1-a1 and
B3-a3 loops and residue Arg®? of AmeGInRRec are colored in magenta. The residues important for phosphorylation in PhoB and corresponding ones in
AmeGInRRec are shown with side chains. A close-up view of the putative phosphorylation pocket and interactions is also shown.

two residues, and the side chain of Asp®® may further be stabi-
lized by forming another hydrogen bond with Thr®. Thus, the
configuration of Arg>” not only lessens the likelihood of residue
Asp®® being phosphorylated but also introduces a hydrogen-
bonding/ionic interaction network, which may provide an
alternative mechanism for maintaining the homodimerization
status of GInR different from that of Asp phosphorylation in
typical RRs (Fig. 2C).

Homodimerization of the Two GInR Monomers through Their
a4-B5-aS Interface Is Essential for Their Physiological Function—
The crystal structure data suggest that both AmeGInRRec and
MtbGInRRec form homodimers. The interface involves the
ad-B5-a5 secondary structure elements from both monomers
and buries about 30% of the total surface area, which is similar
to that of the phosphorylated typical RRs, such as PhoB and
ArcA (Fig. 3, A and B), where homodimerization through such
an interface is universal and essential for their physiological
activities. On the other hand, in contrast to ArcA and PhoB,
there is a lower percentage of hydrophilic residues but a higher
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percentage of hydrophobic residues within the interface of the
two GInR monomers, which presumably favors tighter protein-
protein interactions (Fig. 34). Two Arg''! residues in AmeGl-
nRRec from 5 of both monomers A and B, conserved among
almost all OmpR/PhoB subfamily proteins except for the atyp-
ical ChxR from Chlamydia trachomatis (Fig. 2A), are found
stacking against each other by -7 interactions. This Arg resi-
due further stabilizes the interface by forming salt bridge and
hydrogen bond networks with Asp®” and Glu'” from both
monomers (Fig. 3C). The predominant role of this Arg residue
in maintaining the homodimer is confirmed by site-directed
mutagenesis analysis followed by gel filtration verification, in
which an R111A single mutation results in a disruption of the
homodimer of AmeGInRRec (Fig. 3D). The hydrophilic inter-
actions among Arg''", Asp”’, and Glu'%” are surrounded by
hydrophobic residues Leu®®, Val®’, 1le”®, Ala'%®, Ala''°, and
Leu'"*, which protrude from a4 and o5 helices of monomers
A and B, strengthening the homodimer interaction (Fig. 3, A
and C).
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FIGURE 3. Structure and in vitro characterization of the residues essential for AmeGInRRec homodimer interaction. A, sequence alignment of the
residues constituting the dimer interface of GInR, ChxR, HP1043, ArcA, PhoB, and the hydrophobic and hydrophilic residues are colored in yellow and green,
respectively. B, superimposition of the structural elements involved in the homodimer interface of AmeGInRRec (magenta) and PhoB (gray). C, residues
involved in the homodimer formation. The two molecules are colored in yellow and cyan. Hydrophobic interaction residues are shown with spheres, and
hydrophilic residues forming hydrogen bonds and salt bridges (shown with red dashed lines and numbers indicating the distance) are shown with side chains.
D, gelfiltration analysis of wild type AmeGInRRec and its mutants. The mobility profiles of wild type AmeGInRRec, R111A, D50A, D50N, and D50E are shown, and
the molecular masses were calculated based on the standard proteins indicated at the top. The 25- and 40-kDa peaks represent the monomer and dimer,
respectively, whereas the 64- and 70-kDa peaks represent the oligomer.

The dimerization and extensive interactions of the presence of cross-linking agent DSS under either nitrogen-

receiver domains imply that GInR may form a homodimer as
its functional status under physiological conditions. How-
ever, we failed in crystallization and analysis of the oligo-
meric state of the full-length GInR using the heterogeneously
expressed protein, probably due to its aggregation in solu-
tion. Alternatively, as shown in Fig. 4, we demonstrate that
the AmeGInR protein exists mainly as dimers in vivo in the
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rich or limited conditions. We further explore whether the
a4-B5-a5 interface is essential for the homodimerization of
full-length AmeGInR. Indeed, AmeGInR harboring an
R111A mutation changes the oligomeric state from dimers
to monomers, which suggests that the homodimerization of
AmeGInR is dependent on the a4-B5-a5 interface in vivo
(Fig. 4).
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FIGURE 4. In vivo cross-linking analysis of AmeGInR and its mutants. The oligomeric status of the wild type and mutated AmeGInR (R111A, D50A, D50N, T9A,
R52A, T9A/R52A, and D50E) in the presence (+) and absence (—) of cross-linking agent DSS are shown by Western blot analysis. The strains were cultured in the
nitrogen-rich ((NH,),SO,) or -limited (KNO5) conditions. Molecular markers are shown on the left. Di, dimer; Mo, monomer.

The glnR null mutants of both A. mediterranei U32 and
S. coelicolor are proved unable to grow on minimal medium
when nitrate is supplied as the sole nitrogen source (10, 39).
Similar growth failure was observed when mutations of
R111A/E (Fig. 5) or R108A/E (data not shown) were introduced
individually into AmeglnR or ScoglnR, respectively. Consistent
with these physiological phenotypes, the transcription of GInR
target genes, such as nasA and glnA, are not activated in
A. mediterranei ginR(R111A/E) mutants either (Fig. 6). Further
EMSA experiments using purified mutated proteins indicated
that the DNA binding abilities of AmeGInR(R111A) and
AmeGInR(R111E) proteins were all significantly reduced (Fig.
7). These data suggest that the homodimer formation through
the a4-B5-a5 interface is indispensable for GInR function in
vivo, and the disruption of homodimer formation of GInR may
lead to the impairment of its DNA binding ability, therefore
abolishing the regulatory function of GInR.

The Conserved Asp®° of GInR Is Critical for Maintaining the
Receiver Domain-mediated Protein Dimerization and the Cor-
responding Physiological Function—The above biochemical
and structural analyses clearly demonstrate that GInR with the
conserved Asp unphosphorylated is functional. However,
because the D50A mutation supposed to mimic its unphosphor-
ylated status of GInR can neither complement for the growth
defect of the g/nR null mutants nor bind to its target promoter,
such as that of glnA (Figs. 5 and 7; see Ref. 14 for the data of
M. smegmatis), the underlying mechanism for the importance
of Asp®®in maintaining the biological function of GInR needs to
be addressed.

The crystal structure of the wild type AmeGInRRec protein
indicates that Asp® forms an ionic interaction with Arg®*and a
hydrogen bond with Thr? (Fig. 2C; see above). This is also true
in the structure of MtbGInRRec, in which Asp*® forms similar
interactions with Arg®' and Thr®. Therefore, we propose that
these charge interactions may stabilize the homodimeric con-
formation of GInR (Fig. 2C), and D50A mutation in AmeGInR
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FIGURE 5. Growth phenotypes of A. mediterranei U32 mutants and com-
plementation strains. Results of complementation by wild type AmeglInR or
the gInR mutants (R111A/E, D50A, D50N, D50E, T9A, R52A, and T9A/R52A)
grown on minimal medium supplemented with KNO,.

may completely disrupt these interactions and thus result in
dismantling the functional homodimerization.

The influence of this D50A mutation upon homodimer for-
mation of either the AmeGInRRec or the full-length AmeGInR
protein was verified using in vitro size exclusion chromato-
graphic analysis or an in vivo chemical cross-linking assay,
respectively. Both results suggest that whereas the wild type
AmeGInR forms homodimer, AmeGInR(D50A) exists mainly
as monomers (Figs. 3D and 4). To explore the possible mecha-
nism underlying the effect of the D50A mutation upon
dimerization, the structure of AmeGInRRec(D50A) is modeled
based on that of the wild type AmeGInRRec through molecular
dynamic (MD) simulations (Fig. 8). Comparing these two struc-
tural models, it is obvious that the Asp®°-focused charge inter-
action network (with Arg®® and Thr”) is completely abolished
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FIGURE 6. Transcriptional analysis of wild type U32 and gInR mutants for the transcription of GInR target genes in A. mediterranei. The transcription of
rpoB was used as the internal control. WT, wild type A. mediterranei U32; A, U32AgInR; +, AmegInR+; D50A, AmegInR(D50A); D50E, AmegInR(D50E); D50N,
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FIGURE 7. EMSA results of wild type AmeGInR and its mutants. The FAM-labeled g/nA promoter region was incubated with the indicated concentrations of
AmeGInR proteins (WT, D50A, D50E, D50N, T9A, R52A, T9A/R52A, R111A, and R111E), and salmon sperm DNA was added in each sample to mask the
nonspecific binding effect. The signals of free DNA and protein-DNA complexes were scanned and shown.

FIGURE 8. Structural differences between wild type AmeGInRRec dimer
and AmeGInRRec(D50A) (MD simulations). The structure of wild type
AmeGInRRec dimer is colored gray, the MD simulated structure of
AmeGInRRec(D50A) is colored yellow (molecule A) and cyan (molecule B). The
B3-a3 loop (residues Ala*°~Asp>%) and B4-a4 loop (residues Val®'-Val®®) are
colored in magenta, and an arrow indicates the significant conformational
change in B4-a4 loop. The residues constituting the putative phosphoryla-
tion pocket and the polar residues involved in the dimer interface are shown
with sticks.

in the D50A mutant, which may cause both the Arg®> residue
and the B3-a3 loop (residues Ala®°~Asp®*) to move away from
the so-called “phosphorylation pocket,” leaving a space to
accommodate the B4-a4 loop (residues Val®'—Val®®) shifted
away from the dimer interface (shown as arrows in Fig. 8). The
conformational change in 34-a4 loop and the connecting a4
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helix may greatly impair the a4-35-a5 interface, through which
the two monomers form a homodimer.

To further verify the above hypothesis, we generated two
groups of mutants based on the structural information. The
AmeginR(D50N) and AmeglnR(D50E) mutants are designed to
maintain the hydrogen bonds of either Asn®° or Glu®® with
Arg®® and Thr®, although the interactions are weakened due to
the loss of the proposed salt bridge or the varied bond lengths in
between. The AmeGInR mutants containing either R52A or
T9A alone and the double mutant of R52A/T9A belong to the
second group, which is designed to test the effect of charge
interactions by altering the surrounding amino acid residues
individually or together rather than simply mutating the Asp®°
residue as in the first group.

All of these mutants were tested for their in vivo oligomeric
status, growth properties, and in vitro DNA binding capabili-
ties. The AmeGInR containing the single mutation of D50N,
D50E, R52A, or T9A alone still forms a homodimer, whereas
the GInRs with either a single mutation of D50A or double
mutation of TOA/R52A exist as monomers in vivo (Fig. 4). Con-
sistently, the AmeGInR proteins containing the D50N, D50E,
R52A, or T9A mutation individually can bind to the glnA pro-
moter in vitro and activate its transcription in vivo, whereas the
D50A or T9A/R52A mutated AmeGInR cannot (Figs. 6 and 7).
Physiologically, as expected, the mutants of D50N, D50E,
R52A, or T9A alone can complement the growth defect of the
AglnR host on minimal medium supplemented with nitrate as
the sole nitrogen source (Fig. 5), but neither AmeGInR(D50A)
nor AmeGInR(R52A/T9A) mutant can. In addition, the
AmeGInR(D50L) mutant, which diminishes the charge interac-
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tion completely as that of the D50A mutant but maintains the
length of the side chain similar to that of Asp, is shown to com-
pletely impair the complementation function either (data not
shown). It is also significant that similar results are obtained in
S. coelicolor with corresponding mutations in ScoGInR (data
not shown). All of the above data suggest that the charge inter-
actions among Asp®°, Arg®?, and Thr® of AmeGInR are critical
for maintaining its receiver domain-mediated protein dimeriza-
tion and the corresponding physiological function, which may be
applied to the GInRs of other actinomycetes.

DISCUSSION

The global transcription factor GInR of the Gram-positive
actinomycetes has been one of the major research focuses with
respect to bacterial molecular physiology. It is due to not only
its pivotal role in coordinating the expression of genes related to
nitrogen metabolism of this industrially and medically impor-
tant bacterial clade in response to the environmental nitrogen
conditions but also its significantly different mode of action as
an orphan RR in contrast to that of the well studied two-com-
ponent system in Gram-negative enteric bacteria. However, the
progress of the research has been largely hindered by the diffi-
culties involved in biochemical determination and genetic
characterization of GInR phosphorylation status and its impact
upon the protein’s structure-function relationship under dif-
ferent physiological conditions. In this study, with a great deal
of technological improvement, taking advantage of both the
comprehensive research system developed in A. mediterranei
and the highly conserved properties of GInR from S. coelicolor
and M. tuberculosis, multilevel evidence is gathered to support
the conclusion that the actinomycete GInR is an atypical
OmpR/PhoB subfamily RR and functions as a homodimer sta-
bilized by the critical charge interactions of the unphosphory-
lated conserved Asp residue with its spatially nearby polar
amino acid residues.

Because of the universal presence of a so-called “phosphory-
lation pocket” within the N-terminal receiver domain of typical
RRs, RRs without the pocket, usually determined by sequence
alignment, are categorized as “atypical” and subject to various
regulatory mechanisms different from that of phosphorylation
at the conserved Asp residue in the “pocket” region (44). The
crystal structures of AmeGInRRec and MtbGInRRec and the
structure-based sequence alignment analysis presented in this
study demonstrate that the actinomycete GInR not only lacks
the typical acidic pocket but also has the possibility of phosphor-
ylation at the conserved Asp® site being spatially excluded (Fig.
2). Therefore, in combination with the reproducible negative
results in detecting the phosphorylated GInR either in vitro or
in vivo along with the clear positive controls, it is quite certain
that the functional GInR is not phosphorylated at its conserved
aspartate residue (Fig. 1). However, this residue is still essential
for the physiological function of AmeGInR, as shown both in
vitro and in vivo in this study (Fig. 5).

Usually the Glu/Ala mutation at the conserved phospho-ac-
cepting Asp residue is known to mimic the phosphorylation/
unphosphorylation status of the RRs (45, 46), although excep-
tions do exist. For instance, the Asp — Glu mutant of VirG, an
RR of the VirA/VirG two-component system in Agrobacterium
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tumefaciens, does not mimic the phenotype of the phosphory-
lated VirG. In fact, this study offers another case, where, in
contrast to the completely deficient GInR(D50A) mutant, the
GInR(D50N) is still functional, which is another frequently
used mimetic model for the unphosphorylated status. There-
fore, these mutations are useful models for mechanistic studies
rather than for the proof of the presence of phosphorylation.

The current understanding of the mechanism of activation of
the typical RRs is derived from comparisons of structures under
the phosphorylated versus the unphosphorylated states (3, 8).
For most of the typical RRs, the phosphorylation at their Asp
residues induces conformational changes. Particularly, the
reorientation of the B4-a4 loop and the two conserved switch
residues, namely Ser/Thr from B4 and Tyr/Phe from S5, are
changed to facilitate the transition of the RR from monomers
(47-49) or weak dimers (2), both at their unphosphorylated
states, to the “tight” functional homodimers through the for-
mation of a common a4-B5-a5 ionic interface contributed by a
set of highly conserved residues. This strong interaction further
brings the DNA binding domains into close proximity, allowing
them to bind to the direct repeat half-sites that comprise the
recognition sequences for most OmpR/PhoB subfamily RRs (3,
50). On the other hand, the crystal structure of the orphan RR
GInR, unphosphorylated at the conserved Asp residue, forms a
functional homodimer through the a4-£5-a5 interface, which
is in accordance with the previous data regarding the GInR
binding consensus sequences, where two GInR binding boxes
are found in many cases (18, 51).

Various mechanisms are adopted for facilitating and stabiliz-
ing the functional dimerization in atypical RRs in addition to
the universal a4-35-a5 secondary structure element critical for
a proper interface. First of all, both ionic and hydrophobic
interactions within the dimer interface are employed as the
main forces for stabilizing the functional dimer. In the cases of
HP1043 from Helicobacter pylori and ChxR from C. trachoma-
tis, no matter whether the conserved Arg residue (correspond-
ing to Arg''! of AmeGInR) is present in the former or absent in
the latter, they all retain the conserved Tyr residues as in typical
RRs as well as a few atypical RRs (Fig. 2A4), and the side chains in
both cases adopted a similar orientation toward the active site
as that of the phosphorylated typical RRs in order to facilitate
the formation of active dimers. In contrast, the a4 helix of
AmeGInRRec is partially unwound, and the residues corre-
sponding to Ser/Thr and Tyr/Phe in typical RRs are replaced by
Val®! and Ile®®, the side chains of which adopt similar orienta-
tions as that of the unphosphorylated typical RRs (Fig. 9). How-
ever, the smaller side chain of Ile®®, compared with that of Tyr/
Phe, may allow a close interaction between the two monomers
through the a4-B5-as5 interface, which is highly similar to that
of the phosphorylated typical RRs. In fact, similar small side
chain residues are found in the GInR proteins from various
actinomycetes (Fig. 24), which suggests that a dimer-stabilizing
mechanism distinct from that of HP1043 and ChxR is com-
monly adopted.

More significantly, along with resolving the controversial
mutational analysis upon the conserved Asp residue within the
missing “phosphorylation pocket” quintet of actinomycete
GInR, this study demonstrates that this Asp residue plays an
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FIGURE 9. Different conformations of the “switch residues” in AmeGInRRec and PhoB. The conformations of the “switch residues” in AmeGInRRec (Val®’
and lle?8, shown with blue sticks) differ from those in phosphorylated PhoB (green sticks) (A) but are similar to those in unphosphorylated PhoB (yellow stick) (B).
The Protein Data Bank codes of phosphorylated and unphosphorylated PhoB are 1ZES and 1B00, respectively.

important role in maintaining the functional conformation of
the active homodimer via the formation of salt bridge/hydro-
gen bond interactions with two spatially close Arg and Thr res-
idues (Thr®-Asp®°-Arg®* interactions). This unique mecha-
nism, novel among all of the atypical RRs studied so far, is
comprehensively verified by mutational analysis, detecting
their dimerization capabilities as well as related functional
impacts both in vitro and in vivo. In addition, the MD simula-
tion for wild type and all of the mutants indicates that a signif-
icant conformational difference that occurs in the f4-a4 loop is
only observed in the GInR(D50A) (Fig. 8) and GInR(D50L) (data
not shown) mutants, where the loop shifts toward the Asp®
position and may consequently influence or even disable the
homodimerization of GInR via weakening the a4-B5-a5 dimer
interface. Interestingly, upon phosphorylation/dephosphory-
lation, the B4-o4 loop of the typical PhoB actually undergoes
significant rearrangement, changing PhoB from homodimers
to monomers, respectively. The spatial position of the loop in
the unphosphorylated PhoB is the same as that in GInR(D50A)
(3), which may therefore explain the negative effect of D50A
mutation upon the oligomerization of GInR.

So far, this study has shown that the actinomycete GInR is
not phosphorylated at the conserved Asp residue in vitro or in
vivo and thus is confirmed to be an atypical RR. Further RT-
PCR analyses employing two GInR target genes, nasA and glnA,
show that the transcriptional activation ability of the AmeGInR
mutants is consistent with their corresponding growth pheno-
types (Fig. 6); ie the active GInR mutants, GInR(D50E),
GInR(D50N), GInR(T9A), and GInR(R52A) are still able to
respond to the extracellular nitrogen availabilities, whereas the
inactive GInR mutants, GInR(D50A), GInR(T9A/R52A), and
GInR(R111A/E), are not.

It is known that apart from the possible post-translational
modification, transcription of the S. coelicolor glnR gene is
stringently regulated by the environmental nitrogen availability
(10), which may alter the quantity of functional GInR available
in vivo. However, the expression of glnR in A. mediterranei and
M. smegmatis is not significantly affected by the extracellular
nitrogen sources (15, 25). Considering the fact that the biolog-
ical function of the above GInRs is only found in nitrogen-lim-
ited conditions, at least the GInRs of A. mediterranei and
M. smegmatis are expected to be regulated by uncharacterized
mechanisms, most likely post-translational modification,
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resulting in distinct activities in GInR-mediated global tran-
scriptional regulation. Although eukaryotic phosphorylation
on Ser, Thr, or Tyr residues, often identified in prokaryotic
proteins (52), is seemingly excluded by the Phos-tag assays
under our tested conditions, in addition to that of the Asp res-
idue, it might occur under other cultural conditions or detected
by other assay methods. Meanwhile, other types of modifica-
tions besides phosphorylation have been reported to alter the
activities of atypical RRs (e.g. posttranslational acetylation of
ResB (53, 54) and binding of the small ligand jadomycin B in the
modulation of the JadR1 from Streptomyces venezuelae (44)).
Interestingly, in the two cases mentioned above, although dif-
ferent mechanisms are adopted, they both inactivate rather
than activate the atypical transcription factors under certain
metabolic conditions. In the case of actinomycete GInR, which
is naturally active in its dimer status that is stabilized by a robust
charge interaction network, “activation” of GInR seems unnec-
essary, whereas a similar “inactivation” consequence conveyed
by its special regulation mechanism(s) is expected under nitro-
gen-rich conditions. Therefore, efforts are currently under way
in that direction.
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