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Corynebacterium glutamicum contains four serine/threonine
protein kinases (STPKs) named PknA, PknB, PknG, and PknL.
Here we present the first biochemical and comparative analysis
of all four C. glutamicum STPKs and investigate their potential
role in cell shape control and peptidoglycan synthesis during
cell division. In vitro assays demonstrated that, except for PkngG,
all STPKs exhibited autokinase activity. We provide evidence
that activation of PknG is part of a phosphorylation cascade
mechanism that relies on PknA activity. Following phosphoryl-
ation by PknA, PknG could transphosphorylate its specific sub-
strate Odhl in vitro. A mass spectrometry profiling approach
was also used to identify the phosphoresidues in all four STPKs.
The results indicate that the nature, number, and localization of
the phosphoacceptors varies from one kinase to the other. Dis-
ruption of either pknL or pknG in C. glutamicum resulted in
viable mutants presenting a typical cell morphology and growth
rate. In contrast, we failed to obtain null mutants of pknA or
pknB, supporting the notion that these genes are essential. Con-
ditional mutants of pknA or pknB were therefore created, lead-
ing to partial depletion of PknA or PknB. This resulted in elon-
gated cells, indicative of a cell division defect. Moreover,
overexpression of PknA or PknB in C. glutamicum resulted in a
lack of apical growth and therefore a coccoid-like morphology.
These findings indicate that pknA and pknB are key players in
signal transduction pathways for the regulation of the cell shape
and both are essential for sustaining corynebacterial growth.

Corynebacterium glutamicum is a leading industrial amino
acid producer and a model organism of the Corynebacteri-
aceae, a suborder of the actinomycetes that also includes the
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genus Mycobacterium. This soil-borne, nonpathogenic Gram-
positive actinomycete, which is widely used in the industrial
production of amino acids, such as L-lysine and L-glutamic acid
(1), has been extensively studied leading to the development of
efficient genetic manipulation systems (3).

The genetics of cell growth and cell division of C. glutamicum
started even before the complete genome sequence was avail-
able. The earliest studies focused on the sequencing and char-
acterization of corynebacterial genes present in the conserved
division and cell wall cluster (2). Once the genome sequence
was available, it was evident that this bacterium, as well as dif-
ferent members of the actinomycetes, was deficient in many
essential genes for cell division (3) and therefore corresponded
to a minimalist version of a more sophisticated cell division
apparatus (divisome) present in other bacteria. For instance, C.
glutamicum is lacking genes homologue to ftsA (an actin homo-
logue), to positive regulators involved in FtsZ polymerization
such as zipA or zapA, or to negative regulators such as ezrA,
noc, slmA, sulA, and minCD (3). Moreover, several essential cell
division genes (i.e. ftsN and ftsL) are absent in C. glutamicum.
Unlike other bacterial models, peptidoglycan (PG)? biosynthe-
sis in corynebacteria occurs at the septum and the cell poles (4,
5) and not at the lateral cell wall like in Bacillus subtilis or
Escherichia coli. With respect to PG biosynthesis, C. glutami-
cum possesses only nine penicillin-binding proteins, in contrast
to E. coli or B. subtilis that contain 13 and 16 penicillin-binding
proteins, respectively (6). The mechanism by which C. glutami-
cum shifts between synthesis of PG at mid-cell for cell division
or at the cell poles for cell elongation remains unclear, although
this process is likely to be regulated in response to different
stimuli encountered during growth.

Protein phosphorylation is a key mechanism by which envi-
ronmental signals are transmitted to control protein activities
in both eukaryotic and prokaryotic cells. Three main super-
families of protein kinases are described as follows, the first one
includes the “eukaryotic like” serine/threonine protein kinases

3 The abbreviations used are: PG, peptidoglycan; STPK, serine/threonine pro-
tein kinase; GST, glutathione S-transferase; MS/MS, tandem mass spec-
trometry; DAPI, 4’,6-diamino-2-phenylindole; PASTA, penicillin-binding
protein and serine/threonine kinase-associated; Ni-NTA, nickel-nitrilotri-
acetic acid; TEV, tobacco etch virus; Van-FL, fluorescent vancomycin.
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TABLE 1
Bacterial strains and plasmids used in this study
The abbreviation used is as follows: nt, nucleotide.

Strains or plasmids Source or Ref.

E. coli TOP10

Genotype or description

F~ merA A(mrr-hsdRMS-mcrBC) ¢80lacZAM15 AlacX74 deoR recAl araD139
A(ara-leu)7697 galll galK rpsL endA1 nupG; used for general cloning

Mobilizing donor strain, pro recA, which possesses an RP4 derivative integrated into 62
the chromosome

Invitrogen

E. coli S17-1

E. coli BL21(DE3)Star F2 ompT hsdSB(rB2 mB2) gal dcm (DE3); used to express recombinant proteins in Stratagene
E. coli

C. glutamicum ATCC 13869 Wild type control strain ATCC

C. glutamicum R31 C. glutamicum ATCC 13869; derivative used as recipient in conjugations 63

pGEM-TEasy E. coli vector; bla lacl orifl Promega

pK18mob Mobilizable plasmid containing a E. coli origin of replication and kan resistance gene 64

pKAint pK18mob derivative carrying an internal 485-bp fragment of pknA from C. glutamicum This work

pKBint pK18mob derivative carrying an internal 502-bp fragment of pknB from C. glutamicum This work

pKGint pK18mob derivative carrying an internal 849-bp fragment of pknG from C. glutamicum This work

pKLint pK18mob derivative carrying an internal 754-bp fragment of pknL from C. glutamicum This work

pKLA pK18mob derivative carrying the 5'-end (472 nt) of pknA from C. glutamicum under This work
control of the P,,. promoter

pKLB pK18mob derivative carrying the 5'-end (470 nt) of pknB from C. glutamicum under This work
control of the P, promoter

pKPD pK18mob derivative carrying the 5’-end (550 nt) of divIVA under the control of the 2
C. glutamicum gntK gene promoter (P . ~AdivIVA o)

pKPKA pKPD derivative carrying the 5'-end (472 nt) of pknA under the control of the This work
C. glutamicum gntK gene promoter (P,,,-ApknA ;)

pKPKB pKPD derivative carrying the 5'-end (470 nt) of pknB under the control of the This work
C. glutamicum gntK gene promoter (P ,,,,.-ApknB )

pECM2 Mobilizable plasmid able to replicate in E. coli and C. glutamicum; kan and cat 65
resistance genes

pEDiv pECM2 derivative carrying Pdiv A. Ramos, unpublished data

pECDA pEDiv derivative carrying Pdiv-pknA This work

pECDB pEDiv derivative carrying Pdiv-pknB This work

pECDG pEDiv derivative carrying Pdiv-pknG This work

pECDL pEDiv derivative carrying Pdiv-pknL This work

pGEX4T-3 E. coli vector designed to make GST gene fusions GE Healthcare

pGEXA PGEX4T-3 derivative used to express GST fusion of PknA cytoplasmic domain This work

pGEXB PGEX4T-3 derivative used to express GST fusion of PknB cytoplasmic domain This work

pGEXL PGEX4T-3 derivative used to express GST fusion of PknL cytoplasmic domain This work

pETTev pET15b (Novagen) derivative that includes the replacement of the thrombin site 21
coding sequence with a TEV protease site

pTEVGfull pETTev derivative used to express His-tagged PknG This work

pTEVOdhI pETTev derivative used to express His-tagged Odhl This work

(STPKs) (7-9); the second one corresponds to the newly char-
acterized prokaryotic class of tyrosine kinases (10); and the
third one corresponds to the well known family of bacterial
kinases, the sensor histidine kinases, which are key enzymes of
the so-called “two-component systems” (11). In bacteria, the
presence of several STPKs suggests a central role of protein
phosphorylation in regulating various biological functions,
ranging from environmental adaptive responses to bacterial
pathogenicity, like in the actinomycete relative Mycobacterium
tuberculosis (12, 13). Thus, regulatory devices involving STPKs
and phosphatases represent an emerging theme in prokaryotic
signaling cascades. We therefore addressed the question
whether STPKs could be involved in the model of growth in
C. glutamicum.

In silico analysis of the genome sequence of C. glutamicum
predicted the presence of four different STPKs (14). Three of
these appear to be transmembrane proteins, with a putative
extracellular signal sensor domain and an intracellular kinase
domain. One of them, PknG, presented as a soluble kinase, has
been investigated for its physiological role (15). Recent studies
have demonstrated thatin M. tuberculosis the STPKs PknA and
PknB regulate cell growth (16) and cell division (17, 18).
Because of the conserved genetic organization of the pknA/
pknB cluster in M. tuberculosis and C. glutamicum, it is tempt-
ing to speculate that cell shape and division are also regulated
by phosphorylation in C. glutamicum.

18100 JOURNAL OF BIOLOGICAL CHEMISTRY

In this study, we focused on the four putative STPKs of C.
glutamicum. As a first step in deciphering the potential role/
participation of these kinases in the cell division process, the
four proteins were characterized biochemically through a com-
bination of in vitro phosphorylation assays and mass spectro-
metric analysis of their phosphorylation sites. We also demon-
strated that either overexpression or depletion of PknA and
PknB in C. glutamicum causes major growth and morphologi-
cal changes, very likely resulting from cell division and cell wall
biosynthesis alterations.

EXPERIMENTAL PROCEDURES

Bacterial Strains, Growth Conditions, and Conjugal Plas-
mids—Bacterial strains and plasmids are described in Table 1.
Strains used for cloning and expression of recombinant
proteins were E.coli TOP10 (Invitrogen) and E. coli
BL21(DE3)Star (Stratagene), respectively. E.coli cells were
grown and maintained at 37 °C in LB medium supplemented
with 100 pg/ml ampicillin and/or 50 pg/ml kanamycin, when
required. C. glutamicum cells were grown at 30 °C in TSB (tryp-
ticase soy broth, Oxoid) or TSA (TSB containing 2% agar)
medium supplemented with 12.5 pg/ml kanamycin. Plasmids
to be transferred by conjugation from E. coli to C. glutamicum
were introduced by transformation into the donor strain E. coli
S17-1. Mobilization of plasmids from E. coli to coryneform
strains was accomplished as described previously (19).
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TABLE 2
Primers used in this study
Primer Gene 5' to 3’ sequence”

pknAint1l pknA GCTCTAGAGCGCGAAGGCAGACTG (Xbal)
pknAint2 pknA TATGGATCCTTGCGCAACGA (BamHI)
pknBint1 pknB CCGGAATTCAACGATTCCACCTCCGCC (EcoRI)
pknBint2 pknB TATGGATCCAAGAAGACCCTGACC (BamHI)
pknGintl pknG CCGGAATTCCCTCCCTGAAAGAC (EcoRI)
pknGint2 pknG TCCTAAGCTTCTTCGGTGGTAAAG (HindIII)
pknLint1 pknL CCGGAATTCGATTCTGGAGAGTTTTTG (EcoRI)
pknLint2 pknL TCCTAAGCTTCATCGTCAGAATATTCACC (HindIII)
pknAlacl pknA CCGGAATTCATGAGTCAAGAAGACATCACTG (EcoRI)
pknAlac2 pknA GCAAGCTTGTGATCAGCATGTTGCCCG (HindIII )
pknBlacl pknB CCGGAATTCGTGACCTTCGTGATCGCT (EcoRI)
pknBlac2 pknB GCTCTAGAGCCGAAGTCCATGACTTTCAC (Xbal)
pknA1l pknA GGAATTCCATATGAGTCAAGAAGACATCAC (Ndel)
pknAK pknA CTTTTTTTTTAAAGTGATCAGCATGTTGCCCG (Dral)
pknB1 pknB GGAATTCCATATGACCTTCGTGATCGCT (Ndel)
pknBK pknB TGATATCGCCGAAGTCCATGACTTTCAC (EcoRV)
pknA2 pknA GGAATTCCATATGTCACTGCGCTCCTCCTA CATC (Ndel)
pknB2 pknB GGAATTCCATATGCTATTGCACGAGTGCAGCGA (Ndel)
pknG1 pknG GGAATTCCATATGAAGGATAATGAAGATTTC (Ndel)
pknG2 pknG GGAATTCCATATGCTAGAACCAACTCAG (Ndel)
pknL1 pknL GGAATTCCATATGGCAAACTTGAAGGTCG (Ndel)
pknL2 pknL GGAATTCCATATGCTAAAACGCCCTTACTG (Ndel)
pknAcdl pknA CCGGAATTCTATGAGTCAAGAAGACATCAC (EcoRI)
pknAcd2 pknA TATATTCTCGAGTCACAATGCCGGAACC (Xhol)
pknBcdl pknB TATGGATCCACCTTCGTGATCGCTGATCGC (BamHI)
pknBcd2 pknB TATAAGCTTCTAGGCCACTTGGGTGGAGGTGCG (HindIIl)
pknLcd1 pknL CGGGATCCATGGCAAACTTGAAGGTC (BamHI)
pknLcd2 pknL TATATTCTCGAGCTAAATTGACCACAACGTCAG (Xhol)
pknGfull2 pknG TAATAGCTGCTAGCCTAGAACCAACTCAGTGGCCG (Nhel)
534 odhl TAATAGCTCATATGAGCGACAACAACGGCACCCCG (Ndel)
535 odhl TAATAGCTGCTAGCTTACTCAGCAGGGCCTGCGAGGAAAAC (Nhel)
M13-26 CAGGAAACAGCTATGAC

“ Restriction sites are underlined and indicated in parentheses.

Cloning, Expression, and Purification of PknA, PknB, PknlL,
and PknG—PCR fragments encoding the cytoplasmic domain
corresponding to the kinase domain and the juxtamembrane
linker of PknA (residues 1-332 out of 469), PknB (residues
1-313 out of 646), and PknL (residues 1-396 out of 740) were
amplified by using C. glutamicum ATCC 13869 genomic DNA
as a template. The different pkn gene fragments coding for the
N-terminal cytoplasmic region, with appropriate sites at both
ends, were synthesized by PCR amplification using the primer
pairs pknAcdl/pknAcd2, pknBcdl/pknBcd2, and pknLcdl/
pknLcd2, respectively (Table 2). These DNA fragments were
digested with the corresponding restriction enzymes and
ligated into vector pGEX4T-3 (see Table 1), digested with the
same enzymes, to yield pGEXA, pGEXB, and pGEXL,
respectively.

E. coli BL21(DE3)Star cells were transformed with the
pGEX4T-3 vector derivatives expressing the PknA 5, PknB,,
and PknL., proteins. Recombinant E. coli strains harboring
the pGEX4T-3 derivatives were used to inoculate 200 ml of LB
medium supplemented with ampicillin and incubated at 37 °C
with shaking until A, reached 0.5. Isopropyl 1-thio-B-p-ga-
lactopyranoside was then added at a final concentration of 0.5
mu, and growth was continued for an additional 3-h period at
30 °C. Recombinant GST kinase cytoplasmic regions were puri-
fied on glutathione-Sepharose 4B matrix as described previ-
ously (20).

For the cloning, expression, and purification of the cytoplas-
mic PknG recombinant protein (822 residues), the full-length
pknG gene was amplified by PCR using C. glutamicum ATCC
13869 genomic DNA as a template and the primer pair pknG1
and pknGfull2 (Table 2). This PCR product was digested with
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the restriction enzymes corresponding to the appropriate sites
at both ends and ligated into pETTev (Table 1), the variant of
pET15b (Novagen) that includes the replacement of the throm-
bin site coding sequence with a tobacco etch virus (TEV) pro-
tease site (21), yielding pTEVGf{ull. E. coli BL21(DE3)Star cells
transformed with this construction were used for expression
and purification of His-tagged PknG as described previously
(22).

Construction and Purification of Odhl Recombinant Protein—
The odhl gene was amplified by PCR using C. glutamicum
ATCC 13869 genomic DNA as a template and the primer pair
534/535, containing an Ndel and Nhel restriction site, respec-
tively. This 432-bp amplified product was digested by Ndel and
Nhel, and ligated into pETTev (Table 1) generating the
pTEVOdJhL E. coli BL21(DE3)Star cells transformed with this
construct were used for expression and purification of His-
tagged Odhl as described previously (22). Finally, the purified
His-tagged Odhl was treated with TEV protease according to
the manufacturer’s instructions (Invitrogen).

Gene Inactivation in C. glutamicum—Internal fragments of
the pknA, pknB, pknG, and pknL genes were amplified from the
C. glutamicum ATCC 13869 chromosome using pknAintl/
pknAint2, pknBintl/pknBint2, pknGintl/pknGint2, and pkn-
Lintl/pknLint2 primer pairs (Table 2), respectively. The ampli-
fied 485-, 502-, 849-, and 754-bp DNA fragments were purified
and cloned into pGEM-TEasy (Table 1) and later were digested
and subcloned into the conjugative suicide plasmid pK18mob
(Table 1), yielding to plasmids pKAint, pKBint, pKGint, and
pKLint, respectively (Table 1). All these plasmids were used to
disrupt the C. glutamicum pkn genes by single recombination.
The corresponding DNA inserts were used as probes in South-
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ern blot experiments to confirm gene disruption. Total DNA
from corynebacteria was isolated using the Kirby method
described for Streptomyces (23), except that the cells were
treated with lysozyme for 4 h at 30 °C. For Southern blot anal-
ysis, genomic DNA from different C. glutamicum transconju-
gants were digested with different restriction enzymes and
loaded on agarose gels. Samples were transferred to nylon
membranes and hybridized with digoxigenin-labeled probes
according to the manufacturer’s instructions (Roche Applied
Science) and conventional protocols. To reduce the PknA or
PknB levels in C. glutamicum, two sets of plasmids were
designed to express either pknA or pknB under the control of
P, and P, . promoters. Plasmids pKLA and pKLB were con-
structed as follows. The first 472-bp pknA fragment or the
470-bp pknB fragment was amplified by PCR using pknAlac1/
pknAlac2 and pknBlacl/pknBlac2, respectively (Table 2),
digested with EcoRI and HindIII/Xbal, and subcloned into the
EcoRI-HindIIl/Xbal sites of pK18mob (Table 1). To place pknA
or pknB under the control of the regulated promoter P, (pro-
moter of the gntK gene encoding the gluconate kinase from C.
glutamicum) (2), the 5'-ends of pknA (472 bp) and pknB (470
bp) were PCR-amplified using the pknA1/pknAK and pknB1/
pknAK primer pairs, respectively (Table 2), digested with Ndel
and Dral/EcoRV, and subcloned into Ndel/EcoRI (Klenow-
filled) digested plasmid pKPD (Table 1), yielding to plasmids
pKPKA and pKPKB, respectively. To study the expression of
the four pkn genes in C. glutamicum under the control of the
strong promoter P, (promoter of the divIVA gene from C.
glutamicum) (5, 24), plasmids pECDA/B/G/L were constructed
as follows: pknA/B/G/L were PCR-amplified using the primer
pairs pknA1l/pknA2, pknB1/pknB2, pknG1/pknG2, or pknL1/
pknG2, digested with Ndel, and subsequently cloned under the
control of the P ;, promoter into plasmid pEDiv (Table 1).

Microscopic Techniques—Living C. glutamicum cells or cells
stained with fluorescent dyes were observed in a Nikon E400
phase contrast and fluorescence microscope. Pictures were
taken with a DN100 Nikon digital camera. Vancomycin
BODIPY-FL (VAN-FL) (Molecular Probes) staining was per-
formed by adding an equal proportion of unlabeled vancomycin
and Van-FL to growing cultures at a final concentration of 1
png/ml (4). After incubation for 5 min to allow absorption of the
antibiotic, cells were directly observed by fluorescence micros-
copy. Staining with 4’,6-diamino-2-phenylindole (DAPI) was
performed as described previously (25).

In Vitro Kinase Assays—In vitro phosphorylation of each
recombinant kinase (0.5 ug) was carried out for 30 min at 37 °C
in a reaction mixture (20 ul) containing buffer P (25 mm Tris-
HCI, pH 7.0, 1 mum dithiothreitol, 5 mm MgCl,, 1 mm EDTA)
with 200 uCi/ml [y-**P]JATP corresponding to 65 nm (3000
Ci/mmol) (PerkinElmer Life Sciences). After incubation, the
reaction was stopped by adding sample buffer and heating the
mixture at 100 °C for 5 min. The reaction mixtures were ana-
lyzed by SDS-PAGE. After electrophoresis, gels were soaked in
20% trichloroacetic acid for 10 min at 90 °C, stained with Coo-
massie Blue, and dried. Radioactive proteins were visualized by
autoradiography using direct exposure films. For mass spec-
trometry analysis, kinases were phosphorylated as described
above, excepted that [y->*P]ATP was replaced with 5 mm ATP.
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Sample Preparation and Mass Spectrometry Analysis—Puri-
fied GST-PknA,, GST-PknB,, GST-PknL,, and His-PknG
were subjected to in vitro phosphorylation with nonradioactive
ATP prior to resolving on SDS-PAGE. In-gel digestion was per-
formed as described by Shevchenko et al. (26) with minor mod-
ifications. Samples were reduced with 60 ul of 10 mm dithio-
threitolin 50 mm NH,HCO, for 40 min at 56 °C. Alkylation was
performed with 60 pl of 55 mMm iodoacetamide in 50 mm
NH,HCO, for 30 min at room temperature in the dark. The gel
pieces were successively dried, re-hydrated, and re-dried using
300 pl of CH,CN, 200 ul of 50 mm NH,HCO,, and 300 ul of
CH,CN, respectively. For proteolytic digestion, the protein-
containing gel pieces were treated with 30—40 ul of trypsin
(sequence grade, Promega, Madison, W1I) for 45 min at 50 °C. A
second extraction step was performed using 30 ul of H,O/
CH,CN/HCOOH (60:36:4; v/v/v) mixture for 30 min at 30 °C,
and finally all extracts were pooled and dried in a vacuum con-
centrator and resuspended in 0.1% trifluoroacetic acid (20 ul).

NanoLC/nanospray/tandem mass spectrometry experi-
ments were performed on a Q-STAR XL instrument (QqTOF)
(Applied Biosystems, Courtaboeuf, France) equipped with a
nanospray source using a distal coated silica-tip emitter (FS
150-20-10-D-20, New Objective) set at 2300 V. By means of
information-dependent acquisition mode, peptide ions within
am/z400-2000 survey scan mass range were analyzed for sub-
sequent fragmentation (three precursors). Double to quadruple
charged ions exceeding a threshold of 10 counts were selected
for MS/MS analyses. MS/MS spectra were acquired in the m/z
50-2000 range with a 30-s dynamic exclusion time. The colli-
sion energy was automatically set by the software (Analyst 1.1)
and was related to the charge of the precursor ion. The MS and
MS/MS data were recalibrated using internal reference ions
from a trypsin autolysis peptide at #1/z 842.510 [M + H]* and
miz 421.759 [M + 2H]**. Screening for phosphorylated pep-
tides was achieved by the paragon method from the Protein-
Pilot® data base-searching software (version 2.0, Applied Bio-
systems). The LC part of the analytical system consisted of an
LC-Packings nano-LC (Dionex, Voisins Le Bretonneux,
France). Chromatographic separation of peptides was obtained
in a C,, PepMap micro-precolumn (5 wm; 100 A; 300 um X 5
mm; Dionex) and a C,; PepMap nano-column (3 wm; 100 A; 75
pm X 150 mm; Dionex). After injection (1-ul injection volume,
pick-up mode, in a 20-ul injection loop), samples were
adsorbed and desalted on the pre-column with a H,O/CH,CN/
trifluoroacetic acid (98:2:0.05; v/v/v) solvent mixture for 3 min
at 25 ul/min flow rate. The peptide separation was developed
using a linear 60-min gradient from 0 to 60% B, where solvent A
was 0.1% HCOOH in H,O/CH;CN (95/5) and solvent B was
0.1% HCOOH in H,0O/CH,CN (20/80) at ~200 nl/min flow
rate.

RESULTS AND DISCUSSION

Genome Sequence Analysis of C. glutamicum for STPKs
Encoding Genes—Examination of the C. glutamicum genome
sequence revealed the presence of four putative genes encoding
STPKs, all of which belong to the PKN2 family of prokaryotic
protein kinases that are most closely related to the eukaryotic
STPKs (27). To date, the corynebacterial STPKs have been
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characterized to a limited extent. Only one of them, PknG, has
been shown to participate in glutamine utilization (15), whereas
the others (PknA, PknB, and PknL) remained uncharacterized.
The genes encoding PknA and PknB are located, as in M. tuber-
culosis (16), in an apparent five-gene operon (pstP, rodA,
pbp2B, pknA, and pknB). This operon is present in all coryne-
bacterial genomes already sequenced (14, 28 —-30). The gene
encoding PknL is present in the vicinity (6 — 8 kb) of the division
and cell wall cluster comprising essential genes for cell division
(ftsQ and ftsZ) and PG biosynthesis (ftsI, murE, murF, mraY,
murD, ftsW, murG, and murC). PknL is in the opposite direc-
tion to the division and cell wall cluster, not only in corynebac-
teria, but also in other actinomycetes including M. tuberculosis
(31, 32) and Streptomyces coelicolor (33). The gene encoding
PknG is also located in a three-gene operon (glnX, ginH, and
pknG) in all corynebacterial strains sequenced and, as men-
tioned above, is involved in glutamine utilization (15). There-
fore, it seems essential to pursue the previous studies realized
on the PknG kinase and also to newly characterize PknA, PknB,
and PknL to extend our understanding of the role of corynebac-
terial STPKs.

Expression and Purification of the C. glutamicum STPKs—
The pknA, pknB, pknL, and pknG genes encode 469-, 646-, 740-,
and 822-amino acid proteins, with calculated molecular masses
of 50, 68, 79, and 91 kDa, respectively. Primary sequence anal-
ysis revealed the presence of all the essential amino acids and
sequence subdomains characterizing the Hanks' family of
eukaryotic like protein kinases (34). These include the central
core of the catalytic loop, consisting of subdomain VI, and the
invariant lysine residue in the consensus motif within subdo-
main II, which is usually involved in the phosphotransfer reac-
tion and required for the autophosphorylating activity of
eukaryotic STPKs (Fig. 1) (34, 35). The hydropathy profiles of
PknA, PknB, and PknL predict the presence of a single putative
transmembrane constituting a membrane anchor (Fig. 2) (36).
This transmembrane domain is lacking in PknG, which is a
so-called cytoplasmic STPK. The extracellular portion of
STPKs normally consists of one or more sensor domains that,
when bound to their ligand, leads to intracellular conforma-
tional changes, which subsequently activate a signaling cascade.
In some cases, this extracellular domain has been shown to
possess penicillin-binding protein and serine/threonine kinase-
associated (PASTA) motifs (37). In M. tuberculosis PknB, for
instance, the extracellular portion contains four PAST A motifs,
strongly supportive of a signal-binding sensor domain (38).
This feature is also conserved in C. glutamicum PknB, which
possesses three PASTA motifs (Fig. 2). Analysis of the C. glu-
tamicum PknL primary sequence also predicts the presence of
four PASTA motifs (Fig. 2), in contrast to M. tuberculosis PknL,
which lacks the extracellular domain (31). This may implies
that C. glutamicum PknL responds to different types of ligands
than its myobacterial homologue.

To allow detailed biochemical studies, we focused our atten-
tion on the N-terminal cytoplasmic domains of PknA, PknB,
and PknL corresponding to residues 1-332 out of 469, residues
1-313 out of 646, and residues 1-396 out of 740, respectively,
comprising the kinase domain as well as the juxtamembrane
linker (Fig. 2). The truncated genes lacking the DNA segments
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coding the hydrophobic C-terminal domain were synthesized
by PCR amplification using genomic DNA from C. glutamicum
ATCC13869. The amplified products were cloned into plasmid
pGEXA4T-3, thus giving rise to pGEXA, pGEXB, and pGEXL.
The recombinant GST-tagged PknA,, PknB.,, and PknL_,
fusion proteins were expressed in E. coli and purified using a
glutathione-Sepharose 4B matrix. Analysis of the GST chimeric
proteins by SDS-PAGE revealed that the wild-type enzymes
were expressed in a soluble form and migrated with their pre-
dicted molecular masses, but also showed the presence of extra
bands (Fig. 3A, upper panel). All these bands were analyzed by
mass spectrometry, which confirmed the identity of the GST
chimeric proteins (data not shown). An aberrant migration
property has been observed previously for M. tuberculosis
kinases, such as PknD, PknE, PknL, and PknH (20, 31, 39, 40), as
well as for Pkn9 and Pkn6, two Myxococcus xanthus STPKs (41,
42). It was demonstrated that this specific pattern of migration
was because of the different phosphorylated isoforms. Taken
together, these results indicate that PknA.,, PknB.p, and
PknL_, were produced as different soluble isoforms.

The full-length pknG gene (Fig. 2) was PCR-amplified using
genomic DNA from C. glutamicum ATCC 13869. The product
was cloned into plasmid pETTev, yielding to pTEVGfull. The
recombinant His-tagged PknG protein was purified from E. coli
using a Ni-NTA matrix. Analysis of the electrophoretic mobil-
ity of the protein by SDS-PAGE revealed that PknG was
expressed in a soluble form according to its predicted molecu-
lar mass (Fig. 3A, upper panel).

Protein Kinase Activity of C. glutamicum STPKs—To inves-
tigate whether PknG, PknA,p,, PknB.p, and PknL., display
autokinase activity, the purified kinases were incubated indi-
vidually with [y->*P]ATP as a phosphate donor, separated by
SDS-PAGE, and exposed to a x-ray film. As shown in Fig. 34
(lower panel), PknAcp, PknB.p, and PknL. incorporated
radioactive phosphate from [y-**P]ATP, generating a radioac-
tive signal corresponding to the expected size of the protein
isoforms, clearly indicating that these kinases undergo auto-
phosphorylation. Unexpectedly, and in sharp contrast with
PknAp, PknBcp, or PknLp,, PknG was not able to incorporate
[y-**P]ATP (Fig. 34, lower panel). To exclude the possibility
that, in the full-length PknG protein, the C-terminal sensor
domain could inhibit autophosphorylation activity, the PknG
kinase domain alone was expressed, purified, and tested in vitro
using [y-**P]JATP. No restoration of autophosphorylation
activity could be detected, ruling out the hypothesis that the
sensor domain exerts an inhibitory activity on PknG (data not
shown).

Altogether, these data indicate that the N-terminal cytoplas-
mic domains of PknA, PknB, and PknL possess intrinsic auto-
phosphorylation activity in vitro, whereas neither the kinase
domain of PknG nor the full-length cytoplasmic protein
showed autokinase activity. This prompted us to investigate
whether cross-regulation/interaction between the PknG and
PknA/B/L could occur.

Activation of PknG Phosphorylation Is Dependent on a
PknA Cascade—In an elegant study, Kang et al. (16) demon-
strated efficient intermolecular phosphorylation between
PknA and PknB from M. tuberculosis, suggesting the possi-
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FIGURE 1. Multiple sequence alignment of the kinase domains of C. glutamicum STPKs with their respective M. tuberculosis homologues. The align-
ment was performed using ClustalW and Espript programs (C_glu, C. glutamicum; Mtb, M. tuberculosis). The conserved activation loop of the STPK family,
delimited by the DFG and PE motifs, is represented by shaded circles. The key lysine residue involved in binding ATP is indicated by a black triangle.
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FIGURE 3. In vitro phosphorylation activity of C. glutamicum STPKs. A, cytoplasmic domains (CD) of PknA,
PknB, and PknL proteins were overproduced and purified on glutathione-Sepharose 4B matrix. The full-length
protein PknG was overproduced and purified on Ni-NTA matrix. The different kinases were submitted to gel
electrophoresis and stained with Coomassie Blue (upper panel). In vitro phosphorylation assays were per-
formed with [y-*3*P]ATP for 30 min. Proteins were analyzed by SDS-PAGE, and radioactive bands were revealed
by autoradiography (lower panel). Standard proteins of known molecular masses were run in parallel (kDa lane).
B, in vitro phosphorylation of PknG with PknAcp, PknBcp, and PknLcp, was assayed with [y-**P]ATP for 30 min.
Proteins were analyzed by SDS-PAGE and stained with Coomassie Blue (upper panel), and radioactive bands
were revealed by autoradiography (lower panel). C, in vitro transphosphorylation of Odhl by PknAp, PknBp, or
PknG was assayed with [y->*P]ATP for 30 min. Recombinant Odhl was treated with the TEV protease to remove
the N-terminal His tag and used in phosphorylation assays in the presence of [y->*P]JATP: PknA and Odhl (lane
1), PknBp and Odhl (lane 2), PknG and Odhl (lane 3), PknG after on-column phosphorylation by PknA (lane 4),
and PknG after on-column phosphorylation by PknA and Odhl (lane 5). Proteins were separated by SDS-PAGE
and stained with Coomassie Blue (upper panel), and radioactive bands were revealed by autoradiography
(lower panel).
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bility that cross-phosphorylation
between these kinases may occur
during signal transduction in vivo.
This was demonstrated by assessing
the ability of these kinases to phos-
phorylate each other, the wild-type
form of one kinase mixed with the
kinase-inactive form of the other
(16).

We therefore reasoned that PknG
may represent a substrate of PknA/
B/L and that activation of PknG
requires the protein to be phospho-
rylated by the other kinases. To test
this hypothesis, His-tagged PknG
was incubated with either PknAp,
PknB, or PknL_, in the presence
of [y-**P]ATP. As shown in Fig. 3B,
PknA was able to phosphorylate
PknG. This supports the notion that
intermolecular ~ phosphorylation
between PknA and PknG occurs
and therefore may be part of a com-
plex phosphorylation  cascade.
However, in a recent study, Niebi-
sch et al. (15) provided evidence
that purified Strep-tagged PknG
catalyzed autophosphorylation and
transphosphorylation activity to its
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specific substrate 2-oxoglutarate dehydrogenase inhibitor pro-
tein (OdhlI). Odhl is a 15-kDa protein with a ForkHead-associ-
ated domain and a homologue of mycobacterial GarA. One
possible explanation of the discrepancy between the two stud-
ies may rely on the origin of the PknG used. In their study,
Niebisch et al. (15) utilized a kinase that was overexpressed and
purified from C. glutamicum, whereas we used an E. coli recom-
binant PknG protein. It is very likely that PknG from C. glu-
tamicum had already been phosphorylated in vivo by other
kinases, presumably PknA and “activated” to recognize and
phosphorylate Odhl in vitro. However, whether PknG is phos-
phorylated by either PknA, PknB, or both PknA/B in vivo
remains challenging, because null mutants of either pknA or
pknB are lethal (see below), thus rendering an analysis of the
individual contribution of these two kinases in phosphorylating
PknG extremely difficult.

It is noteworthy that a scenario where a kinase is part of
complex signaling cascade involving other kinases has been
reported earlier in M. xanthus where Pkn8, a membrane-asso-
ciated STPK, phosphorylates Pkn14, a cytoplasmic STPK. This
latter phosphorylates MrpC on Thr residues, a transcriptional
regulator essential for M. xanthus development (43).

We next cloned, overexpressed, and purified the C. glutami-
cum Odhl protein from E. coli and used it in in vitro phospho-
rylation assays. Odhl was purified as a His-tagged protein,
which was expressed in soluble from and migrated as a 15-kDa
protein as judged by Coomassie Blue staining after separation
by SDS-PAGE (Fig. 3C, upper panel). In a first set of experi-
ments, aimed to delineate the network of interactions between
PknA, PknB, PknG, and Odhl, we analyzed whether Odhl could
serve as a substrate. Fig. 3C (lower panel) clearly shows that,
unlike PknA or PknB (lanes 1 and 2), PknG was unable to phos-
phorylate Odhl (lane 3). In another set of experiments, we
tested whether PknA-dependent phosphorylation of PknG
(allowing activation of PknG) would allocate PknG to phospho-
rylate Odhl. Because PknG was expressed as a His-tagged pro-
tein and PknA as a GST fusion protein, the different tags
allowed us to selectively resolve one kinase from the other. The
Ni-NTA resin-bound PknG was incubated with [y->3P]ATP
and purified GST-PknA, thus allowing phosphorylation of the
PknG kinase to occur. The Ni-NTA resin was extensively
washed to eliminate the excess of unbound GST-PknA. Follow-
ing elution from the Ni-NTA matrix, phosphorylated PknG was
assayed in vitro with [y-**P]ATP supplemented or not with
OdhlI (Fig. 3C, lanes 4 and 5). PknG could be efficiently phos-
phorylated by PknA (Fig. 3C, lane 4) and, because of the
absence of radioactive signal corresponding to the appropriate
size of GST-PknA, one can ruled out the possibility of PknA
contamination in the assay. The results indicate that PknG is
required to be phosphorylated by PknA to efficiently
transphosphorylate Odhl in vitro (Fig. 3C, lane 5). Overall,
these findings are consistent with the hypothesis that PknG is
dependent on PknA phosphorylation prior to phosphorylation
of its specific substrate Odhl.

It is tempting to speculate that, in vivo, the PknA cascade is
used to phosphorylate PknG, which in turn controls the 2-oxo-
glutarate dehydrogenase complex activity, a key enzyme of the
tricarboxylic acid cycle, via the phosphorylation status of the
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PknG substrate, the Odhl regulator protein (15). This mecha-
nism is of particular importance for the biotechnology pro-
duction of about 1.5 million tons/year of L-glutamate by
coryneform bacteria, where attenuation of 2-oxoglutarate
dehydrogenase activity was found to be the key factor in the
metabolic network (44). Furthermore, considering that the pro-
teins PknG, Odhl (named as GarA in M. tuberculosis), and the
2-oxoglutarate dehydrogenase (OdhA) are highly conserved
between C. glutamicum and M. tuberculosis, the signaling cas-
cade involving these proteins could be similar in mycobacteria.
This assumption is supported by the fact that the intracellular
glutamate/glutamine level measured in an M. tuberculosis
ApknG strain is increased (45). However, the M. tuberculosis
PknG kinase purified from E. coli was capable of autophospho-
rylation activity in vitro (46), thus indicating that these kinases
could possess a different mechanism of activation/regulation in
the two microorganisms. It is noteworthy that M. tuberculosis
possesses 11 STPKs compared with only 4 in C. glutamicum;
therefore, the mechanism of regulation could be slightly differ-
ent because of the possibility of an important STPK cross-talk
in M. tuberculosis. Although the OdhI homologue in M. tuber-
culosis, GarA, was originally found to be phosphorylated by
PknB (47), it is possible that a regulation mechanism, including
PknA, PknG, and GarA, occurs in M. tuberculosis, similarly to
what happens in C. glutamicum. Overall, these results led us to
hypothesize that, in vivo, PknG from C. glutamicum could be
part of a phosphorylation cascade, which in turns activates its
kinase activity to control the 2-oxoglutarate dehydrogenase
complex. Whether the STPK cross-talk occurs in vivo in C.
glutamicum remains to be established, however. Further stud-
ies are currently under way to characterize more precisely the
phosphorylation network in C. glutamicum, which also
requires the identification of the phosphorylation sites of the
kinases.

Identification of the PknAp, PknBcp, PknLp, and PknG
Phosphorylation Sites—Characterization of the phosphoryla-
tion sites in proteins provides a powerful tool to study signal
transduction pathways and to decipher interaction networks
involving signaling elements and is therefore of high biological
relevance. Thus, assignment of the phosphorylation sites in
STPKs is a major challenge in proteomics, particularly because
some of these C. glutamicum STPKs may be involved in cell
division (PknA, PknB, and PknL) or in regulation of the tricar-
boxylic acid cycle (PknG). A mass spectrometry approach was
therefore used to identify the phosphoresidues in all four C.
glutamicum STPKs. This technique has recently been proven to
be the method of choice for characterizing post-translational
modifications such as phosphorylation (31, 48). NanoLC/nano-
spray/tandem mass spectrometry was applied for the identifi-
cation of phosphorylated peptides and for localization of
phosphorylation sites in the different kinases. Purified GST-
PknA.p, GST-PknBcp, or GST-PknL., was subjected to in
vitro phosphorylation with nonradioactive ATP, whereas His-
tagged PknG was phosphorylated with PknA and nonradioac-
tive ATP prior to resolving on SDS-PAGE and in-gel digestion
with either trypsin or chymotrypsin. Peptides deriving from
PknAcp, PknBcop, PknLcop, or PknG were identified by
nanoLC/nanospray/MS/MS, which led to 90, 90, 80, and 80% of
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TABLE 3

Phosphorylation status of recombinant protein kinases PknAp, PknBp, PknLcp, and PknG as determined by mass spectrometry

Phosphorylated tryptic and chymotryptic
peptide sequence

Number of detected phosphate groups,

LC-ESI/MS/MS* Phosphorylated residue(s)

PknA
172ZAAAAVPLTR'® 1 Thr-179
172ZAAAAVPLTRTGMVVGTAQYVSPEQAQGK™® 1 Thr-179
I2AAAAVPLTRTGMVVGTAQYVSPEQAQGK™® 2 Thr-179 and Thr-181
18GIAKAAAAVPLTRTGMVVGTAQY'° 2 Thr-179 and Thr-181
22RPFTGDSSVSVAIAHINQAPPQMPTSISAQTR?>? 1 Ser-228 or Ser-229 or Ser-231
2R PETGDSSVSVAIAHINQAPPQMPTSISAQTR? 2 Ser-228 and Ser-229 or Ser-231
225TGDSSVSVAIAH?3¢ 1 Ser-228
28 GKRPPQPRTSAMMAQAEAPSPSESTAMLGR?!? 2 Thr-292 and Thr-298
31VARPATITQEAAPK?? 1 Thr-319
3M4VARPATITQEAAPK?? 2 Thr-319 and Thr-321
SH4VARPATITQEAAPK?? 1 Thr-321
S7PATITQEAAPK?? 2 Thr-319 and Thr-321
PknB,
10AVNDSTSAMTQTSAVIGTAQYLSPEQAR'®” 1 Thr-169
SO4ESTRTSTQVA®! 1 Thr-306
SUESTRTSTQVA3? 2 Thr-306 and Thr-310
PknL_,,
12°GVLTGLAAAHR'® 1 Thr-123
224ANAQVPDAQPTDMFTTHIPK?'? 2 Thr-304 and (Thr-308 or Thr-309)
366 NIQDQELARADEPEINTVSNRSKL3%? 1 Thr-382
375 ADEPEINTVSNR?8¢ 1 Thr-382
375 ADEPEINTVSNRSK?>%8 2 Thr-382 and Ser-384 or Ser-387
389LKLTLWSI??® 1 Thr-392
387SKLKLTLWSI??® 1 Thr-392
PknG
M STFGTKHLVFR*” 1 Thr-451
SOGTKHLVE**° 1 Thr-451
784GLRTGISEALR”?* 1 Thr-787
782SKGLRTGISEALR”** 1 Thr-787

“ LC-ESI/MS/MS is nanoLC/nanospray/tandem mass spectrometry.

sequence coverage, respectively. Therefore, one cannot exclude
the possibility of additional phosphorylated serine or threonine
residues not covered by this analysis. Phosphorylated amino
acid residues were assigned by peptide fragmentation in
MS/MS; y and b daughter ions containing one phosphoserine
or phosphothreonine were associated with a neutral loss of
phosphoric acid (—H;PO,, i.e. —98 Da).

As detailed in Table 3, and presented in Fig. 2, analysis of
tryptic and chymotryptic digests allowed the characterization
of 8, 3, 6, and 2 phosphorylation sites in PknA.p, PknB.p,
PknLcp, and PknG, respectively. PknB from M. tuberculosis,
one of the most studied mycobacterial STPK, possesses the two
characteristic threonines in its activation loop (Thr-171 and
Thr-173) (38), whereas two other M. tuberculosis kinases, PknE
and PknH, only harbor a single Thr residue (49). Mass spectro-
metric profiling of the C. glutamicum STPKs phosphorylation
sites indicated that PknA contains two phosphorylated Thr res-
idues (Thr-179 and Thr-181) present in the activation loop.
The corynebacterial PknB possesses one phosphorylated Thr
(Thr-169) within its activation loop instead of two in its M.
tuberculosis counterpart (Fig. 1 and Fig. 2). However, one can-
not exclude the possibility that the Thr-171 was missed in our
analysis. Together, these results suggest that the corynebacte-
rial PknA and PknB enzymes present a classical mechanism of
activation via the activation loop.

Surprisingly, unlike all the other kinases, PknL from C. glu-
tamicum does not possess a classical TXT activation loop motif
(Fig. 1). The TST motif found in M. tuberculosis PknL (31) is
replaced by an SQD motif in C. glutamicum PknL. This was
rather unexpected because PknlL still undergoes autophospho-
rylation. These important differences may reflect mechanistic
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differences of activation/regulation of PknL in the two microor-
ganisms. Therefore, differential structure organizations (PknL
possessing an extracytoplasmic region in C. glutamicum, which
is not conserved in M. tuberculosis) may account for these
mechanistic differences.

Concerning PknG, this kinase presents a completely differ-
ent structural organization as being a cytoplasmic protein with
no transmembrane region but still harboring a classical kinase
domain. No phosphorylated residue could be identified within
the activation loop. In fact, this region is missing in the PknG
kinase, in both C. glutamicum and M. tuberculosis (Fig. 1), thus
pointing to an unusual mechanism of phosphorylation of
this kinase. In addition, mass spectrometric profiling of the
PknG phosphorylation sites not only confirmed that this
kinase is phosphorylated by the PknA, but also identified two
unique phosphorylation sites, Thr-451 and Thr-787 located
in the C terminus of the enzyme.

Thus, mass spectrometry profiling coupled to in vitro kinase
assays unambiguously demonstrated the Ser/Thr kinase activ-
ity of the four C. glutamicum kinases. From a general stand-
point, this type of analysis provides an essential groundwork for
mechanistic/functional studies of bacterial STPKs and demon-
strates the efficiency of combining genetics and mass spec-
trometry analyses with precise identification of phosphoaccep-
tors, a prerequisite for a further understanding of the mode of
action of PknA, PknB, PknL, and PknG. In particular, strains
with defined mutations within the phosphorylation sites will be
extremely helpful to establish the role of these kinases in
corynebacterial growth and physiology. Consequently, this
characterization significantly contributes to increasing our
understanding of the biological mechanisms that control cellu-
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FIGURE 4. Construction of C. glutamicum pknG and pknL null mutants. A, schematic representation of the chromosomal region around pknG in C. glutami-
cum R31 (7) and in a pknG null mutant (2) obtained by integration of pKGint into the chromosome of R31. Southern blot analysis of EcoRI-digested chromo-
somal DNA from R31 (lane 1) and pknG null mutant (/ane 2) using an internal fragment of the pknG gene as probe. PCR analysis was performed using total
chromosomal DNA from R31 (lane 1) and pknG null mutant (lane 2) using primers M13-26 and pknGint2 (see Table 2). Size of the PCR fragments is represented
in base pairs (bp). B, schematic representation of the chromosomal region around pknL in C. glutamicum R31 (1) and in a pknL null mutant (2) obtained by
integration of pKLint into the chromosome of R31. Southern blot analysis of Pstl-digested chromosomal DNA from R31 (lane 1) and pknL null mutant (lane 2)
using an internal fragment of the pknL gene as probe. PCR analysis was performed using total chromosomal DNA from R31 (lane) and pknL null mutant (lane
2) using primers M13-26 and pknLint2 (see Table 2). Size of the PCR fragments is represent in base pairs (bp). C, microscopic images of pknG and pknL null
mutants of C. glutamicum. Cells were observed in a Nikon E400 by phase contrast microscopy. The typical morphology of C. glutamicum R31 was conserved in

strains deleted in pknG or pknL. Size bar, 1 um.

lar processes and cell regulation in this major industrial bacte-
rial producer. In addition, characterization of these kinases
should also help in examining their potential role in pathoge-
nicity of the virulent species Corynebacterium diphtheriae, in
which the four kinases are conserved (data not shown) (29).
Inactivation of pknA, pknB, pknL, and pknG in C.
glutamicum—To further characterize the role of these kinases
in vivo, and to appreciate the extent to which they are required
for growth and viability of C. glutamicum, the corresponding
chromosomal genes were inactivated using a previously
described method (50). Niebisch et al. (15) demonstrated that a
ApknG mutant was unable to grow on minimal medium with
glutamine as sole carbon and nitrogen source. Therefore, pknG
is not essential for C. glutamicum growth in complex medium
(15). Gene disruption was carried out using internal fragments
of pknA, pknB, and pknL. The internal fragment of pknG was
used as control because pknG was not essential for the viability
of C. glutamicum in complex medium. The conjugative suicide
plasmids pKAint, pKBint, pKGint, and pKLint (Table 1) were
introduced separately into E. coli S17-1 and mated with C. glu-
tamicum R31 cells. C. glutamicum kanamycin-resistant
transconjugants could only be obtained after mating with E. coli
[pKGint] and E. coli [pKLint] (Fig. 4). These results suggest that
inactivation of pknA or pknB leads to cell death; hence the
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absence of pknA or pknB transconjugants is consistent with the
conclusion that in M. tuberculosis pknA and pknB are essential
genes (16, 51). However, the chromosomal pknG and pknL
genes could be disrupted in the transconjugants C. glutamicum
[pKGint] and C. glutamicum [pKLint]. Gene inactivation was
confirmed by PCR analysis as well as by Southern blotting (Fig.
4, A and B). The pknL and pknG mutants showed a similar
phenotype by phase contrast microscopy compared with the
wild-type strain (Fig. 4C) and did not present any morphologi-
cal alteration, suggesting that the pknG and pknL are not essen-
tial for viability at least in complex medium. Moreover, pheno-
type analysis of the corynebacterial strains overexpressing
functional PknL or PknG did not reveal any differences com-
pared with the wild-type control strain (data not shown).

Overall, our results suggest that the C. glutamicum pknA and
pknB genes are essential, whereas the pknL and pknG genes are
no longer necessary for growth. Thus, we focused our study on
PknA and PknB, which appear to be key components of C. glu-
tamicum growth and viability.

Partial Depletion of PknA or PknB Delays Growth and Pro-
duces Elongated Cells—Because PknA and PknB are essential,
we were unable to examine the phenotypes of corynebacterial
pknA or pknB null mutants. We therefore used a conditional
expression system to reduce the amount of PknA or PknB in the
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FIGURE 5. Construction of C. glutamicum pknA and pknB conditional expression strains. The suicide plas-
mids pKLA/B (P,,-ApknA/B) and pKPKA/B (P,,~ApknA/B) were introduced into C. glutamicum by conjugation
to disrupt the chromosomal copy of the gene and to introduce a functional copy of pknA or pknB under the
control of the P, and P, promoters, respectively. A, restriction map of the wild-type pknA and pknBlocus (7).
B, restriction maps of the P, -ApknA locus (2) and P,,,-ApknA locus (3), respectively. Southern blot analysis of
chromosomal DNA from P,,.-ApknA strain (lane 2) and P ,,,..-ApknA strain (lane 3) digested with EcoRl or BamHI.
The probe used was an internal fragment of the pknA gene. G, restriction maps of the P,,.-ApknB locus (4) and
P ne-ApknBlocus (5), respectively. Southern blot analysis of chromosomal DNA from P, -ApknB strain (lane 4)
and P,,,~ApknB strain (lane 5) digested with EcoRI. The probe used was an internal fragment of the pknB gene.

cells to investigate their function. To this purpose, C. glutami-
cum was conjugated with E. coli carrying the suicide plasmids
pKLA/B (P,.-ApknA/B) or pKPKA/B (P,,,,.-ApknA/B) (Table
1). These plasmids were designed to disrupt the chromosomal
copy of the gene and to introduce a functional copy of the pknA
or pknB gene under the control of the P;,. and P,,, . promoters,
respectively. The P, promoter is located upstream of the
gntK gene encoding the C. glutamicum gluconate kinase and is
regulated by sucrose (2). The E. coli P,,. promoter allows low
expression levels in C. glutamicum (52). In C. glutamicum,
pKLA/B and pKPKA/B were unable to replicate autonomously
but integrated by homologous recombination into the chromo-
somal pknA/B locus, respectively. This resulted in the disrup-
tion of the targeted gene under its native promoter and the
introduction of a functional copy of the corresponding gene
placed under the control of the heterologous promoters P, or
P,k (Fig. 5). Southern blot analysis (Fig. 5) and PCR analysis
(data not shown) confirmed the correct pattern expected for
integration of plasmids pKLA/B and pKPKA/B at the chromo-
somal pknA or pknB loci in the C. glutamicum transconjugant
strains.
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C. glutamicum strains under-ex-
pressing pknA or pknB from either
the P, or P, promoters showed
an elongated phenotype that was
undoubtedly different from the rod-
shaped cells of the control strain C.
glutamicum R31 (Fig. 6). These
elongated bacteria were twice or
three times the size of the wild-type
bacteria and also appeared wider. In
an attempt to determine whether
these strains depleted in PknA or
PknB were affected in cell wall bio-
synthesis, the cells were stained
with Van-FL. Van-FL staining is
often used to visualize the incorpo-
ration of newly synthesized PG at
the sites of nascent PG synthesis
during cell division in Gram-posi-
tive bacteria (4) because it is known
that Van-FL is able to bind to the
terminal D-Ala-p-Ala of the lipid-
linked PG precursor (53). Fig. 6 indi-
cates that in the C. glutamicum R31
control strain the newly synthesized
PG was incorporated both at the cell
poles and at the septum as reported
earlier (4). In contrast, Van-FL
staining of strains depleted in either
PknA or PknB indicated that active
PG biosynthesis was taking place at
the cell poles as well as in multiple
septa presumably corresponding to
multiple division sites within the
elongated C. glutamicum cells. This
elongated phenotype could be the
consequence of an error/defect in
the cell division process probably linked to the reduced level of
PknA/B.

In addition, in an attempt to determine whether these strains
depleted in PknA or PknB were affected in DNA segregation,
cells were stained with 4'-6-diamidino-2-phenylindole (DAPI),
which is able to form fluorescent complexes with natural dou-
ble-stranded DNA, thus providing a useful tool in cytochemical
investigations, and especially to visualize nucleoids (25). DAPI
staining of the PknA- or PknB-depleted strains showed the
presence of multiple nucleoids (Fig. 6), synonymous of several
DNA replication events and suggesting that DNA segregation
took place properly but that the final steps of cell division were
inhibited. Similar phenotypes were reported in C. glutamicum
with altered levels of FtsZ (52) and PBP2b (50). Interestingly,
FtsZ and PBPA (homologous to C. glutamicum PBP2b) from M.
tuberculosis are also substrates of PknA and PknB, respectively
(17, 18).

We also investigated whether these major phenotype
changes could affect C. glutamicum growth and viability. Cell
growth of a PknA-depleted strain (Fig. 7A) as well as a PknB-
depleted strain (Fig. 7B) was clearly delayed, characterized by
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C. glutamicum R31
(wild-type)

pknA-

pknA-depletion overexpression

DAPI Vancomycin-FL

Phase Contrast

FIGURE 6. Microscopy of C. glutamicum strains with conditional expression of PknA and PknB levels.
C. glutamicum cells were stained with vancomycin-FL or DAPI fluorescent dyes and observed using a Nikon
E400 fluorescence microscope. The typical morphology of C. glutamicum R31 was converted to a coccoid
morphology (no polar growth) in strains overexpressing pknA or pknB, whereas strain depleted for PknA or
PknB grew apically and formed many apparently incomplete septa. Overlays of fluorescence images of vanco-
mycin-FL (green) or DAPI (blue) are shown. Phase contrast images are also showed. Size bar, 1 um.

pknB-depletion

diminished viability than did the
control R31 strain (Fig. 7, A and B),
consistent with the results obtained
in M. smegmatis strains overex-
pressing the M. tuberculosis pknA or
pknB genes (16). To observe the
consequences of pknA or pknB
overexpression on cell morphology,
early exponential phase growing
cells were harvested and examined
microscopically. Interestingly, over-
expression of either pknA or pknB
leads to completely different mor-
photypes from those observed in the
pknA- or pknB-depleted strains.
Indeed, cells presented a character-
istic coccoid-like phenotype com-
pared with the control strain (Fig.
6). This particular cell shape sug-
gests that cell elongation was
strongly disturbed. In fact, Van-FL
staining revealed incorporation of
nascent PG around the cells indicat-
ing a lack of polar PG synthesis (Fig.

pknB-
overexpression

A B 6). In addition, C. glutamicum cells
a- B overexpressing PknA or PknB form
8 8 chains of cells attached at the poles,
. i . . as seen for streptococci (54), sug-
g5 - gesting a possible role of PknA and
8 : 6 : * R31 PknB in the final stages of cell divi-

2 2 = |PknB sion or cell-pole maturation.
: _ _ _ i ) _APkB In addition, DAPI staining high-
0 20 hours 4 & 0 20  hours 40 60 lights the fact that an important
proportion of the cells overexpress-
OD600nm  R31 1 PknA | PknA OD600nm  R31 1 PknB | PknB ing pknA or pknB was lacking
1 1.5x10% 5.5x107 3.3x107 1 1.6%108 2.2x107 8.3x108 detectable DNA, pOil‘ltil‘lg to either a
3 4.1x10% 3.0x10°  1.5x10° 3 4.1x10° 1.0x10° 2.5x107 lack of chromosome segregation
6.1 7.2x10° 53x10°  2.3x10° 6.1 7.2x10° 1.9%108 6.0x107 control (24) or to an indirect effect

7.8 8.2x10° 73x10°  4.1x10° 7.8 8.2x10¢ 3.1%108 8.3x107

of the lack of polarization in the coc-

FIGURE 7. Growth and viability of C. glutamicum strains expressing different levels of the PknA and PknB
kinases. A, strains with different levels of PknA: normal (R31), reduced ( | ), and increased ( 7). B, strains with
different levels of PknB: normal (R31), reduced ( |, ), and increased ( 1 ). Viable bacterial counts are expressed as
the number of colony counts per ml. Numbers are representative of three independent experiments.

an important lag phase. In addition, these strains showed mark-
edly diminished viability with a more severe effect caused by
depleting PknB (about a 10-fold decrease compared with the
wild-type R31 strain) than PknA (Fig. 7, A and B). Overall, these
data suggest that low expression levels of PknA or PknB pro-
foundly alter cell division. This interpretation is supported by
the localization of pknA and pknB in a gene cluster that includes
rodA and pbp2b, genes encoding orthologues of proteins that
are important in this cell division and cell wall biosynthesis in
corynebacteria (14).

Overexpression of PknA or PknB Delays Growth and Results
in a Coccoid Cell-shaped Phenotype—We next examined the
phenotypic effects of overexpressing PknA or PknB in C. glu-
tamicum. Both the PknA- and the PknB-overexpressing strains
were characterized by a delayed growth rate with a slightly
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coid cells, which could be responsi-
ble for a DNA segregation problem
(55, 56). This coccoid-like pheno-
type was rather unexpected, as it
was not observed in mycobacterial strains overexpressing the
M. tuberculosis pknA or pknB genes (16). Although the effects
on cell morphology are strongly supportive of a function of
PknA and PknB kinases in the regulation of the cell shape and
morphology in corynebacteria and mycobacteria, these results
also suggest that the mechanisms, or the substrates, involved in
these processes are different in the two organisms. For instance,
Wag3l, the M. tuberculosis homologue of the corynebacterial
cell division protein DivIVA, a key protein that regulates
growth, morphology, and polar cell wall synthesis, is phospho-
rylated by M. tuberculosis PknA and PknB (57). Thus, we have
tested the ability of the C. glutamicum DivIVA protein to be a
substrate of the four corynebacterial STPKs in vitro but failed to
detect any phosphorylation (data not shown). Wag31 and
DivIVA have two predicted coiled-coil regions that are inter-
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rupted by a highly variable sequence (58). Interestingly, this
highly variable sequence contains the unique phosphorylated
site in mycobacterial Wag31 (Thr-73), which is not conserved
in the C. glutamicum DivIVA protein (data not shown). This
illustrates the fact that signal transduction pathways mediated
by kinases for the regulation of cell shape in corynebacteria are
likely to be different from mycobacteria. Our experimental
data, along with previous work (16, 38, 47, 57, 59), strongly
support a consistency of function of the PknB-like kinases in
regulating cell shape and growth in a broad range of Gram-
positive microorganisms.

In conclusion, our results provide, for the first time, a bio-
chemical and comparative analysis of all four STPKs and the
involvement of PknA and PknB in a signaling pathway in the
process of cell shape control and cell division in corynebacteria.
Our study also delineates important differences with the myco-
bacterial homologous kinases. In particular, we provided evi-
dence that corynebacterial PknG, but not mycobacterial PknG,
requires phosphorylation by PknA prior to transphosphoryla-
tion of its substrate Odhl. This suggests that, in addition to
Pkn@G, PknA may also participate in the phosphorylation status
of OdhlI and as a consequence, in the control of 2-oxoglutarate
dehydrogenase, a key enzyme of the tricarboxylic acid cycle. A
proteomic study revealed the presence of an important number
of phosphorylated proteins in C. glutamicum, with the vast
majority being metabolic enzymes rather than regulatory pro-
teins, suggesting that protein phosphorylation plays a much
broader function in the physiology of the bacteria than was
previously expected (60). Therefore, further work needs to be
carried out to understand how the limited number of kinases
recognize an important number of substrates and how they
participate in many complex signaling pathways. Another per-
spective of this work is the opening of a new field of investiga-
tion for future drug development to combat pathogenic coryne-
bacterial species, such as C. diphtheriae or emerging
corynebacterial pathogens. Because both PknA and PknB are
essential, specific inhibitors capable of preventing corynebac-
terial growth would be extremely useful for the development of
new therapies. In this context, recent studies demonstrated that
mitoxantrone, a compound used in cancer treatment, repre-
sents a valid PknB inhibitor capable of preventing M. tubercu-
losis growth, suggesting that bacterial kinases represent a
potential target for drug design (61). Whether mitoxantrone
also inhibits corynebacterial growth remains to be established.
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