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Initially identified as an inhibitor of oriC-initiated DNA replication in vitro, the ArgP or IciA protein of
Escherichia coli has subsequently been described as a nucleoid-associated protein and also as a transcriptional
regulator of genes involved in DNA replication (dnaA and nrdA) and amino acid metabolism (argO, dapB, and
gdhA [the last in Klebsiella pneumoniae]). ArgP mediates lysine (Lys) repression of argO, dapB, and gdhA in vivo,
for which two alternative mechanisms have been identified: at the dapB and gdhA regulatory regions, ArgP
binding is reduced upon the addition of Lys, whereas at argO, RNA polymerase is trapped at the step of
promoter clearance by Lys-bound ArgP. In this study, we have examined promoter-lac fusions in strains that
were argP� or �argP or that were carrying dominant argP mutations in order to identify several new genes that
are ArgP-regulated in vivo, including lysP, lysC, lysA, dapD, and asd (in addition to argO, dapB, and gdhA). All
were repressed upon Lys supplementation, and in vitro studies demonstrated that ArgP binds to the corre-
sponding regulatory regions in a Lys-sensitive manner (with the exception of argO, whose binding to ArgP was
Lys insensitive). Neither dnaA nor nrdA was ArgP regulated in vivo, although their regulatory regions exhibited
low-affinity binding to ArgP. Our results suggest that ArgP is a transcriptional regulator for Lys repression of
genes in E. coli but that it is noncanonical in that it also exhibits low-affinity binding, without apparent direct
regulatory effect, to a number of additional sites in the genome.

The functional role of the ArgP or IciA protein in Esche-
richia coli is an enigma in that it has been variously described
as a canonical transcriptional activator, an inhibitor of chro-
mosome replication initiation, and a nucleoid-associated pro-
tein. First identified as a protein that binds specific sequences
in oriC in vitro to inhibit the initiation of replication (21–23,
46), ArgP was shown (46) to be a member of the family of
LysR-type transcriptional regulators (LTTRs) and, subse-
quently, to be essential both in vivo and in vitro for transcrip-
tion of the gene encoding the L-arginine (Arg) exporter ArgO
(26, 32); in Corynebacterium glutamicum, LysG and LysE are
orthologous to E. coli ArgP and ArgO, respectively, and LysG
is required for LysE transcription (5). ArgP-regulated tran-
scription in vivo has also been demonstrated for the genes
dapB of E. coli (7) and gdhA of Klebsiella pneumoniae (15).
(That E. coli gdhA may be under ArgP control had also been
suggested earlier [33].) In addition, in vitro studies have sug-
gested that ArgP activates the transcription of the dnaA and
nrdA genes that are involved in DNA metabolism and replica-
tion (20, 27–29).

At the same time, ArgP has also been reported as a nucle-
oid-associated protein that shows apparently sequence-non-
specific DNA binding activity (2). The protein exhibits affinity
for AT-rich and curved DNA sequences, as determined in vitro
by DNase I footprinting or electrophoretic mobility shift assays
(EMSAs) (2, 48). ArgP exists as a dimer at an estimated con-
centration of around 100 to 400 molecules per cell (that is,
around 200 to 800 nM monomers) (3, 23).

As mentioned above, one of the well-characterized targets

for transcriptional regulation by ArgP is the argO gene (26, 32,
37). Transcription of argO in vivo is activated both by Arg and
its toxic analog L-canavanine, both effects being mediated by
ArgP. On the other hand, argO transcription is drastically re-
duced in medium supplemented with L-lysine (Lys), to a level
equivalent to that observed in �argP mutants; when both Arg
and Lys are present, it is the Lys effect on argO which predom-
inates. Dominant mutations in argP have been identified (des-
ignated argPd) that confer an L-canavanine-resistant phenotype
and act in trans to considerably increase argO transcription in
vivo over that obtained in the argP� strain (32).

In vitro, the ArgP protein exhibits high-affinity binding to the
argO regulatory region in the presence of either coeffector, Arg
or Lys, as well as in their absence (7, 26, 37). Stable recruit-
ment by ArgP of RNA polymerase to the argO promoter is
observed in the presence of Arg or Lys, following which the
two coeffectors exert dramatically opposite effects in the ter-
nary complex; whereas productive transcription from the argO
promoter is stimulated in the presence of ArgP and Arg, RNA
polymerase is trapped at the promoter at a step after open
complex formation in the presence of ArgP and Lys (26).

As with argO, in other ArgP-regulated promoters, such as
dapB of E. coli and gdhA of K. pneumoniae, Lys supplementa-
tion is associated with a decrease in transcription in vivo. In
these cases, however, the addition of Lys results in a decreased
affinity of ArgP to bind to the corresponding regulatory regions
in vitro, suggesting that it is the failure of RNA polymerase
recruitment at the promoters which is responsible for Lys re-
pression (7, 15).

In this study, we have used the �argP and argPd mutations to
examine ArgP’s role in the regulation in vivo of a number of
genes in E. coli that were chosen on the basis of either their
identification in the earlier reports or their roles in Lys and Arg
metabolism. EMSA experiments to determine ArgP binding
with the upstream regulatory regions of these genes in vitro
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were also undertaken. Our results indicate that negative reg-
ulation involving Lys as coeffector is mediated by ArgP and
that the target genes include argO, lysP, lysC, asd, dapB, dapD,
lysA, and gdhA. Of the genes listed above, argO was unique in
several respects, including its responsiveness to Arg, ArgP
binding even in the presence of Lys, and behavior with the
argPd mutations. Other genes, such as dnaA and nrdA, did
exhibit binding to ArgP in vitro (that was Lys insensitive) but
were not regulated by ArgP in vivo. These findings implicate a
role for ArgP in Lys metabolism and homeostasis in E. coli.

MATERIALS AND METHODS

Growth media, bacterial strains, and plasmids. The routine defined and rich
growth media were, respectively, glucose-minimal A (with amino acids supple-
mented at 40 �g/ml or otherwise as indicated below) and LB medium, as de-
scribed previously (31), and the growth temperature was 37°C. The proportion of
acid and basic phosphate in minimal A medium was suitably adjusted (42) to
obtain a growth medium of pH 5.8. Ampicillin (Amp), kanamycin (Kan), and
spectinomycin (Sp) were each used at 50 �g/ml, and trimethoprim (Tp) at 30
�g/ml. L-Arabinose (Ara) supplementation was at 0.2%.

The E. coli K-12 strains used in the study are listed in Table 1. Plasmids
previously described include the following (salient features are in parentheses):
pBAD18 (pMB9 replicon, Ampr, for Ara-induced expression of target genes)
(19), pMU575 (IncW single-copy-number replicon with promoterless lacZ gene,
Tpr) (1), pCP20 (pSC101-based Ts replicon encoding Flp recombinase, Ampr)
(14), and pHYD1723 (pMU575 derivative with 402-bp argO promoter fragment
upstream of lacZ, Tpr) (26). Plasmids bearing argPd alleles encoding one of the
ArgP variants A68V, S94L, P108S, V144M, P217L, or R295C and the corre-
sponding argP� (pHYD915) and vector (pCL1920) controls (pSC101 replicons,
Spr) were as described in Nandineni and Gowrishankar (32).

The promoter-lac fusion derivatives that were constructed using plasmid
pMU575 in this study are described in Table 2. Plasmid pHYD2673 is a pBAD18
derivative carrying the lysA� gene from E. coli (genomic coordinates 2975628 to
2976968 [40]) cloned downstream of Para of the vector; the gene was PCR
amplified from genomic DNA with the primer pairs 5�-ACAAGGTACCTTTT
ATGATGTGGCGT-3� and 5�-ACAATCTAGAAGTCATCATGCAACC (KpnI
and XbaI sites, respectively, are italicized in the two primers), and the KpnI-
XbaI-digested product was cloned into the corresponding sites of pBAD18. The
construction of plasmid pHYD2606 encoding the ArgPd P274S variant is de-
scribed below.

Construction of mutant encoding ArgP(P274S). The argPd(P274S) mutant had
previously been described by Celis (10) as one exhibiting dominant L-canavanine
resistance but by a proposed mechanism different from that involving activation
of argO transcription. Since all the other argPd mutations confer L-canavanine
resistance by the latter mechanism alone (32), we sought to construct and test the
P274S variant of ArgP in this study.

TABLE 1. List of E. coli K-12 strains

Straina Genotypeb

MC4100............�(argF-lac)U169 rpsL150 relA1 araD139 flbB5301 deoC1 ptsF25
GJ4748 .............MC4100 argR64 zhb-914::Tn10dCm
GJ9602 .............MC4100 �argP
GJ9623 .............MC4100 �lysP
GJ9624 .............MC4100 �argP �lysP
GJ9647 .............MC4100 �cadC::Kan
GJ9648 .............MC4100 �argP �cadC::Kan
GJ9649 .............MC4100 �lysP �cadC::Kan
GJ9650 .............MC4100 araD�

GJ9651 .............MC4100 araD� �argP
GJ9652 .............MC4100 araD� �lysR::Kan
GJ9653 .............MC4100 araD� �argP �lysR::Kan

a Strains described earlier (32) include MC4100 and GJ4748. All other strains
were constructed in this study.

b Genotype designations are as described previously (6). All strains are F�.
The �argP, �lysP, �lysR, and �cadC alleles were introduced as Kanr deletion-
insertion mutations from the Keio knockout collection (4), and where necessary,
the Kanr marker was then excised by site-specific recombination with the aid of
plasmid pCP20, as described previously (14). The latter mutations are shown
without the Kanr designation in the table.
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Site-directed mutagenesis of the argP� gene on plasmid pHYD915 to
argP(P274S) was done with the aid of the QuikChange kit and associated pro-
tocol (Stratagene, La Jolla, CA), using the complementary primer pairs 5�-GC
ACCGCTTTGCTTCTGAAAGCCGCAT-3� and 5�-ATGCGGCTTTCAGAAG
CAAAGCGGTGC-3� (nucleotide substitutions are italicized). The resultant
plasmid, designated pHYD2606, conferred dominant L-canavanine resistance in
an argO� strain but not in a �argO mutant (data not shown), confirming that this
ArgP variant also works through ArgO in exhibiting its phenotype.

Microarray expression profiling. For microarray expression profiling experi-
ments, RNA preparations were made from the following pair of strains after
growth to mid-exponential phase in glucose-minimal A medium with 1 mM Arg
(relevant genotypes are in parentheses): (i) strain MC4100 carrying the plasmid
pHYD926 encoding ArgPd(S94L) (argP�/argPd); and (ii) strain GJ9602 (�argP).
The microarray data were generated at an outsourced facility (Genotypic Tech-
nology Pvt. Ltd., Bengaluru, India).

Other methods. The protocols for EMSA experiments with purified ArgP
protein bearing a C-terminal His6 tag (His6-ArgP) have been described earlier
(26), and the reactions were performed in EMSA binding buffer of the following
composition: 10 mM Tris-Cl at pH 7.5, 1 mM EDTA, 50 mM NaCl, 5 mM
dithiothreitol, and 5% glycerol. The DNA templates were obtained by PCR from
E. coli genomic DNA with the various primer pairs listed in Table 2 and one
additional control template (295-bp fragment from the lacZ locus, genomic
coordinates 364776 to 365070 [40]) with the primer pair 5�-GTGGTGCAACG
GGCGCTGGGTCGGTTAC-3� and 5�-CAACTCGCCGCACATCTGAACTT
CAG-3�; after 5�-end labeling, the PCR fragments were purified by electroelu-
tion following electrophoresis on 6% polyacrylamide gels (42).

Tolerance or sensitivity to L-canavanine was tested by the method given in
Nandineni et al. (33), while resistance to thialysine was scored with 200-�g/ml
supplementation in glucose-minimal A medium. Procedures for P1 transduction
(31) and for PCR, in vitro DNA manipulations, and transformation (42) were as
described previously. �-Galactosidase assays were performed by the method of
Miller (31); each value reported is the average of at least three independent
experiments, and the standard error was 	10% of the mean in all cases.

RESULTS

Microarray profiling to identify candidate genes regulated
by ArgP in vivo. We initially undertook a microarray-based
comparison of whole-genome mRNA abundances between an
isogenic pair of strains that was either �argP (GJ9602) or
expressed the dominant constitutively acting S94L variant of
the ArgP protein in the argP� strain (MC4100/pHYD926),
which had been grown to exponential phase in Arg-supple-
mented glucose-minimal A medium. At the time that these
experiments were done, the genes known to be ArgP regulated
in vivo included the following (gene functions are indicated
in parentheses): argO (Arg export), dapB (dihydrodipicoli-
nate reductase in the diaminopimelate-Lys biosynthetic
pathway), and K. pneumoniae gdhA (glutamate dehydroge-
nase for NH4

� assimilation and glutamate biosynthesis). All
three genes are repressed upon growth in Lys-supplemented
medium (7, 15, 32).

In the microarray expression experiments between the �argP
and argPd(S94L) strains, the mRNA abundances of all three
genes listed above exceeded the log2 difference threshold of
1.0, with values of 2.3, 2.7, and 1.3, respectively. Other genes
implicated in Lys metabolism (36) that crossed this threshold
were (gene function and log2-fold difference are in parenthe-
ses) lysP (Lys permease, 2.3), lysC (Lys-sensitive aspartokinase,
1.9), and asd (aspartate semialdehyde dehydrogenase, 1.1).

Accordingly, the E. coli genes argO, dapB, gdhA, lysP, lysC,
and asd were chosen for further analysis of in vivo regulation by
the ArgP protein and its constitutive variants. Two additional
genes, lysA (diaminopimelate decarboxylase) and dapD (tetra-
hydrodipicolinate synthase), were also included for the study,

since both are repressed by Lys, as with the known ArgP-
regulated genes (36).

Promoter-lac fusion studies in argP� and argP mutants. For
each of the genes dapB, gdhA, lysP, lysC, asd, lysA and dapD,
the upstream cis regulatory region was PCR amplified and
cloned into pMU575, which is a single-copy-number IncW
replicon plasmid vector for generating promoter-lacZ tran-
scriptional fusions (1). The equivalent argO-lac fusion deriva-
tive of pMU575 (pHYD1723) has been described earlier (26).

The eight lac fusion constructs were then introduced into a
�argP strain carrying either argP� or any of the constitutive
argP mutant alleles on the pSC101-based plasmid vector
pCL1920; similar derivatives of �argP with vector pCL1920
alone served as the negative controls in these experiments.
�-Galactosidase assays were performed for cultures of the
strains grown in medium without or with supplementation with
Arg or Lys at 1 mM. The data from these experiments, pre-
sented in Table 3, permitted the following interpretations.

(i) Transcription from promoters of the genes gdhA, asd,
dapB, dapD, and lysP in cultures of the argP� strains grown in
medium not supplemented with Arg or Lys is higher than that
in the corresponding �argP derivatives, by factors of approxi-
mately 4, 2.5, 23, 4, and 35, respectively. Arg supplementation
was without effect for any of these genes.

(ii) All the genes listed above also exhibited repression upon
Lys supplementation in the argP� but not the �argP strain,
suggesting that Lys repression of their promoters is ArgP me-
diated. (iii) As has also been reported earlier (26, 32, 37),
argO-lac expression was stimulated 4-fold in the argP� strain
relative to that in �argP but only in Arg-supplemented me-
dium. Lys supplementation was associated with repression only
in the argP� strain.

(iv) The constitutive argP mutations that were used in this
study had been selected to confer L-canavanine resistance (that
is, for enhanced expression of ArgO, which is the exporter of
Arg and L-canavanine) (10, 32); as expected, all of them dis-
played much higher levels of argO-lac expression than the
argP� strain without or with Arg or Lys supplementation. The
P274S variant in particular was the most effective for constitu-
tive argO expression (with a 270-fold degree of activation).

(v) In the case of the other ArgP-regulated genes discussed
above, many of the argP constitutive mutations behaved much
like the argP� allele itself for both activation and Lys repres-
sion, although a few combinations exhibited differences; for
example, the levels of activation obtained with the P108S vari-
ant at gdhA (7-fold) and lysC (5-fold) were higher than that
with argP� at these promoters, but P108S was also less effective
for Lys repression of lysP, and both V144M and P217L were
ineffective for activation of asd and dapD. However, the most
conspicuous discrepancy was that seen with the P274S variant;
although it was the most proficient of all the ArgPd mutants for
constitutive argO expression, this variant was among the least
effective for activation of expression from all the other ArgP-
regulated promoters and, indeed, behaved like �argP at several
of them (gdhA, asd, dapD, and lysC).

(vi) For lysC, there was a 5-fold repression by Lys in the
�argP strain (that is, ArgP independent); this presumably rep-
resents the regulation imposed by the Lys-responsive ribo-
switch that is proposed to exist in the leader region of the lysC
mRNA (39, 44). However, the argP� strain displayed 4-fold
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higher expression in the unsupplemented medium than the
�argP strain and 10-fold repression by Lys, suggestive of an
additional component of control that was ArgP dependent.
The argPd(P274S) mutant behaved like the �argP strain,
whereas the other argPd derivatives exhibited the additional
component of activated expression and Lys repression, as was
obtained in the argP� strain.

(vii) Along the same lines as with lysC, the expression of the
lysA-lac fusion was repressed 6- to 8-fold in the �argP and
argPd(P274S) mutants, which reflects the regulation conferred

by the regulator protein LysR (see below). All other argPd

derivatives, as well as the argP� strain, showed 10- to 16-fold
repression upon Lys supplementation.

EMSA studies with ArgP. To determine whether the in vivo
expression differences between argP� and argP mutant strains
for the various promoter-lac fusion constructs were associated
with ArgP binding to the corresponding cis regulatory regions
in vitro, we performed EMSA experiments as described below.
Earlier studies have shown that ArgP-mediated Lys repression
can occur by two alternative mechanisms at different promot-

TABLE 3. Expression of lac fusions in different argP variant derivativesa

ArgP
variant

Expression shown as �-Gal sp act (Miller units)b or indicated ratio

argO argT asd

Nil Arg Lys Arg/Lysc Variant/�d Nil Arg Lys Nil/Lys Variant/� Nil Arg Lys Nil/Lys Variant/�

� 38 31 32 1.0 1.0 208 218 204 1.0 1.0 265 284 302 0.8 1.0
� 41 106 25 4.2 3.4 214 194 205 1.0 1.0 608 632 281 2.1 2.2
A68V 2,248 2,613 1,036 2.5 84 211 197 211 1.0 1.0 447 443 209 2.1 1.6
S94L 3,615 3,227 3,776 0.9 104 227 221 224 1.0 1.0 478 450 265 1.8 1.8
P108S 1,621 1,633 755 2.2 53 196 200 194 1.0 0.9 871 760 283 3.0 3.2
V144M 737 930 176 5.3 30 184 187 189 0.9 0.8 331 344 229 1.4 1.2
P217L 2,126 2,436 623 3.9 79 216 215 211 1.0 1.0 352 283 157 2.2 1.3
P274S 7,884 8,246 8,392 1.0 266 187 197 206 0.9 0.8 195 207 186 1.0 0.7
R295C 115 256 688 2.7 8.3 191 197 196 0.9 0.9 662 675 295 2.2 2.4

dapB dapD dnaA

� 100 108 140 0.7 1.0 161 152 162 0.9 1.0 88 89 95 0.9 1.0
� 2,344 2,380 401 5.8 23 642 572 213 3.0 3.9 85 94 90 0.8 0.8
A68V 1,074 1,199 289 3.7 11 437 322 130 3.3 2.7 87 87 82 1.0 0.9
S94L 1,561 1,468 299 5.2 16 672 567 249 2.6 4.1 72 71 85 0.8 0.8
P108S 2,891 2,882 421 6.8 28 659 757 238 2.7 4.0 78 78 91 0.8 0.8
V144M 1,692 1,592 305 5.5 17 229 278 134 1.7 1.4 98 85 85 1.1 1.1
P217L 1,143 1,024 275 4.1 11 262 216 120 2.1 1.6 92 90 95 0.9 1.0
P274S 190 173 127 1.4 1.9 160 139 144 1.1 0.9 87 85 83 1.0 0.9
R295C 3,717 3,071 572 6.4 37 301 230 152 1.9 1.8 93 87 90 1.0 1.0

gdhA lysA lysC

� 211 198 192 1.0 1.0 493 535 80 6.1 1.0 553 521 107 5.1 1.0
� 801 711 307 2.6 3.7 1,004 980 77 13 2.0 2,095 1,974 214 10 3.7
A68V 743 749 313 2.3 3.5 984 980 71 14 1.9 1,477 1,436 197 7.4 2.6
S94L 700 687 314 2.2 3.3 910 1,300 71 13 1.8 1,806 1,719 214 8.4 3.2
P108S 1,502 1,401 383 3.9 7.1 1,075 1,038 68 16 2.1 2,928 2,736 250 12 5.2
V144M 614 555 278 2.2 2.9 782 836 77 10 1.5 1,264 1,268 158 8.0 2.2
P217L 609 612 314 1.9 2.8 841 820 64 13 1.7 1,677 1,610 186 9.0 3.0
P274S 253 219 177 1.4 1.1 720 511 92 7.8 1.4 678 646 165 4.1 1.2
R295C 1,512 1,360 331 4.5 7.1 893 892 69 13 1.8 2,399 2,282 236 10 4.3

lysP nrdA

� 51 50 48 1.0 1.0 338 348 377 0.8 1.0
� 1,731 1,592 325 5.3 34 377 357 400 0.9 1.1
A68V 1,558 1,455 587 2.6 31 419 399 391 1.0 1.2
S94L 1,561 1,653 473 3.3 30 361 331 409 0.8 1.0
P108S 1,378 1,434 922 1.4 27 386 398 426 0.9 1.1
V144M 1,174 1,136 251 4.6 23 421 413 429 0.9 1.2
P217L 881 858 166 5.3 17 340 418 377 0.9 1.0
P274S 499 465 169 2.9 10 374 369 399 0.9 1.1
R295C 1,938 1,883 987 1.9 38 389 417 387 1.0 1.1

a Derivatives of the �argP strain GJ9602 each carrying two plasmids, as follows, were used in the experiments. (i) Plasmid vector pCL1920 (�) or its derivatives with
argP� (�; pHYD915) or the different argPd variants indicated. (ii) One of the following lac fusion plasmids: pHYD1723 (argO), pHYD2660 (argT), pHYD2668 (asd),
pHYD2669 (dapB), pHYD2610 (dapD), pHYD2671 (dnaA), pHYD2602 (gdhA), pHYD2670 (lysA), pHYD2664 (lysC), pHYD2636 (lysP), or pHYD2672 (nrdA).

b Specific activities of �-galactosidase (�-Gal) after growth in glucose-minimal A medium supplemented with 18 amino acids other than Arg or Lys (Nil), 18 amino
acids and 1 mM Arg (Arg), or 18 amino acids and 1 mM Lys (Lys) are reported.

c Data indicate the degree of Lys repression for the lac fusion strain concerned, relative to Arg supplementation in the case of argO and to Nil supplementation for
the rest.

d Data indicate the degree of regulation imposed by the ArgP variant concerned (or the wild-type ArgP) relative to that in the �argP strain, in medium with Arg
supplementation in the case of argO and with Nil supplementation for the rest.
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ers. At dapB or K. pneumoniae gdhA, ArgP binding to the
regulatory region is diminished upon the addition of Lys (7,
15). At argO, on the other hand, Lys-liganded ArgP binds the
regulatory region (7, 26, 37) but it then inhibits productive
transcription at a step further downstream by trapping RNA
polymerase at the promoter (26). Accordingly, in this study,
EMSA experiments with His6-ArgP were done in the absence
or presence of 0.1 mM Lys, and the cis regulatory regions of
gdhA, lysC, dapB, dapD, asd, lysA, lysP, and argO were em-
ployed. The data from these experiments are shown in Fig. 1.
The apparent dissociation constants (Kds) for binding of ArgP
to the different templates in the presence or absence of Lys are
given in Table 4.

Consistent with the data from earlier reports (7, 26, 37),
ArgP exhibited high-affinity binding to argO (Kd 
 15 nM) that
was not diminished in the presence of Lys. Under identical
experimental conditions as for argO, the regulatory regions of
the other ArgP-regulated genes (asd, dapB, dapD, gdhA, lysA,
lysC, and lysP) were also bound by ArgP, with apparent Kds
ranging from 55 nM to 170 nM; in all these cases (unlike the
situation with argO), the addition of Lys was associated with an
increase in the apparent Kd, indicating that ArgP binding in
these instances is Lys sensitive.

Coregulation of gdhA in vivo by both ArgP and NaCl. In
addition to its role in NH4

� assimilation, glutamate synthesis
through the two pathways involving glutamate synthase on the
one hand and glutamate dehydrogenase on the other (these
are encoded by gltBD and gdhA, respectively) contribute to E.
coli osmoregulation, that is, adaptation to growth at high os-
molarity (13, 38). We found that gdhA-lac expression is re-
duced 3-fold upon growth in a medium rendered highly osmo-
lar by NaCl supplementation; furthermore, the decrease in
expression at high osmolarity was additive to that imposed by
a �argP mutation, such that gdhA-lac transcription in the �argP
mutant grown with NaCl supplementation was 10-fold lower
than that in the wild-type strain grown without such supple-
mentation (Table 5). Although the mechanism of gdhA tran-
scriptional regulation by osmolarity remains to be determined,
these data may provide an explanation for the earlier findings
of Nandineni et al. (33) that the gltBD argP double mutants are
growth inhibited at high osmolarity.

Analysis of lysP regulation by ArgP. The results described
above indicated that ArgP binds the lysP regulatory region to
mediate its nearly 35-fold transcriptional activation and that
the absence of such ArgP binding either in �argP mutants or
upon Lys supplementation in argP� strains results in very low
levels of lysP expression. In support of this conclusion was our
finding that the �argP strain is resistant to the Lys analog
thialysine to the same extent (200 �g/ml) as a �lysP mutant
(data not shown).

Recently, Ruiz et al. (41) had also independently identified
ArgP’s role both as a transcriptional activator and in mediating
the repression of the lysP gene by Lys. However, they reported
that ArgP binds the lysP regulatory region with similar affinities
in both the absence and presence of Lys and had accordingly
suggested that ArgP mediates Lys repression of lysP by the
same mechanism of RNA polymerase trapping that it does at
argO. Since our results were different from those of Ruiz et al.
(41), we repeated the EMSA experiments with lysP, using a
graded series of ArgP concentrations in the absence or pres-

ence of Lys (Fig. 2A); the data clearly establish that binding of
ArgP to the lysP template is Lys sensitive. The specificity of
ArgP’s binding to labeled lysP was also established in this
experiment (Fig. 2A), by demonstrating that it could be com-
peted by unlabeled lysP DNA (lane 12) but not by two other
nonspecific DNA fragments (lanes 13 and 14).

When nested deletion constructs of the lysP regulatory re-
gion were tested, a fragment extending upstream up to �114
bp (relative to the start site of transcription) was nearly indis-
tinguishable from the larger fragment (extending up to �219
bp) in terms of both in vivo lac fusion regulation (Table 6) and
in vitro Lys-sensitive ArgP binding (Fig. 2, compare panels A
and B). On the other hand, a smaller fragment, extending up to
�76 bp, was inactive for lac fusion expression in vivo (Table 6)
and lysP binding in vitro (Fig. 2C), suggesting that the lysP
upstream region between �114 bp and �76 bp carries critical
sequence determinants for binding of and regulation by ArgP.

ArgP and cadBA regulation. The LysP permease has also
been implicated in transcriptional regulation of the cadBA
operon encoding Lys decarboxylase. cadBA expression is in-
duced only in medium of low pH that is also supplemented
with Lys and is dependent on an activator, CadC. In lysP-
defective mutants, cadBA is induced at low pH even in the
absence of Lys, and the model is that LysP negatively regulates
cadBA by sequestering CadC in the absence of Lys (34, 45).
Since our findings indicated that ArgP is needed for activation
of lysP transcription, we tested whether cadBA expression
would be rendered Lys independent even in the �argP mutant.

Accordingly, a cadBA-lac fusion was constructed and shown
to exhibit regulation by cadC, lysP, low pH, and Lys as reported
earlier (34, 45); however, the �argP mutant failed to pheno-
copy the �lysP strain, in that cadBA expression continued to be
Lys dependent in the former (Table 7). These data suggest that
the basal level of LysP permease present in a �argP strain is
sufficient for the negative regulation of cadBA in the absence
of Lys.

Testing for cross-regulation by LysR and ArgP genes. As
mentioned above, ArgP belongs to the LTTR family, of which
LysR is the prototypic member (30). Since both LysR and
ArgP are involved in mediating the repression by Lys of dif-
ferent genes, we tested for the possibility of cross-regulation by
the two transcription factors in vivo.

A �lysR strain fails to express lysA and hence is a Lys auxo-
troph (36). Therefore, to test for regulation in the presence or
absence of Lys in the �lysR mutant, we constructed derivatives
in which lysA was ectopically expressed from the Para promoter
on a plasmid (pHYD2673). The LysR-regulated lysA-lac and
ArgP-regulated lysP-lac fusions were employed for tests of in
vivo cross-regulation (by ArgP and LysR, respectively); the
data reported in Table 8 indicate that there is no cross-regu-
lation of lysP by LysR and that ArgP’s ability to activate lysA
occurs only in a lysR� background. The expression of a lysR-lac
fusion was also unaffected in a �argP strain, although it was
increased 2-fold in a �lysR mutant (Table 8), indicative of
negative autoregulation (36).

Genes for Arg import are not regulated by ArgP. Since ArgP
is required for transcription of the Arg exporter ArgO, we also
tested the promoters of other genes known to be involved in
Arg transport (artP, artJ, argT, and the hisJQMP operon) as
candidates for regulation by ArgP. The respective promoter-
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FIG. 1. EMSAs with ArgP and cis regulatory regions of different genes in the absence or presence of the coeffector Lys. ArgP monomer
concentrations are indicated for each lane. Bands corresponding to free DNA and to DNA in binary complex with ArgP are marked by filled and
open arrowheads, respectively.
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lac fusions were constructed, but neither the �argP mutation
nor Lys supplementation affected the expression of any of
them (Table 9). Consistent with earlier reports (8, 9), the lac
fusions with the promoters of hisJ, artJ, and artP exhibited
repression by Arg in the wild-type strain and derepressed ex-
pression in a �argR mutant (Table 9). EMSA experiments
undertaken with the regulatory region of one of the genes,
argT, revealed a very low affinity of binding by ArgP that was
Lys independent (Fig. 3 and Table 4); the expression of the
argT-lac fusion was also not affected in any of the argPd mu-
tants (Table 3).

ArgP and regulation of genes of DNA replication and me-
tabolism. In its description as IciA, ArgP has been reported to
regulate dnaA and nrdA transcription (20, 27–29). We con-
structed and tested the promoter-lac fusions for both these
genes, but neither was altered in expression in the �argP or
argPd mutants compared to its expression in the argP� strain,
either without or with Lys supplementation (Table 3). Our
conclusion runs contrary to that of Han et al. (20), who over-
produced IciA (ArgP) and employed an RNase protection
assay to show that nrdA transcription is ArgP regulated in vivo.
In EMSA experiments using ArgP and the cis regulatory re-
gions of both dnaA and nrdA, we observed binding at an ap-
parent Kd of around 150 nM that was unchanged in the pres-
ence or absence of Lys (Fig. 3 and Table 4).

Finally, since our data showed that ArgP binds several DNA
templates in vitro without a corresponding regulatory effect in
vivo, we asked whether at high concentrations it would exhibit
binding to a completely nonspecific control DNA fragment.
When tested by EMSA, negligible binding of ArgP was ob-
served even at 400 nM to an internal 295-bp DNA sequence
from lacZ (Fig. 3 and Table 4). These findings are consistent
with other reports that ArgP does not bind DNA nonspecifi-
cally (23, 41), as also with both the inability of nonspecific
DNA fragments to compete with lysP for binding to ArgP (Fig.
2) and the very weak binding of ArgP to argT (Fig. 3).

DISCUSSION

The Arg exporter ArgO was among the first whose expres-
sion in vivo was identified as being under the transcriptional
control of the LTTR ArgP, and the argPd mutants were ob-
tained as derivatives with greatly elevated argO expression
(32). In the case of argO, ArgP mediates its transcriptional
activation by Arg, as well as its repression by Lys (7, 26, 32, 37);
the latter is achieved by a mechanism involving the active
trapping at the argO promoter by ArgP of RNA polymerase,
which is then prevented from being released to engage in
productive transcription (26). Subsequently, dapB and K. pneu-
moniae gdhA have also been shown to be ArgP regulated and
to be repressed with Lys; in both these instances, Lys repres-
sion is achieved by reduced binding of ArgP to the DNA
regulatory regions in the presence of Lys (7, 15).

In the present work, we have constructed lac fusions to
promoters of genes connected with Arg or Lys metabolism and
transport and studied them in the argP�, �argP, and argPd

strains to identify several new ArgP-regulated genes in vivo.
These include lysP, lysC, lysA, dapD, and asd (in addition to
argO, dapB, and gdhA), all of which exhibited ArgP-mediated
repression upon Lys supplementation in vivo, as well as ArgP
binding to the corresponding cis regulatory regions in vitro.

Insights from the use of argPd mutants. For many of the
newly identified targets of ArgP listed above, the magnitude of
in vivo regulation by ArgP (and of repression by Lys) was only
around 3-fold, and it was the data on lac fusion expression in
the argPd mutants that offered additional confidence that this
regulation was indeed real.

Although the argPd mutants had been obtained (10, 32) on
the basis of their resistance to L-canavanine and increased
expression in them of argO, the mutants exhibited different
effects on the other target genes with regard both to the degree
of activation relative to that in the �argP strain and to the
degree of repression upon Lys supplementation (Table 3). Of
these, the most significant difference was that for the P274S
variant, which was almost completely defective for activation of
lysC, asd, dapD, gdhA, and dapB and partially so for lysP,
whereas it was indeed the most effective of all the argPd mu-
tants for argO activation. On the other hand, for the genes such
as argT, dnaA, or nrdA that are not ArgP regulated, there was
no difference in expression between the �argP derivative and
any of the argPd mutants.

The expression data with the argPd mutants also indirectly
illustrate the complexity of ArgP’s binding interactions with
and at the cis regulatory regions of its target genes, since the
mutations appear to affect these interactions differently at dif-
ferent targets.

TABLE 5. Regulation of gdhA expression by ArgP and NaCl

Strain (genotype)
�-Gal sp act (Miller units)a

�NaCl �NaCl

MC4100 (argP�) 1,016 331
GJ9602 (�argP) 340 102

a Values reported are the specific activities of �-galactosidase (�-Gal) in de-
rivatives of the indicated strains carrying gdhA-lac on plasmid pHYD2602 after
growth in glucose-minimal A medium without (�NaCl) or with (�NaCl) sup-
plementation with 0.4 M NaCl and 1 mM glycine betaine.

TABLE 4. Apparent Kds of ArgP binding to cis regulatory regions
of different genesa

cis regulatory region
Kd (nM)

�Lys �Lys

argO 15 15
argT �400 �400
asd 170 �200
dapB 120 �150
dapD 70 120
dnaA 150 150
gdhA 80 130
lysA 150 210
lysC 70 110
lysP 55 �140
nrdA 150 150
lacZ �400 �400

a From the EMSA autoradiograph for each of the DNA templates, the
amounts of radioactivity in the bands corresponding to free (unbound) DNA
were densitometrically determined for the different lanes, and the apparent
Kd in the absence (�) or presence (�) of 0.1 mM Lys was calculated from the
curve-plotting values of the unbound fraction versus the ArgP concentrations
used.
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Regulation by ArgP of Lys-biosynthetic genes. Of the ArgP-
regulated and Lys-repressed genes identified earlier and in this
study, five encode enzymes for biosynthesis of diaminopimelic
acid and Lys (36): two in the pathway that is common for Lys,
threonine, and methionine biosynthesis (lysC and asd) and
three in the Lys-specific pathway (dapB, dapD, and lysA). Of
these, lysC and lysA exhibit additional mechanisms for Lys
repression, involving, respectively, a postulated riboswitch (39,
44) and the LysR regulator protein (30, 36).

Our results indicate that ArgP activates lysA transcription
2-fold but only in cells that are also proficient for LysR. On the
other hand, ArgP-mediated regulation of lysC is independent
of and additive to the putative riboswitch regulatory mecha-
nism. One may speculate that Lys-dependent modulation by
ArgP of multiple genes of the pathway provides a fine-tuning
effect in controlling the flux of intermediates serving the bio-
synthesis of three different amino acids for protein synthesis, as
also of diaminopimelic acid for peptidoglycan assembly.

FIG. 2. EMSAs with ArgP and the full-length cis regulatory region of lysP (A) or one of its two deletion derivatives (B, C) in the absence (Nil)
or presence (Lys) of the coeffector Lys. The extent in base pairs of the lysP regulatory region used in each experiment is given in parentheses. ArgP
monomer concentrations are indicated for each lane. Bands corresponding to free DNA and to DNA in binary complex with ArgP (the latter is
not observed in panel C) are marked by filled and open arrowheads, respectively. Lanes 12 to 14 of panel A depict the results of the addition of
a 100-fold excess of unlabeled competitor DNA, either specific, that is the full-length lysP fragment (S), or one of two different nonspecific DNA
fragments (NS1 and NS2), to the mixtures for EMSA reactions undertaken with 160 nM ArgP. NS1 is a 253-bp fragment from the ilvG locus
obtained by PCR with the primers 5�-CAGCAACACTGCGCGCAGCTGCGTGATG-3� and 5�-CTTGTGCGCCAACCGCCGCCGGTAAAC-3�
(genomic coordinates 3949570 to 3949822 [40]), while NS2 is the same 295-bp lacZ fragment that was used for the EMSA whose results are shown
in Fig. 3.
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Role for ArgP in Lys-mediated repression in E. coli. As
mentioned above, all genes so far identified to be ArgP medi-
ated are repressed by Lys, and we suggest that all Lys-liganded
repression is mediated by ArgP in E. coli. LysR also mediates
Lys repression (of lysA), but in this case it has been suggested
that the coeffector ligand is diaminopimelic acid (which is the
substrate for lysA) and that the latter’s binding to LysR con-
verts it into its activator conformation (30, 36). Although Lys-
liganded repression is a common feature of all the ArgP-reg-
ulated genes, different mechanisms operate to achieve such
repression at different genes, as discussed below.

Regulation of lysP by ArgP. Of the various ArgP-regulated
genes, the three that exhibited �10-fold activation were argO,
dapB, and lysP. The lysP gene encodes a Lys-specific permease,
and our data indicate that it is around 35-fold activated by
ArgP and 5-fold repressed by Lys; a �argP mutant phenocopies
a �lysP mutant for resistance to the Lys analog thialysine. LysR
does not participate in lysP transcriptional regulation. In vitro,
ArgP binds the lysP regulatory region with a Kd of around 55
nM and the binding affinity is diminished upon the addition of
Lys (to a Kd of �140 nM), suggesting that Lys represses lysP in
vivo by engendering the loss of ArgP binding to the lysP oper-
ator region. The in vitro data also indicate that the lysP up-
stream sequence between �76 bp and �114 bp is required for
ArgP binding.

In addition to its role in active uptake of Lys, the LysP
permease also participates in Lys-dependent transcriptional

regulation of the cadBA operon, by sequestering the CadC
activator in the absence of Lys but not in its presence (34, 45).
We found in this study that the �argP mutant does not phe-
nocopy a �lysP mutant for cadBA expression, suggesting that
the basal level of LysP which is present in a �argP strain is
sufficient for mediating the sequestration of CadC in cadBA
regulation.

While this work was being completed, Ruiz et al. (41) inde-
pendently reported the identification of lysP as a Lys-repressed
transcriptional target of ArgP. While most of our results on
lysP are similar to those of Ruiz et al. (41), one important
difference is their description that ArgP’s binding to the lysP
regulatory region in vitro is Lys insensitive (and therefore sim-
ilar to ArgP’s binding to argO), whereas we found that it is Lys
sensitive. Perhaps this discrepancy may be related to differ-
ences in the protocols employed in the two laboratories for
ArgP purification or the subsequent protein-DNA binding
studies, although we emphasize that our demonstration of Lys-
sensitive binding of ArgP to lysP was made under the identical
conditions in which ArgP’s binding to argO was Lys insensitive
(Fig. 1).

Unique features of argO regulation by ArgP. Of the different
genes under the control of ArgP in vivo, argO appears to be
unique in at least two ways in its manner of regulation. First, it
is the only gene that requires Arg as a coeffector for its acti-
vation. Second, it is also the only example in which ArgP’s
binding to the cis regulatory region is not Lys sensitive, so that

TABLE 8. Tests for cross-regulation by ArgP and LysR

Strain (genotype)

�-Gal sp act (Miller units)a

lysA-lac with: lysR-lac with: lysP-lac
with NilNil Arg Lys Nil Arg Lys

GJ9650 (wild type) 215 300 68 30 33 33 1,004
GJ9651 (�argP) 72 75 29 29 33 34 49
GJ9652 (�lysR) 23 26 22 59 65 63 1,052
GJ9653 (�argP �lysR) 24 23 25 66 66 65 49

a Values reported are the specific activities of �-galactosidase in derivatives of
the indicated strains carrying both the Para-lysA plasmid pHYD2673 and one of
the following plasmids: pHYD2670 (lysA-lac), pHYD2675 (lysR-lac), or
pHYD2636 (lysP-lac). Strains were grown in minimal A medium supplemented
with 0.2% each of glycerol and l-arabinose along with one of the following: 18
amino acids other than Arg and Lys (Nil), 18 amino acids and 1 mM Arg (Arg),
or 18 amino acids and 1 mM Lys (Lys).

TABLE 9. Tests for ArgP regulation of genes related
to Arg transport

Plasmid (genotype)

�-Gal sp act (Miller units)a

Wild-type strain
with: �argP strain with: argR

with Arg
Nil Arg Lys Nil Arg Lys

pHYD2658 (artJ-lac) 1,353 286 1,480 1,256 231 1,252 1,700
pHYD2659 (artP-lac) 170 105 197 184 122 210 190
pHYD2660 (argT-lac) 249 279 242 279 255 221 198
pHYD2661 (hisJ-lac) 227 115 262 244 114 296 289

a Values reported are the specific activities of �-galactosidase in derivatives of
MC4100 (wild type), GJ9602 (�argP), and GJ4748 (argR) carrying the indicated
lac fusion plasmid after growth in glucose-minimal A medium without (Nil) or
with supplementation with Arg or Lys at 1 mM.

TABLE 6. ArgP regulation of lac fusions to nested deletions of lysP

Plasmid (lysP extent)a

�-Gal sp act (Miller units)b

argP� strain �argP strain

Nil Lys Nil Lys

pHYD2636 (�219 to �32) 802 150 31 30
pHYD2647 (�114 to �32) 852 122 52 50
pHYD2648 (�76 to �32) 43 47 41 42

a Extents of lysP shown are in base pairs relative to the start site of transcrip-
tion.

b Values reported are the specific activities of �-galactosidase (�-Gal) in de-
rivatives of MC4100 (argP�) or GJ9602 (�argP) carrying the indicated lysP-lac
fusion plasmids after growth in glucose-minimal A without (Nil) or with (Lys)
Lys supplementation at 1 mM.

TABLE 7. Effects of CadC, LysP, and ArgP on
cadBA-lac expression

Strain (genotype)

�-Gal sp act (Miller units)a

pH 7.4 pH 5.8

Nil Lys Nil Lys

MC4100 (wild type) 25 28 24 98
GJ9623 (�lysP) 27 27 94 96
GJ9647 (�cadC) 25 26 26 24
GJ9602 (�argP) 23 22 26 96
GJ9649 (�lysP �cadC) 21 28 24 26
GJ9648 (�argP �cadC) 25 26 24 28
GJ9624 (�argP �lysP) 27 24 87 99

a Values reported are the specific activities of �-galactosidase (�-Gal) in the
indicated strain derivatives carrying the cadBA-lac fusion plasmid pHYD2674
after growth in minimal A-based medium of pH 7.4 or pH 5.8 supplemented with
either 19 amino acids other than Lys (Nil) or 19 amino acids and 10 mM Lys
(Lys).
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repression by Lys is achieved by an RNA polymerase-trapping
mechanism at the argO promoter.

The differences between argO and the other target genes
with regard to the features of their regulation by ArgP are also
reflected in their differential responses to the argPd mutations
(although it must be noted that these mutations were selected
on the basis of their ability to confer greatly increased argO
expression). Perhaps the most prominent distinction is that
obtained with the P274S variant of ArgP, as discussed above.

Thus, it appears that the mechanism of regulation of argO by
ArgP is fundamentally different from that of the other genes
regulated by this protein. At the same time, it is noteworthy
that two of the genes that are most prominently regulated by
ArgP, argO and lysP, are both also regulated by the leucine-
responsive general transcriptional regulator Lrp (37, 41).

dnaA and nrdA are not regulated by ArgP in vivo. In its
proposed avatar as IciA, ArgP has been reported to bind oriC
in both E. coli (21–23, 46) and Mycobacterium tuberculosis (25)
and to regulate transcription from promoters of the dnaA and
nrdA genes (20, 27–29). We found that ArgP does bind to the
regulatory regions of dnaA and nrdA in vitro with moderate
affinity but that it does not regulate their transcription in vivo.

Thus, we believe that ArgP does not play a role in transactions
involving DNA metabolism or replication in E. coli, which
conclusion is supported by the facts that neither a �argP mu-
tant nor an ArgP-overproducing strain is compromised for
DNA replication or growth rate (46).

ArgP as a noncanonical transcriptional regulator. Genome-
wide chromatin immunoprecipitation studies have been de-
scribed recently for a number of transcriptional regulators in E.
coli, according to which several, such as MelR (17, 18), MntR
(49), NsrR (35), and PurR (12), behave canonically in that
each exhibits binding at sites where it serves to control tran-
scription of the adjacent genes or operons. Lrp also appears to
be a canonical transcriptional regulator, although it binds
nearly 140 sites in the genome (11).

On the other hand, DNA binding by the activator protein
C-reactive protein (CRP) is apparently noncanonical, since
there are about 70 sites where it binds strongly and exerts its
transcriptional regulatory function and a further approximately
104 sites of low-affinity binding (17). CRP’s behavior contrasts
with that of its closely related paralog FNR, which binds ca-
nonically at around 65 locations without any noise of low-
affinity binding (16). Another example of noncanonical binding

FIG. 3. EMSAs with ArgP and cis regulatory regions of different genes in the absence or presence of the coeffector Lys. ArgP monomer
concentrations are indicated for each lane. Bands corresponding to free DNA and to DNA in binary complex with ArgP (the latter is not observed
for lacZ) are marked by filled and open arrowheads, respectively. Lanes 10 to 12 in panels B to D represent the results of control EMSA reactions
with lysP (full-length) or dapD templates as marked.
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is RutR, many of whose binding sites fall within gene coding
regions (43).

Our studies would suggest that the ArgP or IciA protein is
also a noncanonical transcriptional regulator, in that it does
exhibit specific DNA binding to mediate the transcriptional
regulation of particular genes in vivo, but in addition, it also
binds at other sites in the genome that are not associated with
regulatory outcomes. The purpose of the latter category of
binding by ArgP remains to be determined. It has been spec-
ulated in the case of CRP that by bending the DNA at its
noncanonical binding sites, the protein may contribute to chro-
mosome shaping and chromatin compaction (17, 47). ArgP too
may similarly participate in shaping the nucleoid architecture,
given its reported propensity to bind curved DNA (2). It is also
possible that the putative dual functions of ArgP, in transcrip-
tional regulation and in chromosome organization, are in some
way related to its ability to dimerize in two different modes (as
deduced from the crystal structure of the M. tuberculosis or-
tholog) (50).

Finally, it is noteworthy that many of the genes regulated by
ArgP are controlled also by other mechanisms, such as by LysR
for lysA, osmolarity for gdhA, the riboswitch for lysC, and Lrp
for argO and lysP. These results therefore lend support to the
notion that multitarget regulators and multifactor promoters
represent the norm in bacterial gene regulation (24).
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