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in the Anaerobic Regulation of Expression by ArcA
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The anaerobically inducible pfl operon of Escherichia coli has a regulatory sequence comprising 494 bp, which
includes two anaerobically regulated promoters, termed P6 and P7. In this study, we show that in its normal
context the activity of P7 is constrained and that one important function of the promoter is to mediate
controlled ArcA-dependent regulation of the operon.

The pfl operon includes two genes, termed focA and pf (17).
Expression is controlled from seven anaerobically regulated
promoters, only two of which, promoter 6 (P6) and promoter
7 (P7), are located within a 494-bp nontranslated regulatory
region (10, 11). Anaerobic induction of operon expression is
dependent on the ArcA and Fnr transcription factors (10, 12).
Recent studies have identified sequences important for regu-
lation by these proteins in the nontranscribed promoter-regu-
latory region (5, 10-12, 15).

P7 is located most distal to the operon (Fig. 1) and is sep-
arated from the next promoter, P6, by approximately 300 bp of
DNA. The function of P7 in regulating expression is still un-
clear. By performing a detailed dissection of the pfl promoter-
regulatory region, we show that both P6 and P7 have ArcA and
Fnr regulatory components and that P7 modulates ArcA-de-
pendent anaerobic regulation.

At least 494 bp of DNA is required for maximal anaerobic
regulation of pfl expression. To delimit the DNA sequences in
the pfl promoter-regulatory region that are necessary for max-
imal anaerobic regulation, defined DNA sequences from the
pfl promoter-regulatory region (Fig. 1) were amplified by PCR
with oligonucleotides derived from the sequence of the pf
regulatory region (11) and cloned into the lacZ expression
vector pRS551 (14). After the various derivatives were trans-
ferred to the chromosome of strains MC4100 (wild type [3]),
RM102 (fur [2]), RM313 (arcA [12]), and RM315 (arcA far
[12]), B-galactosidase activity was measured (9) after aerobic
and anaerobic growth in TYEP medium (1). Anaerobic cul-
tures were supplemented with 20 mM glucose. Expression
from NRM1031, which includes the complete 494-bp regula-
tory region of the pfl operon, was induced approximately eight-
fold by anaerobiosis (Table 1). Anaerobic induction was de-
pendent on both ArcA and Fnr. This result is consistent with
the findings of previous studies with constructs including pro-
moters 1 to 7 (10-12). Deletion of 43 bp of DNA from the 5’
end of ARM1031 delivered construct \RM811 (Fig. 1). Both
aerobic and anaerobic lacZ expression from this derivative
in strain MC4100 (arcA™ fur™) was reduced approximately
twofold compared with that from ANRM1031 (Table 1). More-
over, anaerobic ArcA regulation of expression was significantly
impaired. The 5’ 43 bp of DNA is therefore important for
maximal ArcA-dependent anaerobic expression. Removal of
DNA sequences from the 3’ end of the regulatory region
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or separation of the two promoters also resulted in reduced
regulation (see below; data not shown). The complete 494 bp
of DNA is therefore necessary for maximal anaerobic regula-
tion.

Identification of sequences involved in Fnr regulation of
expression. Introduction of a mutation into the Fnr-binding
site (Fnr-1) upstream of P6 has been shown to abolish tran-
scription from the P6 promoter (10). The same mutation, when
introduced into the ARM1031 derivative, which delivered
ARM1033, strongly reduced anaerobic induction of pfl expres-
sion. This confirms that this DNA sequence is also an impor-
tant determinant for Fnr-dependent regulation in this short-
ened derivative. In a fnr null mutant, \RM1033 expression was
reduced both aerobically and anaerobically, while in an arcA4
mutant, anaerobic regulation was abolished (Table 1). These
results indicate first that anaerobic induction in ARM1033 is
ArcA dependent and second that some Fnr-dependent regu-
lation is retained, despite the fact that Fnr cannot bind to the
Fnr-1 site in vitro (7). The fact that aerobic expression is also
reduced in the arc4 mutant (Table 1) indicates that ArcA is
also involved in aerobic expression of pfl. Compan and Touati
(4) have demonstrated that Fnr regulates arc4 expression;
however, since this regulation is mainly anaerobic, it is unlikely
that the effects we observed are secondary to Fnr regulation of
arcA expression. Rather, it appears that both ArcA and Fnr
can regulate pfl expression under particular circumstances in
aerobically grown cells. Evidence has been presented which
also suggests that Fnr regulates the expression of certain genes
aerobically (13).

Data from former studies have demonstrated that Fnr also
regulates P7 activity (10, 12). There is a sequence (termed
Fnr-2 in Fig. 1) upstream of P7 which exhibits similarity to the
consensus Fnr-binding site (TTGAT-N,-ATCAA [16]) but only
in the right half of the sequence. This sequence was mu-
tagenized from ATCAA to ATGAG (10) to create \RM1032
(Fig. 1). The mutation reduced anaerobic expression by ap-
proximately 2.5-fold in an MC4100 genetic background com-
pared with expression from the wild-type ARM1031 construct
(Table 1). This result verifies the importance of this sequence
to the regulation of pfl expression. When ARM1032 was ana-
lyzed in an arcA mutant, both anaerobic expression and aero-
bic expression were elevated compared with those of the
ARM1031 (wild-type sequence) derivative in the arc4 mutant.
One possible explanation for this result is that as a result of the
Fnr-2 mutation, Fnr no longer can bind to this sequence, which
consequently affects the interaction of ArcA with the P7 reg-
ulatory sequences. That an Fnr half-site is recognized by Fnr in
vitro has been shown recently for the ndh promoter (6). In this
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FIG. 1. Schematic representation of lacZ fusion constructs with different portions of the pf regulatory region. The DNA fragments in each construct are presented
as horizontal bars above the insert of A\RM1031. The corresponding names of the respective derivatives are shown on the right of the diagram. Constructs \RM1031,
ARM1001, ANRMS811, and ARM20201 have inserts bearing wild-type DNA sequences. Constructs A\RM1032 and ARM1002 carry a mutation in the Fnr-2-binding
sequence (10); construct \RM1033 is mutated in the Fnr-1-binding site. Putative Fnr-binding sites are shown, and the regions of DNA protected by ArcA from DNase
I cleavage (5) are depicted as hatched boxes, while the location of the integration host factor-binding site (15) is shown as a black box above the sequence. The DNA
sequences below the insert of ARM1031 show expanded portions of P6 and P7 and their regulatory sequences. Only the noncoding strand of the sequence is shown.
The putative Fnr-binding sites are shown in boldface type. The vertical arrows show the mutations introduced and the names of the resultant mutant derivatives of
ARM1031. The locations of the transcription initiation sites of P6 and P7 determined with RNA isolated from wild-type strain MC4100 (10, 11) are shown by angled
arrows. In both cases, initiation occurs at two adjacent residues. For P6, both residues are used with equal frequency, while for P7, the guanosine is preferred over the
cytosine residue. Abbreviations: A, Alul; As, Asel; D, Dral; N, Nlalll; M, Miul; P, Pvul.

case, Fnr bound at that half-site has been proposed to function
conjointly with a Fnr dimer bound at a complete Fnr-binding
site to repress transcription. Fnr bound at the half-site up-
stream of P7 may function together with bound ArcA (5) to
activate expression from the P7 promoter. This also has been
suggested to occur at the arcA regulatory region (4).

TABLE 1. Expression of pfl promoter-regulatory region derivatives

B-Galactosidase activity”

lacZ derivative Host . . : .
genotype Aerobic Anaerobic Induction ratio

(+02)  (0y) (=0,/10,)
ARM1031 (wild-type arcA™ far* 450 3,705 82
sequence) arcA™ far 340 1,060 31
arcA far* 240 490 2.0
arcA fnr 320 320 1.0
ARM3811 arcA”" fart 220 1,890 8.6
arcA™ far 220 650 3.0
arcA far* 145 1,370 9.5
arcA far 245 505 2.0
ARM1033 (Fnr-1 arcA™ furt 220 720 33
site mutation) arcA™ far 70 300 4.2

arcA far* 80 60 0.75

arcA far 80 80 1.0
ARM1032 (Fnr-2 arcA”" fart 210 1,395 6.6
site mutation) arcA™ far 185 720 3.9
arcA far* 430 2,510 5.2
arcA far 180 295 1.6

“ Enzyme activity was measured by the method of Miller (9).

P7 is required to fine-tune anaerobic ArcA-dependent reg-
ulation. The results presented so far indicate that two DNA
sequences upstream of P7 are important in ArcA-dependent
regulation of anaerobic expression (compare ARMS811 and
ARM1032 in Table 1). To confirm the importance of P7 for
anaerobic ArcA regulation of pfl expression, a construct
(ARM251) completely lacking P7 but retaining all DNA se-
quences below the Asel restriction site (Fig. 1), including
the high-affinity ArcA-binding site (5), was constructed. Ex-
pression in the wild-type host (arcA™ fur™) was induced over
20-fold, in contrast to the approximately 8-fold anaerobic in-
duction observed with NRM1031 (Table 2). Significantly,
anaerobic regulation was only partially dependent on ArcA;
B-galactosidase activity was reduced less than 2-fold in an arcA
mutant, although it was reduced 7.5-fold when all the P7 se-
quences were included on the DNA insert (compare ARM1031
in the arcA fnr" host). Removal of P7 therefore increases the
dependence on Fnr of P6 despite ArcA-binding sites being
retained on the operon fusion (Fig. 1) (5). These data indicate
that ArcA regulation requires P7 and that P7 or DNA se-
quences in the vicinity of P7 are involved in modulating anaer-
obic induction of pfl expression.

Expression from P7 in isolation is not oxygen regulated. P7
was isolated on a discrete 163-bp DNA fragment and fused
with the lacZ gene (\RM1001 [Fig. 1]). Expression from this
construct was strong, constitutive, and no longer influenced by
the oxygen status (Table 2). This finding suggests, therefore,
that removal of downstream DNA sequences perturbs the ac-
tion of these two transcription factors at this promoter. In
strains defective in ArcA and Fnr synthesis, expression was
reduced both aerobically and anaerobically. The expression
from ARM1002 (mutated in the Fnr-2 sequence) in an arcA™
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TABLE 2. Expression from deletion derivatives of the
pfl promoter-regulatory region derivatives

B-Galactosidase activity”

lacZ Host
derivative genotype Aerobic Anaerobic Induction ratio
(+0) (-0 (-0J+0y

ARM251 arcA™ far* 220 4,550 20.6
arcA™ far 290 910 3.1
arcA far* 380 2,500 6.6
arcA fnr 340 580 1.7

ARM1001 arcA™ far* 1,590 1,835 1.1
arcA™ far 1,190 1,080 0.9
arcA far* 830 1,080 1.3
arcA fnr 910 690 0.8

ARM1002 arcA* far* 770 690 0.9
arcA™ far 640 520 0.8
arcA far* 530 500 0.9
arcA fnr 570 400 0.8

ARM20201 arcA™ far* 450 1,900 42
arcA™ far 380 600 1.6
arcA far* 1,170 1,270 1.1
arcA fanr 400 620 1.55

“ The standard error of the reported values was not more than 15%.

frr™ genetic background was reduced to the same level as that
from ARM1001 in an arcA fnr double null mutant (Table 2).
This result provides further evidence consistent with the notion
that the Fnr-2 sequence is important for P7 activity.

Using an oligonucleotide that hybridizes specifically within
the lacZ gene, we determined the transcription initiation site of
P7 on ARM1001 (Fig. 2A). Approximately 0.2 pmol of *?P-
labelled oligonucleotide was incubated with 15 pg of total
RNA, and primer extension reactions were performed exactly
as described previously (10, 11). Transcription initiated 2 res-
idues upstream from that identified for the chromosomally
encoded promoter (Fig. 1) (10, 11). The slight shift in the
initiation site may indicate that the constraint normally im-
posed on transcription in the wild-type context is relieved
somewhat when the downstream control sequences are re-
moved. It should be noted that the 5’ end of the transcript
derived from P7 on ARM1031 was the same as the wild-type
start site and that transcription was induced anaerobically
(data not shown).
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FIG. 2. Determination of the transcription start site in the pfl-lacZ fusions.
Total RNA (15 pg) isolated from MC4100 containing ARM1001 (A) or ARM
20201 (B) grown anaerobically (lanes —O,) was analyzed by primer extension.
Reaction products were separated in denaturing 8% polyacrylamide gels (8).
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Expression from P6 in isolation is regulated by oxygen.
Expression from P6 (A\RM20201) was induced approximately
4-fold in the arcA™* fnr" host strain by anaerobiosis, but the
degree of induction was reduced to only 1.6-fold in a frr null
mutant (Table 2). Remarkably, in an arc4 mutant, expression
was derepressed aerobically, indicating that ArcA and Fnr are
both involved in regulating this promoter, even when upstream
regulatory sequences are missing. These findings suggest that
P6 activity is repressed by ArcA in aerobically grown cells and
that there is a complex interplay between ArcA and Fnr at P6.
That ArcA regulates expression of P6 is in accord with DNase
I footprinting studies which have identified an ArcA-binding
site that overlaps P6 (5) (Fig. 1). A primer extension experi-
ment verified that in A\RM20201 the site of transcription initi-
ation was identical to that of the wild-type promoter (Fig. 1
and 2B).

Concluding remarks. The main conclusions that can be
drawn from this work are as follows: (i) P7 activity is important
in modulating ArcA-dependent anaerobic regulation of pfl ex-
pression. (ii) A DNA sequence located upstream of P7 and
exhibiting similarity to a Fnr half-site (ATCAA) is an impor-
tant determinant in the ArcA and Fnr regulation of pfl expres-
sion. (iii) Both the P6 and P7 promoters are regulated by ArcA
and Fnr. (iv) Separation of the two promoters reveals that they
have a nonadditive effect on pfl expression. (v) P7 possesses a
strong intrinsic activity that is not responsive to oxygen when
the promoter is isolated but that is regulated by oxygen in
conjunction with P6 (see also reference 10). (vi) The complete
494-bp promoter-regulatory region is necessary for maximal
anaerobic regulation of pfl expression. Taken together, these
data are consistent with a functional interaction occurring be-
tween the ArcA and Fnr proteins (4, 12).
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