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During aerobic respiration, Bacillus subtilis utilizes three terminal oxidases, cytochromes aa;, caa;, and bd.
Cytochrome bd is encoded by the cydABCD operon. We report here the first identification of a regulator for the
¢ydABCD operon, YdiH. While working with AresDE mutant strains, we identified colonies which contained
suppressor mutations (cmp) which bypassed the requirement for ResD for all phenotypes not associated with
cytochrome aa; or caa;. Mapping identified a class of Tnl0 insertions which were close to the cmp locus
(Tn10-2) and a second class (Tnl0-1) which was inserted in cydD, a gene which appears to be essential to the
cmp phenotype. Sequencing of the cmp loci from four independent AresDE cmp isolates yielded four loss-of-
function alleles of ydiH, a gene encoding a protein with homology to AT-rich DNA-binding proteins. Addition-
ally, we determined that cytochrome bd was aberrantly expressed in the AresDE cmp background. Together
these data led to the hypothesis that YdiH serves as a negative regulator of cyddBCD expression, a hypothesis
supported by both gel-shift and DNase I footprinting analyses. YdiH protected the cyd4 promoter region at
three 22-bp repeats located in the long 5’ untranslated region (193 bp). Induction of the cyd4BCD operon in
a AresDE background showed that expression of the terminal oxidase bd was responsible for the bypass
phenotype observed in a AresDE cmp strain, indicating that cytochrome bd expression complemented the loss

of cytochromes aa; and caay in the AresDE strain.

Bacillus subtilis utilizes a branched electron transport chain
under aerobic conditions. To date, three terminal oxidases
have been identified in B. subtilis. Both cytochromes aa; (26)
and caa (5) have been identified as heme-copper oxidases.
The third oxidase has been shown to be a member of the
cytochrome bd family (35). The cydABCD operon of B. subtilis
encodes cytochrome bd and a putative ABC transporter re-
quired for the production of functional cytochrome bd (35).
This oxidase is produced under conditions of low oxygen ten-
sion and in cells grown in the presence of glucose (35). A single
cydA transcriptional start site with a putative —10 and —35
consensus for a ¢ promoter has been found in cells grown to
stationary phase in nutrient sporulation medium with phos-
phate buffer and glucose (NSMPG) (35). A perfect 16-bp pal-
indromic sequence, upstream of the translation start site for
cydA, was proposed as a potential operator binding site for a
regulatory protein (35). To date, no regulators have been re-
ported for the cydABCD operon. It was originally reported that
the quinol oxidases (either cytochrome aa or bd), are required
for aerobic growth in B. subtilis (34). However, further evi-
dence has shown that a strain deficient in the production of
both cytochrome aa, and cytochrome bd, a derivative of the B.
subtilis 168 strain (24), can be constructed and grown aerobi-
cally (37). A putative fourth terminal oxidase, YthAB, has
been found in B. subtilis and is a member of the cytochrome bd
family (34).

YdiH was identified during the course of sequencing the B.
subtilis genome. Based on homology, YdiH was proposed to be

* Corresponding author. Mailing address: Laboratory for Molecular
Biology, Department of Biological Sciences, University of Illinois at
Chicago, 900 S. Ashland Ave. (M/C 567), Chicago, IL 60607. Phone:
(312) 996-5460. Fax: (312) 413-2691. E-mail: Hulett@uic.edu.

4585

a member of a family of AT-rich DNA-binding proteins (16)
that includes p25, a recently characterized DNA-binding pro-
tein from Thermus aquaticus YT-1 (6).

The ResD/ResE two-component signal transduction system
plays a role in the regulation of both aerobic respiration and
anaerobic respiration. ResD regulates the expression of fnr
(21), hmp (21), nasDEF (21), hemN (12), hemZ (12), and the
sbo-alb operon (20) under anaerobic conditions and has a role
in the regulation of ctaA4 (23, 38), ctaBCDEF (17), resABCDE
(31), and petCBD (31) under aerobic conditions. Because
ResDE is essential for expression of both ctaA4 and ctaB, which
is required for heme A biosynthesis, AresDE strains lack cyto-
chromes aa, and caas,.

In the course of our work with AresDE strains, we have
found that these strains develop secondary mutations which
have been given the designation cmp mutations. The AresDE
strains bearing the c¢mp mutation are complemented for a
number of phenotypes typically associated with a AresDE
strain. In the course of identifying and characterizing these
cmp mutations, we have implicated YdiH, a previously unchar-
acterized putative DNA-binding protein, in the regulation of
the cydABCD operon. In this paper, we report the character-
ization of YdiH as a negative regulator for cyd4BCD transcrip-
tion. Additionally, we show that the absence of terminal oxi-
dases in the AresDE strain is responsible for a number of
phenotypes previously reported for that strain.

MATERIALS AND METHODS

Strains and plasmids. Table 1 lists the strains and plasmids used in this study.
Escherichia coli DH5a was the host for all plasmid constructions. E. coli
BL21(DE3)/pLysS (Novagen) served as the host for overexpression of the YdiH
protein. B. subtilis JH642 served as the host for all strain constructions.

cydA-lacZ promoter fusions were constructed in pDH32, which has unique
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TABLE 1. Bacterial strains and plasmids used in this study

Strain or plasmid

Relevant characteristic

Source or reference

Strains
E. coli
DHS5a Lab stock
BL21(DE3)pLysS Novagen
Bacillus
JH642 pheAl trpC2 J. A. Hoch
1A601 purB83::Tn917 Mls* 33
AtatCY-AtatCD AtatCY::Spc" AtatCD::Kn* 14
MH1562 phoB::Tn917 Mls* 15
MHS5202 pheAl trpC2 AresDE::Tet" 31
MHS5857 pheAl trpC2 AresDE::Tet" cmp amyE::;phoD-lacZ Cm" This study
MHS5859 pheAl trpC2 AresDE::Tet" cmp amyE::phoD-lacZ Cm" This study
MH5863 pheAl trpC2 ydhQQpMS7 Erm* This study
MHS5867 pheAl trpC2 rrE-23s::Tnl0-2 Spc' ydhQQpMS7 Erm" This study
MHS5874 pheAl trpC2 AtatCY::Spc' rrnE-23s::Tnl0-2 Kn" This study
MHS5878 pheAl trpC2 amyE::pMS35cydA-lacZ Cm" This study
MHS5879 pheAl trpC2 AresDE::Tet" cmp amyE::cydA-lacZ Cm" This study
MHS5880 pheAl trpC2 AresDE::Tet" amyE::cydA-lacZ Cm" This study
MHS5881 pheAl trpC2 ydhQQpMS7 Erm" tatCY::Spc* This study
MHS5882 pheAl trpC2 cydD::Tnl0-1 Spc" AresDE::Tet" cmp This study
MHS5883 pheAl trpC2 rrmE-23s::Tnl0-2 Spc' AresDE::Tet" This study
MHS5884 pheAl trpC2 JH642OpMS38 This study
MHS5885 pheAl trpC2 MHS5884 AresDE::Tet" This study
MHS5887 pheAl trpC2 AresDE::Tet" cmp Guofu Sun
MHS5888 pheAl trpC2 AresDE::Tet" cmp Ruth Chestnut
MHS5889 pheAl trpC2 AtatCY::Spc* This study
MHS5890 pheAl trpC2 rrnE-23s::Tnl0-2 Kn* This study
MH5891 pheAl trpC2 ydiHOpMS45 Spc' amyE::cydA-lacZ Cm" This study
MH5893 pheAl trpC2 AresDE::Tet" ydiHOpMS45 Spc' amyE::cydA-lacZ Cm* This study
Plasmids
pCR2.1 Vector for cloning PCR products Invitrogen
pIC333 Vector for Tnl0 mutagenesis, Spc” Erm" 29
pDH32 Vector for construction of promoter-lacZ fusions; Amp" Cm" 28
pATI110 Vector for mutant generation; Erm" 32
pDG1727 Vector for mutant generation; Spc’ 9
pVK73 Antibiotic switching vector from Spc' to Kn" 3
pET16b Vector for protein overexpression and His-tagging Amp* Novagen
pMS4 Internal fragment of ydhQ in pCR2.1 This study
pMS7 Fragment of ydhQ in pAT110; Erm" Amp” This study
pMS34 Fragment of cydA promoter in pCR 2.1; Amp* This study
pMS37 Fragment of cydA4 in pCR2.1; Amp" This study
pMS38 P,.-cydABCD in pDH88; Amp" Cm" This study
pMS35 cydA-lacZ fusion in pDH32; Amp* Cm" This study
pMS40 Internal fragment of ydiH in pCR2.1; Amp" This study
pMS45 Internal fragment of ydiH in pDG1727; Amp" Spc* This study
pMS41 Coding sequence of ydiH in pCR2.1; Amp* This study
pMS43 Coding sequence of ydiH in pET16b; Amp” This study

EcoRI and BamHI sites upstream of a promoterless lacZ gene to correctly orient
the promoter DNA fragment. Primers FMH741 (5'-CCGAATTC 3>TAGCA
GCCGACATAAATAAG 2%-3'; EcoRI site underlined) and FMH742 (5'-CC
GGATCC’CACTCATGCTTTCTCCTCC ATTTCC'8-3’; BamHI site under-
lined) were used to amplify a 312-bp fragment of the cyd4 promoter region
spanning from —305 to +7 relative to the start of translation of CydA, using
JH642 chromosomal DNA as template. The resulting fragment was ligated into
pCR2.1 (Invitrogen) to create pMS34. The cydA promoter fragment was released
from pMS34 by digestion with EcoRI and BamHI and cloned into the EcoRI and
BamHI sites of pDH32 to create pMS35. DNA sequencing confirmed the se-
quence of the cydA promoter. MH5878 (cydA-lacZ) was created by transforma-
tion of JH642 with pMS35 linearized by digestion with PstI such that the pro-
moter fusion was integrated into the amyE locus by double-crossover
homologous recombination. Transformants were selected on chloramphenicol,
and the required insertion was confirmed by the amyE mutant phenotype. Trans-
formation of chromosomal DNA from MH5878 (cydA-lacZ) to MHS887

(AresDE cmp) produced MHS5879 (cydA-lacZ AresDE cmp). Transformation of
chromosomal DNA from MH5202 (AresDE) into MHS5878 (cydA-lacZ) pro-
duced MHS5880 (cydA-lacZ AresDE).

To create a mutation in ydiH, we cloned an internal fragment of the gene to
pDG1727, which allows for the creation of an insertion-duplication mutation.
Primers FHM788 (5'-*ACGGCTGCCGCTTTACTATC®>-3") and FHM789
(5'-"TGTTCCGG CACATTCAAACG™7-3") were used to amplify a 516-bp
internal fragment of ydiH, using JH642 chromosomal DNA as a template. The
resulting PCR product was cloned to pCR2.1 to create pMS40. The ydiH frag-
ment was released from pMS40 by digestion with EcoRV and BamHI and cloned
into the EcoRV and BamHI sites of pDG1727 to create pMS45. pMS45 was
transformed to MHS5878 (cydA-lacZ) to create MHS5891 (QydiH cydA-lacZ).
MHS5893 (QydiH AresDE cydA-lacZ) was created by transforming chromosomal
DNA from MH5202 (AresDE) into MH5891 (QydiH cydA-lacZ).

Inducible expression of the cydABCD operon was achieved by cloning in
pDHS88, which contains an isopropyl-p-p-thiogalactopyranoside (IPTG)-induc-
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ible Py, promoter. Primers FMH764 (5'-CCAAGCTT *TAACCGGAAATG
GAGGAG °-3'; HindIII site underlined) and FMH765 (5'-CCGCATCG**’A
CGCCAATAATTGCTTCAATC?¢-3"; SphI site underlined) were used to
amplify a 346-bp fragment containing positions —23 to +307 relative to the
initiation of translation of CydA. This fragment contains the ribosome binding
site for the cydABCD operon. The resulting PCR product was cloned to pCR2.1
to create pMS37. The cydA fragment was released from pMS37 by digestion with
HindIII and Sphl and cloned into complementary sites in pDHS88 to yield
pMS38. pMS38 was transformed to JH642 to yield MH5884 (P,,,.-cydABCD).
Transformation of chromosomal DNA from MH5202 (AresDE) to MH5884
(Pypuc-cydABCD) yielded MHS5885 (AresDE P, .-cydABCD).

Due to the high rate of appearance of spontaneous suppressor mutations in a
AresDE background, special precautions were taken in the constructions of all
strains bearing a resDE mutation. Chromosomal DNA from MH5202 (AresDE)
was used to transform the appropriate background whenever a strain with a
resDE mutation was required. This was done to avoid the isolation of strains with
cmp mutations during the production of competent cells of MH5202 (AresDE).
All transformants were screened to confirm that the correct phenotype was
present for each construction.

In order to create a mutation in ydhQ, we cloned an internal fragment of ydhQ
to pAT110 in order to allow the creation of an insertion-duplication mutant.
Primers FMH476 (5'-'”TTAACTCAAGCCGATGACG'%-3") and FMH477
(5'-*°CCAGATG CTGCTGGTCAATA>*-3") were used to amplify a 476-bp
internal fragment of ydhQ. The resulting PCR product was cloned to pCR2.1 to
create pMS4. The ydhQ fragment was released from pMS4 by digestion with
NotlI and HindIII and cloned into to NotI and HindIII sites of pAT110 to create
pMS7. pMS7 was transformed to JH642 to yield MH5863 (QydhQ). MH5889
(AtatCY) was created by transforming chromosomal DNA from AtatCY-AtatCD
to JH642 and selecting on spectinomycin. Transformants were screened on plates
containing kanamycin to confirm the single mutation. MH5881 (AtatCY QydhQ)
was generated by transforming chromosomal DNA from MHS5863 ({ydhQ) into
MHS5889 (AtatCY).

MHS5890 (rrnE-23S::Tn10-2 Kn") was created by transforming the antibiotic-
switching vector pVK73 into MHS5883 (rrnE-23S::Tnl0-2 Spc”) and selecting on
kanamycin. Transformants were screened for spectinomycin sensitivity to con-
firm that the antibiotic switch was successful. Transformation of chromosomal
DNA from MH5889 (AtatCY) to MH5890 (rrnE-23S::Tnl0-2) yielded MH5874
(AtatCY rrmE-23S5::Tnl0-2).

To construct a plasmid for overexpressing YdiH, we amplified the entire
coding sequence of ydiH by using the primers FMH790 (5'-TACATATGAAT
AAGGATCAATCAAAAATTCCGCAGGCGA-3'; Ndel site underlined) and
FMHT791 (5'-TAGGATCCCTATTCGATTTCCTCTAAAACTGAATAATGC-
3’; BamHI site underlined). JH642 was used as the template for PCR. The
resulting PCR product was cloned to pCR2.1 to create pMS41. After DNA
sequence confirmation, the coding sequence of ydiH was released from pMS41 by
digestion with Ndel and BamHI and cloned to the Ndel and BamHI sites of
pET16b to create pMS43. pMS43 was transformed to E. coli BL21(DE3)/pLysS,
and representative transformants were used for overexpression of the YdiH
protein.

Genetic manipulations. Transformation of B. subtilis was by the two-step
transformation method of Cutting and Vander Horn (4). Transformants were
selected on tryptose blood agar base medium (TBAB) supplemented with 0.5%
glucose (TBABG) and the appropriate antibiotic. Antibiotics were added to the
medium for selection of B. subtilis transformants at the following concentrations:
chloramphenicol, 5 pg/ml; erythromycin, 1 pg/ml; spectinomycin, 100 wg/ml;
tetracycline, 10 pg/ml; kanamycin, 10 pg/ml; and erythromycin, 1 pg/ml, and
lincomycin, 25 pg/ml (mls). Preparation of PBSI transducing lysates and PBS1
transduction were performed by the method of Cutting and Vander Horn (4).
Transductants were selected on TBABG plates with the appropriate antibiotic at
the concentrations listed above. Transformation of E. coli was done according to
the method of Hanahan (10). Transformants were selected on Luria-Bertani
(LB) plates containing ampicillin (100 pg/ml).

The plasmid pIC333 was used as the source for Tn/0 mutagenesis. Transpo-
sition was performed in the wild-type (JH642) background following the method
of Steinmetz and Richter (29). Chromosomal DNA from the Tn/0 library was
used to transform MHS5857 (AresDE cmp). These transformants were picked to
TBAB, TBABG, TBABG-spectinomycin, TBABG-chloramphenicol, and
TBABG-tetracycline plates. Any Tn/0 insertion that cotransformed with a wild-
type copy of the cmp locus was identified based on the reversion from the AresDE
cmp phenotype to the AresDE phenotype on TBAB and TBABG plates. Further
confirmation of a Tn/0 insertion near the cmp locus was obtained by backcross
transformation of Tn/0 to a strain bearing the cmp mutation in order to deter-
mine the frequency at which each Tn/0 was linked to the wild-type copy of the
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cmp locus. This frequency was based on the number of Tn/0-bearing transfor-
mants that reverted from the AresDE cmp phenotype to the AresDE phenotype
on plates.

Growth conditions and enzyme assays. Growth for measurement of cydA-lacZ
expression was performed in LB medium supplemented with 0.5% glucose.
B-Galactosidase activity was detected by the method of Ferrari et al. (8). One
activity unit was defined as 0.33 nmol of o-nitrophenol produced min~', and the
specific activity was calculated as activity per milligram of protein. When appro-
priate, IPTG was added at a final concentration of 1 mM to the medium.
Alkaline phosphate (alkaline phosphatase) activity was measured in cells that
had been grown in low-phosphate defined medium (LPDM) as described previ-
ously (13).

Phenotypic characterization of mutant strains. The percentage of heat-resis-
tant spores was determined by the method of Nicholson and Setlow (22). Cyto-
chrome oxidase activity was assayed with TMPD as a substrate as previously
described by Muller and Taber (18). Organic acid production was measured on
purification agar medium plates by the method of Carls and Hanson (2). An-
aerobic growth on plates was carried out in a BBL GasPak jar with BBL GasPak
anaerobic system chemicals added according to the manufacturer’s instructions.
TBABG plates supplemented with 0.2% KNO; were used as the medium for
anaerobic growth.

Preparation and spectrophotometry of solubilized membrane vesicles. Mem-
brane vesicles were prepared as described by Bisschop and Konings (1), with the
following modifications. Cells were collected from stationary-phase cultures
grown in LB medium with 0.5% glucose. DNase and RNase were omitted from
the lysis procedure. Solubilization of cytochromes and analysis of difference
absorption spectra were performed as described by Mueller and Taber (18).
Difference absorption spectra (dithionite reduced minus ferricyanide oxidized)
were recorded at room temperature at a scan speed of 5 nm/s with a Hitachi
U-2000 spectrophotometer. Reduction and oxidation were performed as previ-
ously described (18).

Inverse PCR. In order to determine the site of each Tn/0 insertion, inverse
PCR was performed. Chromosomal DNA from MHS5882 (TnI0-1) or MH5883
(Tnl0-2) was subjected to digestion with Pstl. Following digestion, each sample
was ethanol precipitated and diluted to 10 pl in T4 DNA ligase buffer and
treated with T4 DNA ligase overnight to allow for self-ligation. PstI cuts once
within the Tn/0 insertion and then will cut the chromosomal DNA adjacent to
the Tnl0 insertion at the next Pstl site. The resulting product was used as the
template in a two-step inverse PCR. Based on the sequence of pIC333, two sets
of primers were developed complementary to each end of the Tn/0 remaining.
FMH442 (5'-GCTATATCCAGTAAAGTTACAT-3") and FMH443 (5'-GTGG
GAAGGACTATATTCA-3") were used in the first step of the PCR process. The
product generated by these primers was diluted and used as the template for a
second PCR. FMH446 (5'-ACATGCTCTTTAGGTA-3") and FMH447 (5'-CC
TCTTGTGAAATTAG-3") were used to generate the second PCR product. The
resulting PCR product was purified following the manufacture’s instructions for
the Microcon PCR kit (Millipore). DNA sequencing of the purified PCR prod-
ucts was performed by the University of Chicago Cancer Research Sequencing
Center. In order to confirm the insertion of TnZ0-1 in cydD, we performed PCR
with FMH438 (5'-AGCGAGTCAGTGAGCGAGGA-3') complementary to
Tnl0 and FMH782 (5'-CGGAGCTGGTGAACAACCTT-3") complementary to
positions —372 to —352 of cydD, using MH5882 as the template for the PCR.
The resulting PCR product was purified and sequenced, confirming the insertion
of Tnl0-1 in cydD. In order to confirm the insertion of Tnl0-2 in rrnE-23S, we
again used FMH438, which was paired with FMH783 (5'-CCGTGTGCCTACC
TACAAGTAGTC-3") complementary to positions 563 to 583 of rrnE-23S, using
MHS5883 as the template for PCR. Again the resulting PCR product was purified
and sequenced, confirming the insertion of TnZ0-2 in rmE-23S.

PCR identification of the cmp locus. In order to identify the locus of the cmp
mutation, we designed 15 pairs of PCR primers spanning the region from 88 bp
upstream of the start of translation of #iL to 98 bp into the coding sequence of
tatCY. The sequence and position of all primers used to identify the cmp locus
are found in Table 2. These primers were used to amplify 15 overlapping PCR
fragments, using MH5857 as the template DNA. All PCRs were performed in
triplicate, and the resulting products were purified with the Microcon PCR
purification kit. The resulting PCR products were sequenced, and the sequence
was compared to the published genome sequence for each region. The corre-
sponding protein sequence for all mutations found was determined with Clone
Manager (SciEd Central) and compared to the wild-type protein sequence for
the given locus obtained from the B. subtilis genome sequence database, Sub-
tiList (http:/genolist.pasteur.fr/SubtiList/).

Overexpression and purification of YdiH. E. coli BL21(DE3)pLysS harboring
pMS43 was incubated overnight at 37°C in LB medium containing ampicillin
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TABLE 2. Primers used of the identification of the cmp locus

Primer Sequence (5" — 3') Starting location (bp)
FMH617 CGGGAACATCTTGGATAAT —88 of thiL
FMH618 TCCGTCACTAACATCATTT 637 of thiL
FMH619 GCCTGAGCCAAGAGTAAGC 581 of thiL
FMH620 GTCGGACTGTTTACAATACG 165 of ydiB
FMH621 GGAGACGTCCTGACATTAGA 191 of ydiB
FMH622 GCGGTGCCATATCACAATCAT 142 of ydiC
FMH623 GCGCTGCTTCGAGAAGACAC 45 of ydiC
FMH624 GCCAGCCGCAAGTAATCCG 634 of ydiC
FMH625 GCGCCTTCAGAATTGGCTT 608 of ydiC
FMH626 GCAGTCTCATCACAGCTTGTT 38 of gep
FMH627 CGCTTGAAGTGAGGTTTCG 316 of ydiD
FMH628 CGGTCCACCCGGATATGGC 539 of gep
FMH629 GCGGCAGGAGAAGCCTAC 495 of gep
FMH630 CCTCAGCCCTTTATCCATCAA +104 gep
FMH649 CGCTCCTTAAACAGATCATA —118 of ydiF
FMH650 GGCTTTGAACCTGTGTAGA 469 of ydiF
FMH651 GGCGGTTATCAATATGAAGC 399 of ydiF
FMH652 GAGCATGAATGACACTTCTG 1040 of ydiF
FMH653 CAGAGCGGAAATGAAGTCCT 961 of ydiF
FMH654 GGGTCACATAGCAATTCATC 1811 of ydiF
FMHG655 CCAACGACTCCGTCGGATT 1722 of ydiF
FMH656 CCCATTCGGACAAAAGAGATT 1903 of ydiF
FMH657 CAGCTGATTAGCTTGTAAGAT 7 of ydiF
FMH658 GCGCTTCCATTTCCACAC 335 of ydiG
FMH659 GTGCCATCCGCTTTCATTG 225 of ydiG
FMH660 CGGATGATACACGCTGTT 109 of ydiH
FMH661 CGGCTGCCGCTTTACTATCG 43 of ydiH
FMH662 CGGCATATTTGGGCTCCTC 6 of tatAY
FMH663 GGTCGGCATTAGGAATCAAG 494 of ydiH
FMH664 GCGCTACAATCAGCAACC 79 of tatCY

(100 wg/ml) and was used to inoculate 1 liter of the same medium at a ratio of
1 to 100. The cells were grown at 30°C until the optical density at 600 nm (OD)
of the culture reached about 0.4. IPTG was then added to the culture at a final
concentration of 1 mM, and growth continued for another 3 h. The cells were
harvested by centrifugation (5,000 X g) at 4°C and washed once with buffer A (1
M NaCl, 5 mM MgCl,, 10 mM dithiothreitol [DTT], 50 mM Tris-HCI [pH 7.8]).
The cell pellets were then suspended in 50 ml of prechilled buffer A on ice,
containing 1 mM phenylmethlysulfonyl fluoride) and were immediately subjected
to sonication. The disruption of cells was confirmed by phase-contrast micros-
copy. After centrifugation at 40,000 X g for 1 h at 4°C, the supernatant fraction
was filtered through a 0.45-pm-pore-size membrane (Amicon). After adding a
1/50 volume of 0.5 M imidazole in buffer A, the clear cell lysate was mixed with
a 2-ml Ni-nitrilotriacetic acid (NTA) (QIAGEN) affinity resin, preequilibrated
with buffer A. After gentle shaking at 4°C for 30 min, the mixture was loaded
onto an Econo column (inside diameter, 2.5 cm; height, 10 cm; Bio-Rad). The
column was washed with buffer A until the elute contained nondetectable protein
concentrations according to a Bio-Rad protein assay. The protein bound to the
Ni-NTA resin was eluted by using 300 mM imidazole in buffer A. The protein
fractions were dialyzed stepwise at 4°C against buffer A containing 20% glycerol
with decreasing concentrations of NaCl from 1 M to 0.8, 0.6, 0.4, 0.2, and finally
0.1 M. The purity of YdiH proteins was over 95% as judged by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).

Preparation of cydA promoter probe. Primers FMH792 and FMH793 were end
labeled with T4 polynucleotide kinase (Fermentas) in the presence of
[y-**P]ATP, separated by SDS-PAGE, extracted from the SDS gel slices, and
then ethanol precipitated. PCR was conducted with primer pair FMH792 and
FMH?793 and with JH642 chromosomal DNA as template. For the probes used
in the gel shift assay, FMH792 and FMH793 were both radiolabeled. For radio-
labeling the coding or noncoding strand, radiolabeled FMH792 and FMH793 or
FMH?792 and radiolabeled FMH793 were used, respectively. The PCR products
were extracted by PAGE and purified by an Elutip-D minicolumn (Schleicher &
Schuell, Keene, N.H.) as described in the instruction manual. Similar techniques
were used to prepare a probe lacking the YdiH binding site, using primers
FMH792 and FMH?794. All primer sequences and positions are listed in Fig. 4A.

Gel shift assays. The cydA probes were prepared as described above. In each
reaction, the desired concentration of protein and the probe (20,000 cpm) were
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incubated in buffer {25 mM PIPES [piperazine-N,N’-bis(2-ethanesulfonic acid)],
pH 6.1, 25 mM NaCl, 0.5 mM DTT, 2 mM EDTA, 2 mM MgCl,, 5% glycerol}
for 30 min at room temperature. The samples were loaded onto a 4% polyacryl-
amide gel made in 1X Tris-borate-EDTA. The gel was run at 4°C for 1.5 h,
vacuum dried, and detected by Phosphorlmager analysis.

DNase I footprinting of the cyd4 promoter. In each reaction, required protein
and the probes (20,000 cpm) were incubated at room temperature for 30 min in
buffer (10 mM HEPES, pH 6.1, 50 mM NaCl, 10 mM MgCl,, 1 mM EDTA, 1
mM DTT, 10% glycerol). DNase I (3 pl of 0.04 U/ul in 5 mM MgCl,, 5 mM
CaCl,) was added to each reaction mixture, and digestion was conducted for 60 s
for protein-containing samples and 30 s for protein-free samples. The reaction
was stopped, and the DNA fragments were purified by phenol extraction fol-
lowed by ethanol precipitation. The DNA fragments were run on a 4% poly-
acrylamide gel containing 7 M urea and detected by PhosphorImager analysis
and/or X-ray film (Fuji) radiography.

RESULTS

Identification and characterization of cmp mutants. B. sub-
tilis strains containing AresDE mutations grew poorly on solid
TBAB medium and, with time, developed opaque segregates
within the lysing AresDE colonies. These segregates had an
improved growth phenotype. Pure cultures were isolated from
the opaque papillae or sectors and named cmp mutants be-
cause they compensate for the AresDE poor growth phenotype.
We asked what other AresDE phenotypes were suppressed by
a cmp mutation (Table 3). AresDE cmp mutant strains did not
produce the pink colony color on TBABG or accumulate acid,
characteristics of a AresDE strain (31). They also oxidize the
terminal oxidase substrate, TMPD, and sporulate similar to a
wild-type strain. Previous reports (30) have shown that ResD is
required for 80% of the wild-type level of alkaline phosphatase
induction. We have found that strains bearing the cmp muta-
tion bypass the requirement for ResD for full alkaline phos-
phatase induction (Table 3). However, the cmp mutation does
not compensate for the loss of resDE for anaerobic growth
(19-21) or ctaA expression (23, 38). Both ctaA and genes
required for anaerobic growth require ResD as a transcription
activator, suggesting that the nature of the crmp mutation is not
to simply fill the role of ResD as a transcriptional regulator for
Res regulon members.

Identification of Tn10 insertions linked to the crmp mutation
by transformation. Tn/0 mutagenesis of AresDE cmp strains
was performed by using a TnZ0 insertion library generated in
JH642. Transformants of the Tnl0 library into AresDE cmp
strains were screened for any Tn/0 insertion close to the cmp
locus that had cotransformed with a wild-type copy of the cmp
gene leading to a phenotypic reversion from that of a cmp
AresDE strain to a AresDE strain. Screening was performed as
described in Materials and Methods and identified six candi-
date Tn/0 insertions, which were selected for further study.

Backcross transformation of chromosomal DNA from each
Tnl10 into a number of AresDE cmp strains was performed to
determine the proximity of each Tn/0 to the cmp locus. These
transformations placed the candidate Tn/0 insertions in two
classes. The first class, MH5882 (Tn10-1), was linked by back-
cross transformation to the cmp locus in 100% of the transfor-
mants screened; while the second class, MH5883 (Tn/0-2), was
linked in 70% of the transformants screened.

Additionally, we have shown that MHS5882 (AresDE cmp
cydD::Tnl0-1) behaves phenotypically as a AresDE strain with
regards to growth, red pigment formation, sporulation, TMPD
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TABLE 3. Phenotypic characterization of mutants used in this study

Strain (relevant genotype) Growth® . Red . Sporula_tion Oxidization Accuml_xlatiqn of Anaerobic ctaA-la_cZ Alkgline Phosphatase
pigmentation (%) of TMPD? organic acids® growtl/  expression® induction (%)"
JH642 (wild type) + - 50 + - + + 100
MHS5202 (AresDE) +/— + 0.9 - + - - 20
MHS5857 (cmp AresDE) + - 47 + - - - 100
MHS5893 (OydiH AresDE) + - 33 + - - ND' 100
MHS5891 (QydiH) + - 44 + - + ND 100
MHS5882 (cydD::Tnl0-1 AresDE ~ +/— + 0.3 - + - ND 20
cmp)
MHS5885 (AresDE Pspac- + - 20 + - - ND ND
¢cydABCD with IPTG)
MHS5885 (AresDE Pspac- +/= + 4 - + - ND ND

¢ydABCD without IPTG)

“ Growth on TBAB medium without glucose.

® Pink colony on TBABG medium.

¢ Percentage of colonies forming heat-resistant spores.

@ Ability to oxidize artificial electron donor TMPD.

¢ Accumulation of organic acids on purification agar medium plates.

/ Anaerobic growth in medium containing nitrate.

& Expression of a ctaA-lacZ fusion under phosphate-limiting conditions.
" Percentage of wild-type level of alkaline phosphatase induction.

i ND, not determined.

oxidation, acid accumulation, anaerobic growth, and alkaline
phosphatase induction (Table 3). This indicates that this Tn/0
insertion is sufficient to complement the cmp mutation.

Tni0-1 and Tni0-2 are inserted approximately 75° apart on
the chromosome. DNA adjacent to Tn/0-2 in MH5883 was
amplified by inverse PCR and sequenced. The sequence re-
vealed that Tnl0-2 was inserted after bp 922 of a 23S rRNA
gene. To determine which of the 10 genomic copies of the 23S
rRNA contained Tnl0-2, we performed PBSI1 transduction
mapping, which placed Tnl0-2 in rrmE-23S (54.4°) between
phoB (64% linked, 53°) and purB (84% linked, 56.9°).

The use of similar techniques with strain MH5882 placed
Tnl0-1 after bp 316 in cydD. cydD is located at 339° in the B.
subtilis genome within an operon that encodes cytochrome bd
oxidase (cydAB) and a putative ABC transporter (cydCD) re-
quired for the transport of cytochrome bd ubiquinol oxidase
(35). These data place Tnl0-1 and Tnl0-2 approximately 75°
apart on the B. subtilis chromosome, indicating that both in-
sertions cannot be cotransformed with the cmp locus. Because
Tnl0-1 caused a reversion from the AresDE cmp phenotype to
the AresDE phenotype 100% of the time, we reasoned that

cydD and cytochrome bd might be essential to the cmp mutant
phenotype and that Tn/0-2 was likely close to the cmp locus.

cmp maps to the phoB-purB region. PBS1 transduction map-
ping showed that phoB (MH1562) and purB (1A601) cotrans-
duced with the cmp locus at frequencies of 66 and 58%, re-
spectively, indicating that the cmp locus was close to Tn/0-2.
The location of the cmp mutation was further analyzed in a
three-factor cross, using MH5881 (AtatCY AydhQ) as the do-
nor strain and MH5857 (cmp) as the recipient strain, which
placed the cmp mutation between tatCY and ydhQ (Table 4
and Fig. 1). This region contains approximately 14 kb of DNA
including rrmE-23S (Fig. 1A). To further define the region
containing the cmp mutation, a second three-factor cross was
performed with MHS5874 (AtatCY nnE-23S::Tnl0-2) as the
donor strain and MH5857 (cmp) as the recipient strain (Table
4 and Fig. 1). These results clearly demonstrated that the cmp
mutation was located between tatCY and rnE-23S (Fig. 1B).

Each AresDE cmp strain has a mutation in YdiH. To deter-
mine the exact location and nature of the cmp mutation, we
sequenced the 8-kb region between nmE-23S and tatCY in
MH5857 (AresDE cmp). The primers used in this sequencing

TABLE 4. Transformation mapping of the cmp locus”

Transformation recipient Transformation donor

Transformant phenotype Frequency (%)

MHS5857(cmp)
Cross 1 MHS5881 (tatCY::Spc' ydhQ::Erm")
Cross 2 MHS5874 (tatCY:Spc' rrmE-23s:Kn")

Spc'Erm°cmp 41
Spc’Erm® 38
Spc'Erm* 14
Spc'Erm‘cmp 7
Spc’ Kn® 59
Spc’ Kn" 21
Spc' cmp Kn® 15
Spc" ecmp Kn" 5

“ The frequency of each transformant obtained is shown. In cross 1, three-factor cross transformation using MH5881 (AydhQ AtatCY) as the donor strain and MH5857
(cmp) as the recipient strain was selected on Spc” and screened for Erm" and the cmp phenotype. In cross 2, three-factor cross transformation using MH5874 (AtatCY
rmE-23s::Tnl0-2) as the donor strain and MHS5857 (cmp) was selected on Spc™ and screened for Neo™ and for the cmp phenotype.
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Tn10-2
A B Kn"
Erm’ Spc” Erm' Spc’
ydhQ cmp tatCY ydhQ rrnE-23s cmp tatCY
< > «——> —>
14kb 6kb 8kb

FIG. 1. Transformation mapping of the cmp locus. The frequency
of each transformant obtained is shown in Table 4. Three-factor cross
transformation using MHS5881 (AydhQ AtatCY) as the donor strain and
MHS5857 (cmp) as the recipient strain was selected on Spc" and
screened for Erm" and the cmp phenotype, as shown in Table 4.
Three-factor ~ cross transformation using MHS5874 (AtatCY
rrmE-23S::Tnl0-2) as the donor strain and MHS5857 (cmp) was selected
on Spc" and screened for Neo" and for the cmp phenotype, as shown in
Table 4. (A) The first three-factor cross (cross 1 in Table 4) places cmp
in the 14-kb region between ydhQ and tatCY. (B) The second three-
factor cross (cross 2 in Table 4) localizes cmp between the Tnl0-2
insertion and tatCY.

are found in Table 2, and the procedure for this sequencing is
described in Materials and Methods. The only alteration from
the published sequence (16) in this 8-kb region of MH5857 was
a 13-bp deletion 136 bp into the coding sequence of ydiH
(Table 5).

Additional isolates of AresDE strains containing a cmp mu-
tation were sequenced, yielding three additional alleles of ydiH
(Table 5). MH5859 contained an insertion of a single A-T base
pair after bp 189 of ydiH. MH5887 contained an A-to-T change
7 bp into ydiH. Finally, MH5888 contained a G-to-A change
157 bp into ydiH.

The mutation found in MH5857 created a frameshift after
the 45th codon of ydiH that leads to a stop codon after 79
amino acids (aa). The mutation found in MHS5859 created a
frameshift after the 63rd codon of ydiH that placed a stop
codon 4 codons later. The mutation found in MHS5887 created
a nonsense codon after the second codon in ydiH, encoding a
peptide of just 2 aa. The mutation in MHS888 creates a full-
length protein but has a base pair substitution at position 157
that leads to a missense mutation changing aa 53 from aspar-
tate to asparagine. The effect of this cmp mutation will be
nonpolar with regards to fat4Y and tatCY, the genes down-
stream of ydiH in the operon. Residue 53 appears to be crucial
to the protein function, and based on the results of a BLAST
search, is conserved among the 10 additional members of the
family of proteins that includes YdiH. This family is composed
of prokaryotic DNA-binding proteins and includes p25, a re-
cently characterized DNA-binding protein from 7. aquaticus
YT-1 (6). Together, these data suggest that the nature of the
cmp mutation is a loss-of-function mutation in ydiH, a gene
encoding a protein with homology to a family of AT-rich DNA-
binding proteins.

A loss-of-function mutation in ydiH is the sole mutation
responsible for the cmp phenotype. To determine if the loss-

TABLE 5. Mutations found in ydiH in AresDE cmp strains

Strain Mutation Result
MHS5888 G157 — A Asp — Asn
MH5859 A insertion after 189 Frameshift
MHS5857 A136-149 Frameshift
MHS5887 A7—T Nonsense
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FIG. 2. Growth and cydA-lacZ expression from B. subtilis strains
cultured for 11.5 h in LB medium supplemented with 0.5% glucose.
Growth, solid symbols; B-galactosidase, open symbols. ®, MHS5878
(wild-type cydA-lacZ); A, MHS5880 (AresDE cydA-lacZ); ¥, MH5879
(AresDE cmp cydA-lacZ); m, MH5891 (QydiH cydA-lacZ); ¢, MH5893
(AresDE QydiH cydA-lacZ).

of-function mutation in ydiH found in our AresDE cmp strains
is the sole mutation responsible for the cmp phenotype in that
background, we created an independent disruption of ydiH
(MHS5891) by cloning a 516-bp internal fragment of ydiH into
pDG1727 and transforming the plasmid to JH642 to yield
MHS5891. Transformation of chromosomal DNA from
MH5202 (AresDE) into MH5891 (QydiH) yielded a resDE ydiH
double mutant strain (MH5893). The growth of MH5893
(AresDE QydiH) was similar to that of a AresDE cmp strain on
both TBAB and TBABG plates (Table 3). MH5893 (QydiH
AresDE) was phenotypically identical to the AresDE cmp strain
with regard to anaerobic growth and acid accumulation, sporu-
lation, TMPD oxidase activity, and levels of Pho induction
(Table 3). The phenotypes of strains bearing a single-crossover
insertion in ydiH (MH5891) were unchanged from that of the
parent strain, JH642 (Table 3). These data confirm that the
nature of the crmp mutation is that of a loss-of-function muta-
tion in ydiH.

Cytochrome bd is aberrantly expressed in a cmp mutant
strain. Based on the fact that a Tn/0 insertion in cydD caused
a suppression of the AresDE cmp phenotype to the AresDE
phenotype 100% of the time, we hypothesized that cytochrome
bd played an important role in the cmp phenotype. Aberrant
expression of cytochrome bd in strains bearing mutations in
ydiH was observed in cydA-lacZ fusion studies (Fig. 2). We
found that a wild-type strain and a strain bearing a single
mutation in resDE failed to express the cydA-lacZ fusion dur-
ing stationary phase in cells grown in LB medium with 0.5%
glucose. In contrast, strains bearing mutations in ydiH,
MH5891 (WdiH cydA-lacZ), MH5879 (AresDE cmp cydA-
lacZ), and MH5893 (AresDE QydiH cydA-lacZ), all express the
cydA-lacZ fusion under these growth conditions. In order to
confirm this aberrant expression, we examined light absorption
difference (dithionite reduced minus ferricyanide oxidized)
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FIG. 3. Light absorption difference (dithionite reduced minus ferricyanide oxidized) spectra of membranes from strains JH642 (wild type),
MHS5202 (AresDE), MH5887 (AresDE cmp), MH5891 (QydiH), and MHS5893 (QydiH AresDE). B. subtilis strains were grown in LB medium with
0.5% glucose and harvested during stationary phase. A representative spectrum is shown for each strain. (A) JH642. (B) MH5857. (C) MH5202.

(D) MHS5891. (E) MH5893.

spectra from these strains grown under the same conditions to
stationary phase (Fig. 3). The aberrant expression of cyto-
chrome bd in strains bearing loss-of-function mutations in ydiH
was observed in spectra from a strain bearing the cmp AresDE
mutation (Fig. 3B), in the parental strain containing a disrup-
tion mutation in ydiH (Fig. 3D), and in the ydiH resDE double
mutant strain (Fig. 3E). Figure 3B, D, and E show the spectral
pattern associated with cytochrome bd: that is a characteristic
trough at 650 nm, a peak at 622 nm, and a peak at 595 nm that
we would normally not observe in a strain bearing a AresDE
mutation (Fig. 3C). This expression pattern has previously
been established for a strain producing cytochrome bd (35).
Cytochrome bd is not present in membranes from a wild-type
strain or a AresDE strain grown under the same conditions
(Fig. 3A and C, respectively). These data suggest that cyto-
chrome bd is being aberrantly expressed in a cmp strain which
bears a loss-of-function mutation in YdiH, a member of a
family of DNA-binding proteins, suggesting that YdiH might
function as a repressor of the cydABCD operon.

ydiH binds to the cyd4 promoter. Winstedt et al. (35) de-
scribed primer extension experiments using mRNA harvested

from cells grown to the exponential-growth phase, transition
phase, or stationary phase that identified a major cydA tran-
script start site located at —193 bp upstream of a translational
start site. A putative SigA-dependent —10 and —35 region
(Fig. 4A) was found upstream of the transcriptional start site.
An inverted repeat, —114 to —107, was proposed as the bind-
ing site for regulatory protein(s) (35) (Fig. 4A). To determine
if YdiH’s regulation was direct or indirect, binding of YdiH to
the cydA promoter was tested by using gel shift assays (Fig.
4B). The YdiH-cyd4 DNA complex formed at a concentration
of 316 nM YdiH. An increasing concentration of YdiH led to
the formation of a large-molecular-weight complex, suggesting
that YdiH binds to DNA at more than one site and/or YdiH
oligomerized upon DNA binding. To further understand the
nature of YdiH-DNA complex, we conducted DNase I protec-
tion assays (Fig. 4C). YdiH protected three regions on either
strand. The regions that were protected were —28 to —54, —60
to —86, and —88 to —122 on the coding strand and —32 to
—59, —65 to —91, and —94 to —126 on the noncoding strand.
The regions between these three protected regions were more
sensitive to DNase I digestion than that of YdiH-free sample,
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indicating these regions were exposed due to YdiH binding.
Further DNA sequence analysis revealed three tandem 22-bp
repeats, —120 to —109, —85 to —64, and —53 to —32, with a
consensus sequence, 5'-TTTGTGAA(A/T/G)TA(T/C/G)TGA
(G/T)CAA(A/T)(A/T/G)T-3" (Fig. 4D). Additional gel shift
assays using a cydA promoter probe (PCR product of primers
FMH792 and FMH794, Fig. 4A) that lacks the YdiH binding
site, showed no YdiH-cyd4 complex formation when YdiH
concentrations as high as 1 uM were used (data not shown). A
graphical description of YdiH binding relative to all transcrip-
tion and translation start sites is found in Fig. 4E.

Cytochrome bd is sufficient to create the cmp mutant phe-
notype. In order to confirm the role of cytochrome bd in the
cmp phenotype, we created a strain in which the cydABCD
operon was under the control of an inducible promoter (P,,.)
in a AresDE background (MH5885). We then asked if expres-
sion of cytochrome bd in this background would be sufficient to
create the phenotypes associated with a cmp AresDE strain. We
found that induction of cytochrome bd was sufficient to com-
pensate for the loss of ResD for all phenotypes normally as-
sociated with the ¢cmp mutation (Table 3). The same strain
grown without induction of cytochrome bd mimicked the phe-
notype of a AresDE strain (Table 3).

DISCUSSION

In this report, we have shown that spontaneous mutations
arise in B. subtilis resDE strains that compensate for the loss of
ResD for all known phenotypes that are not associated with
ResD’s role as a transcriptional activator. Previous reports (7)
have demonstrated that strains deficient in CcdA, which is
proposed to play a role in keeping two critical cysteinyls in
apocytochrome C reduced, can pick up secondary mutations in
either bdbC or bdbD which code for thiol-disulfide oxidoreduc-
tases. These secondary mutations complement the loss of
CcdA for a number of phenotypes. An additional report (25)
demonstrated that Bacillus stearothermophilus strains deficient
in cytochrome caa have the ability to spontaneously produce
cytochrome bd. It was proposed that this takes place due to a
mutation in a repressor of the operon that produces cyto-
chrome bd. However, the nature of this mutation has not been
described to date.

The cmp mutation in a B. subtilis AresDE background is a
loss-of-function mutation in ydiH. YdiH has been assigned to a
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family of AT-rich DNA-binding proteins based on sequence
homology (16). Included in this family is p25, a protein from 7.
aquaticus YT-1 that has been recently characterized (6) and
was shown to bind AT-rich DNA segments within its regula-
tory regions. During the course of characterizing the crmp mu-
tation, we determined that cytochrome bd was aberrantly ex-
pressed in a AresDE cmp background (Fig. 2 and 3B),
suggesting that YdiH may serve as a negative regulator of the
¢ydABCD operon. We propose that this regulation is direct
based on the results of our gel-shift and DNase I protection
data (Fig. 4).

The 22-bp conserved repeats that were protected by YdiH
binding (Fig. 4D) suggested that YdiH may bind DNA as a
dimer to protect this relatively long region, equal to two turns
of the helix. The YdiH homologue protein, p25, an AT-rich
DNA-binding protein from 7. aquaticus YT-1, is a dimer in
solution (6).

The gel-shift pattern of the cydA4 promoter with increasing
concentrations of YdiH suggested that multiple complexes
were formed, a fact that was supported by DNase I protection
at three sites on the cyd4 promoter by YdiH (Fig. 4B and C).
The 10 to 13 bp between the direct repeats (each approxi-
mately equal to one turn of the helix) were apparently bent due
to YdiH binding as they were hypersensitive to DNase I diges-
tion. Low concentrations of YdiH initially bound to the —88 to
—122 region (Fig. 4C) followed by simultaneous protection of
two downstream binding sites at increasing concentrations.
This may suggest sequential and/or cooperative binding of
YdiH to the cydA promoter, which may be important for
YdiH’s function as a repressor. The cyd4 promoter region
contains a long untranslated region of 193 bp, a length similar
to the leader transcript for the #rpE operon (11, 27). The data
presented here are consistent with a repressor function for
YdiH, which binds at three sites 71 bp downstream of the
transcriptional start site. Transcription from the cydA pro-
moter likely proceeds through the initial 71 bp until RNA
polymerase encounters YdiH, leading to a loss of production
of functional cytochrome bd. Thus, one of the functions of this
untranslated region is to allow for repression of transcription
of the operon.

In characterizing the AresDE cmp strain, we found that all
phenotypes associated with a resDE mutation are suppressed
by the cmp mutation except for ctaA expression and anaerobic
growth, two phenotypes associated with ResD’s role as a tran-

FIG. 4. YdiH binds directly to the cyd4 promoter. (A) Structure of the cydA regulatory region. The major transcriptional start site is shown
with an asterisk. The inverted repeats and tandem repeats are indicated as dotted line arrows or solid arrows, respectively. The YdiH protected
regions revealed by the DNase I footprinting assay are shown by dotted lines above (coding strand) and below (noncoding strand) the sequence.
The consensus sequences for the —35 and —10 ¢ recognition sequences are underlined. The primer sequences used to generate PCR products
are in boldface, and broken arrows indicate the 5'-to-3’ sequence. The numbering is relative to the translation start (ATG) as +1 (also for panels
Cand D). (B) Gel shift assay of the cyd4 promoter with YdiH. The probe was the PCR product using radiolabeled primers FMH792 and FMH793
and JH642 chromosomal DNA as template. The primer was labeled as described in Materials and Methods. The concentrations of YdiH used are
indicated at the top of each lane. (C) DNase I footprinting of the cyd4 promoter by using YdiH. Labeled DNA fragments were generated as in
panel B. For the coding or noncoding footprint, FMH792 or FMH793 was end labeled, respectively. The YdiH concentrations are shown at the
top of each lane. F, free of YdiH; G, Maxam-Gilbert G-sequencing reaction lane as a marker. The vertical lines show the YdiH protected regions.
(D) The cydA promoter alignment for directed repeats. The consensus sequence is shown above, and the [IUPAC (the International Union of Pure
and Applied Chemistry) ambiguity codes for DNA were used: D = A, T, or G; B =T, C, or G; K = G or T; and W = A or T. The identical base
pairs among the three repeats are in bold. (E) Graphic representation of YdiH binding on the cydA4 promoter. Solid black boxes represent the three
YdiH binding site on the cydA promoter region. The boxes with vertical lines represent the consensus —10 and —35 for o identified previously
(35). The numbering is relative to the translational start (ATG) as +1. For simplicity, only coding strand protected regions are numbered. The
transcription start site is identified with a broken arrow.
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scriptional activator (Table 3). This suggests that the role of
the ¢cmp mutation is not to simply create a mechanism to
bypass the activity of ResD in the cell as a transcriptional
activator. Rather, it is the expression of cytochrome bd that is
responsible for the phenotypic changes associated with a cmp
mutation. This hypothesis is strongly supported in our studies
with MH5885 (AresDE P, -cydABCD). In the presence of
IPTG, this strain expressed the cydABCD operon and behaved
phenotypically as a strain bearing a ¢cmp mutation. In the ab-
sence of IPTG, this strain behaves in a manner similar to a
AresDE strain (Table 3). In the case of sporulation, previous
work (34) has suggested that a heme-copper oxidase (either
aas or caas) is required for efficient sporulation. However,
these sporulation assays were performed in NSMP medium, a
medium in which cytochrome bd is poorly expressed (35). Our
AresDE strains, which cannot make cytochrome aas or caas,
are sporulation defective; however, the cmp AresDE double
mutants that aberrantly express cytochrome bd sporulate at
wild-type levels, suggesting that either a heme-copper oxidase
or cytochrome bd is sufficient to allow for efficient sporulation.

In an effort to characterize the gene expression patterns of
B. subtilis under various respiratory conditions, Ye et al. per-
formed microarray analysis on a strain bearing a resDE muta-
tion grown under aerobic respiratory conditions in 2X YT
medium supplemented with 1% glucose and 20 mM K;PO,
(36). They found that the cydABCD operon was induced in a
strain bearing a resDE mutation compared to the wild-type
strain. A possible explanation for this discrepancy is that dur-
ing the course of study, their resDE strain acquired a cmp
mutation (a frequent phenomenon), leading to aberrant ex-
pression of the cydABCD operon. Our studies using 2X YT
medium supplemented with 1% glucose and 20 mM K;PO,
demonstrated that cydA-lacZ expression was reduced in a
AresDE strain in comparison to that in the wild-type strain
(data not shown).

Our analysis of B. subtilis strains bearing crmp mutations has
provided insight into the function of YdiH. Based on the fact
that the cmp mutation appears to be a loss-of-function muta-
tion in ydiH (putative DNA-binding protein) and that strains
bearing the cmp mutation aberrantly express cytochrome bd,
we proposed that YdiH functions as a negative regulator for
¢ydABCD expression. DNA-binding assays have demonstrated
that YdiH directly binds the cydABCD promoter region. This
binding takes place at three tandem repeats which are sepa-
rated by 10 to 13 bp. These direct repeats are located in the
long untranslated region of the cydABCD promoter. The ab-
errant expression of cytochrome bd in a AresDE background is
sufficient to suppress the phenotypes associated with the loss of
cyotochromes aa; and caa, in this background. Future studies
will determine how cmp mutations bypass the requirement for
ResD for full alkaline phosphatase induction (30) and what
insight we can gain from our understanding of the cmp mech-
anism into the role of ResD in alkaline phosphatase induction,
where it is normally required for 80% of the wild-type alkaline
phosphatase response.
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