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The bglA gene of Escherichia coli encodes phospho-f3-glucosidase A capable of hydrolyzing the plant-derived aromatic 3-gluco-
side arbutin. We report that the sequential accumulation of mutations in bglA can confer the ability to hydrolyze the related aro-
matic 3-glucosides esculin and salicin in two steps. In the first step, esculin hydrolysis is achieved through the acquisition of a
four-nucleotide insertion within the promoter of the bglA gene, resulting in enhanced steady-state levels of the bglA transcript.
In the second step, hydrolysis of salicin is achieved through the acquisition of a point mutation within the bglA structural gene
close to the active site without the loss of the original catabolic activity against arbutin. These studies underscore the ability of
microorganisms to evolve additional metabolic capabilities by mutational modification of preexisting genetic systems under
selection pressure, thereby expanding their repertoire of utilizable substrates.

he extraordinary versatility and adaptability exhibited by mi-

croorganisms are primarily responsible for their success in oc-
cupying a broad spectrum of niches. Bacteria have evolved differ-
ent strategies to cope with a variety of stresses encountered in their
natural habitats. When forced to grow in the presence of a novel
substrate as the sole carbon source, bacteria are able to evolve the
capability to utilize the novel substrate by modifying preexisting
genetic systems having related functions (1, 2).

Escherichia coli has several catabolic systems for the utiliza-
tion of plant-derived aromatic B-glucosides such as arbutin
(Arb), salicin (Sal), and esculin (Esc) (Fig. 1) that encode a
sugar-specific permease that is a part of the phosphotransferase
system (PTS) and a phospho-B-glucosidase necessary for the
hydrolysis of the sugar. Interestingly, many of these genetic
systems are silent and need a step of mutational activation to be
functional. The silent bgl operon of E. coli enables the utilization
of arbutin and salicin upon mutational activation (3). A homo-
logue of the bgl operon in Erwinia has been shown to confer the
ability to utilize esculin in addition to arbutin and salicin (4).
Prompted by this observation, el Hassouni et al. have examined
the role of the bgl operon of E. coli in esculin utilization. They have
reported that Bgl™ strains of E. coli can hydrolyze esculin and that
this ability is lost in mutants in which the transport and hydrolysis
functions have been abrogated (4).

The bgl operon consists primarily of three genes, bglG, bglF,
and bglB, encoding a positive regulator that acts as an antiter-
minator of transcription, the permease that transports and
concomitantly phosphorylates arbutin and salicin, and the
phospho-B-glucosidase B that hydrolyzes phospho-arbutin
and phospho-salicin, respectively. The bgl operon is silent in
most wild-type (WT) strains due to the presence of negative
elements upstream of the promoter; mutations such as the
transposition of insertion elements that abrogate the negative
elements result in the activation of the operon. The activated
operon confers a Bgl™ phenotype and has been shown to have
additional roles beyond the hydrolysis of aromatic B-gluco-
sides (see reference 5 and references therein).

The second silent system involved in B-glucoside utilization in
the absence of the bgl operon is the asc operon (6). It includes three
genes, ascG, ascF, and ascB. The ascG gene encodes a repressor,
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ascF encodes a nonfunctional permease, and ascB encodes a phos-
pho-B-glucosidase. In the absence of bglB, activation of the asc
operon through a promoter mutation enables salicin utilization,
with AscB providing the B-glucosidase function and BglF contrib-
uting the permease function (7).

E. coli carries a constitutively expressed bglA gene encoding
phospho-B-glucosidase A, which is a part of the glycosyl hydrolase
family 1 (8) and can hydrolyze phosphorylated arbutin, para-ni-
trophenyl--glucoside, and phenyl 3-glucoside but not phospho-
salicin (9). However, wild-type strains are unable to utilize arbutin
because of the lack of a permease (9). In the absence of BglB, BglA
can hydrolyze arbutin if BgIF is active and can provide the trans-
port function (7). The bglA locus of the Gram-positive bacterium
Streptococcus mutans, which has 72% similarity with E. coli bgB,
has been shown to be involved in esculin utilization (10). The
wild-type bglA gene of E. coli, however, is unable to confer the
ability to hydrolyze esculin.

In this study, we have explored the possible genetic systems
involved in esculin utilization in E. coli and have confirmed that
activated bgl and asc operons can confer the ability to utilize escu-
lin. We have also sequentially isolated esculin-positive (Esc™) and
salicin-positive (Sal™) mutants from E. coli lacking functional
BglB and AscB phospho-B-glucosidases by selecting for growth
first on esculin and then on salicin. We show that bglA encoding
phospho-B-glucosidase A specific for arbutin is the target of mu-
tations that enable hydrolysis of esculin and salicin in two sequen-
tial steps without the loss of its primary catabolic activity against
arbutin.
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FIG 1 Structure of the aromatic B-glucosides arbutin, salicin, and esculin.
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MATERIALS AND METHODS

Strains and plasmids. Bacterial strains and plasmids used in this study are
listed in Table 1.

Media and growth conditions. Bacterial cultures were grown in L
broth at 37 °C. 3-Glucoside utilization was detected by growing the strains
on MacConkey agar medium supplemented with 1% salicin, 1% arbutin,
or 0.4% esculin incubated at 37°C. B-Glucoside-positive strains were
scored based on their ability to form bright red colonies, while B-gluco-
side-negative strains form white/pale yellow colonies. Upon prolonged
incubation, newly arising (3-glucoside-positive mutants form red out-
growths (papillae). For growth assays on M9 minimal medium, cultures
were grown in L broth to early stationary phase, centrifuged, and washed
three times with M9 minimal medium without a carbon source. Cells were
resuspended in the same medium, and 5 pl of the diluted samples was
spotted on M9 minimal medium plates supplemented with 1% salicin, 1%
arbutin, or 0.4% esculin as a sole carbon source and incubated at 30 °C for
48 h. Growth on M9 minimal medium with 0.4% glycerol as a sole carbon
source served as a positive control.

For RNA extraction, cultures were grown in M9 minimal medium
with 0.4% sodium succinate. Antibiotics were added at the following con-
centrations: ampicillin at 100 pg/ml, kanamycin at 50 pg/ml, and tetra-
cycline at 15 pg/ml. P1 transductions were performed as described by
Miller (11).

Construction of plasmids. For the construction of the plasmids
PACDH-bgIAWT, pACDH-bglA®*" and pACDH-bgIAS"™" carrying the
bglA gene from the wild-type and Esc* and Sal™ mutant strains, respec-
tively, the bglA coding sequences were amplified using the forward primer
5'-TAGAGCTCAATTGACTCATCTGGAGCCT-3" and the reverse
primer 5-TAGAATTCCTTCATCGACTTAAAGCTTC-3'. The Sacl-
EcoRI fragments carrying bglA were cloned into the vector pACDH at Sacl
and EcoRlI restriction sites.

TABLE 1 List of strains and plasmids used in this study

Aromatic B-Glucoside Utilization in E. coli

Site-directed mutagenesis of wild-type bglA. The bglA gene with a
T-to-G change at position 583 [bglA(T583G)] was introduced by site-
directed mutagenesis using the plasmid pACDH-bgIA™ ™ as the template,
the forward primer 5'-CTGTTCGGTTACGGCTGCTCCGGCG-3'
and the reverse primer 5'-CGCCGGAGCAGCCGTAACCGAACAG-3’
(where boldface indicates the altered nucleotide to be introduced), and 1
pl of Pfu high-fidelity DNA polymerase (2.5 units/pl) (Thermo Scien-
tific). The PCR program was adopted from a Stratagene QuickChange
site-directed mutagenesis protocol.

Sequence analysis. DNA sequencing was carried out commercially at
Macrogen, South Korea. All DNA and protein alignment studies were
carried out using EcoCyc (http://ecocyc.org/), ClustalW (http://www.ebi
.ac.uk/Tools/msa/clustalw2), and UniProt (http://www.uniprot.org).

Structural analysis. The crystal structure of wild-type BglA was ob-
tained from the Protein Data Bank (PDB) (identification [ID] code
2XHY) (8), and mutant BglA(C195G) was modeled based on the crystal
structure using the Rosetta software program (12). For both proteins, the
centroid of the binding site of the sugar molecules was approximated
using the average of the coordinates of the two catalytic glutamate residues
(180 and 377). The docking of salicin to this binding site was performed
using the program Autodock, version 4.0 (13).

Saligenin assay. Cells were grown in M9 minimal medium with
0.4% succinate as a carbon source in the presence and absence of
inducer (7 mM salicin). At mid-log phase, 1-ml aliquots of the cultures
were harvested, washed in 0.9% saline, and resuspended in 0.1 ml of
saline. Salicin (0.1 ml of a 4% solution) was added, and the mixture
was incubated at 37 °C for 30 min. The reaction was stopped by the
addition of 0.5 ml of 2 M Na,COj;. Production of saligenin by cleavage
of phospho-salicin was detected by the addition of 0.5 ml of 0.6%
4-amino-antipyrine followed by 0.25 ml of K;Fe(CN) after 15 min at
room temperature. A positive reaction, indicated by the appearance of
red coloring, was quantified by measuring absorbance at 509 nm. Ab-
sorbance at 600 nm was used to normalize for cell density. Enzyme
activity was determined using the following formula: activity units =
Asgo X 10%/Ag0 X 10 X v X t, where v (ml) is the volume of concen-
trated cells used in the assay and ¢ (min) is the time of incubation (7).

Isolation of total RNA. Total RNA was isolated using the acid phenol
method (14). RNA was quantified by using a Bio-Rad spectrophotometer,
and quality was tested by analysis on a 1% agarose-HCHO gel.

Semiquantitative reverse transcription-PCR (RT-PCR). Total RNA
was treated with DNase I (MBI Fermentas) to remove genomic DNA, and
2 pgof it was reverse transcribed using random hexamer primers and 1 .l

Strain or plasmid Description Source or reference
E. coli strains
RV F~ lacX74 thi bgIR® bglG™ bglF™* bglB™ (Arb~ Sal ™) 17
RV Esc™ RV bgIR (Arb™ Sal™ Esc™) This work
MM1 RV tnaA::Tnl10 (80% linkage to the wild-type bgl operon) 17
AE328 MMI bgIR:1ISI (Arb* Sal™) 17
SD-2.12 RV bgIR::1S1 AbgIB (Arb™ Esc™ Sal™) 7
SD-3.12 SD-2.12 (Arb™ Esc* Sal™) 7
SD-3.12 AascB SD-3.12 ascB::kan (Arb™ Esc™ Sal™) 7
SD-3.12 AascB Esc™ SD-3.12 AascB bglAEI (Arb™ Esc™ Sal ™) This work
SD-3.12 AascB Sal™ SD-3.12 AascB bglAS1 (Arb™ Esc™ Sal™) This work
SD-3.12 AascB AbglA SD-3.12 AascB bglA677::Tn10 (Arb™ Esc™ Sal™) This work
Plasmids
pACDH Tet", P;,. promoter, pACYC184 origin 18
pACDH-bgIAW" Wild-type bglA under P, promoter in pACDH This work
pPACDH-bglA®<* bglA from Esc* mutant under P,,. promoter in pACDH This work
PACDH-bglAS" bglA from Sal” mutant under P, promoter in pACDH This work
pACDH-bgIAT>%¢ bglA™*%3% under P,,, promoter in pACDH This work
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of Moloney murine leukemia virus (MMuLV) reverse transcriptase (200
U/pl) (MBI Fermentas, Germany) as per the manufacturer’s protocol.
bglA was amplified using the following primers: the forward primer 5'-A
CAACATCGAACCGGTGATC-3" and the reverse primer 5'-ACATCGT
CCGGGTTACAGGA-3". rrnC was amplified using the forward primer
5'-TTACTGGGCGTAAAGCGCACGC-3' and the reverse primer 5'-TT
CACAACACGAGCTGACGACA-3'". The PCR products were analyzed on
a 1.5% agarose gel, and the intensities of the bands were quantified using
Image] software. Levels of rrnC were used as normalizing controls.

Quantitative RT-PCR (qRT-PCR). Total RNA was treated with
DNase I (MBI Fermentas) to remove genomic DNA, and 2 g of it was
reverse transcribed using random hexamer primers and 1 pl of MMuLV
reverse transcriptase (200 U/pl) (MBI Fermentas, Germany). cDNA
equivalent to 10 ng of total RNA was used for all of the real-time PCRs.
bglA cDNA was amplified using the forward primer 5'-TGGCGGTGAA
AGCTGCGCGT-3’ and the reverse primer 5'-ACATCGTCCGGGTTAC
AGGA-3'. rrnC cDNA was amplified using the forward primer 5'-TTAC
TGGGCGTAAAGCGCACGC-3’ and the reverse primer 5'-TTCACAAC
ACGAGCTGACGACA-3". Each 10-pl reaction mixture contained
Dynamo SYBR green mix (Finnzymes, Finland), carboxy-X-rhodamine
reference dye, the cDNA template, and forward and reverse primers. Am-
plification reactions were carried out using Applied Biosystems StepOne-
Plus real-time PCR system (version 2.2.3). Analysis was performed using
StepOne (version 2.2.2) software (Applied Biosystems). Reaction mix-
tures were incubated for 10 min at 95 °C, followed by 40 cycles of 15 s at 95
°C, 30 s at 52 °C, and 1 min at 72 °C for bglA. The annealing condition for
rrnCwas 30 s at 60 °C. All reactions were performed in triplicates for three
biological replicates. The fold change, relative to the calibrator, was cal-
culated by the 27 AACT (where Cr is threshold cycle) method (15) using
rrnC as a normalization control. Data were assessed by employing a two-
tailed unpaired ¢ test using GraphPad Prism, version 5.0, software
(GraphPad software, San Diego, CA). A P value of =0.05 was considered
to be significant.

Stability of mRNA. To determine the stability of the bglA transcript,
the strains SD-3.12 AascB (Esc™ parent) and SD-3.12 AascB Esc™ (mu-
tant) were grown to early log phase (optical density at 600 nm [OD,]
of ~0.3) and transcription initiation was arrested using 200 pg/ml of
rifampin. Total RNA was isolated from shaking cultures at different
time points after the addition of rifampin and treated with DNase I to
remove genomic DNA. Two micrograms of RNA was reverse tran-
scribed using random hexamer primers and MMuLV reverse trans-
criptase. cDNA equivalent to 10 ng of total RNA was used for all PCRs.
The PCR products were analyzed on 1.5% agarose gels, and the inten-
sities of the bands were quantified using Image]J software. The rrnC
transcript was used as a normalizing control. The half-life of the bglA
transcript in the wild-type and mutant strains was determined by plot-
ting the normalized levels of the transcript remaining at each time
point relative to transcript level from untreated cultures (0 min)
against time.

Determination of the bglA TSS. RNA was extracted from the Esc™
parent and Esc* mutant strains. First-strand cDNA was synthesized from
equal amounts of RNA using 1 wl of Transcriptor reverse transcriptase (25
U/pl) per reaction volume and the first reverse primer specific to bglA
(SP1, 5'-CTACCGTATTGCTGCACCAGATGC-3'), according to the
protocol of the Roche Second-Generation 5'/3" RACE (rapid amplifica-
tion of cDNA ends) kit. The cDNA was purified using a Fermentas High
Pure Product Purification kit. Addition of a homopolymeric A tail to the
3" end of first-strand cDNA was carried out using dATP and 1 pl of
terminal transferase (80 units/pl) per reaction volume. The dA-tailed
c¢DNA was amplified using a second nested reverse primer, SP2, located
upstream of SP1 (SP2, 5'-GCTTGATGTCTTCCTTATAGTGACC-3'),
an oligo(dT) anchor forward primer (5'-GACCACGCGTATCGATGTC
GACTTTTTTTTTTTTTTTTV-3', where Vis A, C, or G), and high-fidel-
ity Pfu DNA polymerase. The PCR products were sequenced to determine
the transcription start site (TSS).
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TABLE 2 Aromatic B-glucoside phenotypes of transformants with
plasmids carrying different alleles of bglA

Phenotype”
Transformant Arbutin Esculin Salicin
SD-3.12 AascB(pACDH) + -
SD-3.12 AascB(pACDH-bgIA™™) + + -
SD-3.12 AascB(pACDH-bglA®<") + + -
SD-3.12 AascB(pACDH-bglAS™) + + +
SD-3.12 AascB(pACDH-bglA™%%) + + +

“ The phenotype could be observed even without induction by
isopropyl-B-p-thiogalactopyranoside.

RESULTS

Isolation of Esc* mutants. Wild-type strains of E. coli are unable
to utilize the aromatic B-glucoside esculin as a sole carbon source.
Esculin-positive (Esc™) mutants could be obtained from papillae
appearing on MacConkey-esculin medium within 24 to 48 h. In-
troduction of the wild-type (silent) copy of the bgl operon into the
Esc’ mutants by P1 transduction resulted in the loss of the Esc™
phenotype, suggesting the involvement of the activated bgl operon
in conferring the Esc™ phenotype. The strain SD-2.12, harboring
an activated bgl operon but carrying a deletion of the bgIB gene
that encodes the enzyme phospho--glucosidase B, also showed
an Esc™ phenotype, confirming the involvement of the bglB gene
in esculin utilization. The strain could, however, regain the ability
to utilize esculin via activation of the silent asc operon, which was
confirmed by the loss of the Esc* phenotype upon introduction of
a disruption of the ascB locus in the mutants. The strain SD-3.12
AascB carrying a deletion of both bgIB and ascB showed an Esc™
phenotype. The strain, however, was able to hydrolyze arbutin via
the constitutively expressed bglA gene encoding phospho-f3-glu-
cosidase A, with transport function provided by bglF.

In an attempt to observe whether the bglB ascB double mutant
can gain the ability to utilize esculin, the strain SD-3.12 AascB was
streaked on MacConkey-esculin medium. Esculin-positive mu-
tants appeared after 5 days as papillae. These Esc* mutants re-
tained the arbutin-positive (Arb™) phenotype. Deletion of the
bglA locus in the mutants resulted in an Esc™ Arb™ phenotype,
indicating that both phenotypes are related to the bglA locus.

The ability of the Esc™ mutant to hydrolyze esculin could be
due to enhanced transcription/translation of bgl/A in this mutant.
Alternatively, the mutant may carry an alteration within the bglA
coding sequence. Introduction of a multicopy plasmid carrying
the wild-type bglA gene in the strain SD-3.12 AascB resulted in an
Esc* phenotype (Table 2), suggesting that the phenotype is related
to enhanced expression of bglA in the mutant. This is consistent
with the absence of any mutation within the bglA coding region, as
indicated by nucleotide sequencing of the bglA locus from the
Esc* mutant (Fig. 2).

Mapping of the start site of transcription indicated that bglA
transcription starts at the identical nucleotide in both the wild
type and the Esc” mutant corresponding to the start site reported
by RegulonDB (16) 23 nucleotides upstream of the translational
start site of the bglA open reading frame (ORF) (Fig. 3). An inser-
tion of 4 nucleotides was detected upstream of the TSS within the
spacer region of the putative promoter of the bglA gene. The in-
sertion results in a new —35 sequence with a 17-nucleotide opti-
mal spacer as opposed to the 16-nucleotide suboptimal spacer
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WT-bglA
Esc'-bglA
Sal*-bglA

WT-bglA
Sal*-bglA

WT-bglA
Sal*-bglA

WT-bglA
Sal*-bglA

Active-site
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ATTAACAACCAGCGTAACTGGCGTGCACCGCTGTTCGGTTACTGCTGCTCCGGCGTGGTG 600
ATTAACAACCAGCGTAACTGGCGTGCACCGCTGTTCGGTTACTGCTGCTCCGGCGTGGTG 600
ATTAACAACCAGCGTAACTGGCGTGCACCGCTGTTCGGTTACGGCTGCTCCGGCGTGGTG 600

Active-site

LLKYNIEPVITLSHFEMPLHLVQQYGSWTNRKVVDFFVRFAEVVFERYKHKVKYWMTFNE 180
LLKYNIEPVITLSHFEMPLHLVQQYGSWTNRKVVDFFVRFAEVVFERYKHKVKYWMTFNE 180

INNQRNWRAPLFGYCCSGVVYTEHENPEETMYQVLHHQFVASALAVKAARRINPEMKVGC 240
INNQRNWRAPLFGYGCSGVVYTEHENPEETMYQVLHHQFVASALAVKAARRINPEMKVGC 240

ALCELYERYQRPLFIVENGFGAYDKVEEDGSINDDYRIDYLRAHIEEMKKAVTYDGVDLM 420
ALCELYERYQRPLFIVENGFGAYDKVEEDGS INDDYRIDYLRAHIEEMKKAVTYDGVDLM 420

FIG 2 Alignments of DNA and protein sequences for bglA from the wild-type and Esc* and Sal* mutant strains. (A) The T-to-G transversion at position 583
within the bglA gene in the Sal* mutant. (B) The corresponding amino acid change at position 195 of the bglA ORF in the Sal* mutant. Arrows show the two
active-site glutamate residues at position 180, which is a potential proton donor, and at 377, which is a hypothetical nucleophile site, based on sequence similarity

(8).

present in the parent strain (Fig. 3). This is expected to result in
enhanced transcription of bglA in the mutant.

The possibility of enhanced expression of bglA in the mutant
was confirmed by measuring the levels of the bglA transcript in the
wild-type and mutant strains using quantitative RT-PCR. The
steady-state levels of the bglA transcripts were substantially higher
in the Esc* and Sal ™ mutants than in the Esc™ parental strain (Fig.
4). Measurement of the stability of the bglA transcript showed that
the half-life of the transcript is 2.5-fold higher in the mutant than
in the wild type (Fig. 5). Therefore, the higher steady-state level of
the bglA transcript in the mutant is the result of enhanced tran-
scription as well as increased stability of the transcript.

bglA promoter in wild-type:

-35 -10

Isolation of Sal* mutants. The Esc™ mutants described above
as well as the original strain SD-3.12 AascB carrying multiple cop-
ies of bglA remained Sal~ (Table 2). However, Sal* papillae ap-
peared within 3 to 4 days of incubation on MacConkey-salicin
medium in the case of the Esc* mutants but not in the case of the
parental strain. Interestingly, the Sal ™ mutants retained the ability
for degradation of both arbutin and esculin.

Hydrolysis of salicin in the Sal* mutants is through bglA since
deletion of bglA in the mutant resulted in loss of the Sal* pheno-
type. Transformation of the parent strain with a plasmid carrying
the bglA gene from the Sal ™ mutant resulted in an Sal™ phenotype
(Table 2), indicating that the mutant carries an alteration within

+1

AAAGTGATGTCGTTTGGCTGCATGGTACTATTTCCTGTAAGAATTGACTCATCTGGAGCCTa t

lént Spacer
3041623

bglA promoter in mutant:

3041661 3041686

-35 -10 +1
?TGATGTCGTTTGtttgGCTG(‘J-\TGGTACTATTTCCTGTTA;AGAATTGACTCATCTGGAGCCTatg
b XL LT ZRUTAT. |

17nt Spacer

3041686

3041626 3041661

FIG 3 Nucleotide sequence of the region upstream of bglA showing the putative promoter elements. The A residue at +1 indicates the transcription start site
(TSS) corresponding to genome coordinate 3041661 reported in RegulonDB (http://regulondb.ccg.unam.mx/index.jsp). The triangle shows the position of the
4-nucleotide insertion within the spacer region between the predicted —10 and —35 elements in the Esc™ and Sal™ mutants. The insertion results in a new
putative —35 element, improving the suboptimal spacer region of the wild-type promoter. The putative bglA translational start site is shown in green.
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FIG 4 Steady-state expression of bglA mRNA in SD-3.12 AascB (Esc™), SD-
3.12 AascB Esc", and SD-3.12 AascB Sal * strains measured by qRT-PCR. The
y axis represents the fold change of bglA expression relative to the Esc™ cali-
brator. The rrnC (16S rRNA) transcript was used as a control for normaliza-
tion (ns, nonsignificant).

bglA. This was confirmed by nucleotide sequencing that revealed a
single point mutation, thymine to guanine transversion at posi-
tion 583 of the bglA gene (T583G), resulting in an amino acid
change of cystine to glycine at position 195 (C195G) of the BglA
OREF close to the active site (Fig. 2). Upon introduction of the
T583G mutation in the wild-type bglA gene by site-directed mu-
tagenesis, transformants of the parent strain carrying the mutated
bglA on a multicopy plasmid showed an Sal™ phenotype (Table 2),
indicating that the C195G mutation is necessary and sufficient to
confer an Sal™ phenotype when present in multiple copies.

The Sal* phenotype of the mutant seen on indicator medium
was confirmed by a saligenin assay that measures specifically the
phospho--glucosidase activity of the enzyme against salicin (7).
In the presence of 7 mM salicin (necessary for inducing bglF ex-
pression to provide permease function), the Sal™ mutant strain as
well as transformants of the parent strain carrying the bglAS*
allele and the bgIA™% allele generated by site-directed mutagen-
esis showed significantly enhanced activity compared to the re-
spective control strains, consistent with the phenotype seen on
indicator plates (Fig. 6).

DISCUSSION

We have explored the role of known aromatic 3-glucoside cata-
bolic systems in esculin utilization in E. coli. The primary system

-
g 3

i
i

bglA mRNA remaining (%)

S R Y
Time (min)

FIG 5 The relative levels of bglA mRNA plotted against time in the Esc™
parent strain SD-3.12 AascB and in the Esc* mutant. The levels of bgI/A mRNA
at different time points after rifampin treatment were analyzed by semiquan-
titative RT-PCR. The percentage of mRNA remaining relative to mRNA from
untreated cultures (0 min) at each time point was plotted on the y axis versus
time on the x axis.
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(Arbitrary units)
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o
1

FIG 6 Saligenin assay carried out on SD-3.12 AascB (Esc™), SD-3.12 AascB
Esc™, and SD-3.12 AascB Sal ™ strains and SD-3.12 AascB transformants car-
rying pACDH (vector control), pACDH-bgIAY", pACDH-bgIAS"*, and
PACDH-bglA™%C, Strains MM1 (bgl wild type) and AE328 (Bgl ™) carrying an
activated bgl operon served as the reference strains. Cells were grown in M9
minimal succinate medium in the presence and absence of inducer (7 mM
salicin). Error bars represent the standard deviations obtained from a mini-
mum of three independent biological replicates.

involved in esculin catabolism is the bgl operon. Upon activation
of the operon, BglF is presumed to transport esculin inside the cell,
and phospho-B-glucosidase B encoded by bglB is presumed to
cleave the phosphorylated esculin.

Previous work in the lab (7) has shown that in an E. coli strain
with a disrupted bgIB gene, activation of the silent asc operon is
involved in salicin degradation. We observed that the E. coli bgiB
strain can form papillae on MacConkey-esculin medium and gain
the ability for esculin degradation through activation of the asc
operon. This was confirmed by the observation that disruption of
ascB results in an Esc™ phenotype in the mutants, indicating that
the activated ascB is responsible for esculin hydrolysis. When both
bglIB and ascB are absent, the strain SD-3.12 AascB can mutate to
become esculin positive on MacConkey-esculin medium. In these
mutants, hydrolysis of esculin is through the bglA gene encoding
phospho-B-glucosidase A.

Sequencing of the bglA locus from wild-type and Esc™ mutants
showed that the bglA ORF is unaltered, but an insertion of 4 bases
was detected in the spacer region of the putative bglA promoter in
the mutant. The mutation generates a new —35 sequence with an
optimal spacing of 17 nucleotides as opposed to the 16-nucleotide
spacer present in the wild-type strain. The enhanced steady-state
level of the bglA transcript in the mutant detected by quantitative
RT-PCR is consistent with the enhanced transcription expected
from the altered promoter. Interestingly, though transcription is
initiated at the same nucleotide in both cases, the decay rate of the
bglA transcript is higher in the wild-type strain than in the mutant.
This is likely to be related to the increased transcription initiation
in the mutant leading to saturating concentrations of the tran-
script that have a protective effect.

The observation that enhanced levels of the wild-type bglA
transcript can confer an Esc™ phenotype suggests that wild-type
BglA is able to cleave esculin with a low efficiency, but this activity
is insufficient to enable growth on esculin as a sole carbon source.
When expression levels are enhanced, the cumulative activity of
the enzyme becomes sufficient to enable growth on esculin.

Sequencing of the bglA locus from the Sal ™ mutant showed the
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FIG 7 The overlaid structures of wild-type (yellow) and mutant (red) BglA
proteins. The structure of the wild-type protein is based on PDB ID 2XHY (8),
and the structure of mutant BglA was modeled using the Rosetta software with
2XHY as the template. The letter A indicates the approximate substrate bind-
ing pocket. The position of C195 in the wild-type structure is highlighted in
blue, and the active-site glutamate residues E180 and E377 are shown in cyan.
Salicin docked in the binding pocket is shown in green for the wild-type struc-
ture and in lemon for the mutant.

presence of a transversion of thymine to guanine at position 583 of
the bglA gene (T583G), resulting in an amino acid change from
cysteine to glycine at position 195 of the BglA ORF (C195G) close
to the active site (Fig. 2). Introduction of the bglA locus from the
wild type and Esc™ and Sal* mutants in the parent strain SD-3.12
AascB (Esc™ Sal ™) showed that the bglA allele from all three strains
in multiple copies conferred an Esc™ phenotype. However, only
the bglA allele from the Sal* mutant in multiple copies resulted in
an Sal™ phenotype (Table 2). These results show that in the first-
step Esc” mutant, overexpression of wild-type bglA is sufficient
for the Esc™ phenotype while the point mutation in the structural
gene is necessary for the Sal™ phenotype. Measurement of
phospho-B-glucosidase activity indicated that presence of the
bglAT>*%S allele leads to a significant increase in enzyme activity,
consistent with the phenotype of the mutant observed on indica-
tor plates.

As seen in the structure of the wild-type BglA (8), C195 is
exposed to the substrate-binding site (Fig. 7). Binding energies of
salicin to wild-type BglA and BgIA(C195G), estimated using Aut-
odock, version 4.0 (13), indicated that the mutant protein showed
marginally better binding to salicin than wild-type BglA (data not
shown). This might be attributed to the loss of stearic hindrance
for the binding of salicin when C195 is replaced by the smaller
amino acid glycine in the mutant protein.

These observations corroborate the idea that microorganisms,
when confronted by a novel substrate, have the capacity to evolve
additional metabolic capabilities by mutational modification of
preexisting genetic systems under selection pressure. While a mu-
tation that leads to overexpression of a hydrolytic enzyme is suf-
ficient to enable the metabolism of one of the novel substrates, in
the case of the second substrate, in addition to overexpression,
modification of the active site is necessary to mediate catalysis.
The former was achieved by enhancing the steady-state levels of
the structural gene mRNA, and the latter was made possible by a
structural gene mutation (Fig. 8).
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FIG 8 Schematic of esculin and salicin utilization in E. coli in the absence of
bglB and ascB. In the parent strain, the level of bglA expression is sufficient only
for arbutin degradation. In the first-step Esc* mutant, insertion of four nucle-
otides within the bglA promoter (jagged arrow) results in higher levels of BgIA
(filled ovals), which are necessary for both esculin and salicin degradation. In
the next-step Sal* mutant, a point mutation within the bglA ORF (filled star)
results in salicin degradation. The mutant protein is shown as ovals with white
stars.

Interestingly, the Sal* mutant carrying a modified residue in
the active site retained the ability to hydrolyze all three aromatic
B-glucosides, indicating that the evolution of a novel metabolic
function need not necessarily involve a trade-off of the original
catalytic activity of the enzyme. In an environment where related
substrates are available in cycles, promoting promiscuity of the
catabolic enzyme will be a preferred strategy. Though these studies
have been carried out using catabolic systems involved in 3-glu-
coside utilization, these mechanisms are likely to be a part of the
normal arsenal that microorganisms carry in their struggle for
survival in the complex environments in which they live.
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