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Zn this thesis, the regulatory mechanism of the inducMe expression of the glucitol operon

of BaciZIm subtilis mediated by a transcription activator, GutR, is examined. Following
the overproduction of soluble Gut% it was purified for fhctional characterization and for
mapping its target sequence. GutR is a 95-kDa protein with a DNA binding motif in the
N-terminal region, followed by a nucleotide binding domain and a C-terminal
tetratricopeptide repeat motif. In the absence of glucitol, GutR exists as a monomer and
has the ability to bind to the GutR binding site, located upstream of the gut promoter. In
the presence of glucitol, binding of glucitol to GutR triggers a conformational change in

GutR resulting in the ability to bind ATP and to oligomerize as demonstrated by UV
cross-linking, gel filtration, electrophoretic mobility shift assays and limited proteolysis
by trypsin.

In fact, GutR undergoes multiple rounds of conformational changes

depending on the presence of glucitoI and ATE Kinetic analysis of interactions between
GutR and its target DNA, using the BMcore biosensor illustrated that glucitol and ATP

selectively affect the off-rate without any significant effect on the on-rate of the binding
reaction. To understand why the gut promoter requires GutR for transcription activation,
the regulatory region of the gut promoter was analyzed.
demonstrated to be a ?c

The gut promoter was

type promoter recognized by the major B. subtilis RNA

polymerase. The interesting features of this promoter are the unusually short spacer
region (15 bp instead of 17 bp) and the presence of an intrinsic bend in the spacer with a
bend angle estimated to be 50". As demonstrated through allele-specific suppression
studies, aA recognizes the -10 region of the gut promoter. When GutR binds to its
binding site, located upstream of the promoter, it makes weak contact with the -35
region.

Deletion, transcriptional fusion and hydroxyl radical footprinting studies

demonstrate that there is a single GutR binding site, a 29-bp inverted repeat, in this
regulatory region.

AH these findings presented in this thesis have been integrated to

formulate a working model describing the initial steps in this transcription activation
process.
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I.

Literature Review

1.1.

Bacillus subtilis as a model Gram-positive organism to study gene regulation
Regulation of gene expression has been well characterized in both Gram-negative

and Gram-positive bacteria. Among the Gram-positive bacteria, Bacillus subtilis has
served as a model organism for study for many years. B. subtilis is a non-pathogenic
bacterium commonly found in soil and water sources (Hawood, 1992). Because of its
ability to take up DNA efficiently via natural transformation, to form endospores under

harsh conditions, and to secrete large quantities of extracellular enzymes, including many
industrially usefbl enzymes, directly into the culture media, it has attracted considerable
attention (Harwood, 1992). B. subtilis has several sophisticated regulatory mechanisms
for regulation of gene expression, such as sequential production of novel sigma factors,
processing of pro-sigma factors, gene rearrangements for the generation of functional
sigma factors, regulation by anti-sigma factors and the use of two-component systems in
signal transduction pathways (Helmann and Chamberlin, 1988; Hughes and Mathee,
1998; Fabret et al., 1999; reviewed by Kroos et al., 1999). These mechanisms facilitate
the fine tuning of gene expression in both a temporal and a spatial manner during
sporulation, thus illustrating this bacterium's use of many interesting and elegant
approaches to control gene expression at various levels. Many strategies used in B.
subtilis to regulate gene expression are quite different &om those used in the E. coZi
system.

For example, several catabolite repressors are found to mediate catabolite

repression in B. subtilis. Furthermore, cyclic AMP (CAMP) is not involved in this process
(Saier et al., 1996). For the regulation of heat shock genes in B. subtilis, HrcA, a
repressor, plays a vital role in the regulation of the class I heat shock genes. In fact, this
regulatory mechanism is now a paradigm for the regulation of many heat shock genes in
Gram-positive bacteria (Yuan and Wong, 1995a and b).
There are many advantages in using B. subtiZis as a model system for the study of
gene regulation. (1) Extensive knowledge of the genetics, biochemistry and physiology
oP this organism has been well established. (2) B. subtilis can easily be manipulated
genetically (Hoch, 1991).

Chromosomal genes can be selectively inactivated or

transferred to high-copy number plasmids (Bron, 1990; Perego, 1993; Wu and Wong,
2999). The loss o r increase in activity reflects the functional roies of the gene of interest.
(3) Both the promoter sequences and the transcription apparatus in B. subrilis are well

characterized (reviewed by Helmam and deHaseth, 1999)- Various forms of mutated
sigma factors are available to study the interaction between RNA polymerase and its
target promoter sequences (Kemey and Moran, I99 1). (4) Various promoterless reporter
gene systems are available to study and to monitor promoter activity (Kraus et al., 1994;

Yuan and Wong, 1995a).

(5) Many well characterized mutant strains have been

constructed and are available (Kawamura and Doi, 1984; Wu et al., 1991; Ye et al.,
1999). With the recent determination of its genome, B. subtilis represents the best
characterized Gram-positive bacterium (Kunst et al., 1997).
1.2.

Glucitol metabolism in Bacillus subtilis

Study of the lac operon in E. coli has laid the foundation for modem molecular
biology. Many interesting regulatory mecham~sms,have been discovered through the
basic study of the lac operon.

These include negative regulation by Lac repressor,

positive activation by CAMPreceptor protein (CRP) and CAMP,and catabolite repression
by the non-phosphorylated glucose specific enzyme ILA (EIIAG'Uy (Saier, 1989;
Remikoff, 1992; Botsford and Harman, 1992; Mathews and Nichols, 1998). EIIAGlucose
mediates the inducer exclusion event by forming a complex with lactose permease to
prevent the import ~f lactose into the cytoplasm when the extracellular level of glucose is
high.

In B. subrilis, operons invoIved in carbohydrate metabolism have been

demonstrated to be regulated by transcription activators (NtrC-like mechanism for the
levanase operon), repressors (gluconate operon) and anti-termination factors (sucrose and
glycerol metabolism) (KIier and Rapoport, 1988; reviewed by Steinrnetz, 1993).
In this thesis, the glucitol utilization (gut) operon in B. subtilis was selected as a
model system to understand the regulatory mechanisms because of both academic interest
and potential practical application. Characterization of the gut operon by Gay's group
and our laboratory strongly indicates that this operon is regulated by an unusually large

transcription activator, GutR, which contains a putative nucleotide binding domain

(Chalumeau et al., 1978; Gay et al., 1983; Ng et al-, 1992; Ye et al., 1994; Ye and Wong,
1994). This, in general, is quite unusual since most transcription activation processes do

not require the activator to be big or to contain a nucleotide binding site. In many cases,
the nucleotide dependent transcription activators are members of the gipogen ~ e ~ d a t o r y

protein C (NtrC) family (Kustu et al., 1991).

This group of activators mediates

transcription activation with the o" containing RNA polymerase. In the case of the
glucitol operon in B. mbtiZis, the 95-kDa GutR protein is suggested to interact with the
major FWA polymerase (rather than the

d4containing

RNA polymerase) (Ye et al.,

1994). Therefore, this system is likely to be regdated by a novel mechanism that is

different from other reported systems.

Elucidating this regulatory mechanism may

provide insights in understand how a transcription activator can interact with various
ligands (inducer and ATP) at the molecular level to mediate the transcription activation
process. The understanding of this regulatory mechanism can potentially be applied to
develop an inducible expression vector system to control selectively the expression of
foreign genes in B. subtilis. This is important because B. subrilis is known to be one of
the most attractive expression hosts for foreign protein production (Wong, 1989; Wong,
1995; Wu et al., 1998). Industrial enzymes and proteins such as subtilisin, a-amylase,

and protein A are produced at high levels (grams per liter of cell culture) (Harwood,
1992). Medically important proteins such as interleukin 1 and staphylokinase can be
produced in highly pure form and at high quantities (350 rng/liter for staphylokinase)
from B. subtilis (Ye et al., 1999). In many cases, constitutively expressed promoters are
used to drive the expression of foreign genes. If the expression of these foreign proteins

was too early, then bacterial growth may be reduced. It would thus be ideal to have an
inducible system in B- subfiiis. Although there are some inducible systems in B. subtilis,

each system has its limitation.

Some use isopropylthio-P-D-thiogalactopyranoside

(PTG) as the inducer. Since P T G is very costly, this system would be appropriate for
small scale protein production in a laboratory but not for large-scale fermentation.
Another induction system is based on the depletion of phosphate from the culture
medium.

Under phosphate starvation conditions, foreign genes controlled by the

phosphate regulated promoters can be turned on. However, because of the phosphate
limitation, cells are under stress and both cell growth and the yield of foreign proteins can
be limited.

In contrast, glucitol would be an attractive inducer- It is relatively

inexpensive and can serve as a carbon and an energy source for B. subtilr's to keep the
cells growing under optimal conditions.

To provide background information relevant to genetic and biochemical
approaches for the study of the GutR mediated transcription activation process, it is
necessary to review the structure and function of promoter and RNA polymerase,
different steps in the transcription initiation process, actions of relevant transcription
activators and the gut operon in both E. coZi and B- subtilis.
1.3.

The transcription apparatus
Since gene expression is regulated~primari~y
at the transcription initiation step, it

is necessary to understand the key components involved in transcription. The flow of
genetic information stored in DNA is first transcribed to RNA and is then translated into
protein. Transcription events can be divided into three steps: transcription initiation,
elongation and terrnination-

In bacteria, one multisubunit RNA polymerase is responsible for transcription of
three classes of RNA: ribosomal RNA (rRNA), messenger RNA (mRNA), and transfer
RNA (tRNA) (reviewed by Coulombe and Burton, 1999). The core RNA polymerase (E)
consists of three subunits: beta

(P),

beta prime

(P'),

and alpha (a)in a stoichiometry of

a2PPP.
The core RNA polymerase is responsible for transcription elongation and initiates

transcription nonspecifically. It requires the association with the sigma (0)
factor to form
a complex known as a holoenzyme @a) for correct initiation and for promoter
recognition (von Hippel et al., 1984; Helmann and Chamberlin, 1988). The o factor is
released prior to the elongation step. In E. coli, the primary o factor is

0''

which is

responsible for the transcription of most cellular genes. In B. subtilis 043
(also known as
oA) serves similar functions as the E. coli 0'' (Helmann and Chamberlin, 1988). The

superscript indicates the molecular mass of the proteins (e-g.''a is an E. coli o factor that

has a molecular mass of 70 m a ) . A dissociable subunit, omega (a),exists in E. coli but
its h c t i o n is unknown, There is also a dissociable subunit, delta (6), in B.subtilis. This

subunit can act to improve the transcription specificity- The 6 subunit can be divided into
two domains, an amino-terminal domain, which binds to the core, and a carboxyl
terminal domain of polyanionic nature (Lopez de Saro et al., 1995). One function of the
carboxyl termha1 domain of 6 is to displace the RNA from the RNA polymerase. In the
transcription elongation process, the core RNA poiymerase continues to catalyze the
formation of phosphodiester bonds between the growing RNA chain and the next
nucleoside triphosphate (NTP), which is dependent on the template strand sequence.
Transcription termination can be mediated either by a specific termination factor rho (p)
or by a protein independent transcription termination signal (von Hippel et al., 1984).
The termination of transcription involves the dissociation of a complex consisting of the
core RNA polymerase, nascent RNA, and DNA-

The release of the core RNA

polymerase enables it to bind to the o-factor and to start a new cycle of transcription
(Burgess et al., 1969). The individual subunits of RNA polymerase are known to be
involved in the regulation of various stages of transcription and to interact with activators
in protein-protein interactions which result in transcription activation (Ishihama, 1993).
Prior to examining the individual subunits of the RNA. polymerase, the key features of
promoters need to be discussed1.4.

Promoter

The regulatory region of all bacterial genes or operons contains one or more
promoters which are recognized by RNA polymerase to initiate transcription. The a
factor of the holoenzyme (Eo)determines promoter specificity. As is shown in Table 1.1,
each a factor recognizes specific promoter consensus eIements.

The gut operon is

proposed to be transcribed by the oA-containing RNA polymerase, thus the oA type
promoter will be the focus of this section. The

and oAare homologous and recognize

the same hexameric consensus sequences that are located at the -35 region and the -10
region upstream of the transcription start site. The -10 and -35 hexameric consensus

Table I.1: Consensus sequence of sigma factors in B. subtilis and E. coZi
o factor
B, subtilis
E. coli

a Family
Family
Essential o-Factor
--

--

-

Nonessential o
factor
Stationary-phase
o factor
Flagella rs-factors
E C F ~a factors
Heat shock afactors

-

--

oTO

N/A

d8

8(d8)

dB
SigE

d2

tP
Sporulation o
factors

Cognate promoter consensus sequencea
Spacer -I 0

- -

&(d3)

2

-35

TTGACA

16-18

TATAAT
CTATACT

TAAA
GUCTT
CTTGAAA

15
16-17
11-16

GCCGATAA
TCTRA
CCCATnT

GT?TAA

RGAAT

#(SpoOH)

N/A

AGGAWWT

12-14
12-14

d(SpoIIA)
c?(SpoIIG)
crG (SpoIIIG)
oK(SpoIIIC)

N/A
N/A
N/A
N/A

WGCATA
GKCATATT
TGAATA
AC

14-15
13-15
17-1 8
16-17

GGnRAYAMTW
CATACAMT
CATACTA
CATAnAnTA

d-

# or

TGGCAC

5

TTGCW

RGPPLT

A
-12

"Nontranscribed strands are shown 5' to 3', left to right. H = A, C,or T;R = A or G; W = A or
T;Y=CorT;K=GorT;M=CorA.
ECF: ~ x t r a ~ o p l a s mfactor
ic
Adapted from Wosten, 1998

sequences are S'TATAAT3' and S'TTGACA3', respectively.

Experimental evidence

suggests that the RNA polymerase binds to the -35 region initially and subsequently
binds to the -10 region which is a site for DNA unwinding (Buckle et al., 1999). The
spacer is the DNA sequence separating the -35 and -1 0 elements, and is usually 1 6 18
bp in length, Shorter or Ionger spacers reduce promoter knction (Ayers et al., 1989;
Stefano and Gralla, 1982; Mulligan et al., 1985). A standard promoter consisting of the 35 and -10 regions and a spacer length of 16-18 bp is sufficient for promoter activity

(Helrnann, 1995). Variations fkom the standard promoter regions include (a) an upstream
(UP) element and (b) an extended -10 region.

The UP element, commonly found in

strong promoters, is an adenosine + thymidine (A

+ T) rich sequence which is located

between the -40 and 4 0 regions (Ross et al., 1993).
Some promoters which do not have a good consensus sequence at the -35 region
or are missing a -35 consensus element will, instead, have an extended -10 region. The
extended -10 element consists of the nucleotide TGNTATAAT. The TG dinucleotide of
the extended -1 0 region of E. coii is located at -14 and -1 5 bp, respectively (Dombroski,

1997; Minchin and Busby, 1993; Sabelnikov et al., 1995).
1.5.

Sigma factors
All known o factors belong to two different families: those related to the primary

'
'
a of E. coli and those related to the

d4of E. coli (Table 1.1) (WGsten,

1998). These

two families of o factors have different characteristics and recognize different promoter
sequences.

0"

recognizes the consensus promoter element at the -35 and the -10

regions respectively. Promoters recognized by s7' can be divided into two categories:
activator-dependent and activator-independent promoters. Many promoters are activatorindependent (Gralla, 1990). In contrast, a" recognizes promoter elements at the -24 and
-12 regions. Furthermore, the

~6~
requires the presence of enhancer binding proteins

for transcription initiation (reviewed by Barrios et al., 1999).
Members of the primary

0''

family share similarities in the primary amino acid

sequences and most of them cannot bind to the promoter unless (r70 forms a complex with
the core RNA polymerase. Members of the

0"

family can be divided into two groups:

essential o factors and nonessential o factors (Helmann and Charnberlin, 1988; Wosten,
1998). Group 1 is the essential o factor which is relatively abundant in the cell and is
designated as the primary

(r

factor. Group 2 is comprised of the nonessential o-factors

that show similarity in the amino acid sequences to the primary

(T

factor but are not

essential for exponential growth. This group controls gene expression under different
physiological or developmental conditions and includes o factors that are involved in
flagellar synthesis, heat shock response, sporulation and extracytoplasmic factor
production (reviewed by Wosten, 1998).

The oS4family does not show homology to

c70

and is not a major sigma factor

(Table 1.1). Members of the oS4family are responsible for transcribing genes involved in
nitrogen metabolism in many bacteria and levanase biosynthesis in B. subti1is (Wosten,
"
can bind to the promoter but caanot form an open complex, hence no
1998). ~ o alone

transcription can occur. In order for transcription to occur, transcription activators fkom
the NtrC family are required (Popham et al., 1989). The spacer between the -12 and -24

elements of the

d4promoter has an important function because deletion o f one or more

nucleotides abolishes promoter activity (reviewed by Barrios et al., 1999)-

In B. subtilis the major o factor is

d\

(Helmann and Charnberlin, 1988; von

Hippel et al., 1984). Besides this major o factor, there is a family of non-essential o
factors for sporulation (aE,oF,G=,8,G~),flagellar synthesis

(04and heat shock (#)

(Helmann, 1991; Helmann and chamberlid, 1988). One copy of as4is also present. The
entire genome of B. subtilis has been sequenced and there are 18 open reading frames that
show homoiogy to c factors 14 of which have been shown to be o factors (Kunst et al.,
1997; Wosten, 1998).

The remaining four d i k e factors are being characterized by

various groups.
Amino acid sequence alignments of many 070-like factors have shown that there
are four conserved regions (Figure 1.1) (reviewed in Wosten, 1998)- The regions are
numbered 1 through 4 and some of the regions can be fiuther divided into subregions
(Wosten, 1998).
Region 1 is divided into 2 subregions. Region 1.1 plays a vital role in preventing
fiee o to bind to DNA unless the o factor binds to the core RNA polymerase (Dombroski
et al., 1993). Interaction between regions 1.1 and 4.2 is required t o prevent o from
recognizing the -35 region (Wilson and Dombroski, 1997). W h e n t h e o factor binds to
the core RNA polymerase, a conformational change in a weakens the interaction between
region 1.1 and region 4.2 so that the 4.2 region is now available to bind to the -35 region

in the promoter.
Dombroski, 1997).

Region 1.2 is involved in open complex formation (Wilson and

Figure 1.1:

a70

and o" family. The o factors can be classified into two families. T h e 0"

family shares four conserved regions named 1 through 4.

Each region is fkrther

subdivided into sub regions which show distinct characteristic functions.

d and o7O

found in B. subtilis and E. coli are shown respectively. The o" family is distinct in
structure from u 7 0 (adapted &om Wosten, 1998).
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Region 2 is subdivided into 5 regions, 2.1 through 2.5. Region 2.1 plays a role in
binding to the core enzyme (Lesley and Burgess, 1989)- The function of region 2.2 is
unknown. Region 2.3 is shown to be important for DNA melting during transcription
initiation and mediates the transition from the initiation complex to an elongation
complex (Jones and ~Moran,1992; Jones et al., 1992). Region 2.4 is involved in binding
directly to the -10 element (Siegele et ale, 1989; Zuber et al., 1989; Waldburger et al.,
1990; Kenney and Moran, 1991) (see Figure I. 1 and Figure 1.2). Region 2.5 (see Figure

I. I) has been shown to bind to the "extended -10" element (the TG at the -14 and -15
positions) of dopromoter (Barne et al., 1997). Similar observation have been made in B.
subtilis for the involvement of region 2.5 of oA in binding to the TG dinucleotide at the 16 position of the

d

type promoter (Figure 1.2) (Wskuil et al., 1995; VGskuil and

Chambliss, 1998).
Region 3 can be subdivided into regions 3.1 and 3.2. Region 3.1 has a helix--helix DNA binding motif but its function is unknown. Region 3.2 is responsible for core
RNA polymerase binding (Lonetto et al., 1992; Zhou et al., 1992).

Region 4 is divided into regions 4.1 and 4.2.

Region 4.1 binds to certain

transcription activators (Ishihama, 1993; Makino et al., 1993; KuIdell and Hochschild,
1994; Kumar et al., 1994; Li et al., 1994; Baldus et al., 1995; Li et al., 1997; Schyns et
aI., 1997; Buckner et al., 1998). Region 4.2 has been shown to interact directly with the -

35 element of the promoter (see Figure 1.1 and Figure 1.2) (Siegele et al., 1989; Zuber et
al., 1989; Waldburger et al., 1990; Dombroski et al., 1992).
Figure 1.1 shows that the

d4family is distinct from 0".

o54can be divided into

at least three regions (Menick, 1993). Region I consists of 25 to 50 amino acid residues
rich in glutarnic acid. Region I1 consists of 60 to 110 amino acid residues, many of
which are rich in acidic amino acids. Region III is involved in DNA binding. The X-link
region refers to the region which can be cross-linked to DNA. RpoN box is responsible
for recognition of the promoter consensus sequences at the -12 and -24 regions. The
helix-turn-helix region mediates DNA binding (reviewed by Wijsten, 1998). The oS4

Figure 1.2: Interaction between the promoter elements and the

0"

(or oA) containing

RNA polymerase- RNA polymerase consists of a,P, P' and o. Promoter elements: the 35 element (TTGACA) is recognized by region 4.2 of o. The -10 region (TATAAT) is
recognized by region 2.4 of o. The extended -10 region (TGNTATAAT) is recognized
by region 2.5 of a. The UP element is rich in A and T located in an upstream region

between the 4 0 and -60 regions and is recognized by the c-terminal domain of the asubunit (a-CTD).The N-terminal domain of the a-subunit is labeled a-NTD.The /3 and

p' subunits can bind DNA (adapted fiom deHaseth et al., 1998).
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family is not essential for growth but recognizes promoter consensus sequences located at
the -24 and -12 regions.
1.6,

Core subunits

C6.1. a subunit
The a subunit in E. coli consists of 329 amino acid residues. Limited proteolysis of
the a subunit showed that it can be divided into two domains. The amino-terminal
domain (amino acid residues 8 to 241) labeled a-NTDand a carboxyl-terminal domain
labeled a-CTD(amino acid residues 249 to 329), are linked by a flexible linker region
(Blatter et al., 1994; Igarashi and Ishihama, 1991). There are three h c t i o n s for the a
subunit. First, the a subunit is responsible for providing the scaffold for the assembly of
the core RNA polymerase in the following order: a

-+

a2 --,

-+

aZPP8
(Yura and

Ishihama, 1979; Ishihama, 1993; Ebright and Busby, 1995). The N-terminal region of
the a subunit, is proposed to be involved in the protein-protein interactions - a-a,a-/3
and a-P' (Hayward et al, 1991; Igarashi and Ishihama, 1991; Igarashi et al., 1992).
Second, a is involved in the recognition of the upstream (UP) eIement located upstream

of the -35 region. The UP element is found in many strong promoters and is considered
as the third promoter element for certain promoters. The

a-CTDhas been demonstrated

to bind to the UP element (Figure 1.2). Third, the a subunit interacts with a large set of
transcription activators such as catabolite receptor protein (CRP), FIS, AraC and OmpR
(reviewed by Ishihama, 1993).
1.6.2.

fland p' subunits

The f3 and P' subunits are highly conserved in bacteria. In E. coli, they have been
extensively characterized. The

P

and

P' subunits are the catalytic motor of the

RNA

polymerase complex (Gelles and Landick, 1998). Although they are the same size, there
is no sequence similarity behveen the two subunits. Yet the

P and P* subunits from the

P is divided into nine regions, A
to I, and the p' subunit is divided into eight regions, a to h (Zaychikov et al., 1996). In P',
different bacteria share similar domains. In E. coli, the

the active center of the catalytic motor includes a M ~ (Magnesium
~ '
ion) which is held

by a cluster of three aspartic acid (D) residues (as underlined) within the d region

(NmFD,GD) (Mastaev et al., 1994, 1997).

P' contains

(Ferrous ion) instead of the

usual M ~ * at
" the active site, and when ~ e is ~bound,
+ regions d, f and g are sensitive to
hydroxyl radical cleavage. The regions H,F, D, and E of P are sensitive to cleavage by
hydroxyl radical when M ~ is~ bound
+
(Mastaev et al., 1997; Zaychikov et al., 1996).
Therefore, these regions in P and P' are proposed to play critical roles in RNA synthesis.
1.7.

Transcription initiation

With the understanding of the structure and fimction of both R N A polymerase and
the promoter, the detailed steps involved in transcription initiation cam now be discussed.
Transcription initiation involves the following steps: locating and binding to the
promoter, formation of the closed complex and isomerization from a closed complex to

an open complex to allow transcription iniiiation (Leirom and Record, 1990; reviewed by
deHaseth et al., 1998; reviewed by Helmann and deHaseth, 1999). These steps are as
follows:

*

R+P

=

6

K3

RP,,=

M$

NTP

NTP o

---

RP,kRPo$Rt;,i,~~C
~ g ' + AP

RNA

The symbols of the above equation represent: R (RNA polymerase), P (promoter),
c (closed complex), o (open complex), Init (initiation), NTP (nuclecrside triphosphate),
AP (Abortive RNA products), and TC (transcription complex in elongation phase). The
first step involves the binding of RNA polymerase (R) to promoter DNA (P) to form the

closed complex (RPcl) (Buckle et al., 1999; reviewed by Helmann arnd deHaseth, 1999;
deHaseth et. al., 1998). DNaseI footprinting studies performed at O°Crshowed that RNA
polymerase protects the upstream region of the promoter (from -55 to. -5 bp). This type
of closed complex is designated RPCI(Spasslq et al., 1985; Kovacic, 1987; Cowing et al.,
1989; Mecsas et al., 1991; Meier, 1995).

Therefore, the initial contact by RNA

polymerase involves only the -35 region. By increasing the incubation temperature &om
0°C to 1&15"C, a new form of closed complex designated & is found (Spassky et al.,

1985; Kovacic, 1987; Cowing et al., 1989; Mecsas et al., 199 1; Craig et al., 1995; Meier,
1995). Footprint protection of RPc2 extends downstream to +20 bp (i.e. covers from -55

to +20). No DNA melting was detected at this stage.
With a fiuther increase of the incubation temperature to 37OC, and in the absence
of magnesium, there is no significant change in the protection profile (Buc and McClure,
1985; Cowing et al., 1989).

However, strand separation and the formation of a

transcription bubble were observed and were probed by using the potassium
permanganate footprinting analysis. This region covering fiom -1 I to -1 is melted.
This structure is designated as RPol. By either adding magnesium or M e r increasing
the temperature, RPo2 can be detected (Craig et al., 1995). In this complex, the melting

region is extended to +2 (from -12 to +2) and a higher level of melting around -4 to +1
was observed.

This indicates that RNA polymerase contacts both the -35 and -10

regions.
With the presence of NTP, the first phosphodiester bond is formed and the ternary

complex consisting of RNA polymerase, DNA and RNA is designated Whit. In this
stage, short transcripts with lengths of less than 10 nucleotides can be found (Helmann
and deHaseth, 1999)- Depending on the nature of the promoter, some of these short

transcripts can be fbrther extended and the o factor tends to dissociate fiom the
holoenzyme. This results in the formation of the transcription complex for elongation.
The x-ray crystallography structure of E-coli RNA polymerase crystallographic

data showed that the holoenzyme has dimensions of 160x95~90A (Polyakav et al.,
1995). In contrast, footprinting studies of the holoenzyme - promoter in both the open

and closed complexes is 3 10 A in length for the protected region (Schickor et al., 1990;

Craig et al., 1995).

A DNA wrapping model has been proposed to account for the

observable differences of the crystallographic and footprinting data (Figure 1.3)
(reviewed by Coulombe and Burton, 1999). Therefore, the DNA fragment containing the
promoter is proposed to wrap around the RNA polymerase (Figure 1.3) (reviewed by
Coulombe and Burton, 1999)

Figure 1.3: The DNA wrapping model. The -10 and -35 regions of the promoter (P)are
represented by a rectangle on the DNA strand. RNA polymerase (R) is represented by a
diamond shape.

The promoter DNA is proposed to wrap tightly around the RNA

polymerase to form RPcl (closed complex I) at OaC. This includes the recognition of the
-35 region of the promoter by RNA polymerase. With a further increase in temperature

to lS°C, the -10 region is recognized by the RNA polymerase and results in further
wrapping of the DNA around the RNA polymerase to generate RPm.

The RPa

isomerizes to form the RPo (open) complex which is represented by the football shape.

Many factors determine promoter strength. For example, one factor is the ability
of the RNA polymerase to recognize the promoter to initiate transcription and
subsequently to enter the elongation mode. Another is the kinetic constant of each key
step that affects the promoter strength (KI, K2 and K3). Transcription regulators have
been known to regulate these steps (e-g. RNA polymerase binding and open complex
formation) of transcription initiation (von Hippel et al., 1984; Leirmo and Record, 1990;

Suh et al., 1993; reviewed by deHaseth et aI., 1998; reviewed by Coulombe and Burton,
1999)

1.8.

Transcription activators
Promoters (belonging to the 0'' or d)can be classified into two types: "activator-

independent" and "activator-dependent".

An activator independent promoter is one in

which the promoter elements alone are sufficient for RNA polymerase to bind and to
initiate transcription.

In contrast, initiation o f transcription fiom activator-dependent

promoters only occurs when activator binds to sequences located upstream of the
promoter.

Activators are required for various steps in the transcription initiation

described above (reviewed by deHaseth et aI., 1998). Transcription activators can be
separated into two groups based on how they mediate transcription activation process
(Rhodius and Busby, 1998)- Group I activators mediate transcription activation process
through protein-protein interactions. This set of activators interacts directly with the
subunits of RNA polymerase. In contrast, Group ll activators do not interact with RNA
polymerase, but instead alter the conformation of the promoter DNA so that transcription
initiation can proceed.

I . . Mechanisms o f activation
1.8.1.1 Protein-protein interaction
Biochemical and genetic studies have demonstrated that certain activators do
make direct contact with RNA polymerase W h n e and Gann, 1997; reviewed by
Rhodius and Busby, 1998).

Catabolite activating protein (CAP) and cyclic-AMP

(CAMP) play an important role in regulating genes involved in carbon utilization in E.

coli. The CAP binding site of the lac promoter is centered at -61 -5 and has been shown

to interact with the a-CTD of RNA polymerase.

The CAP binding site of the gal

promoter is centered at 4 1-5 and has been shown to contact both the a-CTDand a-NTD
domain of RNA polymerase (reviewed by Busby and Ebright, 1997). Because the two
domains of the a subunits are connected by a flexible linker, the a-CTD can interact with
activators (i.e. CAP) which bind immediately upstream of the promoter or bind at
positions as far away as -9 1 (Zhou et al., 1994)Activators which interact with region 4 of

0"

tend to have binding sites which

overlap with the -35 region. This interaction has been demonstrated to be required to
recruit RNA polymerase to the promoter or to affect the K2constants (the transition fiom
the dosed complex to the open complex) (Busby and Ebright, 1997; Ishihama, 1997;
Rhodius and Busby, 1998) Examples of this include PhoB and cI. PhoB, an activator for
the phosphate regulon, binds to the PhoB box which overlap with the -35 region of the
pts promoter. It has been demonstrated that mutation of amino acid residues upstream of

region 4.2 of doabolishes the pts promoter activity (Makino et al., 1993). Phage lambda
cI repressor is an activator for P w (promoter for repressor maintenance). Interactions
between cI repressor and

0''

affect the K2 step of transcription initiation (Hawley and

McClure, 1982). Some activators interact with both the a-CTD and region 4 of

(r70

(Ishihama, 1993; Rhodius and Busby, 1998)Some transcription activators can interact with the p' subunit of RNA polymerase
for transcription activation without binding to DNA, Miller et al. (1997) have shown that
bacteriophage N4 single-stranded DNA binding protein (SSB) interacts with the carboxyl
terminus of the fY subunit of RNA polymerase to activate transcription of the late
promoters of the N4 phage. N4-SSB does not bind to double stranded DNA, and deletion
of the single-stranded DNA binding domain of N4-SSB does not affect its ability to
interact with the p' subunit of RNA polymerase.
1.8.1.2 Protein-DNA interaction

Group I1 activators bind to their respective DN-A target sites and alter the DNA
conformation to facilitate transcription initiation. A common feature of the promoters
which these activators regulate is the suboptimal spacing (19-bp rather than 16-1 8 bp)

between the -35 and -10 regions (Summers, 1992). Also the binding sites for these
activators are located in the spacer region. Activators in this group are (1) MerR which
regulates the plasmid encoded genes required for mercury detoxification and (2) ZntR
which regulates the genes required for zinc detoxification in E. coZi (Summers, 1992;
Outten et al., 1999). Other activators of this group include SoxR, TipAL, BmrR and

MtaR (reviewed by Rhodius and Busby, 1998). MerR is the best characterized of this
group (Summers, 1992). It binds to the target site which is located in the subnormal
19-bp spacer region between the -35 and -10 regions of the merT promoter (Summers,
1992). The binding of MerR bends the promoter DNA (Ansari et al., 1995; Outten et al.,
1999). The binding of (Hg(I1)) to MerR-DNA complex leads to underwinding of the

DNA (Ansari et al., 1995). This underwinding and the relaxation of the bend are
proposed to remodel the promoter DNA so that RNA polymerase can bind and initiation
transcription can occur (Rhodius and Busby, 1998).
1.8.2.

ATP-dependent transcription activators
A common characteristic of transcription activators in prokaryotes is the presence

of a DNA binding domain. For many of these activators, a helix-turn-helix motif at
either the amino or the carboxyl terminal region mediates the specific DNA interaction.
Some transcription activators have nucleotide binding domains for which activation of
transcription requires the binding of a nucleotide. GutR has both a putative helix-tumhelix DNA binding motif and a putative nucleotide binding motif (Ye et al., 1994). Since

GutR contains a putative nucleotide binding site, other transcription activators WtrC and
MalT) which are ATP-dependent are discussed.
1.8.2.1 Nicogen ~egulatoryprotein C (NtrC)

NtC belongs to the family of d4activators in which there are over 30 members,
of which NtrC is the best characterized (Kustu et al., 1991). Under nitrogen limiting
conditions, NtrC activates the transcription of the glutarnine synthetase gene &Id)in
Salmonella typhimurium and E. coli.

NtrC can be divided into three fhctional domains (North et al., 1993). The Nterminal regulatory domain shows the least homology between the oS4family members

and is designated the signal reception domain. A sensory, regulatory protein B (NtrB)
which is a protein kinase, phosphorylates aspartate-54 @54) of NtrC.

The central

domain consists of a Walker motif A, which is involved in nucleotide binding and
hydrolysis (Kustu et al., 1991; Weiss et al., 1992). The central domain is linked to the Nterminal domain by a flexible glutamine rich linker called a Q-Linker. The carboxyl
tenninal domain contains the helix-turn-helix

DNA binding domain and the

multimerizatioo domain.

NtrC binds to two binding sites (called enhancer elements) consisting of 17-bp
each which are located at -108 and -140 fiom the +I of the glnAp2 (oS4-dependent)
promoter (Reitzer and Magasanik, 1986).

EG" can bind to promoter recognition

sequences located at -12 and -24 to form a closed complex. The unphosphorylated form
of NtrC is a dimer which can bind to the enhancer element (Rippe et al., 1998; North et
al., 1993). However, only the phosphorylated form of NtrC (P-NtrC)

can activate

transcription (Kustu et al., 1991). Using atomic force microscopy (AFM), Wyman et al.
(1997) showed that P - N K must form octamers or higher oligomers by protein-protein

interactions in order to activate transcription from the gInAp2 promoter.

Analytical

centrifbgation studies by Rippe and colleagues (1998) demonstrated that four dimers of
P-NtrC are bound to each enhancer element.

Phosphorylated NtrC oligomers at the

m DNA
e
looping, and the hydrolysis of
enhancer binding site contact the ~ ~ ~ - h o l e n z yby
ATP, change the conformation of the RNA polymerase to form an open complex (WedeI
and Kustu, 1995; Weiss et al., 1992; Popham et al., 1989). NtrC is involved in the
isomerization of a RNA polymerase-promoter complex from a closed complex to an open
complex formation, a process which requires the hydrolysis of ATP (Sasse-Dwight and
Gralla, 1988; Popham et al., 1989).
Recently a member of the NtrC family was found to activate m7*containing RNA
polymerase instead of the

a" containing RNA polymerase (Bowman and Kranz, 1998;

Foster-Hartnett et af., 1994). The NtrC-like activator from the photosynthetic bacterium

Rhodo bacter c o p s u l o ~is designated RcNtrC. In viho transcription demonstrates that
both RcNtrC and o" holoenzyme (but not the oS4holoenzyme) are required for

transcription (Bowman and Krauz, 1998). In this activation process, ATP binding to
RcNtrC, but not hydroiysis, is required (Bowman and Kmmz, 1998).
Since transcription activators of the NtrC family activate c" RNA polymerase, it
might not be relevant to the case for GutR. GutR is proposed to activate

8-RNA

polymerase and might be similar to the case for RcNtrC.
1.8.2.2 MalT

MalT is a transcription activator that plays a central role in the regulation of the
maltose operons encoding for proteins which are required for the uptake and catabolic
breakdown of maltodextrins in E. coZi (reviewed by Boos and Shuman, 1998). Some
operons - maZPQ and malZ - are controlled only by the activator MalT. The others rnalK-lad, rnalM; and malEFG - require both MalT and catabolite receptor protein

(CRP) for activation (Boos and Shuman, 1998). MalT is a 103 kDa protein with a helixturn-helix motif at the carboxyl terminal end and a nucleotide binding domain at the
central domain (Richet and Raibaud, 1987).
MalT is a monomer in solution (Richet and Raibaud, 1987)- Gel filtration and
sedimentation in sucrose gradients analyses showed that MalT in the presence of
maltotriose and ATP self-associates to form oligomers (Schreiber and Richet 1999).
MalT when bound to maltotriose and ATP is the active fonn MalT which interacts the
070

subunit in mediating transcription activation from the maltose operons @mot and

Raibaud, 1994; Danot et al,, 1996). However, ATP hydrolysis is not required since ADP
or nonhydrolyzable ATP analogues can also stimulate transcription activation (Danot and
Raibaud, 1994; Danot et d., 1996). The truncated form of MalT in which the DNA
binding domain at the carboxyl-terminal region is deleted, act as dominate negatives with
regard to the function of the wild-type MalT protein. This indicates that MalT selfassociates through protein-protein interactions when bound to DNA (Cole and Raibaud,

1986).
The MalT binding site designated as a MalT box is a 10 bp asymmetric DNA
sequence of (5 'GGGGA(T/G)GAGG3 ') (Vidal-Ingigliardi et al., 199 1 ; Danot et al.,

1996). These MalT boxes are usually found in multiples of three to five upstream of the
promoter. Orientation and location of the MalT boxes are promoter-dependent. Three
MalT dependent promoters (malEFG, malK-ZamB,and maZPQ) which do not have a
typical -35 region but do contain the consensus at the -10 region, have a MalT box
centered at -37.5 or -38.5 upstream of the +I of these operons panot and Raibaud,
1994). This MalT box is always in the 5' to 3' orientation relative to the transcription
start site. These three promoters require two additional MalT boxes upstream of the -38

position. These two MalT boxes are a two-tandem repeat (Vidal-Ingigliardi et aI., 1991;
Danot and Raibaud, 1994).

The binding of MalT to the MalT boxes occurs in a

cooperative manner ( Richet and Raibaud, 1989).
1.9.

Glucitol metabolism

1.9.1.

Glucitol metabolism in E coli

-

Glucitol (also known as sorbitol) utilization involves the phosphoenolpyruvate
(PEP)-dependent sugar transferase system (PTS) in E. coli (Lengeler, 1975a and b). The
PTS consists of two energy-coupling proteins, (enzyme 1 and enzyme 11 heat-stable
protein, HPr); and a sugar-specific enzyme II complex which accepts the phosphate (P04)
fiom the HPr, The sugar-specific enzyme I1 can be divided into three domains, A, B and

C. In some cases, all three domains are physically linked together to form a single
enzyme 11. In other cases, some domains are linked together (e-g. IIB is Iinked to IIC) or
exist as separate subunits. These enzymes play a role in the transfer of the phosphate
fiorn PEP to the specific sugar as follows:

PEP -+ Enzyme I -+ HPr + E w e IIAsuw + Enzyme IIBCsu"

-+ sugar-P

In the case of the glucitol system in E. coli, the EII component is separated into
two different subunits, EIIA and EIIBC. The EIIC portion is inserted into the membrane
and mediate the transfer of the PO4 to the incoming sugars. Upon entering the cell,
glucitol is modified to glucitol-6-phosphate which is oxidized to hctose-6-phosphate by
glucitol-6-phosphate dehydrogenase. Fructose-6-phosphate can then enter the glycolytic
pathway for metabolism.

1.9.2.

Glucitol metabolism in B. subtifis
Glucitol metabolism in B, subtilis is markedly different fiom that described for E.

coli and does not involve the PTS-system,

The genes for glucitol metabolism in B,

subtilis are selectively turned on in the presence o f glucitol (Chalumeau et al., 1978; Gay
et al., 1983). These genes are organized in the glucitol utilization (gut) operon and
mapped on the B. subtilis chromosome at 50° using both transduction and transformation
approaches (Gay et al., 1983). The gut operon consists of at least two genes, gutA and

gutB,which are organized in the order gutB-gutA (Gay et al., 1983). The glucitol specific
pennease encoded by gutA is responsible for the cellular uptake of glucitol without any
modification of glucitol (Figure I.4A). gutB encodes glucitol dehydrogenase which
oxidizes glucitol to fhctose in a nicotinamide adenine dinuculeotide (NAD~)dependent
manner.

Fructokinase, which is encoded by fiC, then phosphorylates h c t o s e to

fructose-6-phosphate.

Fructose-6-phosphate is then phosphorylated to fructose- 1,-6-

diphosphate by phosphofiuctokinase. The fiC gene is mapped downstream of gwA.
However, it is not sure whetherfic is part of the gut operon (Gay et al., 1983).
Glucitol metabolism is mediated by a transcription activator, GutR (Gayet al.,
1983; Ye and Wong, 1994). The gutR gene is located upstream of the gut operon and is
transcribed in the opposite direction relative to the gutB-gutA operon (Figure 1.4B).
Several gutR mutants have been isolated. Most gutR mutants fail to turn on the gut
operon even in the presence of the inducer, glucitol (Chaiurneau et al., 1978; Gay et al.,
1983).

On the other hand, one mutant designated gutRl results in the constitutive

expression of the gut operon even in the absence of giucitol (Gay et al., 1983). The
expression of the gut operon is subject to catabolite repression (Gay et al., 1983; Ye and
Wong, 1994). Both gutR and gurB have been cloned and sequenced (Ng et al., 1992; Ye
et al., 1994). Characterization of these two genes has provided insights on how glucitol
induction is regulated in B. subtilis.

1.93. The gut23 regulatory region
Characterization of the guiB regulatory region suggests that the expression of

gutB is subject to both positive and negative regulation. The regulatory region can be

Figure 1.4: Glucitol catabolic pathway and the gut locus in B. subtilis. (A): The glucitol
catabolic pathway in B. subtilis. (B): The gur locus consists of the gut operon (gntA and

gutB),f;rcC and gutR. The gutR gene is transcribed in the opposite direction reIative to
gutB. fi-uC is located downstream o f the gut operon and may or may not be part of the
gut operon-
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divided into three regions: the promoter region, a downstream negative regulatory region,
and an upstream positive regulatory region (Ye and Wong, 1994).
Primer extension was applied to map the transcription start site of gutB. The
hexameric consensus sequence at the -10 and -35 regions of the gutB promoter shows
good homology to the d\ type promoter with an atypical 15 bp spacer between the -10

and -35 regions (Figure 1.5) (Ye and Wong, 1994). The consensus sequences at the -10
and -35 regions of gutB are TAAAAT and TTGAAC, respectively. Five nucleotides of
the gutB -10 sequence match to the hexameric consensus sequence at the -10 region and
four nucleotides of the -35 sequence match to the hexameric consensus sequence at the 35 region. A typical spacer length between the -35 and -10 regions is 17+1 bp for
optimal promoter function. Changes of the T nucleotide (underlined) to a C at position 22 of the conserved hexameric sequence 1-T

and the G nucleotide (underlined) to

a T at position -35 of TTGAAC abolished gutB expression (Ye and Wong, 1994).
Previous studies of several a* type promoters including trns, lacBS, and groE by sitedirected mutagenesis demonstrated that these nucleotides are important for d\ recognition
( D o M ~ ~and
~ YSonenshein, 1982; Kenney et al., 1988; Kemey and Moran, 1991; Yuan
and Wong, 1995a).

Deletion of the -10 region of the gutB promoter abolishes

transcription from gutB (Ye and Wong, 1994). The gutB promoter alone (without any
upstream regulatory sequences) cannot direct transcription since transcriptional firsion
containing just the gutB promoter sequence showed that the promoter sequence alone
does not h c t i o n in vivo (Ye and Wong, 1994). Thus, sequences upstream of the
promoter are required for gutB expression. The gutB promoter seems to be a a* type
promoter with an atypical short spacer (15 bp), Analysis of the promoter sequences
shows that there are clusters of A-rich sequences. The presence of these sequences can
potentially induce intrinsic DNA bending in the promoter region.
There is an inverted repeat sequence located downstream of the promoter that
negatively regulates the expression of gutB. Deletion of this sequence resulted in a Cfold
increase in gutB expression (Ye and Wong., 1994). This region is designated the
negative reguIatory region (N-region) (Figure 1.5).

Figure 1.5: The gurB regulatory region. A: the positive regulato~yregion - region
required for activation. An :rnperfect inverted repeat is located between -50 and -78 bp
upstream of tl. P: promoter region showing the -35 and -1 0 regions with a short spacer
of 15 bp. The gut23 promoter shows consensus to the d - l i k e promoter at the -35 and -1 0
regions. N: negative regulatory region contains another imperfect inverted repeat which
reduces gutB expression by four fold.

-3 5 region

Spacer

- 10 region

+I

The upstream region -132 bp to -47 bp fiom the +l shown in Figure 1.5 is
required for gutB expression (Ye and Wong, 1994).

A transcription activator was

proposed to bind to this region since titration with upstream sequences in a high copy
plasmid resulted in a decrease of the expression of the reporter gene (Ye and Wong,
1994). Closer examination of the sequences upstream of the gutB promoter shows an
imperfect inverted repeat located 50 bp upstream of the transcription start site. This
inverted repeat is proposed to be important in regulating gutB expression.
I.9.4. GutR

GutR is the transcription activator proposed to bind to the cis-acting sequences
upstream of the gutB promoter (Ye et al., 1994). The p t R gene has been sequenced and
based on the nucleic acid sequence, the deduced moIecuIar mass of GutR is 95 kDa (Ye
et al., 1994). The transcriptional k s i o n (gutB-lad) studies showed that GutR is required
to modulate glucitol induction. First, a total loss of glucitol induction was observed when

chromosomal FIR was insertionally inactivated. Second, reintroduction of a h c t i o n a l
copy of the gutR gene restores the inducibility. There are three interesting features of
GutR: (I) A helix-turn-helix motif at the N-terminal region which is likely to be the

DNA binding domain. (2) Downstream of this putative DNA binding domain is a
putative nucleotide binding domain consisting of the Walker motif A and motif B. (3) At
the carboxyl terminal region is a putative 34-amino acid repeat motif known as a
getratricopeptide repeat (TPR)sequence which may serve as a motif for protein-protein
interaction. (Ye et al., 1994; Blatch and Liissle, 1999). It is important to characterize
these domains to determine how GutR regdates gzd3 expression.
1.9.4.1 Helix-tu rn-helix motif

GutR has a helix-tun-helix motif, that has been shown to be common to over
1,100 proteins that bind to specific DNA sequences (reviewed by Rosinski and Atchley,

1999). The helix-turn-helix motif consists of approximately 20 amino acid residues and
is composed of two a helices separated by a short turn. The helix-turn-helix of GutR is
shown in Figure 1.6.

Helix 1 is the most conserved and h c t i o n s to bind DNA

nonspecifically so that the recognition helix (helix 2) can bind to the specific DNA

Figure 1.6: Helix-turn-helix motif of GutR. Sequence alignment GutR with proteins
known to bind DNA via a helix-turn-helk motif. Helix I is the positioning helix and
helix 2 is the recognition helix responsible for binding to the specific DNA sequence.

The amino acid residues in helix 1 are the most conserved as seen in the bold faced
letters. Of the 20 amino acid residues in the helix, residues occupying at position 5 (of
the first helix) and position 9 (of the turn region) are usually an alanine (A) and glycine

(G) respectively.

Helix I
I
GutR
TyrR
Cro
NiEA
NtrC
FhL4

1

2

3

I
T
Q
Q

D
R
T
A

K
K
K
K

4

I
L
T
A
K Q E A
P K G A

Helix If

5

6

7 8 9 1 0 1 1 12 13 14 15 16 17 I8 19 20

A
A
A
A
A
A

L
K
K
R
R
Q

Q
R
D
L
L
R

L
L
L
L
L
L

G
G
G
G
G
G

V
V
V
M
W
L

S
S
Y
T
G
K

P
H
Q
P
R
R

N
T
S
R
N
T

T
A
A
Q
T
T

I
I
I
V
L
L

K
A
N
A
T
L

S
N
K
Y
R
S

W
K
A
R
K
R

I
L
I
I
L
M

G
R
H
Q
K
K

sequence along the major groove of the DNA moIecuIe (Pabo and Sauer, 1992). The turn
between the two helices is composed of three or four amino acids- Helix 1 is the most
conserved and is based on the crystallography structures of Cro and CAP (Pabo and
Sauer, 1992). The two residues commonly found in the helix-turn-helix motif are an
alanine at the 5& position of helix 1 and a glycine at the beginning of the turn (Rosinski
and Atchley, 1999).

By grafting the sequences encompassing 91 amino acid residues from the Nterminal region of GutR to a GST-vector, a GST-helix-turn-helix vector had been
constructed in our laboratory'. The purified fusion protein showed both a high affinity
and specificity toward DNA hgments containing the gutB regulatory region but not to
other DNA hgments carrying either the polylinker sequence or the lambda (h) operator

(OW) sequence for Cro and C1 repressors. GST proteins cannot bind to any of these
three DNA fkagments. This demonstrated that the DNA binding domain of GutR is
indeed located at the N-terminal of GutR. Furthermore, the helix-turn helix motif within
this region is likely to be the DNA binding motie.
1.9.4.2 Nucleotide binding domain

Commonly found in nucleotide binding proteins are the Walker motif A and
Walker motif B. Walker motif A consists of [G/A]XX)(XGK[T/S] in which X can be
any amino acid and G, K, T and S are glycine, lysine, threonine, and serine respectively.
Walker motif B consists of hhhhD in which h is a hydrophobic residue and D is an
aspartate (Walker et at., 1982). Figure 1.7 shows the alignment of sequences for

GutR contains sequences that show homology to both
Walker motif A and Walker motif B. Mutagenesis and crystallography data have

ATP/GTP binding proteins.

demonstrated that proteins with Walker motif A or Walker motif B share certain features.
Crystal structures of adenylate kinase, RecA, Ras, and FIATPase showed that Walker
motif A binds to the diphosphate or triphosphate moiety of the nucleotide (Fry et al.,
1986; Story and Steitz, 1992; Abrahms et al., 1994) and is therefore designated as the

phosphate (P) loop. This Walker motif A is a flexible loop that occurs between a

' Chen and Wong, unpublished data

P-

Figure 1.7:

Comparison of the nucleotide binding domain o f G u m with known

nucleotide binding proteins. Walker motif A and WaLker motif B are commonly found in
nucleotide binding proteins. Waker motif A forms the phosphate loop consisting of the
consensus sequence (G/AXXXXGKT/S). Walker motif B (hhhhD) has a characteristic
sequence with 4 hydrophobic residues followed by aspartate. X represents any amino
acid and h represents hydrophobic amino acids. G, T, D and K are glycine, threonine,
aspartate, and Iysine, respectively (Adapted from Wong et al., 1994).
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strand and an a-helix. The Walker motif B consists of several hydrophobic residues,
which form a hydrophobic fold followed by a conserved aspartate. Motif B is involved in
binding the nucleotide via M ~ ~ *Walker
.
motif B is situated usually 50 to 150 residues
fiom the P loop (Yoshida and Ammo, 1995).

In addition to Walker motif A and Walker motif B, Yoshida and Arnano (1995)
showed that proteins that can hydrolyze ATP also contain either an aspartate or glutamate
at position 24-

ftom the conserved lysine in Walker motif A. Chemical modification

with dicyclohexylcarbodiimide or mutation analysis of these residues results in a

complete loss of ATPase activity (Amano et al., 1994). In GutR, an aspartate is located
30 amino acid residues fiom the conserved lysine. Since the aspartate residue located

between the Walker motif A and Walker motif B is not in close proximity to the
conserved lysine residue typical of proteins with ATPase activity, it is possible that GutR
may not be able to hydrolyze ATP. The proposed aspartate of GutR is dislocated and a
conformational change may be required to position properly this residue in the catalytic
site.
1.9.4.3 Tetratricopeptide repeat (TPR) motif

The TPR motif is ubiquitously found in proteins of bacteria, yeast, k g i , plant,

and animals (reviewed by Blatch and Lassle, 1999). The major function of the TPR
domain is to mediate protein-protein interactions. Proteins with the TPR motif include
proteins that are involved in cell cycle division, transcription factors and protein folding.
The primary sequence alignment of the 34 amino acid residues of GutR as compared to
other proteins with TPR motif is shown in Figure 1.8. The TPR motif consists of a 34amino acid repeat. Usually one or more TPR motifs are present in the protein and are

arranged in a tandem array (Lamb et al., 1995). As is shown in Figure 1.8, the TPR motif
consists of a conserved pattern of amino acids with similarity in terms of size,
hydrophobicity and spacing. These amino acid residues are either small hydrophobic,
large hydrophobic, charged, or polar (Blatch and Lassle, 1999) and are at positions: 4, 7,
8, 1 1,20,24 and 27 (Sikorski et al., 1990).

Figure L8:

The tetratricopeptide repeat (TPR) motif of GutR compared to

serine/threonine protein phosphatase 5 (PP5) and Glucose starvation inducible protein
(GsiA). The consensus sequence is shown at the top. TPR consists of 34 amino acid
residues which form two amphipathie helices.
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The TPR motif detected by circuIar dichroism shows that 50% of the TPR motif

in serine-threonine protein phosphatase (PP5) is a helical structure and has little or no
beta sheet structure (Hirano et al., 1990). From this study, the TPR motif was thought to
exist as two a-helical domains - A and B. Domain A spans amino acids 4 to 11 in

Figure 1.8, and Domain B spans amino acids 20 to 30. The crystal structure of the Ntenninal TPR domain of PP5 has been elucidated (Das et al., 1998). Conclusions fiom

the circuIar dichroism study of

the secondary structure of TPR motif have been

confkned. Each TPR motif is composed of a pair of antiparallel a-helices consisting of
domain A and domain B, respectively. Amino acids at positions 8, 20, and 27 are
important for the structural integrity of the TPR domain. Mutation studies have shown
that the amino acid substitution at these positions results in a nonfinctional helix (Russell
et al., 1999).
Although the exact functional roles of the TPR motif in GutR are currently
unknown, it is possible that GutR uses this motif to mediate oligomerization or to make
contact with subunits of RNA polymerase.

Several transcription activators including

NtrC and MalT are known to form oligomers in order to mediate the transcription
activation process.

gurRI contains a single point mutation in which a cytosine (C) is changed to an
adenine (A), resulting in a substitution of Ser-289 to Arg-289 (Ye et al., 1994). Ser-289
is located within the putative nucleotide Walker motif B- Therefore, this mutation is
located just downstream of the highly conserved aspartate residue of the Walker motif B.

In the case of the elongation factor Tu magnesium guanosine diphosphate @F-Tu-MgGDP) complex in E. coli, a cysteine residue occupies the position of the Ser in GutR.
The cysteine residue of EF-Tu is known to be buried in the protein core (la Cour et al.,
1985).

It is speculated that the replacement of Ser289 with Arg will induce a

conformational change in GutR due to the introduction of a charged amino acid residue in
the protein core of GutR. In this conformation, GutRl can activate transcription of the
gut operon in the absence of the inducer, glucitol (Gay et al., 1983; Ye et a]., 1994).

Based on these findings, it is suggested that GutR may exist in two conformations
(Figure 1.9). In the absence of glucitol, GutR ekists in an inactive conformation. The
binding of glucitol to GutR induces a conformational change in GutR to an active form
allowing transcription &om the gutB promoter (Figure I.9A). ATP/GTP may also play a
role in the transcription activation.

GutRl is hypothesized to adopt an active

conformation even in the absence of glucitol, thus constitutive expression of the gut
operon is observed (Figure I.9B). This model is evaluated in Chapter Vn.

GutR does not show any significant homology to any transcription activator in the
Swiss Protein Data Bank- However, GutR does show certain similarities to MalT and
AcoK. All three proteins are about 100 kDa in size (Peng et al., 1997; Schreiber and
Richet, 1999). They all contain both a putative DNA binding domain and a nucleotide
binding domain.

AcoK is an activator -required for acetoin utilization in Klebsiella

pneumoniae and MalT is a transcription activator for the utilization of maltose in E- coZi
(Peng et al., 1997; Richet and Raibaud, 1987)- MalT and AcoK can bind and hydrolyze
ATP (Richet and Raibaud, 1987; Peng et al., 1997). AcoK has been demonstrated to bind
to its target site in the absence of the inducer, acetoin. However, MalT requires the
presence of ATP and the inducer maltotriose to bind to DNA.

1.10.

Research objectives
An overview of what is known about glucitol utilization in B. subtilis has been

discussed. Ye et al. (1994) have demonstrated that GutR and glucitol are involved in
regulating the gut operon in B. subtilis. The gutB promoter has simularity to the &-like
promoter in B. subtilis, however with an atypical spacer length of 15 bp (Ye and Wong,
1994). Upstream sequences of the gutB promoter are required for gut operon expression.
It is unclear whether

d\-RNApolymerase

really transcribes the gut operon.

The

functional significance of the three putative domains, DNA binding, nucleotide binding
and TPR of Gut& is unknown. To understand the structure and function of GutR and its
role(s) in transcription activation, the primary objectives of this study are listed as
foIlows:

Figure 1.9: Conformational change of GutR. (A): GutR is proposed to contain a glucitol
binding site. GutR exists in an inactive fo&. Upon binding to glucitol, a conformational

change of GutR occurs. This is proposed to be the active form of GutR which is required
for transcription. @): GutRl is proposed to be locked in an active conformation both in
the presence and absence of glucitol. The triangle represents glucitol.

The role of

ATP/GTP in the active form of GutR is unknown. The glucitol binding site and DNA
binding site in GutR are shown as (v) and (") respectively.

Proposed mechanism of activation by GutR.
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1. Characterization of the g ~ r Bregulatory region.

There are three focal

questions within this objective:

a. Is d responsible for gutB promoter recognition?
b. What is the minimum sequence upstream of the gutB promoter required

for activation?
c. Does the gutB promoter sequence show intrinsic DNA bending?
2. Functional characterization of GutR. To achieve this objective, the following

questions are proposed:
a. Does GutR bind to the upstream sequences of gutB? If it does, what is the
nature of this GutR binding site?
b. What is the kinetics of GutR-gutB DNA interaction? Does glucitol affect

GutR binding to its target site?
c. Does GutR adopt a different conformation in the presence of different
ligands such as glucitol and ATP?

The findings described in t h i s thesis provide insights to the understanding of how
GutR and glucitol regulate expression of the glucitol operon in B. subrilis.

II.

Materials and Methods

II.1.

General reagents
Restriction enzymes were purchased fiom Gibco-BRL (Bethesda Research

Laboratory), New England Biolabs, and Pharmacia-Amersham and were used according
to the suppliers' instructions. DNA primers for PCR and sequencing were obtained fkom
the Regional DNA Synthesis Laboratory, University of Calgary, Gibco-BRL, Dnagency,

and Alpha-DNA.

I - ~ A T Pand

[ y - 3 2 ~ ] used
- ~ ~ in
~

sequencing and end-labeling,

respectively, were purchased fiom ICN. DNA sequencing enzymes and reagents were
purchased as a kit f?om hersham-Pharmacia.

Enzymes and reagents for PCR

amplification were acquired &om New England Biolabs (VENT DNA polymerase) and
Gibco-BRL or Pharmacia (Taq DNA polymerase).
purchased

Bisacrylamide and agarose were

corn Gibco-BRL and acrylarnide was purchased fiom ICN.

moIecular weight) protein markers were fiom Bio-Rad.

SDS-PAGE (low

All other chemicals were

purchased fiom Sigma-Aldrich, Fisher Scientific, Boehringer Mannheim or ICN,

II.1.1.

Biosensor reagents

Sensor chip CM5, surfactant P20, and the amine coupling kit consisting of Nhydroxysuccinimide (NHS), N-ethyl-N'-(-3-diethylarninopropyl) carbodiimide (EDC),

and ethanolamine hydrochloride were purchased from BIAcore.

Streptavidin was

purchased from Sigma. Two primers were applied to amplifL a 90-bp fi-apent (-93 to 14) covering the gutB regulatory region. These primers are:
1. GutBA 1OB (biotin-5 'GGGGATCCTGCTTMTAACACGTTCAAC3') and

For amplifying fragments fiorn the pBS (bluescribe from Stratagene) polylinker
region, the reverse universal (S'GTCClTTGTCGATACTG3*) and universal primers
(5 'biotin-GTAAAACGGCCAGT3') were used.

The BIAcore@X biosensor was

purchased fiom BIAcore Inc. (New Jersey, Piscataway).

II.1.2. Footprinting reagents

The reagents used for footprinting consisted of ammonium ferrous sulfate
decahydrate, sodium ascorbate, 30% hydrogen peroxide and thiourea. All were ordered
from Sigma.

II.1.3. Limited proteolysis reagents
Trypsin

was

obtained

fkom

Sigma

and

~efabloca

[4-(2-aminoethy1)-

benzenesulfonyl fluoride hydrochloride] was purchased &om Boehringer Mannheirn.

U.2.

Bacterial strains and plasmids

Table 11.1 is a list of B, subtilis strains and the plasmids used, and Table II.2 is a
list of E. coli strains and the plasmids used in this study. The pDH32 plasmid is a B.
subtilis integration plasmid with a chioramphenicol resistance marker (cat) and a
promoterless lac2 reporter gene (Kraus et al., 1994).

The pDK plasmid contains a

promoterless bgaB gene, which encodes a thermostable fkgalactosidase fiom Bacilh.s
stearothemophilus and a kanamycin resistance gene (kan) (Yuan and Wong, 1995a).
The pUB18P43 plasmid was used to construct the overexpression vectors for GutR and
GutR derivatives (Li and Wong, 1992). Bluescribe (pBS) fiom Stratagene was used for
subcloning and for transformation. pBend2 vector (Kim et al., 1989), which contains a
circular permutative polylinker region with XboI and SaA unique restriction sites for
cloning, was used to study intrinsic DNA bending. B. subtilis sigA mutant strains,
obtained Eom Dr. Charles Moran's laboratory, were used to determine if oA directs
transcription fiom the gutB promoter (Kenney and Moran, 1991). These strains contained
a h s promoter directing the expression of the E. coli lac2 gene and two copies of the
sigA gene (Kenney and Moran, 1991). The sigA gene is an essential gene in B. subtilis.

The second copy of sigA contained either a wild-type or mutant sigA which was
controIIed by an IPTG inducible promoter, Pspac (Table 11.1).
11.3.

Primers
The primers used in this study are listed in Table 11.3.

Table TI.1: Strains ofB- subtilis and the plasmids.
Strains

Relevant characteristics
(phenotype o r genotype)

168

hpc

EU 9000
EU900 f
EU9002
EU9001 LWS
EU9002tms-13C
EU9002
PUB 18P43
pUB L 8P43GutR
pUB 18P43AGutR

Sp izizen,
1958
PY852 ermC::cat, a derivative of PY852 which the
Kenney &
M o r ~
ermC gene contained within the transposon was
repiaced with cat
1991
EU9000 Pspac-siglwt, a derivative of EU9000 which Kenney &
Moran?
contains a wild type sigA gene controlled by an IPTG
inducible promoter, Pspac
1991
Kenney &
EU9000 Pspac-si& Q 196k a derivative o f EU9000
Moran,
which contains a mutated sigA allele (Q 196R)
controlled by Pspac
1991
EU9002 SPD::tnzs-la&, a derivative of EU9001 which Kenney &
Moran,
contains la& controlled by wild-type mrr promoter
1991
Kenney
&
EU9002 SPP::tms=13C-lacZ, a derivative of EU9002
Moran,
which contains lac2 controlled by mutated tms
1991
promoter
Kenney &
tms promoter directing lacZ gene; two copies of d\
Moran,
gene (of which one copy has the Q196R mutation)
1991
Li and
Insertion of a 300 bp EcoRI-KpnI h g m e n t carrying
the B. subtilis P43 promoter in pUB 18
Wane,
1992
This study
Insertion of gutR by KpVBamHI into pUB 18P43
This study
Insertion of m ~ g u t Rby KpnVBamHI
trpC2 nprA apr epr bpf mpr nprB

WBKl

WBK2
WBK3
WBK4

WBKS
WBK6

WBK7
WBK8

References

B- subtilis 168 containing a pDKgutE31 integrated into
the amyE locus
B-subtitis 168 containing a pDKgutB2 integrated into
the amyE locus
B. subtilis 168 containing a pDKgutB3 integrated into
the amyE locus
B. subtilis 168 containing a pDKgutB4 integrated into
the amyE locus
B. subtitis 168 containing a pDKgut.5 integrated into
the amyE locus
B. subtilis EU9002 tms-13C containing pDKgutB 1
integrated into the amyE locus
B. subtilis EU9002 tms-13C containing pDKgutB2
integrated into the amyE locus
B. subtilis EU9002 tms-13C containing pDKgutB3
integrated into the amyE locus

Wu et al.,
1991
This study
Tiiis study
This study
This study
This study
This study
This study
This study

- -

-

Strains

WBK9
TKBKlO
WBK11
WBK12
WBK13
WBK14
WBKIS

Relevant characteristics
(phenotype or genotype)
B. subtilr's EU900 1ms-wiId-type containing
pDKgutB 1 integrated into the amyE locus
B. subzilis EU9001tms-wild-type containing

pDKgutB2 integrated into the amyE locus
B. subtilis EU900 1rms-wild-type containing
pDKgutB3 integrated into the amyE locus
B.subtilis 168 containing a pDH32gutBl integrated
into the amyE Iocus
B.subtilis 168 containing a pDH32gutB2 integrated
into the amyE locus
B. subtilis 168 containing a pDU32gutB3 integrated
into the amyE locus
B.mbtilis 168 containing a pDH32gutB4 integrated
into the amyE Iocus

References

This study
This study
This study
This study
This study
This study
This study

Table 11.2: Strains ofE. coli and the plasmids.
Strains

DH5a

PBS

pBSgutB 1 (wild-type)

pDKgutBl (wild-type)
pDKgutB2 (-1 2T -+ G)
pDKgutB3 (-3 1G -+ T)

Relevant characteristics
(phenotype or genotype)
(@0lacZddm15) fend41 recAI
M I 7 (r-m') supE44 fhi-l 1-gyrA
relA I F A(lacZYA-argF) UU169]
E. COGbluescribe plasmid
Insertion of a 175-bp h g m e n t into
PBS
Insertion of a 175-bp fragment into
PBS
Insertion of a 175-bp h g m e n t into
FBS
Insertion of a 175-bp fiagment into
PBS
Insertion of a 175-bp h g m e n t into
PBS
B, subtilis integration vector with a
promoterless ZacZ reporter gene
flanked by the fiont and back
portions of a-amyE, enabling
integration of transcription fusion
at the amyE locus, contains a bla
gene, a cat gene and the
replication origin fiom pBR322
Insertion of a 144-bp EcoRIBamHI fragment (-1 43 to + l ) in
pDH32
Insertion of a 94-bp EcoRI-BamHI
fragment (-93 to +l ) in pDH32
Insertion of a 79-bp EcoRI-BamHI
fragment (-78 to +1) in pDH32
Insertion of a 64-bp EcoRI-BamHI
h g m e n t (-63 to +I) in pDH32
Derivative of pDH32M in which
lac2 is replaced with bgaB as the
reporter gene
Derivative of pDL in which the cat
gene is replaced with the kan gene;
It contains the promotorless bgaB
gene as the reporter gene.
Insertion of a 175-bp h g m e n t
(-1 25 to +49) into pDK
Insertion of a 175-bp h g m e n t
(-125 to +49) into pDK
Insertion of a I 75-bp fhgment
(-125 to +49) into pDK

References

Stralagene
Ye and Wong, 1994
Ye and Wong, 1994
Ye and Wong, 1994
Ye and Wong
(unpublished)
Ye and Wong
(unpublished)
Kraus et al., 1994

This study
This study
This study
This study
Yuan and Wong, 1995a
Yuan and Wong, 1995a

This study
This study
This study

Strains

pDKgutB4 (-3 1G + C )
pDKgutE35 (-3 1G + A)
PUI
pBend2

pBend2gutB

pBS459

Relevant characteristics
(phenotype or genotype)
Insertion of a 175-bp hgment
(-125 to +49) into pDK
Insertion of a 175-bp merit
(-125 to +49) into pDK
pBS plasmid containing the
chromosomal gutR gene
Contains 2 sets of 17 restriction
sites with BalI and SalI
restriction sites (237-bp poIy1inker
region at the center)
Insertion of a 9 1-bp gutB promoter
h g m e n t ( 4 1 to +30) into XbaI
and Sun signts in pBend2
Insertion of a 459-bp
EcoRV/BamHI gurB promoter into
pBS cut by SmaI/BamtII

References

This study
This study

Ye et ale, 1994
Kim et al,, 1989

This study
Ye and Wong
(unpublished)

Table II.3: Primers and corresponding sequences.
Primer Name Region'
Primers used in Biosensor Studies
GutBA 1OB
ends at -15 relative to
transcription start site

GutBSB 1F

Sequence 5' -* 3'

Length

biotin5 'GGGGATCCTGCTT'MTAA
CACGTTCAAC3'
5' G G G M T T C C A G C G I
TGTATATG3'
5 'biotinGTAAAACGGCCAGT3'

28

begins at -93 relative to
transcription start site
Universal
for amplifjing fkagments
&om the pBS poly Iinker
region
Reverse
for ampliming fi-agments 5 'GTCCTTTGTCGATACTG3 '
UniversaL
&om the pBS polylinker
region
Primers used in Constructing pUB18P43ANGutR
GutR79F
5 'GGGGTACCACTAGTAGGA
GGTGTATTCATATGCTGTTT
CATGACAGACCCGG3'
PUB18HindIII
S'GATTTCATACACGGTGCC
TG3 '
Primers used in Construction of pBendgutB
pSBF
begins at -6 1 relative to
5 'GGGGTCGACCTGTCCTTT
tm&cription start site
TATACAGCAGG3'
PXBB
ends at +30 relative to the S'CGTCTAGAGTGCATACAT
transcription start site
TTTTG'TTTTC3 '
Primers used for mutation of the -35 hexameric consensus sequence
begins at -27 (forward
S'GTGTTAAAAAGCAGATAA
primer)
AATGGGG3'
begins at -28 (reverse
5 'ATCGATACGCCTTTCCTG
primer); replacement of
CTGTATAAAAGG3'
TTGAAC of the -35
consensus sequence to
TATCGAT (ClaI)
Genomic Sequencing Primers
PRI (forward) begins
at -125
-

PIR (reverse
primer)
PKRF

GB-1OB

ends at +49
forward primer for the
P43 promoter inserted
upstream of the
kanamycin gene
ends at + l

26

I4
17

52
20

29
28

25
30

S'GGGAATTCCTATTAGTAC
TAlTlTATCAATC3'
5'GGGGATCCTTTAGAAAAT
AAAATGTAAGTG3'
S'GGGAATGCATGCATGCAT
3'

31

5'GGGGTACCGGATCCTGCC
CCCATTTTATCTGC3'

32

30

18

Primers for construction of deletion of gutB regulatory region and gei mobility shift
assays
GBSAF
begins at -143
5'GGGTCGACGAATCAGCCA 32
TAAGCCTGCACCTC3'
GBSBlF
begins at -93
S'GGGAATTCCAGCGTTITTT 26
GTATATG3'
GBSB2F
begins at -78
5'GGGAATTCATAAAAGTAC 25
AGTGCCG3'
GBSB3F
begins at -63
5'GGGAATTCGCTGTCCm 28
ATACAGCAG3'
Primers for hydroxyl radical footprinting
GBSCB
ends at +43
S'GGGGATCCTTTAG-T
30
AAAATGTAAGTG3'
GBSAF
begins at -I 43
S'GGGTCGACGAATCAGCCA 32
TAAGCCTGCACCTC3'
--

" +I

is the transcription start site of gutB. The other nucleotide sequence are numbered according

to the pDK plasmid, The direction of the primers is from the 5' end to the 3' end-

11.4.

Plasmid construction

I1.4.1. Construction of the pDKgutB vector series
The pBSgutB plasmids, carrying nucleotide substitutions at the -12(T --, G) or

-3 l(G

-+ C,

A, T) and a wild-type (wt) gutB promoter, were cut by EcoRI and BamHI.

These hgments were subsequently ligated into a pDK plasmid cut by the same two

enzymes. This procedure generated five plasrnids carrying different mutations in the gutB
promoter. They are designated pDKgutBl (wt), pDKgutB2 (-12T

3 1G + T), pDKgutB4 (-3 1G

+ C),

--,C),

pDKgutB3 (-

and pDKgutB5 (-3 1G + A). The plasmids were

then linearized by PstI, and integrated into B. subrilis 168 to generate the cell strains:
WSK1, WBK2, WBK3, W K 4 , and WBKS. The linearized CpDKgutB 1, pDKgutB2 and

pDKgutB3) plasmids were also integrated into B. subtdis EU9002 to generate WBK6
CPgutBwild-type), WBK7 (PgutB-12T--+ C),and WBK8 (PgutB-3 1 G

+ T).

These three

linearized plasmids were also transformed into B, subtilis EU9001 to generate WBK9
CPgutBwild-type), WBKlO (PgufB-12T

+ C)

and WBKI 1 (PgutS3 1G + T).

11.4.2. Construction of the pDH32gutB vector series

A series of primers was used to generate systematic deletions of sequences
upstream of the gutB promoter. These primers are presented in Table 11.3. The forward

primers carry an EcoRI restriction site, while the reverse primers contain a BamHI
restriction site at the 3' end. The PCR conditions using Taq DNA polymerase were as
follows: 94°C for 1 min, 54°C for 0.8 min and 72°C for 0.5 min for 30 cycles, followed
by 72°C for 10 min. The PCR products were cut by BamHI and EcoN and subsequently
cloned into the pDH32 plasmid cut by the same two enzymes. Sequencing was then
conducted to ensure that no mutations were introduced by the PCR reactions. These
plasmids designated pDH32gut.B 1 to pDH32gutB4 were linearized by PstI and integrated
into the amyE locus of B, subtilis 168 cells to generate strains:

WBK I3 pDH32gutB2 (-93 to +I)

WBK 14 pDH32gutB3 (-78 to +l) and
WBK 15 pDH32gutE34 (-63 to +l).
II-4.3. Construction of the pUl318P43GutR
Steps for construction of the overexpression vectors for GutR are as follows. The
pUB18P43 vector contains a constitutive promoter (P43) that is recognized by oA. The
pUI plasmid (Ye et aI., 1994) which contains chromosomal gutR gene was digested by the
enzymes ScaI and BamH and was subsequently cloned into pBS cleaved by SmaI and
BamHI. The resulting pBSGutR plasmid was then cleaved by Kpnl and h H I and then
inserted into pUBl8P43, which had been cut by the same two enzymes in order to
generate pUB 18P43GutR.

The

resulting plasmid

designated

PUB18P43GutR

overexpresses GutlX in B. subtilis.
II.4.4. Construction of the pUB18P43ANGutR
Two PCR primers, forward primer GutR79F and PUB18HindIII reverse primer,
were used to amplify PCR products containing a gutR gene with a deleted N-terminus.
The PUB18P43GutR plasmid served as a template. Forward primer GutR79F (S'GGGG

TACCACTAGTAGGAGGTGTATTCATATGCTGCATGACAGACCCGG3) and
reverse primer PUB18HindIII (SrGATTTCATACACGGTGCCTG3') were used to
generate a 2.5-kb PCR product. This h g m e n t was then cut by BamM and @I.

The

resulting plasmid was designated pUB 18P43ANGutR. To ensure that no extra mutations
fiom the PCR reaction occurred, the hgment was cut by ClaI and BamHl from
pUBl8P43GutR

wild-type

was

exchanged

with

the

same

fragment

of

pUB18P43ANGutR. Sequencing was done using P43F primer in order to sequence the
remaining DNA sequences between the promoter and the ClaI site to c o n f m that no
mutation in the N-terminus of ANGutR had occurred.

Both pUB18P43GutR and

PUB18P43ANGutR plasmids were transformed individually into W 6 0 0 cells11.4.5. Construction of the pBend2gutB

The two primers pSBF (S'GGGGTCGACCTGTCCTTTTATACAGCAGG3'
beginning at -6 1 relative to transcription start site) and pXBB (5 'CGTCTAG 'AGTGCAT
ACATTTTTGTTTTC3 ' ending at +30 reiative to the transcription start site) were used to
amplify the h g m e n t of the gutB promoterthat was predicted to contain intrinsic bending.
The above primers contained unique restriction sites, XbaI and Sall, at the ends. The

PCR h g m e n t was then cleaved by XbaI and SaZI and ligated to pBend2 which had been
cut by the same two enzymes to generate pBend2gutB plasmid. PCR conditions used to
generate the PCR product were as follows: 94°C for 1 min, 54°C for 1 min and 72°C for
0.5 min for 30 cycles followed by 72°C for 10 min.

Computer prediction of DNA

bending was made with the Bend Program from the DNAstar package @NAstar, Inc)
using the wedge model developed by Trifonov (1985) for angle calculations.
11.5.

DNA isolation and manipulation
Plasmid DNA was obtained from E. coii by using the alkaline lysl's method

(Sambrook et al., 1989). Restriction endonuclease and modification enzymes were used
according to manufacturer's instructions. B. subtilis chromosomal DNA and pIasmids
were prepared according to the method described by Wu et al. (1990).

11.5-1. Inverse PCR: site-directed mutagenesis of-35 region of gutB
Site directed mutagenesis of the -35 region of the gutB promoter was performed
by an inverse PCR technique which was established by Hemsley et al. (1 989). The
template used in this study was pBS459 which contained a copy of the gutB regulatory
region. One primer carried a mutated sequence, which was complementary to one strand

of the tempIate, while a second primer was complementary to the opposite strand of the
template. No gaps existed between the two primers. The PCR product was treated with
Klenow and phosphorylated by T4 polynucleotide kinase with ATP. This DNA fiagment
was self-ligated and was transformed into DHSa cells. Sequencing was then performed

to c o n f m the successfbl incorporation of the site-directed mutation into the clone of
interest. The primers P35ClaIF and P35CIaIB were used to replace the -35 hexameric
sequence (5 'TTGAAC3 ') of gutB with a ClaI (5 'ATCGAT3 ') restriction site.
II.5.2. Dideoxy sequencing

DNA sequencing was performed by the dideoxy method (Sanger et al., 1977) with

T7 DNA polymerase, &om Phmacia-Amersham.

The procedure was performed

according to the mauufacturer's recommendations, with modifications as listed below.
The denaturation step was done with 1M NaOH and 1 mM EDTA (5 pL into 20 pL, DNA
(2 pg) in water). Incubation was carried out for 10 minutes at room temperature. The
DNA was precipitated following the protocol recommended by the manufacturer. The
annealing of the primer to the template was performed as follows: 65°C for 5 min, 42°C
for 15 min and then at room temperature for 10 min. The 6% urea polyacrylamide gel
contained: 4 g of acrylamide, 0.2 g of bisacrytamide and 38.3 g of urea in a total volume
of 80 mL. The gels were run at 55W and subsequently were fmed in solution containing
10% acetic acid and 10% methanol. The gels were then dried and exposed to x-ray film
or an phosphoimage plate fiom Fuji.
11.5.3. Genomic sequencing

Genomic sequencing was performed using a fino1 DNA sequencing kit" from
Promega.

Chromosomal DNA ftom strains (WE3K1 to WBK5) carrying the gutB

promoter mutation was isolated and used as a template for the ampliQing of a PCR
product which served as a template for sequencing. The primers used to generate the
template were PKRF and PIR (Table 11.3).

The PCR product was purified by

electroelution to remove any primers and other nonspecifically amplified fragments. PCR
sequencing reactions were as follows: 2 pL of dNTP/dclNTP was added to 0.5 rnL
Eppendorftubes. The sequencing reaction mixture consisted of 500 h o l of DNA (PCR

product), 2 pmol of PIR primer, 2 pmol PRl primer, 0.5 pL o f [u-~*s]-~ATP,1 p L of T q

DNA polymerase (sequencing grade) and up to 16 p.L of water. Subsequently, 4 pL of
the enzyme/primer/template mixture was aliquoted into dNTP/ddNTP and approximately
10 pL of mineral oil was added to the top- Tubes were placed directly into the thermal
cycler, which had been preheated to 95°C. PCR sequencing conditions were as follows:

95°C for 2 min, followed by 30 cycles of 95°C for 30 sec, and 70°C for 1 min. Since
both primers used in the sequencing reaction were greater than 24 base pairs in length, the
cycling conditions used were the same as those recommended by the manufacturer for
primers in which the guanosine and cytosine (GC) content is greater than 50% or the
length is greater than 24 base pairs. The PCR reactions were terminated by adding a stop
solution to each tube followed by heating at 70°C for 2 minutes. After the samples were
loaded onto a sequencing gel they were run for 2% hours at 55W. Subsequently, the gel
was dried and autoradiographed.

II.6.

Transformation

B. subtdis competent cells were prepared using the method developed by Dubnau
and Davidoff-Abelson (1971a and b) and Spizizen (1958). The calcium chloride method
was used to obtain E. coli competent cells (Sambrook et al., 1989)

11.7.

Culturing conditions

E. coli and B. subtilis were routinely cultured in Luria-Bertani (LB) broth for
plasmid preparation, Antibiotics used in culturing were:
75 pg/mL of ampicillin for pBS, pDH32, and pDK plasmids in E. coii

1 0 pg/rnL of kanamycin for pUB 18 and its derivatives in B. subtilis
5 pg/mL chlorarnphenicol for transcription fision integrants B. subtilis

7 pg/rnL phelomycin (bleomycin) for B. subtilis EU9000
For

overexpression

of

GutR and

ANGutR,

WB600

strains

carrying

PUB18P43GutR and pUB 18P43ANGutR were cultured in the super-rich medium
(Halling et al., 1977). The control strain WB600 [pUB18] was also cultured in the same

medium-

Cell growth was monitored by using the Klett-Summerson photoelectric

calorimeter with a green filter. A growth curve was generated to determine the time point
in which maximum GutR and BNGutR were produced. At time 0, a young (log-phase)
culture was inoculated into 15 rnL of the super-rich medium to adjust the final cell density
to 10 Klett units. Beginning at hour four and continuing until hour 12, a sample (0.5 mL)
was collected every hour and stored at -20°C. These samples were then resuspended in

SET buffer (50 mM Tris-HCI, pH 7.6, 50 mM EDTA, 20% sucrose) and treated with 5p1
lysozyrne (stock concentration, 20 mg/ml), followed by sonication (microscon ultrasonic
cell disruptor from Heat System Ultrasonic, Tnc). These samples were centrifuged to
precipitate the cell debris. The supernatant was analyzed for GutR and ANGutR proteixi
expression by using SDS-PAGE.

B. subtilis strains WBK6 to WBKll, were used to determine whether a* was
responsible for gut operon transcription.

The parental strain used to integrate the

pDKgutB series was EU9001 tmslacZ or EU9002 tms- 13C-lad. They carry two copies
of sigA (see Table 11.1); a wild-type chromosomal copy and a mutated sigA gene that was
under the control of an IPTG inducibie promoter. WBK6 to WBKl1 cell strains were
grown to 100 Klett units and were then split into 2 flasks with I mM IPTG (final
concentration in dimethyl sulfoxide (DMSO)) added to one flask and only DMSO added
to the other. These two flasks were then cultured for an additional hour, The cells were
harvested and analyzed for thermostable ~galactosidaseactivity.

The effect of the

mutated c? on mutant gutB-bgaBactivity was monitored by measuring BgaB activity.
8

Disruption of a-amyE in B. subtiiis

For proper integration of pDH32 and pDK plasmids to the amyE locus in the
chromosome, these plasmids were first linearized and then transformed into the respective

strains of interest. The pDH32 integrated transformants were plated on agar plates
containing 5 pg/rnL of chloramphenicol, while pDK transformants were plated on plates
containing I0 p g / d of kanarnycin and grown overnight at 37OC.

The following

morning, transformants were identified and spotted on two plates. One of the plates was
a master plate containing the appropriate antibiotics and the second plate was a starch

containing agar pIate (0.1% starch). The two plates were incubated overnight Then an
iodine solution (24 mM iodine, 24 mM potassium iodide) was poured on top of the starch
plate. The presence of a halo surrounding a colony indicated that the amyE locus had not
been disrupted since a-amylase enzyme was produced. Conversely, the absence of a halo

indicated the disruption of the a-amylase gene @ran, 1990).
11.8.1. fl-galactosidase activity

To measure both themophilic ~galactosidase and E. coZi P-galactosidase
activities, cells were resuspended in the 2-buffer (500

4)and then

lyzed by adding

toluene (Bron, 1990). The Z buffer contained 60 mM Na~HPO4,40mM N a e P 0 4 , I0

mM KCl, 1 mM MgS04-7H20,and 50 mM $-mercaptoethanol. P-mercaptoethanol was
added fieshly to the Z buffer. The lyzed cell samples (ranging from 10 pL, - 400 pL)
were diluted to 800 pL, in Z buffer and 200 p L of 4 mg/mL o-nitrophenyl-P-D-galactoside

(ONPG) was added.

E. coli J3-galactosidase activity was assayed at 37"C, and

thermostable j3-galactosidase activity was tested at 5S°C, at a reaction time of two to ten
minutes. The absorbance at 420 n m and 550 nm was then determined. This activity,
reported in Miller units was calculated based on the equation (Miller, 1972):

M.U. =
II.9.

- (A550
X 1.75) / reaction time (min) x A595

Electrophoretic mobility shift assay (EMSA)
The PCR generated DNA fragments were end-labeled with T4 polynucIeotide

kinase with

[ y - 3 2 ~ ]ATP.

DNA binding reactions were performed using pure GutR

protein in a total volume of 30 pL in buffer containing 50 mM Tris-HC1, 150 mM NaCI, 5

mM DTT, 5 mM MgC12, 1 mM EDTA, 3% ficoll, 1 pg of sonicated salmon sperm DNA,
and 0.2 pmol of DNA probe (Carey, 1991). To this mixture, GutR (fkom 2 nM to 100 n M
) was added.

The reactions m h e s were incubated at room temperature for 15 minutes

and then loaded onto 6% polyacrylarnide gels. Gel were run at I75V in 0 3 TBE for 3
hours. Following this, the gels were dried and autoradiographed.

11.10. Polyacrylamide gel electrophoresis of permuted fragment

In six separate digestion reactions, the pBend2gutB plasmid was restricted by the
enzymes, EcoRV, BmnHI, Bgm, NruI, SpeI, and MluI respectively.

These same

digestions were performed on the control plasmid pBend2. These hgrnents were run on
8% native polyacrylamide gel at either 4°C or 60°C in 0-SxTBE buffer at 17SV.

Subsequently, the gels were stained by ethidium bromide. Bend angles, defined as angles
deviated fkom a straight line, were determined by the method described by Thompson and
Landy (1988).

II.11. HydroxyI radical footprinting
Hydroxyl radical footprinting was performed based on the modified protocol of
Tullius and Dornbroski (1986). Primers GutBSAF (S'GGGTCGACGAATTCAGCCAT
AAGCCTGCACCTC3 ') and GutE3SCB (5 'GGGGATCCTTTAGPAAATAAAATGTA
AGTG3') were used for amplifications- Steps in the footprinting procedure are listed
below. A 217-bp DNA hgment (-143 to +43) containing the gutB regulatory region
was generated by PCR using GutBSAF end-labeled primer and non-labeled GutBSCB
primer. A second PCR product using end-labeled GutBSCB and non-labeled GutBSAF
primers was generated. Spin columns were used to separate the primers and dNTP fiom
the PCR products. The purified end-labeled eagment and GutR were incubated at room
temperature. The footprinting reactions were initiated by the addition of the following
chemicals (5 pL of 0.1 mM F~(EDTA)J~-,
5

a of 10 mM sodium ascorbate, 5 pL of

0.3% hydrogen peroxide) to the wall of Eppendorf tubes already containing the GutR

binding site with or without GutR protein (which had been pre-incubated for 15 minutes)
for a total reaction time of ten minutes at room temperature. The stop buffer which
terminated the reaction contained 5 p.L of 0.1 M thiourea, 16 pL of 0.2 rnM EDTA, and

2.5 pg of tRNA- This was followed by the addition of 2/10volume of sodium acetate and
three volumes of 95% ethanol. The samples were then placed at -70°C for 15 minutes,
followed by centrihgation at 4OC for ten minutes. The supernatant was discarded and the
pellet was washed with 70% cold ethanol and air-dried. The pellet was then, resuspended
in xylene blue and bromophenol blue dye in formamide, and the reaction mixture was

heated to 9S°C for two minutes followed by electrophoresis on an 8% denaturing
sequencing gel. Footprints were visualized using the Fuji MacBas 1000 photo-imaging

system or by autoradiography.

11.12. Cell fractionation
At the end of the culture period, WB600 IpUB 18P43GutRI cells were harvested

by centrifbgation at 7,000 revolutions per minute (RPM) using a GSA rotor (7000xg)

from Sorvall. The cell pellet was washed in the disruption buffer (50 mM Tris-HCL, pH
8.0, 5 mM EDTA, I mM phenylmethylsulfonyl fluoride (PMSF)) and passed through the

French Press (fkom Amiinco) at 10,000 psi. The soluble h c t i o n was separated from the
insoluble h c t i o n by centrifugation at 20,000xg for 20 minutes at 4OC.

11.13. Purification of GutR
The purification of GutR was done at 4OC- W6OO CpUB 18P43GutRI was grown
for eight hours in a super rich medium (Halling et al., 1977) with a fmal cell density of
approximately 800 Klett units, The cells were harvested by centrifbgation (7,000 x g for

six minutes at 4°C) and resuspended in 30 mL of buffer A (50 mM Tris-HCi, pH 8.0, 5
mM EDTA and 1 mM PMSF)- The cells were passed through a French Press at 10,000
psi three or four times. Cell debris was removed by centrifbgation at 27,000xg for 20
minutes at 4OC. Proteins in supernatant were precipitated by adding ammonium sulfate
with slow stirring until the solution was at 55% saturation. Stirring was continued until
all solids were dissolved. Subsequent centrifbgation (27,000xg for 20 minutes) yielded a
precipitate that was resuspended in buffer A. The volume of the sample shouid be less

than 5% of the total column volume of the subsequent gel Sephacryl 400 (S-400) gel
filtration column. Following this, samples were applied to the 5-400 column ( 2 . 5 ~ 8 0cm)
which had previously been equilibrated in buffer A at I ml/min. Fractions of 6 rnL each
were collected and the
the peak area.

A280

was determined. Fractions were run on SDS-PAGE around

Fractions containing the 95-kDa GutR were pooled and then passed

through a Whatman DEAE-52 (diethylaminoethyl) cellulose column (73 rnL) (15 x2.5

cm) equilibrated with buffer A. The column was washed with three to five column
volumes of buffer A or until

A280

was less than 0.005. GutR was then eluted with a salt

gradient (8x column volume) of 0-0.6 M NaCl in the same buffer. GutR was eluted off
the column around 0.0754.15 M NaCI. Fractions were then read at Azso followed by
analysis on SDS-PAGE.

Fractions containing GutR were pooled and loaded onto a

heparin agarose column (4 mL), which had previously been equilibrated with buffer A.
The column was washed with 3 x column volume or until the

was 0.005- GutR was

eluted with a salt gradient of 0 4 . 5 M NaCl in buffer A and the hctions collected were
analyzed on SDS-PAGE. From examining the SDS-PAGE, GutR was found to be 95%
pure. Since the ammonium sulfate precipitation and gel filtration using Sephacryl S400
did not improve the overall purification, the purification was shortened to just two
columns, DEAE-52 ion exchange and heparin affinity column. This was also judged to
be satisfactory in purifying GutR.
11.14. Gel filtration: molecular mass determination of GutR
Gel filtration chromatography was performed using a Bio-Rad biologic high
resolution protein chromatography system at room temperature with a Superose 6
HR10/30 column (Pharmacia) equilibrated with two column volumes of buffer B (50 mM
Tris-HCI, pH 8.0, 150 mM NaCI, 5 rnM EDTA). The flow rate used was 0.4 mL/min.
The standards used were from Sigma Kit 200. Protein standards used were: thyroglobulin
(670 kDa), fi-amylase (200 kDa), alcohol dehydrogenase (158 kDa), ovalburnin (45 kDa),
carbonic anhydrase (3 1 kDa) and cytochrome C (12.5 kDa). 0.2 mL of purified GutR was
injected into the column. For gel filtration analysis of Gzt,K in the presence of glucitol,
buffer B was used to analyze the molecular mass of pure GutR.

II.15. Nucleotide binding of GutR (W cross-linking of

ATP to GutR)

UV cross-linking studies of nucleotide to protein were first described by Yue and
Schimmel(1977). The protocol used herein was modified fiom Zhong and Tai (1 998). 1
pg of GutR, 1

pCi of [ y - 3 2 ~ ](3000
- ~ ~ Ci/mrnol)
~
in buffer (50 mM Tris-HCI, pH 8.0, 5

mM MgCh), and 2 mM DTT to make a total volume 20 pL. was added in a 0.5 rnL
Eppendorf. With the lids open, the solution in the Eppendorfwas W cross-linked for 30
minutes using short W (Compact W lamp from UVP) at room temperature. After 30
minutes, an equal volume of 2x (sample application buffer) SAB was added and boiled

for three minutes. The boiled samples were analyzed on 10% SDS-PAGE. The gels were
then dried and exposed to an imaging plate (Fuji). The Fuji MacBaslOOO phosphoimaging system was used to quantifLthe degree of cross-linking.

XI. 16. Protein determination
Protein concentration was determined by using the Bradford assay (Bradford,
1976). The protein standard used was bovine serum albumin Eom Bio-Rad,

II.17. Limited proteolysis to probe for conformational change
SDS-polyacrylamide gel was run according to Larnelli (1971)- Trypsin digestion
was done at room temperature in a total volume of 200 pL. Buffer containing 50 mM

Tris-HCI, pH 8.0,s rnM DTT,and 5 mM MgCl, was used. Trypsin type 11-S from Sigma

was prepared in 0.1 nM HCI at 1 mg/mL and stored at -20°C until the day of use- Four
micrograms of GutR protein and 0.1 pg of trypsin were used. At time zero, 20 p L was
removed prior to the addition of trypsin. At time points 6, 12, 18, 24,40, and 60 minutes,

20 pL, aliquots were removed and placed into new Eppendorf tubes containing pefablocm
(to a final concentration of 1 mM). To terminate the reaction, the samples were boiled for
three minutes. Subsequently, the samples were run on SDS-PAGE. The effect of the
ligands (2% xylitol, 2% mannitol, 2% glucitol, various ATP and AMP-PNP, ATPyS,

ADP, AMP, GTP, CTP, and dATP) on the GutR digestion pattern was also determinedQ.18. Western blot

Following SDS-polyacrylamide gel, the protein was electroblotted on a
nitrocellulose membrane. The nitrocellulose membrane was blocked, followed by adding
1/1000 dilution of GutR specific antibody fiom mouse. Secondary antimouse antibody
conjugated to horse-radish peroxidase was purchase from BioRad.

11-19. N-terminal sequencing
Three of the trypsin digested hgments were subject to N-terminal sequencing
(Chapter VII). The =tic

digestion products of GutR were analyzed on a 7.5% SDS-

polyacrylamide gel. Proteins were electroblotted to the PVDF membrane (Matsudaira,
1987). After staining for 10 minutes in Coomassie blue, the protein bands, corresponding

to the three f'ragments were excised and sent for N-terminal sequencing. The N-terminal
sequence was determined by Edrnan degradation using a gas phase sequencer at the
Protein Microchemistry Centre at the University of Victoria. The sequence of the first
five amino acid residues fkom the three hgments was determined,

11-20. Biosensor
II.20.1. Biotinylated PCR product
PCR was used to generate a biotinylated probe, fiom -93 to -15, relative to the +l
of gutB which included the entire inverted repeat- Primers used for amplification were
the GutB- 1OB reverse primer biotinylated at the 5' end and GutB- 1F (Table 11.2). Excess
primers and dNTP were removed from the resuiting PCR product by electroelution. The

PCR product was separated on 1-5% agarose gel containing ethidiurn bromide at IOOV,
followed by cutting the band corresponding to the product and electroelution with

O.5xTBE.

The DNA containing solution was then phenol extracted, followed by

precipitation using sodium acetate.
The universal primer biotinylated at the 5' end and the reverse universal primer
were used to amplify a 164-bp fkgment fiom the polylinker of the pBS plasmid to serve
as a negative control.

II.20.2. Immobilization of streptavidin
Immobilization of streptavidin was performed with an amine coupling kit as
specified by the manufacturer, BIAcore Inc. All buffers were filtered through a 0 . 2 ~
Millipore filter and degassed prior to use. All immobilization steps were performed in a
continuous buffer D (10 mM Tris-HC1, pH 8.0, 150 mM NaCl, 0.05% Surfactant P20) at
a flow rate of 5 pLlmin at a temperature of 243°C. The data were coliected at 1 Hertz.
The steps and reagents for immobilization of streptavidin are summarized in Table 11.4.
N-hydroxylsuccinimide

(NHS)

and

N-ethyl-N'-(3-diethyIaminopropy1)

carbodiimide (EDC) were stored at -70°C in small aliquots.

EDC, NHS and

ethanolarnine aliquots were thawed, used and discarded after use- The washing step was
performed twice to ensure all loosely bound streptavidin was eliminated fiom the sensor
chip surface.

Flow cell #1 (FC#l) and Flow cell # 2 (FC#2) were activated and coupled with
streptavidin folIowing the steps outlined in Table 11.4. FC#l was immobilized with 1,764
Resonance Units (RU) of streptavidin, and FC#2 was immobilized with 2,740 RU of
streptavidin.
Table 11.4: Immobilization of streptavidin on the CM5 sensor chip,
--

Reagents
TEN
NHS
EDC
Streptavidin
Ethanolamine

- -

- -

- - -

-

10 mM Tris-HCI, p H 8-0, I50 mM NaCI, 0.05% Surfactant P20
100 m M N-hydroxylsuccinimide in water
400 m M W-ethyl-N' (dimethylaminopropyl) carbodiimide in water
30 pg/mL of streptavidin
1 M ethanolamine hydrochlo~ide,adjusted to pH 8.5 with NaOH

Immobilization of streptavidin on CM5 sensor chip (amine coupling)
Method
0
TEN buffer, flow rate 5 pL,/min
Start cycle
300
Mix NHS + EDC (I :I), Inject 30 pL Surface activation
720
Inject 30 @ of streptavidin
Couple streptavidin
1200
Inject 30 pL of ethanolamine
Deactivate excess reactive group
2 600
Inject 0.05% SDS
wash noncovalently bound
streptavidin fkom chip surface

Time (s) Event

11.203. Immobilization of biotinylated DNA
The immobilization of biotinylated DNA to a streptavidin derivatized chip was

done under manual injection mode.

The TEN buffer used was the same as for the

immobilization of streptavidin at a flow rate of 5 &/mine For FC#2, biotinylated gutB

DNA of 0.02 pg/& concentration was immobilized by manual injection at a flcw rate of
5 pL/min. Only 6 pL of the 50 p L total injection volume was immobilized on the chip.

At the end of the injection, loose materials bound to the chip nonspecifically were washed
by several injections of 10 p.L 0.05 % SDS at a flow rate of 5 pL/min. The final amount

of gutB DNA immobilized on FC#2 was 71 RU.

FC#I, which served as the reference cell, was immobilized with biotinylated
polylinker DNA following the steps for FC#2. The total polylinker DNA fragments
immobilized were 84 RU.

II.20.4. GutR binding assays
Buffer E used for GutR-DNA interaction contained 10 mM Tris-HC1, pH 8.0, 150

mM NaCI, 0.05% Surfactant P20 and 2 mM MgC12. GutR was diluted to the appropriate
concentration in buffer A. The flow rate was 30 pL/min. Binding assays were performed

in GutR concentrations ranging fkom 1-78 nM to 52 nM- Each injection of GutR
concentration was for two minutes in the flow order of FC# f to FC#2. FC#l served as
the reference cell, since polylinker DNA was not recognized by GutR. At the end of the
injection, the protein sample was replaced with the running buffer at the same flow rate.

The dissociation of GutR from the DNA was monitored at this time for a period of 5 to IS
minutes.

After each concentration of GutR, the DNA surface was regenerated by

injection of 30 pL of 0.05% SDS. This study was performed at a temperature of 24.7 to
24.8"C. The sensorgrams can be monitored in a continuous mode. The final sensorgram

generated by subtraction of the two sensorgrams (FC#2 - FC#l) was to correct for
artifacts of binding, signaI drift and rehctive index changes-

In examining the effect of glucitol, xylitoI, or glucose on the ability of GutR to
bind to DNA, 2% glucitol, 2% xylitol, or 2% glucose was added to buffer E respectively.
The effects of ATP, GTP, and ADP on the ability of the GutR-glucitol complex to bind to

DNA were also examined, The fmai concentration of these nucleotides used was 2 rnM.

III. Expression, Purification and Characterization of GutR Protein
III.1. Introduction
In this chapter the function of GutR as a transcription activator in the regulation of
glucitol utilization in B. subtilis will be examined. Understanding the fhction of GutR
requires a closer examination of the functionaI significance of the following three
domains of GutR:
1. The putative helix-turn-helix DNA binding domain at the amino terminal

region.

2. The putative nucleotide binding domain located downstream of the DNA
binding domain.

3. The tetratricopeptide repeat (TPR)domain located at the carboxyl terminus.
As discussed in Chapter I, the functions of these domains that are found in other proteins
have been characterized. In particular, proteins containing the helix-turn-helix domain
have been known to mediate specific protein-DNA interactions. Based on this, GutR is
proposed to interact specifically with the cis-acting upstream sequences of the gutB
regulatory region. To determine whether GutR can indeed interact with DNA fragments
containing the gutB regulatory region, gel mobility shift assays were utilized.
As has been observed in the NtrC family of transcription activators, proteins
containing a nucleotide binding domain have been known to have the ability to bind to
nucleotides and to hydrolyze them. However, although other transcription activators
such as TyrR, MalT, and AcoK contain a nucleotide binding domain, they do not require
the hydrolysis of ATP for activation of transcription (Richet and Raibaud, 1989; Peng et
al., 1997). Thus, the question arises as to whether the nucleotide binding domain found
in GutR h c t i o n s to bind and/or to hydrolyze nucleotides.
The TPR domain, in a range of proteins such as molecular chaperones, has been
found to mediate protein-protein interactions. As mentioned in Chapter I, the MalT
transcription activator is able to regulate maltose utilization in E. coli by self-association
in the presence of ATP and maltotriose (Schreiber and Richet, 1999). Even though GutR

does contain a TPR domain, the role of this TPR domain in mediating oligomerization
has not been determined.

In order to characterize the function of the putative domains of GutR, sufficient
quantities o f pure GutR protein are required. The cellular level of GutR in the B. subtilis
cell is low, even upon glucitol induction. Therefore, gutR was cloned into the B. subtilis
pUB28P43 expression vector so that overexpression of GutR could be achieved. This
expression vector consists of a strong constitutive promoter, P43, which is transcribed by
the major RNA polymerase ( ~ o *of
) B. subtiliS. The level of GutR protein production in

the B. subtiZis WE3600 cells containing the pUB18P43GutR expression vector was
sufficient for purification of GutR by various chromatographic methods. FoHowing the
purification of GutR, gel mobility shift assays and UV cross-linking assays were used to
demonstrate the h c t i o n s of the various domains of GumAnother version of gutR, dNgutR was also inserted into the PUB 18P43 expression
vector. ANGutR contains only amino acid residues 146 to 829 of GutR, and thus does
not encompass the DNA binding domain. This protein is applied to study the ability of

GutR to oligomerize indirectly is detailed in Chapter VI.
2

Construction and production of GutR and ANGutR

The expression vector pUB 18P43, which contains the strong constitutive
promoter P43, was used to overexpress both wild-type gutR and
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Figure III.1

PUB 18P43ANGutR that produce GutR and ANGutR proteins, respectively.

The

construction of pUBl8P43GutR involved cloning fkom a chromosomal copy of the gutR
gene, which had previously been cloned into the E. cedi pBS plasmid (Ye et al., 1994).
However, the construction of PUB18P43ANGutR was obtained through PCR using
pUB18P43GutR as a template. To ensure that m g u t R did not contain any PCR errors, a
wild-type gutR in pUBl8P43GutR cut with CZaI and BarnHI was replaced with the

MgutR containing PCR fhgrnent cut with the same enqrnes. The remaining sequence
of pUB18P43-ANGutR between KpnI and ClaI was sequenced by the dideoxy chain

Figure 111.1: B. subtilis expression vectors for producing GutR and ANGutR protein.
(A): pUBl8P43GutR and (B): pUBI8P43ANGutR for expression of GutR and ANGutR

protein respectively. The PUB18P43 expression vector in B. subtiZis consists of a strong
P43 constitutive promoter and a kanamycin resistant marker (kon). The guiR gene and

ANgut.(containing a deletion of the first 145 amino acids of GutR) were cloned into the
BamHI (B) and KpnI (K)sites of pUB18P43. The letters C, S, P and E represent the
restriction sites for restriction enzymes: CZoI, SaA, PstI, and EcoRI respectively. The
relevance of these enzymes for the construction of pUB 18P43ANGutR is explained in the
text. The arrow indicates the transcription direction of the P43 promoter.
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termination procedure to c o n f i i that no mutations occurred within this region (Figure
111-1).
The three plasmids, pUB 18P43GutR, pUB 18P43ANGutR and PUB18 (negative
control) were transformed separately into B. subtiIis WB600 cells. All three strains were
cultured in super rich medium for 12 hours at 37OC (Figure 1II.2).
Growth curves of WB600 [pUB18P43Gum] and WE3600 [pUB 18p43ANGutRI
were almost identical to that of the control strain, WB600 [pUB18] (Figure III.2A). The
overproduction of GutR and ANGutR does not affect the cell growth. Thus, GutR and
ANGutR were not toxic to the cell, For G u m and ANGutR, maximum expression was
achieved after seven and four hours of cultivation, respectively. These overproduced
proteins can be stably produced at high levels for at least 12 hours of cultivation.
Fractionation studies demonstrated that both proteins were in the soluble form (Figure

lII.2B and C). ANGutJX was produced at a higher level than wild-type GutR. Gel
mobility shift assays were performed to determine if the overproduced GutR protein was
hctional.

Crude extracts prepared fkom the GutR overproduction strain were

demonstrated to bind specifically to the DNA fiagrnent containing the gutB regulatory
region. With the knowledge that GutR protein produced was soluble and fbnctional, the
next step was to purifL GutR to demonstrate that GutR is the protein which binds
specifically to the DNA fiagment containing the gutB regulatory region. For purification
of GutR, WB6OO@UB18P43GutRI cells were cultured for eight hours and harvested.

111.3. Purification of GutR
III3-1.RationaCe for the purification scheme
The initial purification scheme for GutR is outlined in Figure III.3A. An analysis
of the b c t i o n s kom different pooled samples were collected at different stages during
purification as is shown in Figure III.3B. Using this protocol, purification of GutR was
achieved as is seen in lane 6 of Figure III.3B.
Purification of GutR was carried out using buffer A (50 mM Tris-HCI, pH 8.0, 5

rnM EDTA, and 1 mM PMSF). The steps in the initial purification protocol were:

Figure III.2: Growth curves and expression profiles of WB600

CpUB18P43Guw,

WB600 [PUB18P43ANGutRI and WE600 [pUB181 (negative control). (A): Growth
curves.

(B): Coomassie blue SDS-polyacrylarnide gel profile of GutR in WB6OO

[pUB18P43GutR]. Lane 1: molecular weight markers; lane 2: control sample, WB600

lpUB 181 collected after 1 l hours of cultivation; lanes 3-9: samples collected at 4, 6, 8, 9,
10, 1 1 and 22 hours. (C): Coomassie blue stained SDS-polyacrylamide gel profile of

ANGutR in WE3600 IpUB18P43ANGutR]: lane I: molecular weight markers; lanes 2-9:
samples coIlected at 4, 5, 6, 8, 9, 1 0, 11 and 12 hours.

Lane 10: control, WB600

CpUB 181. The amount of soluble proteins loaded in each lane was normalized against the
cell density. The size of molecular weight markers (kDa) is indicated on the left of Panel

B and Panel C, The arrows in Panel B and Panel C indicate the expected size of GutR
and ANGutR respectively.
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Figure III.3: Purification scheme for Gu&. (A) Flow chart of the steps involved in the
purification o f GutR. (B) SDS-polyacrylamide gel o f the hctions collected from the
different purification stages: lane 1: molecular weight standards, lane 2: crude extract,
lane 3: ammonium sulphate precipitation, lane 4: Sephacryl 400 gel filtration; lane 5:

DEAE-52 anion exchange column, lane 6: Heparin affinity column. The molecular
weight standards are indicated in kDa and the arrow indicates the GutR protein.
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1. Ammonium sulfate precipitation

2. Sephacryl400 gel filtration
3. Diethylaminoethyl anion exchange @EAE-52) chromatography

4. Heparin afikity column chromatography.
The first step, ammonium sulfate precipitation can be used to eliminate selectively
some proteins and to concentrate cellular proteins for use in the gel filtration step. In the
second step, chromatography using the Sephacryl 400 matrix was applied to separate
proteins according to the difference in their size. Since GutR is 95 kDa in mass and is
considered to be a relatively large protein compared with most cellular proteins, this
allowed GutR to be preferentially separated from other small proteins by the gel filtration
method,

In addition, gel filtration offered a high recovery of the sample, which is

important in the initial stage of purification. Since the calculated isoelectric point @I) of

GutR is 6.1, at this pH value GutR would have a net charge of 0. Solutions having a pH
value above or below this pI, would result in a negatively or a positively charged GutR
protein, respectively. Negatively charged GutR can be loaded onto a DEAE-52 cellulose
(anion exchanger) column and can b e separated fiom other proteins (step 3). In addition,

DNA binds strongly to the anion exchange matrix and can be effectively separated from
proteins. This step is particularly important for GutR purification since GutR is expected
to be a DNA binding protein. It is ideal to separate GutR from chromosomal DNA so
that GutR can be W e r purified using the heparin affinity column (step 4). Heparin is a
negatively charged polysaccharide which mimics the DNA backbone and has been used
for purification of DNA binding proteins. A detailed description of these steps follows.
Three methods were used to monitor GutR purification. Since crude extracts do
not show many proteins of 95 kDa (see Figure TII.2B), the overproduced GutR protein
can be easily identified by SDS-polyacrylamide gel. Therefore, the first method, SDSpolyacrylamide gel electrophoresis was routinely used to monitor the purification of
GutR. Second, to confirm fUrther that the purified protein is GutR, gel mobility shift
assay was performed. Third, at later stages when polyclonal antibodies for GutR were
available, Western blot was applied to monitor the purification of Gum.

III.3.2.Arnmonium sulfate precipitation
A pilot experiment was done to determine whether ammonium sulfate

concentrations of 35%, 4096, 45%, 5096, 55%, 60%, and 70% saturation would
selectively precipitate GutR fkom the crude extract. Unfortunately, GutR precipitated
along with the other contaminants at afl ammonium sulfate saturation levels. Hence no
selective precipitation of GutR was possible. Because samples loaded onto Sephacryl
400 gel filtration columns should constitute less than 5% of the total bed volume of the
column, the ammonium sulfate step was used here as a concentration step. Consequently,
the crude extract sample containing GutR was concentrated using 55% saturation (S) of
ammonium sulphate, followed by resuspending the pellet in buffer A.

Under this

condition, 80% of GutR was precipated-

III33.Gel filtration
The sample was subsequently loaded onto a Sephacryl 400 column (80~2.5cm),
which had been equilibrated previously with buffer A. One column volume of buffer A
was passed through the column and fi-actions were collected.
monitored by measuring the absorbance at 280 nm

These hctions were

and analyzed using SDS-

polyacryIamide gel as is shown in Figure III.4A and B, respectively. As is shown by
SDS-polyacrylamide gel, GutR was spread across different fhctions and there was only a
broad peak in the elution profiIe, Thus very little separation had occurred. Fractions 34
to 65 were pooled.

lII.3.4.DEAE-52 anion exchange chromatography
All hctions containing GutR fiom the gel filtration step were pooled and passed
through a DEAE-52 cellulose anion exchange column ( 2 3 4 0 cm), which had previously
been equilibrated with buffer A. This was followed by passing 2-3 column volumes of
buffer to wash the column until a value of Atso of 0.005 or less was achieved.
Subseql~ently,the proteins were eluted with a NaCl gradient ((M.5M) in buffer A, and

the hctions were collected. The collected hctions were analyzed by taking readings at
A280

followed by SDS-polyacrylamide gel analysis (Figure 111-5A). Fractions early in the

gradient (from 0.075-0.2M NaCI) were enriched with GutR protein and contained very

Figure III.4: Purification o f GutR by gel filtration chromatography using Sephacryl400.
(A): Graph depicting the elution profile as monitored by A2*(). (E3):

Coomassie blue

stained SDS-polyacryIarnide gels o f the hctions. The samples Grom fkactions 20 to 72

are indicated on the top of each gel. The molecular weight standards are indicated on the
side. The arrows indicate the expected size of GutK As seen in the gel, GutR is spread
across hctions 30 to 72.
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Figure In.5: Purification of GutR by DEAE-52 cellulose column. (A): Graph depicting
the elution profile as monitored by AZao-The theoretical salt gradient (0-0.5 M NaCl) is
depicted on the second y-axis. The horizontal line spanning fi-actions 30 to 41 contain

mostly pure GutR with very few contamhating proteins. The horizontal line spanning
fractions 80 to 90 contains mostly GutR eluted early in the gradient (between 0.075 to 0.2

M NaCl). The huge peak between fiaction 80 to 100 is the DNA peak (indicated on the
graph). (B): Coomassie blue gels of the hctions. The samples from hctions 30 to 95
are indicated on the top of each gel. Fractions 30 to 41 contain mostly GutR protein.
Fractions 42 to 73 contain GutR, but contaminants are also present, Fractions 80 to 95
contain mostly DNA since the SDS-polyacrylamide gel showed no protein, but the Azso
was high. The molecular weight standards are indicated on the side. The arrows indicate

GutR. As seen in the gel, GutR is spread across many fractions.

few contaminants, as is noted in hctions 30 to 41 of Figure IIX.5B. Because GutR eluted
early in the gradient, GutR binds very weakly to the DEAE-52 anion exchanger matrix.
Fractions 42 to 73 also contained GutR protein. However, they contained many other
proteins as well. In choosing purity over yield, only hctions 30 to 41 were pooled- The
pooled fractions were first diluted in buffer A to lower the salt concentration of the
sample. The large peak observed at the end of the gradient is DNA since this peak
showed a high A260/A280
ratio111.3.5. Heparin affinity column chromatography
The pooled fractions Grom DEAE-ion exchange were then loaded onto a heparin
affinity column, which had previously been equilibrated with buffer A. The column was
washed with two column volumes of buffer A until the A2~()
was 0.005- Elution was
performed using a linear gradient of 0 4 . 5 M NaCl in buffer A, and h c t i o n s were
collected. As is shown in Figure III.6, there was only one major elution peak. SDS-

PAGE analysis illustrated that the protein in this peak was GutR (Figure IK6B). These
hctions were pooled and stored at -20°C for use in functional studies of GutR- The
yield was approximately 3-5 mg/L of cells.
III.3.6.Improved purification scheme
Using the purification method described above, the total time required to obtain
purified GutR protein was approximately five to six days. Since the ammonium sulfate
and Sephacryl 400 gel filtration steps did not show selective enrichmeat of the GutR
protein, these two steps were eliminated. This shortened the purification procedure to a
time period of three to four days. The protein profile of the fractions fiom the two-step
method DEAE-52 and heparin affinity coiumn was analyzed in Figure 111.7.

The

simplified method incorporated a modification in the elution step of the DEAE-52
coIumn. The elution gradient was changed fiom 0-0.5 M NaCl to 0 4 . 2 M NaCI, As
shown in lane 3 (DEAE-52 pooled fraction) and lane 4 meparin pooled k c t i o n ) of
Figure III.7, the GutR protein band is similar in intensity. However, the minor bands in
lane 3 are absent in lane 4, indicating that Heparin is effective in eliminating the
contaminants. Therefore, the improved method allowed for the purification of GutR in

Figure 111.6: Purification of GutR by heparin agarose affiity column chromatography.
(A): Graph depicting the elution profile

as monitored by A280.The theoretical gradient is

indicated on the second y-axis. GutR was eluted &om the column during the salt gradient

(0.30 M to 0.45 M). (B): Coomassie blue stained gels of the hctions fkom the heparin
agarose column. The samples fkom fractions 33 to 68 are indicated on the top of each
gel. As is seen in the gels, GutR eluted in hctions 43 to 59 and is supported by the A280
readings. The molecular weight standards are indicated on the side. The arrows indicate

the expected size of GutR.

Figure III.7: Improved purification scheme for GutR. (A): The flow chart for the
purification of GutR using the two-step method. (El): Coomassie blue stained gel of

fractions pooled f?om the column: lane I : molecular mass marker, lane 2: crude extract,
lane 3: DEAE-52 column and lane 4: heparin agarose affinity column. GutR protein
purification using DEAE-52 followed by heparin agarose affinity column provides a
reIativeIy pure GutR as is observed in lane 4-

Crude extract

1
1
1

DEAE-52 Ion exchange column
Gradient: (0 - 0.2 M NaCl)

Heparin affinity column
Gradient: (0 - 0.5 M NaCl)

Pure GutR

high purity with fewer steps and shorter time. The overall yield was similar to that of the
four-step method and was in the range of 4-6 mg/L of cells.

III.4. Molecular weight determination of GutR
The molecular mass of GutR was determined by using a Superose 6 gel filtration
column. Purified GutR was loaded onto the column and was run at a flow rate of 0.4
rnL/min in buffer B (50mM Tris-HC1, pH 8.0 150 mM NaC1, 5 mM EDTA). The
molecular weight standards used to calibrate the column were: blue dextran (1,000 kDa),
thyroglobulin (669 kDa), catalase (240 kDa), P-amylase

(200 kDa), alcohol

dehydrogenase (158 kDa), ovalbumin (45 kDa), carbonic anhydrase (31 kDa), and
cytochrome C (12.5 kDa).

K, is defmed as (V, - Vo)/(Vt- Vo). The total bed volume (V,) of the Pharrnacia
Superose 6 column is 24 mL. The void volume ( V o ) was determined by blue dextran to
be 6.4 ml, and the elution volume, V, is defined as the volume at which each protein
elutes,
Figure 111.8 is a plot of &,, versus the log of the molecular mass of the protein
standards. As predicted fiom Figure III.8, the molecular mass of GutR in solution is
estimated to be 115 m a .

According to the nucleotide sequence analysis, GutR is

expected to have a molecular mass of 95 kDa. This prediction is consistent with the
molecular mass determination of GutR by the SDS-PAGE method.

Although, the

apparent mass of GutR determined by gel filtration method is larger than 95 kDa. This
could be due to the fact that GutR may not be exactIy globular in shape. Deviaiions ti-om
the globular shape will result in values different fiom the expected size. The calculated
size of GutR is too small to be a dimer. Thus GutR exists as a monomer in solution.
GutR, in a wide range of concentrations (fiom 0.5 ph4 to 5 pM) tested, was found to exist
as a monomer. Since the physiological concentration of GutR should be less than 5 pM,

GutR protein would be expected to exist as a monomer in vivo in the absence of the
inducer (glucitol).

Figure III.8:

Molecular mass determination of GutR from Superose 6 gel filtration

column, The star represents the molecular mass of GutR which is 115 kDa. The inset is
a protein profile of the fiaction eluted fiom the Superose 6 column analyzed by SDSpolyacrylamide. The molecular standards are: thyroglobulin (669 ma), catalse (240

ma), P-amylase (200

ma), alcohol

dehydrogenase (158 kDa), ovalbumin (45 kDa),

carbonic anhydrase (3 1 kDa) and cytochrome C (12.5 kDa).

III.4.1.Molecular mass of GutR in the presence of glucitol
As analyzed on the Superose 6 gel filtration column, Figure III.9A and Figure

m.9B show elution profiles of GutR in the absence or in the presence of glucitol,
respectively. The sample containing glucitol was also nm with buffer B containing 2%
glucitol to ensure that glucitol was not a limiting factor. Molecular standards analyzed in
the presence of the b e e r showed that 2% glucitol did not affect the elution volume of
the protein standards. Figure III.9A has two peaks; one major peak corresponding to the

95 kDa monomeric form of GutR, and a minor peak is at the void volume. Figure III.9B
also shows two peaks. However, the major peak is seen at the void volume, and the peak
that was previously seen for the monomeric (95 m a ) GutR has been greatly reduced.
The gel filtration studies suggest the following: (a) GutR exists as a monomer in solution
in the absence of glucitol and (b) G u m undergoes oligornerization in the presence of

glucitol.

Since proteins with a molecular mass larger than 669 kDa (thyroglobulin)

would be eluted in the void volume, the oligorneric form of GutR could be an octamer or
even bigger. This estimation is based on the assumption that GutR is a globular shape.

m.5. Gel mobility shift assay for binding of GutR to DNA
To demonstrate that GutR binds to upstream regulatory sequences of the gutB
gene in a specific manner, gel mobility shift assays were performed using purified GutR.
Because protein-DNA complexes migrate more slowly than fiee DNA, the binding of
GutR binding to its target sequence can be monitored through the gel retardation assay.
Two PCR amplified DNA hgments were used in the gel mobility shift assay.
The first DNA fiagment has the sequence corresponding to the -132 to -14 region with
the +1 as the gutB promoter transcription start site. The second fragment was amplified
from the polylinker of the pBS plasmid to serve as a negative control. Both hgments
were end-labeled with

[ y - 3 2 ~ ] - ~ The
~ ~ . fragments

remove unincorporated [

y - 3 2 ~ ] prior
- ~ ~ to
~

were purified by spin columns to

being used in gel mobility shift assays.

Each fragment was incubated with increasing concentrations of GutR, ranging

fkom 5 nM to 50 nM. After 15 minutes, the samples were run on polyacrylamide gels.

Figure m.9: Superose 6 gel filtration analysis of GutR in absence of glucitol or presence
of glucitol, respectively. (A): GutR in &e absence of glucitol. There are two peaks
observed, one major peak corresponding to the monomeric form (95 kDa) and a tiny peak

eluting in the void volume. GutR monomer exists approximately 99% in the monomeric
form. (B): GutR in the presence of glucitol shows two peaks. The peak corresponding
to the monomeric form of GutR is decreased and there is an increase in the peak observed

in the void volume-

In this case, the ratio of GutR oligomers to monomers is

approximately 70% to 30%. The void volume is the elution volume where blue dextran

(1,000 kDa) was observed. The concentration of GutR was 0.5 pM.
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As shown in Figure III.10, GutR binds to the upstream gutB sequence, but it did not bind
to the nonspecific polylinker DNA fkgment. Addition of cold sonicated salmon sperm

DNA h g m e n t to the binding mixture did not affect the binding profile- With increasing
concentrations of GutR, there was a corresponding increase for the GutR-DNA complex,
which was not observed in the polylinker DNA samples. This demonstrates that GutR is
a DNA specific binding protein. Furthermore, the GutR binding site is located within the

-132 to -14 bp region of the p t B gene. Since GutR contains a heIix-turn-helix binding
motif, bindi~gof GutR to the gutB regulatory region is most likely to be mediated by this
motif.

III.6. Nucleotide binding domain of GutR
GutR contains a putative nucleotide binding domain. To determine whether GutR
can bind nucleotide triphosphate (NTP), UV cross-linking studies were conducted. The
results of the W cross-linking studies using

[ y - 3 2 ~ ] -are
~ ~shown
~

in Figure 111.1 1.

GutR in the absence of ligands shows a weak basal level of cross-linking to ATP as is
seen in lane 5 (Figure III.11). GutR in the presence of glucose (Iane 2) showed a similar
level of cross-linking to ATP as GutR alone. In the presence of mannitol and xylitol
(sugar alcohols), GutR can be weakly cross-linked to ATP (lanes 2 and 3). As is shown
in lanes 6, 7, 8, and 9, with increasing concentrations of gIucito1 (0.05%, 0.5%, 1% and

2% respectively), the amount of ATP cross-linked to GutR increased.

At 2%

concentration of glucitol, cross-linking of ATP to GutR increased about 10 fold (lane 9)
relative to lane 5. Three independent experiments were performed and an increase ( 6 1 0
fold) in ATP cross-linked to GutR in the presence of 2% glucitol was consistently
observed.
To determine if GutR-glucitol complex showed specificity for ATP, excess cold
nucleotide was added to the cross-linking mixtures. As is shown in Iane 11, excess cold

UTP did not efficiently displace ATP. Excess cold CTP also showed some degree of
competition for hot ATP (Iane 12).
effective displacement of [

However, excess cold ATP showed the most

y - 3 2 ~ ] - ~ ~ ~ .

Figure m. 10: GutR-DNA interactions as monitored by gel mobility shift assay. Lanes
1-6:

an end-labeled PCR hgment (-132 bp to -14 bp) carrying the Gum binding site

was incubated with increasing concentrations o f GutR (0 nM, 3.4 nM, 15 n . ,30 nM, 40

nM, and 50 nM,respectively). Lanes 7-12: the polylinker DNA fkagment was incubated
with the same concentrations o f GutR as shown in lanes 1-6.

0.2 pmol of end-labeled

DNA was used for the assay. B represents the GutR-gutB DNA complex and the F
arrows indicate Eree DNA.

gut23 regulatory region

polylinker

Figure III.11: UV cross-linking of

[ y - 3 2 ~ to
~ GutR.
- ~ ~ ~Lane

1: No protein, lane 2:

GutR in the presence of 2% xylitol, lane 3: GutR in the presence o f 2% mannitol, lane 4:
GutR in the presence of 2% glucose, lane 5: GutR alone without any ligands, lanes 6-9:
GutR in the presence of 0.05%, 0.5%, 1%, and 2% glucitol respectively, lane 10: GutR
plus excess cold ATP, Iane 11: GutR plus excess UTP, lane 12: GutR plus excess CTP.
In lanes 10 to 12, GutR was incubated in the presence of glucitol and 1 mM of the cold
nucleotide. For each reaction, 1 pCi of [

y - 3 2 ~ ] (3000
- ~ ~

CVmmol) was added.

I11.7. Discussion
As noted in this chapter, GutR and ANGutR can be overproduced in the B. subtilis
WB600 strain at high levels, and are produced in a soluble form. Stable overproduction
of soluble GutR has permitted a purification protocol to be developed. Specifically, pure
GutR can be obtained using a DEAE-52 anion exchange column followed by a heparin
affinity column. Preliminary studies using purified GutR protein have provided insights
about the important properties of this transcription activator.
Gel mobility shift assays have demonstrated that GutR binds specifically to the

gutB regulatory region in the absence of glucitol. The GutR binding site is located
between -132 and -14 bp fiom the transcription start site of gutB. The helix-turn-helix
motif of GutR is proposed to mediate this interaction between GutR and gurB regulatory
sequences.

U V cross-linking studies have shown a sequential order of binding of glucitol and
ATP to GutR. ATP can bind efficiently to Gum only after the binding of glucitol. From

the cross-linking studies, it seems that ATP shows preferential binding to Gum. CTP has
a weaker affinity and UTP has the lowest affmity to GutR. However, since GTP was not

used in this study, the possibility for this nucleotide to bind to GutR cannot be ruled out.

In fact, data that will be presented in Chapter VII support the idea that GTP can also bind
to GutR. Since glucitoI is the inducer, it is likely that it acts directly on Gum. The WV
cross-linking experiment indirectly demonstrated that glucitol can bind to GutR and
induce GutR to bind ATP.
There are two possible mechanisms which explain the observed glucitol
dependent ATP binding capability of GutR.

The first possible mechanism is that the ATP binding site in GutR is not preformed and that the binding of glucitol to GutR is required to induce Gum to have a
conformational change to position the critical residues involved in ATP binding to the
proper location. A similar mechanism has been observed for a transcription regulator

BirA in E. CON (Abbott and Beckett, 1993). BirA is a bifinctional protein. It serves as a

repressor for the biotin biosynthetic operon in E. coZi. It also is an enzyme which
synthesizes biotinyl-5'-AMP with biotin and ATP as substrates. X-ray crystallography
studies showed that in the absence of biotin, the ATP binding site in BirA is not
pre-formed (Wilson et al., 1992). With the binding of biotin to BirA, a conformational
change in BirA induces the proper positioning of key residues in BirA to bind ATP.
The second possible mechanism is that the ATP binding site in GutR is
pre-formed but is not accessible for ATP binding because of the physical blockage by
other domains of GutR. Binding of glucitol to GutR induces a conformational change in
GutR and the ATP binding site is now accessible for ATP binding. This situation is
similar to the reported case for XyLR, a member of the NtrC family and a regulator for the
degradation of toluene in Pseudomonas putida (Perez-Martin and de Lorenzo, 1996a and
b). The ATP binding site located in the-central domain of XylR is proposed to be preformed but is not accessible for binding (Perez-Martin and de Lorenzo, 1996a and b).
The inducer, m-xylene, is required to bind to the N-terminus reception domain prior to

ATP binding and ATPase activity. DeIetion of the N-terminus signal reception domain
showed that XylR can constitutively activate transcription of the genes required for
biodegradation of toluene. PCrez-Martin and de Lorenu, (1996 a and b) proposed that
the nucleotide binding domain which is part of the central activation domain is blocked
by the N-terminal domain.
The gel filtration studies show that GutR exists in two forms. In the absence of
glucitol, GutR exists predominantly as a 95-kDa monomer with trace amounts of the
oligomeric form.

In the presence of glucitol, the monomeric form of GutR is

substantially reduced, and GutR exists mainly in an oligomerized state. Since not all of
the protein was induced to form oligomers, it is possible that some of the GutR protein
may not be active. Alternatively, it is possible that the presence of glucitol may shift the
equilibrium toward the oligomerized form of GutR, but may not cause all GutR proteins
to oligomerize. Since the TPR domain of proteins such as molecular chaperones is
important in mediating protein-protein interactions, it is possible that the TPR domain of

GutR may play a role in balancing the equilibrium between the monomeric and
oligomeric states when glucitol is present.
Many transcription activators have been shown to be active in the oligomeric
form such as NtrC and MalT (Wyman, 1997; Schreiber and Richet, 1999).

The

formation of a high molecular weight oligomer is hypothesized to interact with the target

DNA. Wrapping of the regulatory DNA region around the oligomeric GutR may result
in proper positioning of the regulatory region to the transcription apparatus. In vivo
evidence to support the oligomerization of GutR is presented in Chapter V.

The availability of pure GutR protein allows M e r detailed characterization of
GutR as described in later chapters. Specifically, Chapter V provides a detailed mapping
of the GutR binding site in the gutB regulatory region. Chapter VI describes the kinetics
of the interaction between GutR and its target sequence. The conformational changes of

GutR in the presence of different ligands are discussed in Chapter VLI.
LII.8. Summary
GutR, the transcription activator for the B. subtilis gut operon, can be
overproduced and purified. Although GutR can bind specifically to its target sequence
located upstream of the gutB promoter in the absence of glucitol, in vih.0 studies (gel
filtration and W cross-linking experiments) indirectly demonstrated that glucitol, the
inducer for the gut operon, can bind to GutR and mediate two significant changes in

GutR: (a) Gum oligomerizes to a high molecular weight oligomer and, (b) GutR gains
the ability to bind ATP.

These fmdings suggest that GutR incurs significant

conformational changes upon binding to glucitol.

IV.

Characterization of the gum promoter

IV.1. Introduction
As demonstrated in Chapter 111, GutR can bind specifically to sequences upstream
of the gutB promoter. In vivo studies show that GutR is required for gutB expression (Ye
et al., 1994). The gutB promoter can thus be considered as an ccactivator-dependenf'
promoter. The next step was to characterize the gutB promoter in detail. There are two
interesting features of this promoter. First, B. subtilis RNA polymerase containing d\ is
proposed to direct transcription of =tB-

The gutB promoter has consensus sequence to

&-like promoters at the -10 and -35 regions with an atypical spacer length of 15 bp,

compared with the optimal spacer length of 16 to 18 bp ( Y e and Wong, 1994) (Figure
IV.1).

Site directed mutagenesis of the first T (underlined) of the -LO hexameric

consensus aAAAAT) and the G (underlined) at the -35 (TTGAAC) region resulted in
the abolishment of gutB expression (Ye and Wong, 1994). Second, the gutB promoter
contains several adenine (A) tracts. The presence of four to six As in phase with the
helical screw (10.5 bp per turn) is known to participate in sequence directed DNA
curvature which also is known as intrinsic DNA bending. The Bending program of the

DNAstar package predicted that the gutB promoter contains an intrinsic DNA bending in
the spacer region. The objective of this chapter is to determine if the gutB promoter is

indeed transcribed by the & containing RNA polymerase and if intrinsic bending in the
promoter region exists.

IV.2. Strategies to study the nature of the gutB promoter
Suppressor studies of oA and 0" have established that certain residues of d and
s70

recognize nucleotides at the -10 and -35 promoter regions (Siegele et al., 1989;

Kenney & Moran, 1991). Within region 2.4 of u70,there are two amino acid residues that
interact with the -10 region, glutamine at position 437 and threonine at position 440.
Both of these amino acids interact with the first T nucleotide (underlined) of the -10
consensus sequence aATAAT). Within region 4.2, arginine at position 588 of

c70

interacts with the G nucIeotide (underlined) of the -35 hexameric consensus sequence

(TTGACA) (Siegele et al., 1989). For d,
glutarnine at position 196 has been shown to

Figure IV.1: Strategy used to determine if oArecognizes the gutB promoter. (A): gufB
promoter shows consensus to the &-like promoter. Mutations at the -3 1G to T, C or A,
and the -12T to C were previously created. The DNA hgrnents containing the gurB
promoter, (-125 to +39 from +I), were b e d to the bgaB reporter gene of pDK plasmids
to generate a series of pDKgutB plasrnids- (B): Integration of the pDKgutB plasrnids
into the umyE locus. Linearized pDKgutB plasmids were transformed into B. subtilis
cells. A double cross-over recombination event results in disruption of the amyE locusPgutB is the gutB promoter h g m e n t k s e d in pDK. Features of pDK plasmid: amyE is
the a-amylase gene, kan is the kanarnycin resistance gene, PgutB represents the gutB

promoter h g m e n t (-125 to +39), and bguB is the thermostable f3-galactosidase fiom B.

stearuthermophilus.
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interact with the frrst T of the -10 region, and arginine at position 347 interacts with the

G nucleotide in the -35 consensus sequence (Kenney and Moran, 1991). oAand 0 7 0 are
homologous to each other except that c? has 245 extra amino acids between region 1 and
region 2. This accounts for the different amino acid positions, which interact with the 10 and -3 5 promoter regions (Helmann, 1995).
Amino acid substitutions of B. subtilis aAhave been shown to suppress mutations
at the -10 and -35 promoter regions. The sigA mutant containing the Q196R mutation is
able to suppress mutations o f the T to C mutation at the -10 region of the ZacBS, gmE
and tms promoters (Kemey and Moran, 1991, Yuan and Wong, 1995a). Similarly, sigA

mutant containing R347H mutation is able to suppress the G to T mutation at the -35
region. This amino acid substitution only suppresses the specific nucleotide at a specific
position in an allele-specific manner.

-

To demonstrate that oA is responsible for recognition of the gutB promoter, B.
subtilis strains constructed by Morn's group were used (Kemey and Moran, 1991).
These strains carry two copies of sigA. One copy is the wild-type sigA gene and the other
copy, denoted mutant sigA, is under the control of an IPTG inducible promoter, Pspac.
The mutant sigA strains contain either Q196R or R347H mutations, and have the ability
to suppress specific nucleotide substitutions at either the -10
respectively.

or -35

positions

These cell strains also carry either a wild-type or mutant trns-lac2

transcription fusion, which is known to be transcribed by oA. The tms-lac2 gene serves

as a control to make certain that the oAmutants can rescue the mutation at the specific
nucleotides in the promoter region (Yuan, 1995). The sigA mutant cell strains contain an

E. coli lac2 reporter gene as does pDH32, this vector would not be suitable in this study.
Therefore, the pDK integration vector containing a promoterless bgaB gene encoding a
thermostable

P-galactosidase

from

the

thennophilic

bacterium,

Bacillus

stearorhennophiZus, was used. To c o n f m that gutB is, indeed, a oAtype promoter, the

-125 to t39 region of the gurB promoter containing either a wild-type or nucleotide
substitution at the -35 and -10 regions was cloned into the pDK vector (Yuan and Wong,
1995a). Features of the pDK integration vector (Figure TV.1B) include:

1. An E. coli ColE origin of replication.

2. A bZa (p-lactamase) gene for selection of E. coZi transformants.
3. A

promoterless bgaB

(Bacillus sfeurothemtophilus thermostable

P-

galactosidase) reporter gene.
4. A polylinker containing BamHI, EcoR?, SnaBI, and SmaI restriction sites for
insertion of promoter fragment sequences upstream of the bgaB reporter gene.
5. A kan (kanamycin) resistance gene for selection of B. subtilis transformants.

6. Sequences for the fiont-part (5' end sequences) and back-part (3' end

sequences) of the amyE gene for integration of the transcription fusions to the
amyE locus in B. subtilis.

The approach to determine if

d

is responsible for transcription of the g u t .

promoter is outlined in Figure IV.1 A. The gutB promoter hgments containing the wildtype sequence, the mutated -10 region (TAAAAT -+ CAAAAT) and the mutated -35
region (TTGUC

-+ TT(A/C/T)PIAC)

were inserted upstream of the promoterless bgaB

reporter gene of the pDK plasmid.

-

Three parental strains were used in this study: B. subtilr's 168 (wild-type strain), B.
subtilis EU9000 1-tms-lac2 and EU9002-hns-13C-l~cZ(this strain has a T

C mutation

in the -10 region of the hns promoter). The resulting pDKgutB series of plasmids were
linearized and then integrated through a double cross-over event into the amyE locus of
B. subtilis 168 to generate strains WBKl-WBKS respectively (Figure IV.2A). The
pDKgutBl (wild-type), pDKgutB2 (-12T to C), and pDKgutB3 (-3 1G to T) vectors were
integrated in B. subtilis EU9000 1-tms-lacZ and EU9002-tms-l3C-lac2 to form strains
WBK 6 to 11 (Figure IV-ZB). Strains WBK6 to WBKl 1 strains carried two copies of d\
(Figure IV. IB) and were used to determine whether the oAmutants were able to suppress
point mutations in the -10 and -35 regions of the grctB promoter-

N.3. Intrinsic DNA bending

DNA bending is now recognized to play a significant role in regulating
transcription in both prokaryotic and eukaryotic cells (reviewed by Ptrez-Martin et al.,

Figure IV.2: Strains for studying the interaction between d9 and the gurB promoter. (A):

B. subtilis 168 was the parental strain used for integration of pDKgutBl to pDKgutB5
piasmids to generate WBKl to WBK5. The relevant properties o f these strains are
shown. These cell strains contain only one copy of sigA. (B): The parental strains used
to generate WBK6 to WBKl1 were B. subtilis EU900 1 tms and B. subtilis EU9002nns13C. WBK6 to WBKl 1 carry two copies of sigA. The linearized pDKgutB1, pDKgutB2

and pDKgutB3 were transformed into two parental spains. Expression of the second

sigA (wild-type or mutated) was controlled by the IPTG inducible promoter Pspac. The
ble is the phleomycin resistance marker. The kan is the kanarnycin resistant marker. The
cat is the chloramphenicol resistance marker- The bgaB encodes for thermostable

P-

galactosidase from B. stearothermophilus, and ZacZ codes for E. coZi P-galactosidase-

PgutB &om B. subtilis is the gutB promoter containing -125 to +39 bp. The Ptms is a oA
dependent promoter from B. subtilis. The asterisk indicates a wild-type or mutated copy
of gutB promoter, m s promoter or slgA gene.
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1994).

There are two types of DNA bending. One is present naturally in the DNA

sequence and is considered to be intrinsic DNA bending. The other is the protein induced

DNA bending. Intrinsic DNA bending usually occurs when tracts of adenine nucleotides,
A,, in which n 2 4, appear in phase with the helical repeat of 10.5 bp per turn (Wu and

Crothers, 1984; Koo et al., 1986). As the number of As in the A tract increases, the
degree of bending increases; however, after n > 6, the degree of bending is limited to that
which is seen with A-tract of As (Koo and Crothers, 1988). An A-tract which is flanked
by cytosine (C) on the 5' side; and guanosine (G) on the 3' side, shows the most
pronounced curvature (Bolshoy et al., 199 1). Although the presence of G and C flanking
the A-tract has been demonstrated to promote bending, insertion of G or C within the Atract actually decreases bending.

Insertion of T (thymidine) within the A-tract also

lessens DNA bending. Conversely, the substitution of inosine (I) for thymidine within
the A-tract, i.e. AIAIAI and AAIAA, does not affect the curvature of DNA (Bolshoy et
al., 1991).
Two models have been used to explain intrinsic DNA bending: the junction model
(Figure IV.3A) and the wedge model (Figure IV.3B).

The junction model for DNA

bending suggests that a bend occurs at the junction of the B-form DNA and non-B-DNA
associated with the A tract in the helix (Wu and Crothers, 1984; Koo et al., 1986; Koo
and Crothers, 1988; Koo et al., 1990).
In the wedge model developed by Trifonov (Figure IV.3B) (Trifonov, 1985;
Bolshoy et al., 1991), the bend is due to the angle of tilt and angle of roll between
adjacent base pairs. The DNA bend is the result of a dinucleotide AA which contains a
wedge angle that causes a deflection of the DNA double helix.
N.3.l.gutB promoter shows an intrinsic DNA bending
The linear sequence of the gutB promoter is shown in Figure IV.4A. The five Atracts found between the -61 and +30 bp regions of the promoter sequence are
highlighted. Of these five A-tracts, two (tracks 2 and 3) are in phase with the helical turn
of 10.5 bp/turn. These two A-tracts are located between the spacer and at the -10 region.
Analysis of this region by the Bend program in the DNAstar package suggests the

Figure IV.3: Models for intrinsic DNA bending. (A): Junction Model. The junction
model suggests that the A tract of DNA forms a slightly different helical conformation

than the normal B-form DNA helix. A kink or bend is believed to exist at the junction of
these two helices. (B): The wedge model suggests that bending is the result of a wedge
between adjacent base pairs at various positions in the DNA. This model predicts a small
wedge between each AA dinucleotide in all five A-tracts. The total bend will be the sum
of all the individual wedges (Adapted fiom Sinden, 1994).

A: Junction model

B: Wedge model

presence of an intrinsic bend in the spacer region of the gutB promoter (Figure IV.4B).
This program was developed based on the wedge model (1 991Trifonov, 1985; Bolshoy et
d.7)-

To determine if the gurB promoter is intrinsically bent, circular permutation
assays were used. The principles behind circular permutation assays are illustrated in
Figure IV.5. Figure IV.5 A and B show a set of linear DNA fragments of the same size,
differing only in the location of the bend. DNA is proposed to migrate through the
polyacrylarnide gel in a snake-like motion. A bent DNA molecule is predicted to migrate
slower than a linear one due to a reduction in the end to end distance, as is shown in
Figure N . 5 B (Wu and Crothers, 1984). The predicted mobility of the fragments in gel
electrophoresis is shown in Figure N.5C. Fragment D, which has the bend located at the
center is shorter, bulkier and harder to rotate in the gel, showed the slowest migration in a
polyacrylamide gel (Figure IV.SC). Fragments with a bend at the ends of the h g m e n t
will migrate faster than hgrnents with a bend at the center. Figure IV-SD is a plot of the
relative mobility of the DNA fi-agment with the hgment D being the slowest since the
bend in this hgment is located at the center.
Intrinsically bent DNA migrates anomalously in polyacrylamide gel. This was
first discovered using kinetoplast DNA from trypanosomes (Marini et al., 1982). Gel
electrophoresis which is the easiest method to study intrinsic DNA bending due to its
simplicity and the low cost involved, was the method of choice.

DNA bending is

temperature dependent (Marini et al., 1982; Diekmann, 1987). At a low temperature such
as 4 "C, anomalous migration can be observed easily. In contrast, at a high temperature
(60 "C or greater), DNA is much more flexible and anomalous migration caused by the

DNA curvature wouId not be detected.

IV.3.2. Effect of intrinsic DNA bending in promoter activity
What is the fbnctional significance of intrinsic bending in the promoter region?
SpecificalIy, how would intrinsic bending affect transcription fiom the gutB promoter?
Intrinsic DNA bending around the synthetic promoters has been found to affect promoter
activity and hence transcription (CoIlis et al., 1989; Lozinski et al., 1989, 1991). There is

Figure IV.4: The predicted DNA bending in the gutB promoter.

(A):

The linear

sequence of the gutB promoter (fiom - 6 1 bp to +30 bp). The presence of five A-tracts
(labeled 1-5) is proposed to promote DNA bending. Only tracts 2 and 3 are in phase

with the helical turn of 10.5 bp/turn.

(B): The structure of the linear sequence as

predicted by the Bending program in the DNAstar package. The z-axis indicates the
nucleotide position of the gutB DNA h g m e n t relative to the + l of gutB. The rectangles
represent the -1 0 and -3 5 regions as labeled.
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Figure N.5: Circularly permuted DNA f i q p e n t s . (A): A series of DNA h g m e n t s (A
to G) of the same size with the differences in the location of the intrinsic bend. The
location o f the bend is designated by a closed circle. (B): The location of a bend in the

DNA h g m e n t and the end-to-end distance of the DNA hgment. Fragments A and G
are linear DNA molecuIes without any intrinsic bend.

Fragments B to F represent

molecules of the same size (same size as A and G) with a bend at different locations of
the fragment. The cylinders that are shown in panel B represent the effective volume
occupied by these molecules. Molecule D with the bend at the center is suggested to
have the longest radius and would be expected to have the slowest migration in a
polyacrylamide gel- (C): Migration of the collection of DNA hgments that are shown

in panel B, in which a bend of the fixed angle is located at various positions relative to an
end. Migration is ftom top to bottom- (D): A plot of the relative mobilities (RL)of the
different fiagrnents. (Adapted fiom Lane et al., 1992)
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evidence to show that intrinsic DNA bending at the promoter region, either in the spacer
region or in the region upstream of the -35 sequence, plays a role in transcriptional
regulation-

Collis et al, (1989) demonstrated that synthetic promoters with poor

consensus sequence in the -35 and the -10 regions function pooriy as promoters. The
introduction of intrinsic bending in these promoters can compensate for the presence of
poor consensus elements at the promoter region.

Conversely, experiments which

removed the sequences that direct DNA curvature fkom the spacers of synthetic
promoters resulted in loss of promoter activity (Collis et al., 1989).
Lozinski et al- (1991) used synthetic promoters to demonstrate that the presence
of intrinsic bending in the spacer region or in regions upstream of the -35 region can
decrease promoter activity.

The promoters used in this study contained consensus

sequences at the -1 0 and -35 regions with DNA bending sequences at -12 to -1 7, -23 to
-28, and -34 to -38 regions, respectively. Therefore, the presence of an intrinsic bend
can either positively or negatively regulate the promoter activity depending on the nature
(position and direction of bending) of both the bend and the prornoter-

It has been established that the promoter DNA wraps around the RNA polymerase
during transcription initiation (Rivetti et al., 1998, 1999; reviewed by Coloumbe and

Burton, 1999). The formation of an open complex and subsequent promoter activity
would depend on the direction of DNA curvature.
Analysis of over 200 E. coli promoters has shown that dA,-dT, sequences longer
than 5-bp are preferentially excluded fkom the -16 and -26 positions of bacterial
promoters (Travers, 1987). This follows from the fact that the presence of A-tracts in the
spacer region can potentially have a negative effect on promoter activity. Analysis of
promoter sequences showed that the sequences associated with an outward facing minor
groove at the -10 region are enriched with adenine and thymidine residues at positions 16, -26, -38 and 4 8 ; and the average separation of these base pairs is 10.5 bp per turn
(Travers, 1987). The best promoters are ones in which the minor groove at the -10
region (TAAAAT)lies along the inside of a DNA curve (Bracco et al., 1989, Collis et al.,
1989).

N.4.

Results

W.4.1. Promoter studies
IV.4.1.1 Construction of the pDKgutB vector Series

DNA h g m e n t s containing the mutations at either the -10 and -35 regions of the

gutB promoter (wild-type, -12T to C, -3 1G to T, C, A respectively) were cut f?om pBS
plasmids with BamHI and EcoRI and cloned into pDK, generating the plasmids
pDKgutB1,2, 3, 4 and 5. These DNA hgments also contain sequences upstream of the

gutB promoter. All five plasnids were linearized and were transformed into B. subtilis
168 resulting in WBKl, 2, 3, 4, and 5 strains. The plasmids (pDKgutB1, 2 and 3) were
then linearized by Pstl and transformed into the EU9001 tms-lac2 and to EU9002tm.s (-

13T to C) IacZ to generate strains WBK6 to WBKI 1 (see Figure N.2 for a more detailed
description). Following integration, these strains carry two reporter genes, the &gal?gene
of B. stearothermophilus and the ZacZ gene of E. coli.
IV.4.1.2 Detection of the integration o f the pDKgutB plasmids at the amyE locus in

B. subtiiis
Figure IV.1B showed the integration of the pDK plasmid into the amyE locus
through a double cross-over event. After integration of the pDK plasmid at the amyE
Iocus, the amyE gene was disrupted.

Integrants can be detected by spotting the

transformants on tryptose blood agar base (TBAB) plates containing 0.1% starch. The aamylase activity can be monitored by pouring an iodine solution onto the plate. The
presence of a halo surrounding the colonies indicates the production of a-amylase. The
absence of a halo indicates that no a-amylase is present, due to the disruption of the aamylase gene.
IV.4.13 Evidence that the -12T

nucleotide in the gutl? promoter region is

recognized by oA
As shown in Table N.1 cells carrying the -12T to C mutation showed no gutB
promoter activity. This demonstrated the importance of the T nucleotide at this position
for gutB promoter function. The -3 1G to A or T mutation showed similar activity to the
wild-type gutB promoter. Mutation of -3 1G to C showed an even higher activity than

with the wild-type gutB promoter. The data demonstrated that only the nucleotide at
position -12 is important for gut3 promoter expression and the -31 is not critical.
Previously, Ye and Wong (1994) had shown that both nucleotides at the -12 and -3 1
positions were important for gutB expression.

Genomic sequencing of WBK3 and

WBKS showed that the nucleotide at the-3 1 position of the gutB promoter did contain a
mutation. A possible explanation for the discrepancy concerning the -35 region o f the
gutB promoter is explained later in the discussion section.
The major focus o f this set o f transcription fbsions (Wl3K6 to WBKl1) was to
determine if sigA is responsible for gutB promoter recognition. This was examined by
determining whether the various oA mutants could restore promoter activity from the
mutated gutB promoter in an allele-specific manner. WBK strains 6 to 11 carry two
reporter genes, E. coli lacZy and the B.. stearothermophilur bgaB. To measure BgaB
activity, the E. coli j3-galactosidase was heat inactivated at 70°C for 15 minutes prior to
assaying for the BgaB activity. BgaB activity was measured at 55OC following heat
treatment, using the method developed by Yuan and Wong (1995).
Table IV.l: BgaB activity of the gutB promoter in B. subtilisl68 strain at 5S°C
BgaB activity (M.u.)~

gutB promoter

2%glucitol

wild-type
-12T
C
-31G
A
-31G
C
-31G
T

+
+
+

a

Induction ratio =

Miller Units

f10f22
6+2
113 k21
235 24
126 f 34

+

Induction ratioa

without giucitol
12 f 10
721
13 + 5
33 16
11f3

+

BgaB activity in the presence of glucitol
BgaB activity in the absence of gIucitol

9
0.8

9
9
11

Table IV.2: BgaB activity of the gulB promoter in the special sigA strains at 5S°C in the
presence and absence of gIucitolc.
BgaB activity in
2% glucitol
IPTG"
induced Noninduced
43.2 rt 3
48 f 4
135 f 30 124 e 3 1
12-3&2 2 . 2 + I
41-4 f 5
35.9 f 1
37.9 f3 48.4 7
3.2 f 1
2-8 f 1

strains with

@

IPTG
inducible
sid
*Q 196R
*Q196R
*Q196R
wild-type
wild-type
wild-type

promoter
wild-type
-31G
T
-12T+C
wild-type
-31G -+ T
-12T + C

B

Induction

+

+

Induction
ratioKb
1.0
1.0
5-0
1.0
0-9
1-0

BgaB activity
without glucitol
IPTG
induced
1-7
7f5
0.8
2kL
8+4
I t 1

Noninduced
1-6
7f 6
1.6
2-6 k I
8f6
2rtl

mutant promoter (IPTG induced)
mutant promoter (Noninduced)
=
wild - - * induced)
wild - type (Noninduced)

Cells were grown to 100 Klett units followed by induction with 1 m M IPTG for 1 hour prior to

harvesting cells.

'Three independent experiments were conducted to obtain a standard deviation.
d with Q 196R interact mutant can restore promoter activity in the -1 0 region
IPTG is added to turn on the second sipf gene under the control by an IPTG inducible promoter
(Pspac).

As is shown in Table IV.2, induction of the mutated sigA gene containing the
Q196R mutation resulted in a 5 fold increase in activity fiom the gutB promoter with a

mutation at -12T to C . Upon induction of the wild-type sigA gene, no change in the gut23
promoter activity was observed for the wild-type gutB promoter and -3 1G to T gutB
promoter. The mutated oAcan compete with the wild-type oA to bind to the core RNA
polymerase. This may provide the explanation for the slight difference observed between
the induced and the uninduced state. The wild-type sigA cannot suppress the mutation of

position -1 2,

IV.4.1.4 Genomic sequencing to confirm the presence of the G to T mutation at
position in the chromosome

Genomic sequencing involves the sequencing of PCR products generated by using
genomic DNA as a template. The PCR product was sequenced to determine whether the

mutated p t B promoter integrated into the chromosome carried the expected mutation

W K l to WBKS). Figure IV.6 shows the genbmic sequencing of WBK3. Sequencing
indicated that the mutations introduced at those sites are indeed correct. Further, this
would indicate that there is only the expected mutation at each site. Since activity &om
the gutB promoter is not affected by mutation at the -3 1G (Table IV.2), this nucleotide is
not critical for the gutB promoter function. Genomic sequencing of the -10 inregrants
show that only the -I2 position of the gutB promoter contains the desired mutation.
N.4.1.5 The -35 hexarneric consensus sequence
To determine if the remaining 5 nucleotides of the -35 hexameric consensus
sequence was critical for gutB expression, the -35 region ofgutB (TTGAAC) was
changed to a ClaI restriction site (ATCGAT). The transcription fusion (-143 to +1 bp of
the gurB regulatory region) with the sequence ATCGAT instead of TTGAAC at the -35
region abolished gutB expression. This indicates that remaining nucleotides of the -35
region are important for gutB expression,
IV.4.2. DNA bending studies
IV.4.2.1 Construction of the pBend2gutB

A circular permutative plasmid pBend2 vector was used to test whether there was
intrinsic bending in the gutB promoter (Kim et al., 1989) (Figure IV.7A). The pBend2
vector contains a 236-bp polylinker region inserted between EcoRI and Hind11
restriction sites. There are two sets of 17 restriction enzyme cleavage sites found at either
end of the cloning site, as represented by the letters A to Q Figure IV.7A). Each of the
restriction enzyme recognition sites denoted A to Q is approximately 6-bp in length and
is arranged in a successive manner. The gutB promoter region proposed to contain an

intrinsic DNA bend was cloned into the unique XbaI and SaZI restriction sites to generate
pBend2gutB. The circular permutative vector pBend2gutB was cleaved individually with
six different enzymes (EcoRV, BamHI, MhI, NruI, BglII, and SpeI) to generate six
different hgxnents, each with the same size but differing in the location of the bend
region in the fiagment.

Figure IV.7B7 lane 9 showed that cleavage with EcoRV

generated a DNA fi-agrnent with the bend located at the center of the fiagment- The

Figure N.6: Genomic sequencing o f strain WBK3, which contains a -3 1G

+T

mutation in the gurB promoter. PRl is the forward primer and PIR is the reverse primer

used to determine the top and bottom strand sequence. The -35 region of the gut23
promoter is TTGAAC. The -3 1G was replaced with T. The rectangle represents the -35
region of the gutB promoter. An asterisk represents the site of mutation.

Figure IV.7:

Circular permutation assay of the gutB promoter hgrnent- (A): The

pBend2 vector has two sets of 17 restriction enzymes sites on either side of the unique

XbaI and SalI site. A to Q represent the 17 restriction enzyme sites as follows: A: Mu1

B: BgAI C : NheI D: Clal E: Sty1 F: SpeI G: XhoI H: DraI I: EcoRV J : PvuII K:
SmaI L: StuI M : NmI N : Ssp1 0: RsaI P: NcoI Q: BamHI- ThegutB sequence of61 to +30 was inserted into the XbaI, SaCI site of the pBend vector, and is shown as a

rectangle. The closed circle in the middle of the gutB &gent

represents the proposed

bend in the gutB spacer- The restriction digestion of pBend2gutB using the enzymes

BamHI, NruI, EcoRV, SpeI, BgflX, and MuI, resulted in six fkagments of identical size,
but with the bend at different Iocations on the fragment. (B): The pBend2 containing
polylinker DNA and the pBend2gutB were cut with the same six enzymes BarnHI, NruI,

EcoRV,SpeI, BgAI, and hITuI. The digestion products were run on polyacrylarnide gel.
Lanes I to 6 and lanes 7 to 12 show the DNA fragment cut fiom pBend2 and
pBend2gutB respectively. The "a" arrow represents the permuted polylinker fragment

fiom pBend2 and the "b" arrow represents the permuted grttB promoter fragment. The
molecular marker is the pBS plasmid cut by HinFI.

A B C D E F G H I J K L M N O

Polylinker

A B C D E F G H I J K L M N O P Q

gztB Promoter

fi-agments cut by BamHl (lane 7) and MluI (lane 12) in which the bend is located at the
end of the fragment showed the fastest migration. In contrasf the ftagments which had
the bend in the middle of the h g m e n t showed slower migration, as was expected. The
migration pattern of the six polylinker DNA hgments @Bend2 plasmid) showed only
slight differences fiom one another (Figure W.7B lane 1 to 6). These differences are
considered to be insignificantIV.4.2.2 Mapping of the bend center and bend angle
The mobility of the six circularly permuted gutB DNA fi-agments was plotted
against the number of base pairs fiom the restriction site of interest to the Xbal site in
which the gutB DNA h g m e n t was inserted (Figure IV.8). The number in parenthesis is
the distance in bp fiom the restriction site to the XbaI site in which gurB was inserted (see
Figure IV-7 for plasmid orientation). Based on the graph shown in Figure IV.8, the bend
center is predicted to be located 62 bp fiom the polylinker region to the XboI site in
which the gutB promoter was inserted. This would localize the bend center of the gutB
promoter at position -1 7.
The bend angle estimation ofgutB was done using the equation by Thompson and
L a d y (1988). The formula for the estimation of the bend angle is based on the following
~ ) , p~ is the mobility of the fiagment with the bend at
equation: pM/pE= C O S ( ~ where
the center of the hgment, and p~ is the mobility of the fragment at the end of a DNA
fhgment. In this case, p~ is the mobility of the DNA h g m e n t cleaved by EcoRV and
the p~is the mobility of the h g m e n t cut by BamM or &I.

The calculated bend angle

is thus predicted to be 50".
IV.4.2.3 Effect of temperature on the electrophoretic mobility of the gutB promoter
fragment

At 60 OC, DNA fragments with an intrinsic DNA bend should have a migration
pattern that matches their actual size; whereas at low temperatures this DNA fragment
shows anomalous migration. The EcoRV hgments fiom pBendgutB2 and pBend2 were

216 bp and 125 bp in length respectively. They were subject to electrophoresis at 4 "C
and 60°C in a native 8% polyacrylamide gel. As is shown in Figure IV.9A, at 4"C, the

Figure IV.8: Mapping of the bending site and the bend angle. The relative mobilities of
the circularly permuted gurB DNA h g m e n t s were plotted against the position of the
pBend polylinker to the gutB DNA f i x p e n t . The number that is shown in parentheses
next to each restriction site is the distance in bp fiom the =a1 site where the gutB
fiagment was inserted to the particular restriction site in question. Based on the plot of
the mobility of the six g u t . hgments, the bend centre is located 62 bp from the XbaI site
to the polylinker site. The polylinker showed that the migration of the fragment does not
show much difference in mobility. B(11)
-+
-P

NmI cut 40 bp away &om B a I . E(64)

S'eI

cut 84 bp away fiom XbaI.

--+

BarnHl cut 11 bp away fiom XbaI. N(40)

-+ EcoRV

Bg(108)

M(114) -+ Mu1 cut 1 14 bp away &omXbaI site.

-+

cut 64 bp away &om XbaI. S(84)

BgAI cut 108 bp away from B a I .
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Figure IV.9: Effect o f temperature on the mobility o f the gutB promoter fragment and the
polylinker sequence of the pBS plasmid in polyacrylamide gel. All three samples were
separated in polyacryamide gels at (A) 4OC and (B) 60°C. Mr (DNA ladder) Lane: pBS
cut with HpaII to generate a DNA ladder. Lane 1: pBend2 cut by EcoRV. Lane 2:

pBend2gutB cut by EcoRV.
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gutB DNA

merit

migrated between the 282-bp and 242-bp h g m e n t s and had an

apparent mobility corresponding to a DNA E r a p e n t of 267-bp in length. This slower

migration suggests the presence o f an intrinsic bend in this kgment. At 60 "C,the p t B
DNA hgment migrated between the 242- and 190-bp h g m e n t s with an apparent length
of 2 16-bp (Figure IV9B).

W.5. Discussion
IV.5.1. oArecognizes the gufB promoter

Mutation in the -1 0 region of the gutB promoter confirmed that the -I 0 region of

the gutB promoter is critical for gutB expression.

This was concluded from the

characterization of various gutB-bgaB fusions. The use of the oA suppressor mutant

(Q196R) has confirmed that the -10 region of @, specifically the -12T is recognized
by

d. This shows that region

2.4 af '
dcan interact with the T residues at the -12

position.
Changes of the -3 1G to C, A, or T in the -35 region still resulted in a functional

gutB promoter, This data suggests that the nucleotide at this particular position is not
important in gutB expression. This finding conflicts with the observations of Ye and
Wong (1994) who showed that a -31G to T mutation resulted in the abolishment of
promoter activity, This discrepancy was shown not to be due to reversion o f the mutation
of the gutB promoter back to the wild-type sequence, because the genomic sequencing
data confirmed that the mutation is retained at the -3 1 position. It is uncertain whether
the absence of gutB promoter activity was because of the inactivation o f lac2 reporter
gene by an unexpected mutation in that particular strain reported by Ye and Wong
(1 994).

It was demonstrated that the G at the -31 position of gutB is not critical for
promoter function. The oA suppressar (Q196R) can selectively restore the activity of
mutated promoters at the first

nucleotide in the 1-T

(-10 region consensus

sequence) to a C, similarly, another d\ suppressor mutant, R347H7 has been
demonstrated to restore the activity o f the G nucleotide (underlined) in the TTGAAC (-35
consensus sequence) to a T. However, integrating pDKgutB3 (-31G to T) to the uA

suppressor R347H,no change in BgaB activity was observed. This suggested that the -

3 1 G nucleotide is not recognized by &.
However, although the -3 1 position is not important for gutB promoter activity, it
does not imply that the entire -35 region is not important. Mutation of the entire -35
hexanucleotide consensus promoter by changing the six nucleotide TTGPLAC to a ClaI
site (ATCGAT) resulted in no activity, indicating that the remaining five nucleotides at
the -3 5 region of gutB are important for gutB expression. Dubendorff et al. (1987) have
demonstrated that the methyl groups of the two adjacent thymines in TT.GACT (-35
region) of the pR promoter from Lambda (1)play a role in promoter recognition. The
substitution of uracil for thymine resulted in a drastic decrease in promoter activity.
Perhaps the two adjacent T's in the -3 5 region in gutB are critical for gutB expression.

In some promoters it has been demonstrated that the -35 region is not important
for promoter function. An example of this is the spollG promoter oP B. subtilis, which
contains a good -10 and -35 hexameric consensus sequence to the oA type promoter.
However, these two regions are separated by a 22 bp spacer (Satola et al., 1991). Instead
of being critical for oA recognition, the -35 region has since been demonstrated to be
important for the SpoOA transcription activator to bind and activate transcription f?om
the spoIIG promoter (Schyns et al., 1997). In the case of the gutB promoter, it is possible
that binding of either GutR or oA to the -35 region of gurB is required for transcription
firom the gutB promoter. In fact, hydroxyl radical footprinting studies reported in Chapter
V showed that GutR can interact weakly at the -35 region.

IV.5.2. Intrinsic DNA bending

The gutB promoter is demonstrated to show intrinsic DNA bending as seen tiom
the circular permutation studies.

Because the gutB promoter fiagment migrated

anomalously at 4 "C and migrated normally at 60 "C,this suggested the presence of DNA
bending in the gutB promoter. The bend angle was determined to be 50". If the A-tracts
found in the spacer between the -35 and -10 regions of gutB cause bending of the
promoter, this could lead to the failure of the promoter DNA to wrap properly around the

RNA polymerase.

Consequently, the promoter could be inactive in the absence of

transcription activators.
In fact, two nucleotides cytosine and adenosine (CA), have been inserted in the
spacer region of the gufB promoter and the activity of this mutated promoter has been
evaluated by the construction of the gutB-lac2 fbsion (containing gutB regulatory region
and promoter sequence). In the presence of glucitol, this mutated promoter is not active'.
This observation can possibly be explained by the presence o f intrinsic bending in the
spacer region, which causes an inhibitory effect on the promoter activity.

Circular

permutation analysis of the DNA h g m e n t containing the promoter with insertion of an
extra two base pair insert showed that there is still intrinsic bending in the gutB promoter,
but the bend angle is differen?.
There are two proposed explanation why gutB promoter is nonufimctionai in the
absence of activator, GutR: (I) Because of either the presence of an intrinsic bending in
the promoter or the short spacer region, a* may recognize the -35 region of the gutB
promoter in a different manner and the nucleotide at position -3 1 is not involved in the
recognition event. (2) The -35 region is not recognized by oA but is instead recognized
by GutR-

1

Ye and Wong, unpublished data

'Poon and Wong, unpublished data

V.

Mapping of the GutR binding site

V.1.

Introduction
The gutB promoter is considered to be an activator-dependent promoter in which

the sequences (-125 bp to 4 7 bp) upstream of the promoter have demonstrated that they
are critical for gutB expression (Ye and Wong, 1994). Within this region, there is a 29bp imperfect inverted repeat (IR) which is located between -50 bp and -78 bp (Figure

KIA). It is likely that this IR is the GutR binding site. The imperfect IR is rich in
thymidine (T) residues nucleotides (underlined in Figure V.1A)sequences can also be found upstream of the

Thymidine rich

IR. It would be interesting to determine

whether these upstream T-rich sequences can serve as auxiliary GutR binding sites.
Three approaches were employed to determine the number of GutR binding sites and
their locations,
The fmt approach was to monitor gufB promoter activity in vivo by constructing
several ptB-ZacZ transcription fusions. Four DNA fragments carrying different lengths
of the upstream gutB sequences were generated through PCR (Figure V. 1B). These four
hgments can be divided into two groups. Group one has three members: fragments I, II
and 111, each of which contains an intact IR sequence. Fragment IV is the only member
of group two and it carries only half of the inverted repeat. These four hgments were
inserted into pDH32, an integration vector with a promoterless IucZ reporter gene, to
examine the effects of the deleted sequences on gutB expression in vivo.

In the second approach, gel mobility shift assays were performed using the same
four fragments to determine the ability of GutR to bind to these fragments. These studies
demonstrated that there is only a single GutR binding site within the upstream region and
this GutR binding site is likely to be the inverted repeat sequence.
To map the GutR binding site more precisely, a third approach (hydroxyl radical
footprinting) was used. In the hydroxyl radical footprinting, hydroxyl radicals (OH )
were generated through the Fenton reaction (Dixon et al., 1991):

[F~UI)EDTA]~+ H ,O,+OH +[F~(III)EDTA]-+ OH-

Figure V.1: The gutB regulatory region. (A): The sequence of the gutB regulatory
region. +l indicates the scripti ion start site of the gutB open reading k e . The -10
and -35 regions of the gurB promoter are in bold print. The double-underlining marks
the T-tracts upstream of the inverted repeat located between -50 to -78. The circle in the
center of the inverted repeat serves to divide the inverted repeat into the left arm and the
right arm. The numbers within the sequence indicate the position relative to +l. The

negative regulatory region downstream of the +l start site does not affect glucitol
induction of GutR. The putative -10 and -35 regions of the gutR promoter show
similarity to promoters recognized by crA containing RNA polymerase. The -1 0 and -35
regions of gutR are enclosed in a rectangle. gutB and gutR are transcribed in the opposite
direction. (B): Fragments containing different deletions of the gutB upstream sequences
are shown as I, 11, Ill, and IV. Fragments I, IT, and 111 contain the entire inverted repeat,
whereas fhgment IV contains only the right arm of the inverted repeat. Each fiagment
was inserted upstream of the promoterless lac2 gene in pDH32, resulting in four gutBlac2 fusions. The same four fragments were used in gel mobility shift assays-
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In hydroxyl radical footprinting, only micromolar amounts of @?~(II)EDTA]"

are

required because ascorbate, a reducing agent, is added to the above reaction to reduce
Fe(1II) to Fe(II)- The DNA cleavage reaction is mediated solely by the hydroxyl radical
generated by the Fenton reaction. Although iron ions also have the potential to induce
cleavage in DNA, these undesirable reactions are prevented by adding EDTA to chelate
the iron ions. The negative charges of ~~(II)EDTA]*'
and @?e(III)EDTA]' are repelled
by the negatively charged backbone of the DNA, preventing interaction between these
iron ions and DNAHydroxyl radicals generated by the Fenton reaction can cleave both single- and
double-stranded DNA backbone by directly attacking the Cq of the deoxyribose ring o f
the DNA backbone in a sequence non-specific manner (Tullius and Dombroski, 1986).
There are two major advantages to using hydroxyl radicals for footprinting.

First,

hydroxyl radicals are small and highly reactive neutral molecules which can approach the
edge of the protein-DNA complex so that precise cutting is possible. This provides a
high resolution footprint showing how the protein binds to its target site. In contrast,
footprinting with enzymes, such as DNase I molecules which are bulkier, usually give a
larger footprint and this larger footprint does not reflect the actual size of the binding site.
Second, hydroxyl radical footprinting gives information about the minor groove edge o f
the DNA backbone for every base pair in a non-sequence specific manner. Based on the
profiles of hydroxyl footprinting, it was shown that proteins can bind to their target
sequences in three different modes: (1) Protein binds to one "face" of the DNA, (2) DNA
wraps around the proteins through the formation of nucleosome or other nucleoprotein
complexes, (3) Protein binds along the DNA groove such as GCN4 (reviewed by Yang

and Carey, 1995). Protein-fiee DNA will be cut at a faster rate than DNA with bound
protein, because in the latter case there is protection o f the DNA backbone, making it
inaccessible to hydroxyl radical. The presence of kinks or bends in the DNA will also
alter the hydroxyl radical footprinting pattern (Burkhoff and Tuillus, 1987). Hydroxyl
radical footprinting of GutR bound to the DNA fi-agrnent containing the -143 to +43 bp
region of the gurB promoter was used to determine how GutR binds to its target site. It
was also applied to determine if there was any intrinsic bending in the gurB promoter.

V.2.

Results

V.2.1. In vivo gutB-lacZ transcription fusion assay
In the fust approach, a series of four @B-lac2 transcription fusions containing
different regions of upstream gufB sequences were constructed and analyzed (Figure
V.2). The ability of these gutB-lac2 fusions to direct synthesis of P-galactosidase in the
presence and absence of glucitol was examined.
In the absence of glucitol, all the gwB promoter h g m e n t s showed basal levels of
P-gaalactosidase activity. The promoterless ZacZ did not show any detectable activity.

The gutB-lac2 integrants containing the intact inverted repeat sequence showed high
levels of GutR-dependent f3-galactosidase activity in the presence of glucitol (Figure V.2,

I to In). In contrast, the @-lac2

fision containing only half of the inverted repeat

sequence showed no P-galactosidase in the presence of glucitol (Figure V.2 IV). From
these studies, it was concluded that the region between -78 and 4 3 is critical for GutRdependent gutB expression. Since this region (-78 to -63) contains only the left half of
the entire inverted repeat, it is likely that the GutR binding site encompasses the entire
inverted repeat sequence (i.e. from -78 to -50).
V.2.2, Gel mobility shift assay of the gutB fragments

In the second approach, gel mobility shift assays were performed with the
purified GutR protein and the four DNA fragments used in the construction of the gurB-

lac2 fisions (Figure V. 1B). These hgments were end-labeled with

[ y - 3 2 ~ ] - The
~ ~ ~3.'

end of these fi-agments was kept constant at +I, the gutB transcription start site as shown
in Figure V.3A to D, while the 5' ends were varied systematically. Fragments I, H and

If1 contained the entire 29 bp inverted repeat, whereas h g m e n t IV contains only the
right arm of the inverted repeat. The binding reactions were performed with increasing
concentrations of GutR ranging £?om 1 nM, 3 nM, 8 nM, 12 nM to 15 nM. The results
demonstrate that sequences upstream of the inverted repeat are not required for GutR
binding (in Figure V.3A, B , and C ) . Also there is only one binding site, since the
presence of additional binding sites would result in more than one DNA-protein complex
observed in the gel. Furthermore, the concentrations of GutR required to shift 50% of

Figure V.2: Effect of deletions of the gutB upstream sequences on the in vivo expression

of gutB-ZucZ firsions in B. subrilis. The recombinants were introduced into the amyE
locus of the B. subtilis chromosome. The 5' and 3' end points of the gutB promoter
region in each construct are labeled relative to the +I transcription start site; the -10 and
-35 regions are indicated. Lines represent the DNA fragment that was inserted in front of

the ZacZ gene as shown.

The black box represents the 29-bp inverted repeat (GutR

binding site). Three independent assays were performed to generate this figure.

@-lac2

-78

-50

fbsions

P-galactosidase
activity (M.u.)~

w/o
Glucitol
1.7kO.5

a

Miller Units (M.U.)

2%

Glucitol
1558-l 10

Figure V.3: Gel mobility shift assays of the various deletion fragments of the gutB
regulatory region.

Fragments containing different deletions of the guiB upstream

sequences are shown as I, II, 111, and IV-on top of each gel shift assay. Fragments I, 11,

and 111 contain the entire inverted repeat, whereas h g m e n t IV contains only the zight
of the inverted repeat. The gel mobility shift assays of fragments I, 11, 111, and

N

with increasing concentrations of (1 nM, 3nM, 8 nM, 12 nM, 15nM) GutR protein, are
shorn in panels A, B C, and D respectively. Below each autoradiogram for panel A-C is
the

showing the concentration o f GutR required to shift 50% of the DNA fi-agrnent.
A to

DNA.

D, the F represents kee DNA and B represents the GutR bound

to the

A: Fragment I

Log of Concentration o f GutR

B : Fragment I1

Log of Concentration of GutR

C: Fragment III

D: Fragment IV
-63

1

10

Log of Concentration of GutR

+1

merits I,

11 and III ( [ G u ~ R ] ~would
~)
be 9 nM, 7 nM, and 11 nM respectively (fkom

graphs shown in Figure V.3A, B , and C). The differences in the [GUfR150for different
fragments are probably due to experimental variations and are not significant.
GutR shows extremely weak binding to h g m e n t IV (Figure V.3D). Even using a
concentration of GutR 10 times higher than that required to shift hgrnents I, 11 and 111,

GutR binds extremely weakly to h g m e n t IV which had only half of the inverted repeat.
These in vitro data are consistent with the in vivo gutB-lac2 transcription fusion
data in that both studies have shown that there is only one GutR binding site and the
binding site is likely to be the inverted repeat sequence upstream of the grrtB promoter.

To determine the boundary of the GutR binding site, hydroxyl radical footprinting was
applied.

V.2.3, Hydroxyl radical footprinting: Determination of the GutR binding site
Hydroxyl radicaI footprinting was used (1) to map the boundary of the GutR
binding site, (2) to identifjr critical nucleotides in the inverted repeat involved in
interaction with GutR, and (3) to gain evidence in support of the presence of an intrinsic
bend in the gutB promoter region. If there is an intrinsic bend in the promoter region,
hydroxyl radical footprinting should show a protected region in the promoter fragment in
the absence of GutR. In this study, hydroxyl radical footprinting was done using the gutB
h g m e n t covering the sequence corresponding to -143 to +40 bp of the p t B regulatory
region.

V.2.3.1Intrinsic DNA bending
As described in Chapter
region of the gutB promoter.

IV, an intrinsic bend was mapped within the spacer
To fbrther strengthen this idea, hydroxyl radical

footprinting of the gutB promoter and the polylinker sequence of the pBS (negative
control) was performed. One region o f the top strand (marked "a" in Figure V.4A) and
three regions of the bottom strand (marked "b", "c" and "dmin Figure V.4A), showed
protection against hydroxyl radical mediated cleavage even in the absence of any
proteins. The "a" region is an "A" rich sequence of the top strand. The "b", " c" and "d"
regions are located between the -10 to -40 bp of the gutB promoter region on the bottom

Figure V.4:

Hydroxyl radical cleavage profile of the gutB regulatory region in the

absence of GutR. (A): The densiometric scans of bands in the sequence ladder 7"' (I)
for the top strand and the top strand DNA of the gutB h g r n e n t (II) are shown. The
densiometric scan of bands of the bottom strand (111) of the gutB fragment and a sequence
ladder "T" 0.
The regions of protection on the DNA are represented by a, b, c and d.

(B): The gutB regulatory sequence: the nucleotides highlighted in bold face indicate the
protected regions in the top strand (a) and bottom strand (b-d) respectively. The -35 and
-10 regions of the gurB promoter are boxed.
repeat is indicated in panel B-

The putative 29-bp imperfect inverted

B : gutB regulartory DNA sequence

-10
AAAAAGCAG-GGGGCA~

-f-

l

I

'

TTTTTCGTCTATTTTACCCCCGTS'
d

strand (Figure V.4B). These protected regions may be the result of intrinsic bending in
the promoter region, since hydroxyl radical cleavage is less efficient in cleaving DNA at
positions where the minor groove narrows (Burkhoff and Tullius, 1987). In contrast, the
hydroxyl radical footprint of the 164-bp polylinker fragment generated by PCR did not
show any protected region.
V.23.2Footprinting of GutR DNA complex

GurR protected regions within the inverted repeat as well as regions outside of the
inverted repeat. The top (coding) strand showed five major regions of protection. The

fifth region of protection was in the -35 region of the gutB promoter. Although this
protection was weak, it was significantly above the background (Figure V.5A and C).
The bottom (template) strand showed four major regions of protection. GutR dependent
protection of residues on both strands- was different f?om the region of protection
observed in the absence of GutR. However, the regions protected, labeled b, c, and d of
the bottom strand, in the absence of GutR remained the same (Figure V.5B and C).

The significance of this extended protection may reflect the conformation of the
DNA at this region. Only the top strand showed a difference in the region of protection.

However, since the template strand (region between the -35 and -10 regions) did not
show any difference in protection in the presence or in the absence of Gum, the extended
protection region is onIy in one strand. In Figure VSC, the GutR dependent protection
regions are shown.
When the DNA region containing the regulatory sequence is modeled, the critical
regions for GutR-DNA interaction can be visualized (Figure V.6). The hydroxyl radical
footprinting shows that GutR binds to DNA and protects four regions in the bottom
strand and five regions in the top strand. GutR seems to bind mainly to one face of the

DNA. Depending on the location of the [F~(II)EDTA]~-,
either in the major groove or the
minor groove, the cutting pattern by hydroxyl radical is different (Oakley and Dervan,
1990). In the case of GutR, the protection patterns are offset fiom each other by two to
four nucleotides toward the 3' end of each strand indicating that GutR binds to the major
groove of the DNA.

Figure V.5: Hydroxyl radical footprinting of the gutB regulatory region in the presence
of GutR. Densiometric scans of hydroxyl radical footprints of DNA alone and DNA in
the presence of GutR are presented. Protection of the top and bottom strand of the gurB
promoter by GutR fiom hydroxyl radical cleavage is shown in panels A and B

"I" represents the DNA alone; "III" represents GutR-DNA, and "ILI"
represents the "T7
sequence. The characters - a, b, c and d are the regions protected from
respectively.

cleavage of the gutB DNA fiagment in the absence of GutR. (A): The top (coding)
strand. Five regions of the GutR mediated protection are labeled as 1 to 5. Protection of
the top strand extends past the -35 region (not shown). (B): The bottom (ternpiate)
strand. Four regions of the GutR mediated protection are shown and labeled as 1 to 4.

(C): The sequence corresponding to the protection as is shown in panel A and panel B
are indicated. The major protection regions are labeled with rectangles. The height of
the rectangle represents the degree of protection.

A: Top strand

B: Bottom strand

V3.

Discussion

The gel mobility shift assay has shown that the 'T' tract upstream o f the inverted
repeat is not important for GutR binding. This has been confirmed by the transcription
hsions which showed that deletion of the "T" tracts upstream of the IR did not affect
p t B promoter activity. In the gel mobility shift assays, the upstream sequence did not

enhance the binding of GutR to the GutR binding site.
Hydroxyl radical footprinting was used to obtain information about the interaction
of GutR with DNA. T?le densiometric scans of GutR-gutB DNA footprinting showed
that the inverted repeat region was fully protected. The protection was further extended
into the -35 region of the promoter. (Figure V.6).
Lambda Cro repressor binds to its target site and protects three helical tums on
each strand of the DNA. In a three-dimensional B-type helix, these positions are aligned
on one side and are symmetrically aligned along the major groove (Tuillus and

Dombroski, 1986). Unlike Cro which protects three regions, GutR protects at least four
turns of the helix (Figure V.6). There are at least two possible mechanisms to explain
this observation.
1. Binding of GutR to its target sequence may suggest the presence of a protein-

mediated DNA bending. Consequently, GutR can make contact with DNA
and protect more than three helical turns.

A similar situation has been

reported for BirA, which is a repressor protein for the biotin biosynthetic
operon (Abbott and Beckett, 1993). It has been demonstrated by circular
permutation analysis that BirA bends the operator DNA once it binds to the
sequence and footprinting studies have demonstrated that BirA can protect
four helical turns in the operator sequence (Streaker and Beckett, 1998).
2. Since GutR is a relatively large molecule, it is possible that GutR makes major

contact with the inverted repeat sequence (target site) which covers only three
helical turns.

In fact, the inverted repeat region is the area that is highly

protected in the presence of GutR. The other two protected regions (4 and 5)
may be caused by DNA wrapping around GutR. It is interesting to note that

Figure V.6: Features of the GutR binding site. The linear sequence -79 to -29 is shown
with the f ~ s nnucleotide
t
(-79) at the 5' end highlighted in blue.

The nucleotides

highlighted in yellow represent the five protected regions of the top strand.

The

nucleotides highlighted in green represent the four protected regions of the bottom strand.
The three-dimensional model of the protected region is shown in the two lower panels.
The yellow patch represents the 5 protected regions in the top strand. The green patch
represents the 4 protected regions in the bottom strand.

the spacing between regions 3 and 4 and regions 4 and 5 on the upper strand is
approximately 1 1 nucleotides apart, which is similar to that observed in a
nucleosome and it is well established that DNA wraps around the histone
complex to form a nucleosome (Drew and Calladine, 1985).
An interesting observation is that GutR can make contact with the -35 region.

From the suppressor mutant studies, we suggested that

& either recognizes (1) the -35

region in the gut23 promoter in a different manner because of the short spacer length or
the presence of an intrinsic bend in the promoter region or (2) does not recognize the -35
region at all. For the latter situation, it has been well established that the -35 region in
certain E. coli and B. subtiZis promoters can actually be recognized by transcription
activators (Kuldell and Hochschild, 1994; Schyns et al., 1997). It is possible that GutR
makes contact with the -35 region and through interaction between GutR and RNA
polymerase, transcription o f the gutB promoter can be initiated.
V.4.

Summary

The following points can be summarized from the in vivo gutB-ZacZ fusions, the
gel retardation analysis and the footprinting studies:
1. The @-lac2

h i o n study and the electrohporetic mobility shift assays:

a. Deletion of sequences upstream of the inverted repeat (GutRbinding site)

did not significantly affect the expression of gutB-lacZ. The upstream
sequences showed only one retarded species in the gel shift assays,
indicating that there is no additional GutR binding site located upstream of
the inverted repeat. The in vivo transcription hsion assays support the
idea that there is only one GutR binding site present in the upstream
regulatory region of the gutB promoter.
b. The intact inverted repeat is important for expression of the gut operon

since deletion of the left arm of the inverted repeat abolishes both the
glucitol induced expression in vivo and GutR mediated mobility shift of
the guB fragments in vitro.

c. GutR has a weak affinity to the DNA h g m e n t containing only the right

arm of the inverted repeat, as demonstrated by the electrophoretic mobiiity
shift assay.

Most helix-turn-helix DNA-binding proteins bind to their

target sites as dimers, tetramers or oligomers. It is thus reasonable to
expect that minimally one GutR monomer binds to one arm of an inverted
repeat. A dimeric GutR may bind to the inverted repeat to form a stable
complex.
2. Hydroxyl radical footprinting analysis demonstrated that the 29-bp inverted
repeat upstream of the gutB promoter is vital for GutR binding.

It also

demonstrated that the protein free gutB DNA is protected in four regions from
hydroxyl radical cleavage. This supports the idea that an intrinsic bend is
present in the gutB promoter3. Hydroxyl radical footprinting showed that GutR protects five major regions

on the top and four major regions on the bottom strand of the inverted repeat.
Furthermore, GutR binds mainly to one face of the DNA.

VI.

Effect of Ligands on GutR binding to its target site

VI.1.

Introduction

In Chapter V, gel mobility shift assays and hydroxyI radical footprinting were
used to map the GutR binding site, which is the inverted repeat (IR)located between the
-78 bp and -50 bp upstream fiom the transcription start site of the gzctB promoter. DNAprotein interaction can be studied using gel mobility shift assays, the nitrocelIulose filter
binding assays and the DNA footprinting. Since these methods cannot measure the
interactions in real-time, they are considered to be end point assays (Fisher et al., 1994).
The BIAcore biosensor enables the measure of interactions between biomolecules
(protein and DNA) in real-time (reviewed by Nice and Catimel, 1999; Myszka, 1999a
and b).

One advantage of this method is that it allows for the monitoring of the

association and dissociation phases of binding.

Consequently, the on-rate, the off-rate

and the equilibrium constants of binding reaction can be determined. Other advantages
of this system include the fact that no labeling of molecules is required and experiments
are highly reproducible, since the biosensor systems are semi- to fully automated. Any

difference o f more than 20% can be considered to be signficant.
Experimental results demonstrated in previous chapters have determined that
glucitol and ATP can bind to GutR and that GutR can bind to the GutR binding site
located in the upstream region of the gutB promoter. The objective of this chapter is to
determine whether the effector molecules such as ATP and glucitol have an effect on the
GutR-gu~BDNA interaction. The affinities of GutR to the GutR binding site were
studied using the BLAcoreX biosensor- The features of the BIAcoreX biosensor are
shown in Table VI.1 (Myszka, 1997).

Table VI.1: Features of the ~ I A c o r e @
X biosensor

0peration
P
Detection limit
Association rate constant, k, (?vfls-')
Dissociation rate constant, kd (s-I)
.
.
Dissociation constant (KD)
Temperature range PC)
Injection volume (&)
Number of flow cells

y
p
u ter controlled injections
200 Da or 10 M
1x 1o3- 5 x 10?
!
1x10" - 1 x 1 ~ ~
IX~O- ~2 ~ 1 0 - l ~
4-40
1-100
2

W.2. Surface plasmon resonance (SPR)
BIAcore biosensor system is based on an optical phenomenon known as surface
plasmon resonance (SPR) (Schuck 1997a and b; Nice and Catimel, 1999; Malmqvist,
1993). The principle of SPR is dependent on the concept of total internal reflection.
When a beam of light travels fiom a denser medium (a glass prism) to a less dense
medium, the light is partly reflected and partly refracted (Figure VI.1 A). The incident
light angle (9) is defined as the angle between the beam o f light and a line perpendicular
to the flat surface on the semi-circular glass prism. At a critical angle that is dependent

on the surface of the medium, a phenomenon known as total internal reflection in which
all the light is reflected and none is r e h c t e d occurs (Figure VI.1B). A diagramatic
representation of the BLAcore biosensor is shown in Figure VI-1C. In the case o f the
BIAcore biosensor, a thin gold metal film is attached to the flat surface of this prism.
Under the conditions of total internal reflection, the intensity of the reflected light
can be significantly reduced depending on the specific incident angle. This sudden drop

in reflected light intensity is known as surface plasmon resonance. This indicates the
tranformation of light to plasmons under this particular condition. The incident light
angle at which the intensity of the reflected light is reduced is the SPR angle. Several
factors affect this angle:
refkactive index of the medium
wavelen,oth of the incident light
properties of the metal film.

Figure VI.1:

Basic principles of surface plasmon resonance (SPR). (A): When light

travels kom the side of higher refiactive index into a medium of Iower reftactive index,
Iight can be either reflected or refracted, The incident light angle (0) is defined as the
angle between the beam of Iight and a line perpendicular to the flat surface on the sernicircular glass prism. (B): At a critical angle o f incidence, no light is refracted and all
light is reflected.

At this critical angle, total internal reflection results in an evanescent

wave propagating into the medium in this case the thin metal film. (C): A schematic
representation of the BlAcore biosensor is shown. Surface plasmon resonance detects the
changes in the r e h c t i v e index at the sensor chip liquid interface in real time. The sensor
chip in this case is immobilized with gutB DNA (represented by lines) on the
carboxylrnethyl dextran side of the chip and the solution containing GutR (represented by
ovals) is injected into the flow cell.

Buffers without GutR are continuously being

pumped to the flow cell from different valves. In the absence of GutR protein and buffer
only, the polarized light illuminates on the sensor chip and at the critical angle (also
known as a SPR angle), which depends on the rehctive index on the sensor chip liquid
interface, an evanescent wave is generated.

This results in a minimum observed in

reflected light intensity. In this diagram the SPR angle is designated as 1. The SPR
angle shifts when GutR binds to the surface and changes the r e h c t i v e index (mass
change) at the metal-liquid surface interface and is designated as SPR angle 2. A
sensorgram is a plot of the response (resonance signal) monitored at the sensor chip
sudace as a h c t i o n of time as is shown in the lower right hand panel-

Reflection incident
angle 0 < critical angle

A+'

refracted light

I

incident light

Total internal reflection
incident angle
critical angle

e>

evanessent wave

metal

incident light

I

ref1ected light

With the BIAcoreX biosensor, the wavelength and the properties of the metal film
are kept constant. Therefore, any changes in the mass of molecules at the gold liquid
interface can result in a corresponding change in the refiractive index which can be
monitored by the change in the SPR angle. Changes to the SPR angle over time are
plotted as a sensorgram (Figure VI. 1C). The BIAcore biosensor is able to measure angles

ranging from 3 to 30,000 resonance units (RU). 1,000 RU are equal to a 0.1 shift in the
O

resonance angle (Nice and Catimel, 1999). In the biosensor system, if molecuIes can
bind to another set of molecules that have been immobilized to the surface of the metal
plate, the changes of rehctive index is the result of biomolecule interaction which can be
monitored,

VI.3. BLAcore biosensor

The BIAcore biosensor system - consists of a microfluidic cartridge and an
autosampler that delivers a sample into a continuous flow of solution to a flow cell that
contains the sensor chip (Figure VI.1 C) (Nice and Catimel, 1999). The carboxymethyl

(CM5) sensor chip is a glass plate with a thin film of goid to which carboxymethyl
dextran is attached to an inert linker layer.

Carboxymethyl dextran provides a

hydrophilic environment for different coupling chemistries such as amine, thiol, or
aldehyde group coupling (Nice and Catimel, 1999)As per the terminology used in the BIAcore system, macromo~eculesimmobilized

on the sensor chip are referred to as ligands. MolecuIes, in solution, that interact with the
ligands are referred to as analytes.

To study protein-DNA interaction, a two-step

coupling approach is applied to immobilize DNA to the sensor chip. In this approach the
f ~ sstep
t requires the coupling of streptavidin to the sensor chip using the amine coupling
method.

The biotinylated DNA fiagment are then captured to the surface via the

immobilized streptavidin molecules.

A solution containing a putative DNA binding

protein (analyte) is passed over the sensor chip surface to monitor its interaction with
DNA.

VI.4. Immobiiization ofgrriB DNA on a CM5 sensor chip
Immobilization of streptavidin to the two flow cells was performed according to
the instructions in the amine coupling (automatic mode) tool provided in the control
software. Flow cell #1 (FC#l) and Flow cell #2 (FC#2) were individually activated using
N-hydroxylsuccinimide @WS) and N-ethyl-N'(dimethy1arninopropyl)

carbodiimide

(EDC) followed by coupling of streptavidin to the sensor chip. Ethanoiamine was then
used to deactivate the excess reactive groups remaining on the chip. The amine coupling
method of streptavidin immobilization followed by immobilization of DNA on the sensor
is briefly summarized in the following equation:

In FC# 1 and FC#2, the immobilized streptavidin is 2 764 RU and 2740 RU respectively.
The difference in the imrnobiIized streptavidin in the two flow cells does not affect the
measurements since streptavidin serves merely as an agent to capture the biotinylated

DNA to the chip. Capturing of the biotinylated gutB DNA fragment was performed
under the manual injection mode to control carefilly the amount of DNA immobilized.

FC#2 was immobilized with 71 RU of the gutB DNA. The amount of pBS linker DNA
that was immobilized in FC#l was 84 RU- This was also done under the manual mode of
injection. FC#l serves as the reference cell to correct for changes in the resonance units
due to refractive index differences between the buffer and the sample solution, signal

drift and baseline. It has been demonstrated that GutR does not bind to the polylinker
DNA of pBS bluescribe plasmid. Therefore, the polylinker DNA served as a negative
control in this experiment.
The resonance units immobilized at the sensor chip surface can be converted to
moles of DNA at the surface using the empirically determined relationship in which

1,000 RU equal 0.78 ng of DNA (Buckle et al., 1996). The effective volume is assumed

to be 0.1 nl,

Since gutB-DNA is 90 base pairs in length, the concentration of the

immobilized gutB-DNA in FC#2 is 1.OX 10" M. The immobilized polylinker DNA (164

bp) in FC#l has an effective concentration of 6 x 1o4 M-

VI.5. A typical sensorgram
To understand the Gum-DNA interaction monitored by the BlAcoreX biosensor,
a schematic representation of the BIAcore sensorgram [the plot of resonance units (RU)
versus time] is shown in Figure VI.2. A sensorgram can be divided into 4 phases- With

the injection of h e buffer to the two flow ceIl compartments, a steady baseline is
generated (A-B in Figure VI.2). Injection of the sample causes a rapid increase in the
basal Ievet. This rapid change in RU (in Figure V1.2 B-C) reflects the change of
refractive index in the solution (simply because o f the addition of the proteins into the

buffer). This phase is then followed by the association phase (C-D) representing the

binding of GutR to the target DNA. Once the sample injection is completed, the buffer is
injected continuously into the flow cells. This results in a change in the refractive index
(in Figure VI.2 D-E),

GutR will then dissociate kom its target DNA during the

dissociation phase as is represented by points E to F in the sensorgram. After the
completion of the analysis, any bound GutR can be stripped fiom the sensor chip by the
injection of 0.05% SDS soIution (F to G). After washing with the buffer: the chip is
ready for the next cycle of kinetic study by injection of GutR at a different concenmtion.
The association and dissociation rate constants for GutR-gutB interaction can be
calculated from the sensorgram-

A typical sensorgram showing GutR and DNA

interaction is shown in Figure VI.3. In this study, purified GutR was injected into the
flow cells in the order of FC# l (the reference cell) to FC#2, allowing GutR to bind to the
gutB DNA immobilized on the sensor chip. The sensorgram used for kinetic analysis has
to be corrected for rehctive index changes and signal drifts. This was done by fust
properly aligning the signals fkom FC#1 and FC#2 so that the points of injection would
be superimposed on each other. The signals for FC#l were then subtracted fiom the
signals from flow cell #2 to generate a final subtracted sensorgram as is shown in Figure
VI.3A.

Figure VI.2: Schematic representation of the four phases of the BIAcore sensorgram:
baseline, association phase, dissociation phase, and regeneration phase. The solution
containing malyte interacts with the immobilized ligand.

A to B represents a flat

baseline profile whereupon the sensor chip is washed with buffer; B to C represents
injection of protein sample. The fast increase in the signal is due to the refractive index
change in the solutions; C to D represents the binding of analyte to the immobilized
ligand which generates a typical association profile (representing the association phase);
D to E represents the end of the injection of analyte; E to F represents the dissociation
phase wherein buffer is washed over the chip. Analyte dissociates resuIting in a single
exponential rate of decay equal to the dissociation rate constant; F to G represents the
regeneration step where injection of chemical results in release of anaiyte from the
ligand. At point H, the same flat baseline observed in A to B is regenerated-
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Figure VI.3: Sensorgram of gutB-GutR interaction and kinetic analysis. (A): The typical
sensorgram for one concentration of GutR protein interaction with the immobilized gutB

DNA, The thick vertical arrows indicate the tirne points at the beginning and end of
injection. The association phase is from the point of injection to the end of injection of
the sample. At the end of injection is the beginning of the dissociation phase. The data
points within the association phase are used to calculate the k, value for the concentration
of the GutR studied. The data points in the initial injection and in the end of injection are
not used. The thin vertical arrows indicate the tirne points used to calculate dissociation
rate constants. (B): Association kinetic anaIysis as applied to the sensorgram from A:
Panel 1 shows the sensorgrams generated at different concentrations of GutR
(represented as C1 to C4). Panel 2 is the dR/dt versus resonance units (R) plots for each
GutR concentration. The slope of the dR/dt vs. R plot is the k, values. Panel 3 represents
the plots of k, values against the different concentrations used to determine the
association rate constants. The slope of this plot is the k,
analysis.

(C): Dissociation kinetic

Panel 1 shows the portions of the sensorgram used (labeled 1 and 2

respectively) to generate the
dissociation rate constants.
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V1.6- Kinetic analysis
Data analyses were done using the BIAevaluation software version 2.1 from
BIAcore. Kinetic analysis using BLAcore biosensor is described in detail by Karlsson et
aI., (1991), 07Shannessyet al., (1993) and Schuck, (1997a and b). In order to understand
the kinetic data, a description of the binding kinetics is presented with reference to the

interaction between GutR and the regulatory region of gutB.

The DNA-protein

interaction for this study is described by the equation:

GutR +- gutB DNA f

GutR-gutB DNA

The affinity constant is defined as:
[ GutR-g~tBDNA ]

K" =

[ GutR I [ gutB DNA ]

The dissociation constant is VK,.
Under normal conditions, this binding reaction in solution is considered to be a
second order reaction and there are two variables (the concentration of GutR and the
concentration of gutB DNA).

However, for the kinetic study presented here the

concentration of gutB-DNA is kept constant. Therefore, the binding of GutR to the
immobilized DNA follows a pseudo first order kinetics. The only variable here is the
concentration of GutR. The pseudo first order equation is as follows:
dR
-= k, (R,,
dt
where

- R)C - k,R (equation 1)

dR
dt

Rate of [GutR-gutBDNA] complex formation

k~
kd
L a x

C

R
L x -

VI.7.

R

association rate constant
dissociation rate constant
maximum GutR binding capacity at the sensor chip surface
concentration of protein (GutR)
amount of GutR bound at time t
amount of 6ee DNA

Association rate constant

Rearrangement of equation 1 shows that the derivative of the binding curve is a
linear function (equation 2):
dR
dt

-= -(k, C + k, )R + k, CR ,
,(equation 2)
Theoretically, both ka and kd can be calculated by plotting dR/dt versus R if the value for

R,

is determined, The plot of dR/dt versus R should yield a straight line. To achieve

R,

a very high concentration of GutR would be required and would be, in general,

quite impractical to work with. To overcome this problem, it is possible to plot dR/dt
versus R over a range of GutR concentrations. The resulting slopes (k,) for these lines are
plotted against C.
-k, = kaC+ kd (equation 3)

By plotting k, versus C, the apparent association rate constant can be cakulated from the
slope of the line, An example of this analysis is shown in Figure VI.3B. The plot of k, at
different concentrations of GutR, yields a straight line with a slope of k. (Figure VI.4A).
VI.8. Dissociation rate constant

Although the apparent dissociation rate constant is the y intercept of the plots
according to equation 3, the resulting values of kd that have been shown in these plots are
too dose to the origin, making this number unreliable. A different plot is needed to
determine the kdmore accurately. In fact, the dissociation rate constant can be calculated

from the dissociation phase previously marked on the sensorgram (Figure VI.3). In the

Figure VI.4: Association kinetics of GutRigutB interaction. The plots o f k, versus the
different concentrations of GutR for the following conditions. (A): GutR alone. (B):
GutR in the presence o f ATP, xylitol, and glucitol; (C): GutR-glucitol complex in the
presence of ATP or ADP;

0):
GutR-glucitol complex in the presence of GTP. (E): GutR

in the presence of glucose; and glucose and ATP. The slope o f each respective lines is
the corresponding association rate constant (k,).
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dissociation phase, the GutR concentration is reduced to zero (C=O) and is replaced by a
flow of the buffer, assuming that no rebinding of GutR to grttB DNA occurs.

dR
dt

-= k, (R ,
- R )C - kd R (equation 1)
At C=O, equation 1 then becomes

dR

-= -k, R (equation 4)
dt

R

h L =kd (t, - t o )
Rn
&, R,, t, and to are values taken fiom the dissociation curve at times 0 and n respectively.
The apparent dissociation rate constant can be obtained from the slope of the plots of

In-)

versus t,,-to. The dissociation rate constants calculated from the slopes of the

plots of In&,&)

versus t,-t, are shown in Figure VISA.

Table VI.2 summarizes the association and dissociation rate constants for GutR
interaction with its target site in the presence and in the absence of ligands derived from
the slopes of the lines fiom Figure VI.4 and Figure VI.5.
VI.9. GutR binds to its target site in tbe absence of inducer

In agreement with the gel mobility shift studies, Gum can bind to its target DNA
in the absence of inducer (glucitol). As shown in Table VI.2 GutR binds to the upstream
gutB regulatory region with an association rate constant of 1 . 8 1~o6 M-'s-' and dissociates
with a dissociation rate constant of 1 . 7 ~ 1 0 "S-l.

The dissociation constant is therefore

~
M. Although GutR binds to the target site with high affmity,
determined to be 9 . 4 lo-''

it dissociates readily. The calculated half-life for the GutR-DNA complex is 6.8 minutes.

Figure Vi.5: Dissociation kinetics of Gum-DNA interaction. Plots of graph o f in RdR,
over time. (A): C w e s for GutR in the presence of the various ligands as indicated on
the graph legend; (B): Curves of GutR in the presence of glucitol and ATP, glucitol and

GTP, and glucitol and ADP. The slopes of these lines indicate the proposed dissociation
rate constants (kd).
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Table VI.2: Kinetic association and dissociation rate constants of GutR as determined by
the BLAcore X biosensor.

Sample
ks (M-IS-1 )
1.8~10~
GutR
GutR + Glucitol
2.1 x106
GutR + ATP
1.6~10~
GutR + Glucitol + ATP 8 . 0 10'
~
GutR + GIucitol + ADP 1.1 x 1o6
GutR + Glucitol+ GTP 1-0x 1o6
GutR + Xyiitol
1.1 x106
9.3~10~
GutR + Glucose
GutR + Glucose +ATP
9.8~10'
a half-life of GutR binding to DNA r

kd (s")

rlna(min)

1 . 7 lo"
~
6.8
No Dissociation 1.5~10-~
7-8
4.2~
10"
274
1- 4 1o~ - ~
82
5.61
~0-5
205
2.2~
1o - ~
5-2
2 . 3 ~10"
5
2.5~
4-6
l ~0.69/
= kd (Neri et al., 1996)

l<d (M)
- -

9 . 4 10-1°
~

N/A~
7.1~10-'~
5 . 2 lo-"
~
1.3~10-'~
5.6~10-"
2 . 0 I~o - ~
2.5 x 1o ' ~
2.5 x 1o - ~

(N/A) not applicable.

- cannot be calculated
VT.10. Effect of ATP on GutR binding to its target site

The association and dissociation rate constants of GutR in the presence of ATP

are similar to those of GutR in the absence of ATP. Therefore, the presence of ATP does
not affect the binding of GutR to its target site. This observation is consistent with the
idea that ATP is unable to bind to GutR in the absence of glucitol.
VI-11. Effect of glucitol on GutR binding to its target site

The association rate constants for GutR in the absence and presence of glucitol
are very similar. However, in the presence of glucitol, GutR does not dissociate from its
target site. The dissociation rate constant of GutR in the presence of glucitol is beyond
the detection limit of the machine which is 1x lo-' S-'. For GutR, in the presence of other

sugars (e-g. xyiitol or glucose), the association and dissociation rate constants are similar
to the values of GutR in the absence'of any Iigand. This indicates that xylitol and glucose
fail to induce GutR to have a slower dissociation from its target DNA. It is likely that
both xylitoI and glucose cannot bind to GutR in the same manner as glucitol. Thus, it can
be concluded that the effect of glucitol on GutR dissociation from its target site is highly

specific. It is important to note here that in the presence of glucitol, GutR does not
dissociate readily fiom the GutR binding site. GutR is simply positioning itself on the
target site and waiting to interact with the second ligand (i.e. NTP).

VI.12. Effect of glucitol and NTP on GutR binding to its target site
The binding of GutR to its target site in the presence of both glucitol and ATP
showed that GutR can dissociate fi-om its target site. GutR, in the presence of glucitol
and ATP, has a kd which is 30-fold lower than the kd for GutR alone. In the presence of
glucitoI and GTP, a comparable kd value is observed- These data suggest that both ATP
and GTP can bind to GutR in the presence of glucitol. Since the nucleotide triphosphates
exert a similar effect on GutR, ATP and its derivatives were selected for firrther analysis.
It would be interesting to determine whether ADP has any effect on GutR in the presence
of glucitol. As is shown in Table VI.2 the

kd

under this condition is 10-fold lower thm

that of GutR alone. Therefore, the general trend is that GutR does not dissociate in the
presence of glucitol. With the binding of ATP to GutR-glucitol, GutR dissociates faster

fium the target site sequence. The dissociation is even faster than when ADP is bounded
to Gum-glucitol.

Without any nucleotide ligands, GutR-DNA compiex shows a

relatively short half-life of 6.8 min. In contrast to the significant differences observed for

kd values for GutR in the presence of nucleotides and glucitol, or in the presence of
glucitol alone, the k, values under similar conditions show only minor variations (52.6
fold).

These findings clearly demonstrated that in the presence of glucitol, the

nucleotides exert a major effect on the dissociation rate constants (kd)of GutR,
M.13. Electrophoretic mobility shift assay (EMSA)

Relative to GutR alone, GutR in the presence of'glucitol has a higher affinity to its
target site as demostrated through the biosensor studies. The effect of glucitol on the
binding of GutR to its target site was probed by gel mobility shift assays. Experiments

using the DNA fkgrnent containing the GutR binding site showed that GutR alone binds
to the DNA figment and the GutR-DNA complex labeled "b" was observed as is shown

in Figure VI.6. In the presence of glucitol, GutR binds to the DNA fkagrnent, and the
GutR-DNA complex (labeled "a") migrates more slowly than the GutR-DNA complex in

Figure VI.6: Gel mobility shift assays demonstrating the effect of different ligands on
GutR binding to the target DNA. The fi-agment used for gel mobility shift consists of the

gutB regulatory region (fiom 79 to +l bp relative to the transcription start site of gutB).

Each lane contains 5 n M of GutR (except for Lane 2), and the gutB regulatory region
DNA. Lanes 4 to 12 contain 2% gtucitol. Lane 1: 5 mM ATP; Lane 2: DNA only; Lane
3: GutR; Lane 4: glucitol; Lanes 5-7: glucitol + 0.25, 0.5, 5 mM ATP; Lanes 8 - 10:
glucitol

+ 0.25, 0.5,

5 mM CTP; Lanes 10 - 13: glucitol +- 0.25, 0.5, 5 mM GTP. The

arrows on the right hand side of the autoradiogram mark: a) and b) represent the GutR-

DNA complexes, c) artifact; and d) free DNA.
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the absence of glucitol. GutR-DNA complex is labeled 'W' (see Figure VI.6 Lane 3
versus Lane 4). GutR in the presence of ATP and glucitol, GTP and glucitol, or CTP and
glucitol, binds to GutR in the same manner as GutR in the presence of glucitol. Since the

DNA fi-agment under study has only one GutR binding site, the presence of a slower
migrating complex suggests oligomerization of GutR in the presence of glucitol. This
observation is consistent with the findings presented in Chapter III (gel filtration study)
and the next section of this chapter (in vivo studies using ANGutR), which shows that

GutR oligomerizes in the presence of glucitol. With the formation of octamers or the
larger order of oligomers, the presence of the DNA binding domain in each GutR protein
may increase the avidity of the oligomers for the target DNA. This may possibly explain
the significant decrease in the dissociation rate constants under this condition. However,
the gel mobility shift assay clearly demonstrated that after the binding of ATP to the
GutR oligomer, the GutR molecules still exist in the oligomeric state. There is also an
increase in the dissociation rate constants of the GutR-ATP oligomers with the target

DNA-

VI.14. Effect of overproduction of GutR and ANGutR on gutB-lac2 fusion
expression

Plasmids pU3 I 8P43GutR, PUB 18P43ANGutR and PUB 18 were transformed into
the WBKl2 strain carrying gutB-lac2 transcription fusion. This was used to determine
whether ANGutR affects the ability of the chromosomal copy of gutR to turn on the gutB-

lac2 fusion. When control plasmid pUBl8 was introduced into gutB-[acZ fusion, f$galactosidase activity was detected only when glucitoI was present. This is logical since
glucitol is the inducer required to turn on the gutB-lac2 expression. Overexpression of
intact GutR renders glucitol dispensible because the gutB-lac2 expression is turned on
either in the presence or absence of glucitol. Since GutR can bind to DNA in the absence
of glucitol, it is possible that the oligomeric GutR bound at the GutR binding site can turn
on gutB expression in the absence of glucitol. The idea that an oligomeric form of GutR
is required for GutR-mediated gutB expression was hrther supported by the effect of
ANGutR on gutB expression.

In B. subtilis the strain carrying an integrated gutB-lac2 transcriptional fusion at
the amyE locus results in a glucitol dependent expression of ZacZ.

This strain is

designated WBK12. WBK12 CpUB 18P43ANGutRI failed to turn on lac2 regardless of
whether or not glucitol was present.

Analysis of the protein profile of WBK12

CpUB18P43ANGutRl indicated that ANGutR was overproduced at high level. The ratio
of ANGutR to the intact GutR protein was likely to be in the range of 100 to 1. If GutR
can oligomerize in the presence of glucitol, ANGutR, which is unable to bind to the GutR
binding site, would be able to form oligomers with intact GutR. Some of the resulting
complexes might contain only a single copy of intact GutR protein in the oligomer, others
would contain only ANGutR in the oligorneric state. None of these complexes would
have an affinity high enough to bind stably to the GutR binding site. Therefore,
suppression of the glucitoi dependent induction of lac2 by the presence of
CpUB18P43ANGutRJ in WBK12 would be expected.

This observation is known as

negative dominance, A similar approach has been applied in many cases (e.g MalT) to
demonstrate the ability of transcription regulators to form oligomers in vivo (Cole and
Raibaud, 1986).
VI.15. Discussion

To obtain meaningfir1 kinetic data to study GutR-DNA interaction, two conditions
must be fulfilled (Myszka, 1997, 1999a and b; Myszka et al., 1998). The first condition
is to have a proper negative control in flow cell #1 to eliminate artifacts including
rehctive index changes (during injection of samples or of the buffer). In this study, flow
cell #l contained immobilized polylinker DNA hgments which served as a proper
control. This DNA h g m e n t has previously been demonstrated to be unrecognized by
GutR.

The second condition refers to a situation lcnown as mass transfer (Doyle et al.,
1996; Myszka et al., 1998; Myszka, 1999b).

Mass transfer refers to the excess

immobilization of ligands (in this case, gutB DNA) to the sensor chip. If this happens,
the rate of the binding of analyte (Gum) would reflect the concentration of the analyte
injected rather than the association rate of the binding process.

Furthermore, in the

presence of excess immobilized Iigand, rebinding of dissociated analyte to the ligand can
occur, causing false kd values to be observed. In-ourstudy, gutB DNA was immobilized
at a low Ievel and several diagnostic plots were made to demonstrate the absence of mass
transfer under the experimental conditions used.

The use of high flow rates in our

experimental conditions also served to minimize rebinding of GutR to the DNA after

The kinetic data presented in this chapter have highlighted several significant
points. Consistent with the gel mobility shift analysis, GutR can bind to its target DNA
in the absence of glucitol. Under this condition, GutR can bind to the gurB DNA but it
dissociates readily with a half-life of 6.8 minutes at 2S°C. Since B. subtiZis is a bacterium
found naturally in soil and water sources, these cells are living in nutrient-limiting
conditions most of the time. Cultivation of B. subtilis at 25°C with a defined medium
(Bron, 1990) shows that the generation time for B. subtilis is about 380 min. Therefore, a
half-life of 6.8 min of the GutR-DNA complex would not provide any significant
contribution to the expression of the glucitol operon. Furthermore, the bound complex in
the absence of ATP/GTP may not be in the active state that can activate transcription.
En the presence of glucitol, it is interesting to observe that GutR can bind to the
target DNA and does not dissociate readily from it. This tight binding can be explained
by the formation of GutR oligomers in the presence of glucitol. Because of this avidity

effect, GutR may not dissociate &om the complex under this condition. On the other
hand, the tight binding can be because of the wrapping of the DNA and the GutR
oligomers to form a nucleoprotein complex. The tight binding of GutR to the DNA in the
presence of glucitol allows the GutR rnolecuIes sufficient time to be able to bind ATP. A
working model for the possible GutR mediated transcription is presented in more detail in
Chapter VIII.
VI.16. Summary
From the biosensor studies of GutR-DNA interactions, a brief summary of the
findings is presented as follows:
a

GutR binds to its target site in the absence of glucitol.

The effect of glucitol on the dissociation rate of G u t .is specific. Glucose and
xylitol, which are not the inducers for the gut operon, do not affect the
dissociation rate of GutR.

In the presence o f glucitol, xylitol, glucose or ATP, the association rate o f

GutR to its target sequence is similar,
In the presence of glucitol, GutR binds to the target site in an oligomeric form-

W. Effect of ligands on the conformation of GutR
VII.1. Introduction

Ye et al. (1994) proposed a model to explain the differences between wild-type
GutR and GutRl in mediating the expression of the gut operon. In this model, GutR is
suggested to exist in two conformations, an active form and an inactive form. These two
forms are interchangeable depending on the presence of glucitol. In the absence of
glucitol, the majority of GutR would be in the inactive form and unable to activate
transcription from the gutB promoter. There may be a low Ievel of GutR in the active
form even in the absence of glucitol.

However, the level is too low to cause any

signif~canttranscription. In contrast, in the presence of glucitol, glucitol binding to GutR
is hypothesized to induce a confonnational change in GutR. This Ieads to the conversion
of GutR into the active form and transcriptional activation of gutB. In the case of GutR1,
there is a change of the serine residue at position 289 to an arginine (Ser289Arg). GutRl
can activate gutB transcription constitutively even in the absence of glucitol. In this
model it is suggested that GutRl is constantly in the active conformation and can activate

gutB transcription. Data presented in this chapter provide support for this model. The B.
subtilis strain carrying an integrated gntB-lac2 in the chromosome was able to turn on the
reporter gene even in the absence of glucitol when pUB18P43-GutR was transformed
into this strain. This strain overproduced GutR at high levels. Since a small fraction of

GutR can switch to the active conformation in the absence of glucitol, it would be
sufficient to activate filly the chromosomal gutB-lacZ.

This o b s e ~ a t i o nprovides

indirect evidence to support the idea of a two-conformation model. Furthermore, as
described in Chapter HI, GutR can bind ATP and oligomerize in the presence of glucitol.
These data suggest that in the presence of glucitol, GutR changes its conformation
To evaluate the two-conformation model proposed by Ye et al. (1994), and to
determine the h c t i o n a l role of glucitol and ATP in mediating the conformational
changes of GutR, limited trypsin digestion of GutR in the presence and absence of
different Iigands was performed. Limited proteolysis has been used extensively to gain
information of domain organization and domain function within multi-domain proteins

(Hubbard, 1998). Wetlaufer (1973) introduced the concept that large proteins are folded
into multiple distinct domains. A domain is a stfucturally independent compact globular
region consisting of a continuous stretch of polypeptides ranging from 100 to 200 amino
acids in size. The folded domains are more resistant to protease action, whereas linkers
are more exposed and hence more prone to protease digestion.
Limited proteolysis is thought to occur at "hinges and h g e s " (Neurath and
Jaenicke, 1980). These hinges and fiinges are the unstructured, flexible loops and linker
regions which join different domains together. The proteolytic fragments remaining after
protease digestion would indicate whether the protein is folded into one domain or
multiple domains. Ligand induced confornation changes in TyrR, a regulator for the
biosynthesis and uptake of aromatic amino acids in E. coli, was probed by limited trypsin
digestion (Cui and SomerviIle, 1993)- In their studies, trypsin was used to probe the
effect of tyrosine and ATP on the TyrR conformation and the domain organization.
The effect of ligands, glucitol and ATP on GutR conformation was probed by
using the method of limited trypsin digestion. Limited proteolysis of GutR showed that
glucitol can bind to GutR and induce GutR to adopt a different conformation. In this
conformation, ATP can bind to GutRVII.2. Predicted secondary structure of GutR

With over 50 possible trypsin cIeavage sites on GutR (Figure WI.l), the chances
of the GutR being cut by trypsin are high, though this is dependent on the accessibility
and susceptibility of the amino acid residues to trypsin.
The predicted secondary structure and the solvent accessibility of GutR, as
calculated by the method developed by Rost and colleagues with an accuracy of about

70%, (Rost and Sander, 1993, 1994; Rost, 1996) are shown in Figure VII.1. It is likely
that regions predicted to be in the random coil structure would be more susceptible for
proteolytic cleavage.

Trypsin cuts at the carboxyl terminus of arginine and lysine

residues, whereas chymotrypsin cleaves at the carboxyl terminus of aromatic amino acids
such as tyrosine, tryptophan and phenylalanine. Trypsin was used in the current study.

Figure VII. 1: Amino acid sequence o f GutR and secondary structure prediction based on
the PHD program- The symbols AA, Sec and Acc represent amino acid, secondary
structure and solvent accessibility respectively. The Lysine (K) and arginine (R) residues
are in blue. The carboxyl terminal of K and R are possible trypsin cleavage sites. The
aspartic acid (D) and glutarnic acid (E) afe in red. The helix-tum-helix motif is indicated
at the N-terminus (amino acid residues 4 2 4 1; underlined).

The nucieotide binding

domain, Walker motif A and Walker motif B are labeled and double underlined. The
tetratricopeptide repeat (TPR) motif (arnino acid residues 736-770) is shown by a broken
dashed line at the carboxyl terminus. Arrows A and C indicate the accessible trypsin
cleavage sites o f GutR and arrow B represents the chymotrypsin cleavage site. The
predicted secondary structure of GutR consists of a-helices (H), and P-sheets

a).The

solvent accessibility is represented by exposed (e) and buried (b). The dots represent
random structure in the secondary prediction.

The dots in the solvent accessibility

represent amino acid residues which are intermediate between buried and exposed.
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However, it is not uncommon for commercial trypsin preparations to be contaminated
with chymotrypsin.
W.3, Limited trypsin digestion conditions

The initial step in limited proteolysis experiments was to determine the protease
to protein ratio to be used to generate informative data about protein structure (Hubbard,

1998). The ratio of protease to protein varies for different proteins. After trying several
ratios, a ratio of 1:40 seemed to generate hgments which could be monitored in a
reasonable time & m e , and was thus the ratio applied to study ligand mediated
conformational changes in GutR. A master stock of trypsin solution was prepared. It
was then aliquoted and stored at -20 "C.Each trypsin aliquot was thawed, used, and then
discarded after each experiment. The conditions for each of the digestions were identical
with respect to time, buffer components, and GutR protein concentration. The only
variable manipulated was the ligand added. The effect of various Iigands including
xylitol, galactose, mannitol, glucitol, ATP, ADP and AMP-PNP in inducing different
conformations of GutR was probed using limited trypsin digestion. Unless otherwise
stated, the final concentrations used were 2% for all sugars examined and 1 rnM for a11
nucleotides.

The presence or absence of magnesium (hlg23 had no effect on the GutR

+
digestion patterns. The digestions were performed in the presence of M~'' since M ~ * is
usually complexed to ATP in the nucleotide binding pocket.

GutR samples in the

presence of the above mentioned Iigands were incubated for ten minutes prior to the
addition of trypsin. In these assays, the removal of an aliquot prior to the addition of
trypsin was Iabeled as the sample at time 0. At subsequent times of 6, 12, 18, 24, 40 and

60 minutes, aliquots were removed and placed into a new Eppendorf tube containing 1

rnM fmal concentration pefablocm(a serine protease inhibitor). Aliquots of the digestion
were then run on SDS-polyacrylamide gels. For Western blot analysis, polyclonal GutR
antibody was used to monitor the stability of the GutR ttyptic digestion products over the
course of the assay.

VII.4. Resuits
VII.4.1. Tryptic digestion pattern of GutR

GutR, in the absence of ligands, was gradually converted fiom its intact size of 95
kDa to a stable trypsin resistant h g m e n t of 79 kDa (Figure VII2A). The Western blot
showed that remnants of intact 95 kDa GutR protein were still found up to 40 minutes
after digestion (Figure VII2B). However, SDS-polyacryiamide gel indicated that GutR
was completely converted to 79 kDa by 18 minutes (Figure VIIdA). The discrepancy
simply reflected the fact that the GutR antibody was more sensitive than Coomassie blue
staining of the SDS-polyacrylamide gel in detecting the remnants of intact GutR Both
the Western blot and SDS-poIyacrylarnide gel pointed to the fact that in the absence of
ligands, GutR was digested to a 79 kDa species, which was resistant to W e r digestions

by trypsin. The 79 kDa species refer to the theoretical size of the observed trypsin
resistant fragment based on the N-terminal sequencing data of this fiagrnent if there is no
hrther cleavage at the C-terminal region (see discussion).
VII.4.2. Glucitol induces GutR to change conformation

Glucitol induces a conformational change in GutR, which can be reflected by the
tryptic digestion pattern of GutR in the presence of glucitol (Figure VII.3). The 95 kDa
GutR was cleaved into protein fi-agments, which are smaller than the 79 kDa fragment
observed for GutR in the absence of glucitol. Two sets of bands emerged &om the
trypsin digestion of GutR in the presence of glucitol. As was observed in the SDSpolyacrylamide geI and by the Western blot analysis, one set consisted of a doublet
around 59 kDa, and the other set consisted of a triplet with the molecular mass around 50
kDa (Figure VII.3A and Figure VII.3B). This suggests that, in the presence of glucitol, a
conformational change occurred in the GutR molecule, causing previously buried
residues to be exposed. These sites were now susceptible to trypsin cleavage.
WI.4.3. Effect of other sugars on GutR conformation

In the presence of other sugars including galactose, glucose, mannitol, and xylitol
the pattern of GutR digestion resembled that of GutR alone (Figure VII.4). The major
fiagment of digestion is still the 79 kDa band. Therefore, these sugars have no effect on

Figure VII.2: Tryptic digestion pattern of GutR in the absence of ligands. Samples were
collected at different time points and analyzed by SDS-polyacrylamide gel. (A): SDSpolyacrylamide gel stained with Coomassie blue.

(B): Western blot.

The arrows

indicate the 79 kDa trypsin resistant h g m e n t of GutR. Along the top of each panel is the
time (in minutes) at which sample aliquots were removed. The aliquot removed prior to
adding trypsin is labeled as time 0. The molecular weight standards (kDa)are indicated

on the side. The molecular weight standards are phosphorylase B (97 kDa), bovine
serum albumin (66 m a ) , ovalburnin (45 kDa), and carbonic anhydrase (3 1 kDa).

Time (rnin)

Time (min)

Figure W.3:

Effect of 2% glucitol on trypsin digestion o f Gum. (A):

SDS-

polyacrylamide gel of GutR in the presence of glucitol. (B): Western blot. GutR in the
presence of glucitol, results in two sets of digestion products, a triplet seen at 50 kDa and

a doublet at 59 kDa, as marked by arrows a and b respectively. The time (minutes) when
each sample was collected for analysis is shown along the top of each panel. The aliquot
removed prior to adding trypsin is labeled time 0. The molecular weight standards (kDa)
are indicated on the side. The molecular weight standards are phosphorylase B (97 ma),

bovine serum albumin (66 kDa), ovalbumin (45 kDa), and carbonic anhydrase (3 1 kDa).

Time (min)

Time (min)

Figure VIIA: Effect of other sugars on trypsin digestion of GutR. (A): 2% galactose;
(El):

2% glucose; (C): 2% mannitol; @): 2% xylitol. GutR in the presence of these

sugars shows that the major -tic

f i x p e n t is 79 kDa. This is different from the trypsin

digestion of GutR in the presence of 2% gIucitol shown in Figure VII.3, in which tryptic
fkgments of 59 kDa and 50 kDa are observed. The time (minutes) when each sample
was collected for analysis is shown along the top of each panel. The a!iquot removed
prior to adding trypsin is labeled time 0. The molecular weight standards W a ) are
indicated on the side, The molecular weight standards are phosphorylase B (97 kDa),
bovine serum albumin (66 m a ) , ovalbumin (45 kDa), and carbonic anhydrase (3 1 kDa).
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the trypsin digestion of GutR suggesting that xylitol, glucose, mannitol, and galactose
either cannot bind to GutR at all or cannot induce-GutR to change in conformation.
VII.4.4. Effect of ATP on GutR conformation

In the presence of ATP, the trypsin digestion pattern of GutR resembles the
pattern observed for GutR alone (Figure W . 5 ) . This suggests that ATP cannot bind to
GutR and thus does not affect GutR conformation. This observation was consistent with
the observation of the UV cross-linking studies, which indicated that ATP could bind to
GutR only when glucitoi was added.
W.4.5. Effect of varying ATP concentrations on the tryptic digestion of GutR in
the presence of glucitol

Since the W cross-linking studies already strongly imply that glucitol and ATP
bind to GutR in a sequential manner, it was of great interest to see whether glucitol
together with ATP would have any effect on the conformation of GutR. Shown in Figure
VII.6 is the tryptic digestion pattern of GutR in the presence of glucitol at various ATP

concentrations. At low concentration of ATP (1 nM), the disappearance of the 95 kDa
hgment followed a kinetic profile very similar to that observed in the tryptic digestion
of GutR in the presence of glucitol alone. It was possible that this amount of ATP is not
enough to saturate ali the GutR molecules in the reaction. However, digestions of intact
GutR with glucitol in the presence of ATP at higher concentrations (1 pM, 10 pM, 100
pM and 1 mM) showed a different profile with the presence of two predominant bands

-

intact GutR and a 79 kDa trypsin resistant fragment. The different digestion patterns of
GutR in the presence of ATP and glucitol propose that once glucitol had bound to GutR,
the ATP binding to GutR-glucitol complex resulted in another conformational change in

GutR. By varying the concentration of ATP, the major differences in the GutR-glucitol
cleavage profile was the rate at which GutR was cleaved by trypsin. These data support
that ATP induced GutR-glucitol complex to adopt a more compact conformation which
rendered it less susceptible to digestion, resulting in a slow conversion of the 95 kDa
intact protein to a 79 kDa fiagment (Figure VII.6B). In the absence of ligands, the 95
kDa intact GutR was susceptible to digestion by trypsin to 79 kDa. When both ATP and

Figure VII.5: Tryptic digestion pattern of GutR in the presence of ATP in the absence of
glucitol. SDS-polyacrylamide gel stained with Coornassie blue. The arrow indicates the

79 kDa resistant fkgrnent of GutR resuiting from tryptic digestion of GutR in the
presence of ATP. The time (minutes) when each sample was collected for analysis is

shown along the top of each panel.

The aliquot removed prior to adding trypsin is

labeled time 0. The molecular weight standards ( m a ) are indicated on the side. The
molecular weight standards are phosphorylase B (97 kDa), bovine serum albumin (66
kDa), ovalburnin (45 kDa), and carbonic anhydrase (3 1 kDa).

Time (min)

Figure W.6: Effect of varying ATP concentrations on the tryptic digestion of GutR in
the presence of glucitoi. (A): 1 nM; (B): 1 ;

(C): 10 @
@):
I; 100 pM; (E): 1 rnM

of ATP was added to GutR-glucitol sample. The arrow indicates the 79 kDa fragment

The time (minutes) when each sample was collected for analysis is shown along the top
of each panel. The aliquot removed prior to adding trypsin is labeled as time 0. The

molecular weight standards (kDa) are indicated on the side.

The molecular weight

standards are phosphorylase B (97 ma), bovine serum albumin (66 m a ) , ovalburnin (45
m a ) , and carbonic anhydrase (3 1 kDa).
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glucitol were present in the GutR digestion mixture, the absence of the doublet and triplet
bands that were seen when GutR was in the presence of glucitol, seems to suggest that

ATP binding to GutR-glucitol complex is able to protect GutR &om being digested to the
59 and 50 kDa species- The different digestion patterns observed illustrated that GutR
adopts three different conformations under the following three conditions, (1) in the
absence of any ligands, (2) in the presence of glucitol and (3) in the presence of both
glucitol and ATP (Figure VI1.2, Figure VII.5, and Figure VII.6)-

This supports the

observation in the UV cross-linking experiments, that there is a sequential order of
binding to GutR, in which glucitol binds first,followed by ATP.

VII.4.6. Effect of ATP, ADP and AMP on the tryptic digestion pattern of the GutRglucitol complex
The effect of AMP, ADP and A-TP nucleotides on trypsin digestion of GutR is
shown in Figure VII.7- When GutR was in the presence of glucitol, the addition of AMP
did not protect the GutR-glucitol complex fiom trypsin cleavage (Figure VII.7A). The
digestion pattern was similar to that seen for GutR in the presence of glucitol, suggesting
that AMP either cannot bind to GutR or that it binds but fails to trigger a conformational
change in GutR. Consequently, no significant stabilization effect could be observed.
Figure VII.7B shows the digestion pattern of GutR in the presence of ADP and glucitol,
wherein a major band of 79 kDa and a minor band of 95 kDa were seen. The tryptic
digestion pattern of GutR in the presence of ATP and glucitol showed that mostly intact
GutR protein and the formation of 79 kDa fragment took a longer time (Figure VII.7C).
This study showed that GutR has a higher affinity for ATP than ADP and has poor
affinity for AMP based on the protection pattern observed.
VII.4.7. Effect of AMP-PNP on the tryptic digestion pattern of GutR-glucitol

complex
To determine whether hydrolysis of ATP by GutR was the reason for the
observation of a 79 kDa fragment, a nonhydrolyzable nucleotide analogue, AMP-PNP,
was used.

The trypsin digestion pattern of GutR in the presence of the nucleotide

analogue, AMP-PNP and glucitol is shown in Figure VII.8. At a 1 nM concentration of

Figure VII.7: Effect of different nucleotides on the GutR-glucitol trypsin digestion. (A):
1 mM AMP; (B): 1 mM ADP; (C): 1 m M ATP- The arrows indicate the migration o f
the 79, 59 and 50 - kDa hgrnents respectyveiy. The time (minutes) when each sample

was collected for analysis is shown along the top of each panel. The aliquot removed
prior to adding trypsin is labeled time 0. The molecular weight standards (kDa) are
indicated on the side. The molecular weight standards are phosphorylase B (97 kDa),
bovine serum albumin (66 kDa), ovalburnin (45 ma), and carbonic anhydrase (3 1 kDa).

A: AMP

Time (min)

B: ADP
Time (min)

C : ATP
Time (rnin)

Figure VII.8: Effect of different AMP-PNP concentrations on the digestion pattern of
Gum-glucitol. (A): 1 nM; (B): 1 pM; (C): 10 pM; @): 100 p M and (E): I mM of

AMP-PNP respectively. The time (minutes) when each sample was colIected for analysis
is shown along the top of each panel. The z!iqaot removed prior to adding trypsin is
labeled time 0. The molecular weight standards &Da) are indicated on the side. The
molecular weight standards are phosphorylase B (97 kDa), bovine serum albumin (66

kDa), ovalbumin (45 kDa), and carbonic anhydrase (3 1 kDa). The arrow indicates the 79

kDa band.
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AMP-PNP, the GutR digestion pattern was similar to that observed with 1 n M ATP
(Figure W.6). Similar to the case of ATP, increasing AMP-PNP concentrations fkom 1
plvf to 1 m M increased the protection of the GutR, as indicated by the absence of the 50

kDa and 59 kDa species observed in GutR-glucitol digestions. Therefore, it suggests that
ATP binding is sufficient to induce GutR to have a conformational change and ATP
hydrolysis is not required.

However, AMP-PNP can potentially be hydrolyzed to AMP

and P-N-P, and the possibility of hydrolysis of AMP-PNP in this manner cannot be
excluded.
VII.4.8. Effect of other nucleotides on the tryptic digestion pattern of GutR-glucitol
complex
To determine whether the protection of GutR by ATP is nucleotide specific, the
trypsin digestions of GutR-glucitol in the-presence of either CTP, GTP or dATP at a final
concentration of 1 rnM were performed. The digestion patterns of GutR shown in Figure

VIX.9 are similar to GutR in the presence of ATP and glucitol. This would indicate that
there is no nucleotide specificity under such a condition (1 mM for each nucleotide).
However, it does not exclude the possibility that GutR may show higher affinity for

ATP/GTP than CTP as reflected in the competition assay in the UV cross-linking
experiments. Any nucleoside triphosphate at high concentration was able to stabilize the
GutR-glucitol complex and to prevent it fiom being cut to hgments of 50 kDa and 59

kDa,
VII.5. N-terminal sequencing of three fragments
Three major fragments resuIting fiom the above mentioned GutR %tic digestion
were sent for N-terminal sequencing: the 79 kDa hgrnent kom trypsin digestion of
GutR without ligands, and one of the doublet and one of the triplet bands which were
observed fiom the trypsin digestion of GutR in the presence of glucitol. These hgments
were isolated by resolving the h g m e n t s on SDS-polyacrylamide gel.

After SDS-

polyacrylamide gel electrophoresis, gels were transblotted to the PVDF membrane and

then briefly stained with Coomassie blue. The bands were then cut into very thin strips.

Figure W.9: Effect of the nucleotides MTP, CTP and GTP on tryptic digestion of

GutR. (A): 1 mM dATP; (B): 1 mM CTP; (C): 1 mM GTP. The time (minutes) when
each sample was collected for analysis is shown along the top of each panel. The aliquot
removed prior to adding trypsin is labeled time 0. The molecular weight standards W a )
are indicated on the side. The molecular weight standards are phosphorylase B (97 kDa),
bovine serum albumin (66 kDa), ovalbumin (45 kDa), and carbonic anhydrase (3 1 kDa).

The arrow indicates the migration of the 79 kDa trypsin resistant fragment.
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These strips of fVDF membranes containing protein, were then subject to N-terminal
sequencing. The N-terminal amino acids of these hgments are shown in Table VII. 1.
Table W.1 N-terminal sequencing analysis of tryptic hgrnents derived from GutR
protein.
First 5 amino acids of
the trv~tich m e n t s

Tryptic Fragment (kDa)

Theoretical size *

Size determined from
SDS-polyacrylamide gel

79

75

1 4 5 ~

55

3

45

*

1 4 6 L ~ ~ ~ ~

Trypsin cut

*

t '=RESFG

~

Chymotryprinm

tTrypsin

3 8 9 ~ 3

9

0

~

~

cut

the size estimated is based on the assumption that there is no extra cIeavage at the carbxyl

terminal region.

The 79-kDa hgment is missing the first 145 amino acids fkom the N-terminal
region of GutR. In this N-terminal region, there is the helix-turn-helix DNA binding
domain, The size estimation is based on the assumption that there is no additional
cleavage at the carboxyl t e h a l region. Based on the rnoIecular mass determination
ftom SDS-polyacrylamide gel, this h g m e n t has an apparent molecular mass of 75 kDa
(Figure VII. lo), which is lower than the molecular mass £iom the theoretical calculation
based on the N-terminal sequencing data. There are two possibilities to explain this
discrepancy. (1) The 75 kDa h g m e n t may not contain an intact carboxyl terminus o f
GutR. There are Iysine and arginine residues present in the C-terminus which can be cut
by trypsin. (2) Only the first E45 amino acid residues of this fiagrnent are missing &om
the N-terminal region and the carboxyl-terminal of this h g m e n t is still intact- It is
known that some proteins have an apparent migration in the SDS-PAGE that does not
correspond to their actual molecular mass. A typical example is

& of B. subtilis. This

protein has the actual molecular mass of 43 kDa. However, a* migrates like a protein
with a molecular mass of 55 k D a and does not migrate at its actual size.

Both the 59-kDa and 5Q-kDa fragments are missing in the helix-turn-helix DNA
binding domain and the Walker A and Walker B nucleotide binding motif. Similar to the

~

~

Figure W.10: Molecular weight determination of the three major tryptic h g m e n t s by
SDS-polyacrylamide gel.

The standard curve was used to determine the apparent

molecular mass o f these fkagments. The molecular weight standards used are 97 kDa, 66

kDa, 45 kDa and 31 kDa. "a" represents the major tryptic hgrnent of GutR in the
absence o f any ligand, "b" and "c" are the major tryptic GutR h g n e n t s in the presence
of glucitol. The molecdar masses o f these b g m e n t s were determined to be 75, 55 and
45 kDa respectively.

Log of Mr. of protein standards

79 kDa hgment, these two hgrnents have an apparent molecular mass less than 59 and
50 kDa, respectively (Table VII.1) Both the 79 kDa and 50 kDa fhgments were

generated by =sin

digestion. However, N-terminal sequencing suggests that the 59

kDa fragment is generated by chymotrypsin rather than trypsin.

Therefore, the

commercial trypsin preparation used may have been contaminated with trace amount of
chymotrypsin. The observation of multiple bands at 59 and 50 kDa was also reflected in
the presence of lysines, arginine, tryptophan, phenylalanine, and tyrosine around the
cutting sites (see Figure VII.1 cutting site B and C).
To resolve whether the three tryptic hgments contain an intact carboxyl
terminus, the sample can be analyzed by mass spectrophotometry (Hubbard, 1998).
However, whether the digestion occurs at the carboxyl terminal region is not that
important.

It is interesting to note that in the presence of glucitol, GutR has a

conformational change around the ATP binding pocket. This is consistent with the idea
that binding of glucitol to GutR exposes the AT? binding site so that ATP can bind to
GutR only in the presence of glucitol. ANGutR can be used to determine if 79 kDa
tryptic fiagment is the same as SDS-PAGE of these two samples.
-1.6.

Discussion

The effects of various ligands on the tryptic digestion pattern of GutR are
summarized in Figure VII. I 1. In the absence of ligands, trypsin cuts at site A. This site is
located close to the end of an alpha heIix. Either this region is exposed to the surface and
is susceptible for cleavage or this region does not really exist as an aipha helical region.
The accuracy of the PHD program in predicting the secondary structure is up to 70%
(Rost and Sander, 1993). Site A is the same trypsin cleavage site for GutR in the presence
of ATP, glucose, xylitol, mannitol or galactose. These ligands do not affect the -sin
digestion pattern of GutR and are proposed not to be able to bind to Gum. When GutR is
bound to glucitol, cleavage sites (both trypsin and chymotrypsin) center around sites B
and C, resulting in generations of doublet and triplet ftagments observed in the SDSpolyacrylarnide gel (Figure VII.3). Although both sites B and C are located in the helical

Figure VI1.I 1: Summary o f the trygtic digestion of GutR in the presence of different
ligands. (A): The cleavage sites of GutR are designated as A, B, and C resulting in

79kDa, 59

ma,and

50 kDa tryptic hgrnents respectively as indicated. The various

putative domains of GutR are presented.

HTH (helix-turn-helix), Nucleotide binding

domain: Walker motif A and B, Q-linker which is a glutaxnine rich linker and the
tetratricopeptide repeat (TPR)motif are indicated on the schematic drawing of GutR.
(Note: diagram is not drawn to scale). (B): Table of the cleavage sites in the presence
and absence of different ligands.

P indicates protection,

(+) indicates cleavage

respectively at sites A, B, or C. The size of the tryptic fiagment is indicated-
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region, glucitol is proposed to induce GutR to change in conformation so that the
previously buried residues are now exposed, and available for trypsin digestion.
Since GutR has been demonstrated to form oligomers in the presence of glucitol,
it was expected that the oligomeric structure might have more protein-protein
interactions- This would lead to a more trypsin resistant structure. However, the tryptic
digestion profiles clearly indicate that this is not the case. Even if GutR forms oligomers
in the presence of glucitol, the region around the nucleotide binding pocket is more
exposed to facilitate the binding of ATP. These findings again provide a strong support
for the sequential binding model of GutR. In this model, the ATP binding site in GutR is
either not pre-formed or is hidden and is not accessible for ATP binding. Binding of
glucitol induces GutR either to form the ATP binding site or to expose the hidden binding
site. Therefore, ATP can bind to GutR only in the presence of glucitol. Although it is
not possible in this study to determine whether the ATP binding site is pre-formed or is
hidden in GutR in the absence of glucitol, it is clearly demonstrated here that GutR
adopts a different conformation if glucitol is bound.

ATP binding to GutR-glucitol

complex results in another change in conformation of GutR which results in diminished
accessibility of =sin

and chymotrypsin to cleavage between 322 to 389.

VII.7. Proposed GutR structure
As is shown in Figure VII.22, GutR consists of two regions. Region 1 consists of
amino acids 1 to 145 (apparent size 16 m a ) and is proposed to be highly unstructured,
which would explain why this fragment was not seen in the SDS-polyacrylamide gel. An
example of N-terminal domain containing helix-turn-helix motif which is very flexible
and unstructured is the LacI repressor for lactose utilization in E. coZi (Lewis et al.,
1996). It has been demonstrated that the DNA binding domain of LacI forms a compact

structure upon binding to its target site. The remaining 146 to 829 amino acid residues of

GutR constitute region 2, giving rise to a 79 kDa fiagment which comprises 83% of the
total protein. Region 2 can be further separated into 2 sub-regions: sub-region 2.1 and
sub-region 2.2 based on the trypsin digestion of GutR in the presence of glucitol. Sub-

Figure W.12: T h e proposed GutR structure. (A): The domain structure of GutR. GutR
is proposed to cansist of two regions. Region 1 consists of amino acid residues (1-145)
which includes the helix-turn-helix DNA binding domain. Region 2 consists of amino
acid residues 146-829. Region 2 is divided fiuther into sub-regions 2-1 and 2.2. Subregion 2.1 consists of amino acids residues (146322) which include the nucleotide
binding domain consisting of the Walker motif A and Walker motif B. Sub-region 2.2
consists of amino acid residues (390-829) and includes the TPR motif. The Q-linker of

GutR might be similar in fhction to the Q-linker of XylR in which the binding of the
inducer, m-xylene, results in releasing the nucleotide binding domain so nucleotide can
bind to XyiR (Perez-Martin and de Lorenzo, 1996a and b), In the case of GutR, the
binding of the inducer, glucitol, would result in ATP being able to bind to GutR. (B): A
schematic diagram to explain the data to date. GutR in the presence of glucitol induces a
conformational change in which the nucleotide binding domain is now available for
binding to ATP. In the presence of glucitol, it is possible that oligomerization o f GutR
occurs through t h e TPR motif. The binding of ATP to GutR-glucitol complex results in

another conformational change of GutR.

In this case, GutR is proposed to be more

compact and thus resistant to cleavage by trypsin.

However, the amino terminus

containing the helix-turn-helix DNA binding domain is proposed to be unstructured and
flexible as in the case of the Lac1 DNA binding domain. Only upon binding to target

DNA does LacP become a structured domain.

It is possible that GutR has similar

properties. The hydrolysis of ATP by GutR results in the dissociation o f the oligomeric
form of GutR to a monomeric form of GutR.
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region 2.1 consists of amino acid residues 146 to 322, and sub-region 2.2 consists of

amino acid residues 390 to 829.
Upon hrther examination of the residues between 322 and 389, GutR was found
to contain a glutamine rich region that may serve as a Q-linker. The Q-linker could be
inserted with extra amino acid residues without loss to the Q-linker h c t i o n (Wootton

and Drummond, 1989). The Q-linker consisted of 15 to 25 amino acid residues rich in
glutamine, arginine, glutamate, serine, and proline, and the secondary structure was
predicted to have a low probability of having both alpha and beta structures (Wootton &
Drummond, 1989). A stretch of amino acids (33 1 to 369) in GutR, (331AIQLSGLDQTD

AHEFFQQEVHHCLQTCNLPlKREKLEQ369)is found to contain many glutamine,
s e ~ eand
, arginine residues commonly found in a Q-linker and may serve as a Q-linker

in GutR. Q-linkers have been shown to be present in regulatory proteins including XyR,
TyrR and N t S family of proteins (Ptrez-Martin and de Lorenzo, 1996a and b; Cui and
Sommerville, 1993; North et al., 1993).
The Q-linker has been proposed to play a role in transmitting regulatory signals
between the regulatory domain found in the N-terminal region and the central activation
domain in the d4-specific activators (Wootton and Drurnmond, 1989). Sub-region 2.1 of
GutR contains the Walker nucleotide binding motifs A and B which could be involved in
binding of ATP. Sub-region 2.1 also resembles the family of aS4activators and TyrR, in
both of which the central domain is comprised of a nucleotide binding domain (Cui and
Sommerville, 1993; Kustu et al., 1991).

In the

d4 activators, this domain has

demonstrated to be critical for transcription activation. Other proteins including RcNtrC
Bhodobacter gapsulutus NtrC), MalT, and AcoK (activator for acetoin utilization) also
contain nucleotide binding domains (Bowman and Kranz, 1998; Schreiber and Richet,
1999; Peng et al., 1997). RcNtrC and MalT are regulated by
polymerase.

0
"

containing RNA

(rS4 activators such as NtrC have demonstrated that ATP binding and

hydrolysis are required for promoter transcription activation. For MalT and RcNtrC,
current data have demonstrated that ATP binding is important for activation, but ATP
hydrolysis is not required @owman and Kranz, 1998; Richet and Raibaud, 1989).

An ATP binding site is hypothesized to be within sub-region 2.2 of GutR- Our

U V cross-linking studies suggest that the ATP binding pocket in sub-region 2.1 is not
available for binding until glucitol binds first. Though ATPase activity of GutR has been
shown, the activity was very weak. Thus, it could not be ruled out that minute amounts

of contaminating proteins in the sample resulted in the ability to hydrolyze ATP, Until
M e r evidence is available, it is unclear whether ATP hydrolysis is required for GutR
mediated gutB expression. ATP binding is definitely required to induce a conformational

change to form a compact structure. This structure is likely to be the active form of GutR
which activates transcription.
The carboxy1 terminal domain of GutR contained a putative TPR motif, which in

some proteins has been known to be involved in mediating protein-protein interactions.

It is possible that the TPR sequence in the subregion 2.2 of GutR mediates
oligomerization (Figure W.12B).

In brief, GutR has at least three different conformations (Figure VII.12B). In the
absence of glucitol, the majority of the GutR (particularly the central and the carboxyl
terminal) forms a compact structure (79 kDa) that is resistant to hrther trypsin digestion.
In the presence of glucitol, even though GutR oligomerizes, the GutR protein is more
exposed and the nucleotide binding domain can facilitate the binding of ATP. After ATP
binding, GutR remains in the oligomeric state and forms a compact structure that is
resistant to digestion by trypsin.

VIXI. Discussion
GutR is the transcription activator that regulates the gut operon in B. subtilis. The
primary focus of this thesis was to study the function of GutR and its interactions with
various ligands including glucitol, ATP and its target DNA sequence(s). These studies
have led to a better understanding of GutR mediated activation of the gut operon in B.
subtilis. Soluble GutR was overproduced in B- subtilis at high levels and was purified for
structural and functional characterization. The secondary focus of this thesis was the
characterization of the gutB promoter and the upstream GutR binding site. All these
findings have been integrated into a working model to explain how GutR is involved in
the activation of the gur operon. This chapter concludes with suggested fiture studies
that may be required to fine hlne the working model of how GutR regulates the gut
operon-

VIII.1. Promoter region
The gutB promoter is a oA-typepromoter with an unusually short spacer (15-bp).
GutR is required to bind to the upstream GutR binding site to activate transcription fiom
the gutB promoter.

Site-directed mutagenesis and in vivo allele-specific suppression

studies clearly demonstrate that the -10 region of this promoter is recognized by the d\containing RNA polymerase. Although the G nucleotide at the third position of the -35
hexameric consensus sequence is not important for the oA recognition in this promoter,
replacement of the entire hexameric sequence of the gutB promoter with a Clal site
abolish the expression fkom this promoter. This hexameric sequence is thus important for
the expression of the gut operon. The exact mechanism by which this sequence mediates
gut operon expression is unknown but two models can be postulated.
1. The -35 region is recognized by oA. This sequence may serve as the -35

region of the gutB promoter. Although the G nucleotide in this sequence is
not recognized by oA, because of either the presence of an abnormally short
spacer sequence or the presence of intrinsic bending in the spacer region, oA

may recognize other nucleotides in the -35 hexameric sequence.

The -35 region is recognized by GutR. The hydroxyl radical footprinting
experiment demonstrated that GutR can make weak contact with this
hexameric sequence.

One of the possible fbnctional roles of GutR is to

recognize this -35 region. The oAfactor is then required to interact with the

-10 region to initiate the melting event during the transcription process. This
may explain why the G nucleotide in the third position is not important
because it may not be a key nucleotide that can be recognized by both GutR

and

d. Similar situations have been observed in B. subtilis

for the spoIlG

promoters (Satola et al., 1992). The spoIIG promoter has an abnormal spacer
length of 22 bp. Allelic suppression has demonstrated that the -35 region is
not recognized by d but is important for the expression of spollG (Schyns et

al., 1997). Detailed characterization demonstrated that this -35 region is in
fact recognized by SpoOA, a transcription activator for this s p o G promoter
(Satola et al., 1991). In E. coli, several activator dependent promoters are
known not to have the -35 hexameric sequence at all (Perez-Martin et al.,
1994; Kurnar et al., 1994). Binding of transcription activators to sequences

upstream of the promoter, and protein-protein interactions between the
activator and RNA polymerase, can allow the activator to recruit RNA
polymerase to the promoter region (Busby and Ebright, 1997).

The

importance of the -35 hexameric consensus sequence in the gutB promoter for
gutS expression suggests that this sequence is recognized either by a* or by

GutR,

VLII.2. Intrinsic DNA bending
Circular permutation studies at 4°C and hydroxyl radical footprinting have
indicated the presence of an intrinsic bend in the spacer region of the gutB promoter. The
bend center is located at the -17 position and the bend angle is estimated to be 50"Studies of synthetic promoters containing intrinsic bending in the promoter region
have demonstrated that bending correlated with decreased promoter activity (Collis et al.,
1989; Lozinski et al., 1989, 1991). Specifically, Lozinski et al. (1991) showed that

introduction of T, tracts in the spacer region (-12 to -17, and -23 to -28) of synthetic
promoters containing consensus sequences, at the -35 and -10 regions and a 17 bp
spacer, showed lowered promoter activity. The presence of a T5 tract at -18 to -22
region in the spacer of the gut23 promoter may explain why a transcription activator is
needed. as regulated promoters are located in regions which have intrinsic DNA bending
(Espinosa-Urgel and Tormo, 1993)For activator-dependent promoters, the promoter sequence is usually either
missing certain key elements for a h c t i o n a l promoter (e.g. has a poor -10 or -35
region) or has an abnormal spacer (Ishahama, 1993).

Consequently, transcription

activators are required to activate transcription fiom these promoters.

For the gutB

promoter, the presence of an unusually short spacer is obvious. Thus, an experiment in
which the insertion of two nucleotides in the spacer region to restore the spacer length to

17 bp' was performed. Interestingly, in contrast to the expectation, not only is the gurB
promoter with a 2-bp insertion in the spacer non-hctiond in the absence of glucitol, but

it also fails to be turned on even in the presence of glucitol. The presence of an intrinsic
bend in the spacer region may provide an explanation for this observation. Circular
permutation studies of this mutated promoter indicate that there is still an intrinsic bend

in the spacer region, although the bend angle is different fiom the one observed for the
wild-type gutB promoter.
The direction of the intrinsically bent gutB promoter could also affect promoter
activity. It is possible that the bend located between the -35 and the -10 regions could be
in either an 'kpward" or a "downward" position. It has been proposed that promoters
which are curved in the "down" orientation result in no promoter activity because when
the promoter is curved in the wrong direction, RNA polymerase binding to this promoter

is inhibited (Collis et al., 1989). Recent studies of transcription indicate that in order for
transcription initiation to occur, RNA polymerase must bind to the promoter and induce

DNA bending of the promoter, followed by wrapping of the DNA around the RNA
polymerase (reviewed by Coulornbe and Burton, 1999). The bend in the promoter region

' Ye and Wong, unpublished data

of gutB is proposed to be in the downward position.

From the study of the gutB

promoter, two models are proposed to accommodate the short spacer and intrinsic
bending in the gcrB promoter. The £irstmodel suggests that RNA polymerase can bind to
the promoter (i-e. KI is not affected) but other steps in transcription initiation could be
blocked- In this case an activator is needed, causing a protein-protein interaction (RNA
polymerase and activator) or protein-DNA (activator-promoter DNA) interaction which
is required for transcription initiation. In the second model, the bending and short spacer
in the gutB promoter result in inability o f RNA polymerase to bind to the promoter, so

that the transcription initiation is blocked at KI. Presence of GutR at the upstream region
of the gutB promoter may induce DNA wrapping and allow the promoter to be positioned
in a proper orientation for transcription initiation. The common feature of the two
models is the requirement of GutR to bind to the upstream sequences of the gutB
promoter.

VIII.3.GutR binds to its target site in the absence of inducer
The gel mobility shift assays, hydroxy1 radical footprinting analysis and BLAcore
biosensor studies demonstrated that GutR binds to its target site in the absence of
glucitol.

VIII.4.The GutR binding site
A 29-bp inverted repeat, located in a region between -78 to -50 in the upstream

sequence of the gurB promoter is shown to be essential for GutR binding, as
demonstrated by gel mobility shift assays, in vivo transcription fusion asszys and
hydroxyl radical footprinting (Figure VTII.1).

This inverted repeat is very likely to be the

GutR binding site. Both in vivo and in vifro studies demonstrated the importance of
having an intact inverted repeat sequence in order to gain full expression of the gut
operon. There is a TTTTAT (T rich sequence) located within the 29-bp inverted repeat.
A similar T-rich sequence can be found upstream of the 29-bp inverted repeat. Deletion

analysis (in vitro gel mobility shift assay and in vivo transcription assay) dernonstratcd
that there is only one GutR binding site located in this region and this is the 29-bp
inverted repeat sequence.

Figure VIII. 1: Features of the gut locus. The +1 (A residue) is the transcription start site
of the guiB and the -10 and -35 regions of p t B are in bold characters with a 15-bp
spacer. The 29-bp imperfect inverted repeat located between -50 to -78 regions is the

GutR binding site. The circle in the center of the inverted repeat serves to divide the
inverted repeat into the left and the right arm. Upstream of the GutR binding site is the
putative oA-like promoter with a 16-bp spacer (noted in bold characters) of p r R . g w R
gene transcribed in the opposite direction relative to the gut operon codes for the activator

(GutR) of the gutB-
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Since the entire genome of S. subtilis has been sequenced (Kunst et al., 1997), we
can search the genomic sequence to see whether there are any other GutR binding sites in
the entire genome. Even if we allow a few base pairs to be mismatched in the search,
there is only one 29-bp inverted repeat in the B. subtilis genome. It is important to note
that this GutR binding site is not only required for gutB expression, but it is also required

for the expression of gutli. This was demonstrated by using the transcription hsion study
( ~ U ~ R - Z CA
I Cshoa
Z)~&
. p e n t (1-65) which does not carry the 29 bp inverted repeat
sequence f a e d to direct expression f?om the gutR promoter. This clearly demonstrated
the importance of the 29 bp inverted repeat sequence for gutR expression. Although the

gutR promoter is not precisely determined, a &-like promoter sequence with a 16 bp
spacer is likely to be the gutR promoter (Figure VIII.1). Therefore, it is interesting that
GutR binds to this inverted repeat sequence and results in the activation of transcription

fkom both gut operon and gufR gene.
VIII.5. Glucitol can bind to GutR
Although the exact glucitol binding site in GutR is unknown, glucitol indirectly

has demonstrated to bind to GutR through W cross-linking studies with ATP, in vitro
gel mobility shift assays, BIAcore biosensor studies, and limited trypsin digestion. The
binding is glucitol specific and cannot be replaced by mannito 1, xylitol and glucose.

VIII.6. Glucitol affects the conformation of GutR
Glucitol induces GutR to have a conformational change in order to gain the ability
to bind ATP. UV cross-linking studies, BIAcore biosensor studies and limited trypsin
digestion demonstrated unambiguously that ATP cannot bind to GutR efficiently in the
absence of glucitol. Glucitol must bind to GutR in order to induce a conformational
change so that ATP can then bind to Gum. GutR-glucitol-ATP complex is Iikely to be
the active form of the transcription activator which can activate the transcription process.
One p t R mutant in the nucleotide binding Walker motif B has been constructed3. The
conserved aspartate of Walker motif B (alanine was substituted for the conserved
2

3

Ye and Wong, unpublished data
Chiu and Wong, unpublished data

aspartate at position 288) was changed to an alanine (GutlRD288A). Introduction of the
expression vector carrying the aspartate to alanine at residue 288 resulted in the inabiliq
of @-lac2

transcription fusion to be turned on even in the presence of glucitol. The

GutR mutein can be overexpressed at a high level. These preliminary data suggest the
importance of ATP binding to GutR in the transcription activation process.

VIII.7. Glucitol mediates multimerization of GutR
Gel filtration analysis of GutR in the presence of glucitol demonstrated that
glucitol promotes GutR to form oligomers with a molecular mass greater than 800 kDa.
Since GutR is eluted in the same position as blue dextran which is 1,000 kDa, the actual
molecular mass of GutR in the presence of glucitol cannot be determined accurately. Gel
filtration analysis of GutR in the absence of ligands has shown that GutR is monomeric

under this condition. Thus, in the presence of glucitol, GutR is proposed to oligomerize.
In the gel mobility shift assays, the Gum-DNA complex in the presence of glucitol has a

slower electrophoretic mobility than GutR-DNA complex in the absence of glucitol. This
fbther supports the observation that glucitol mediates the oligornerization of Gum. It is
possible that oligornerization could be mediated by the 34-amino acids TPR motif in the
carboxyl region of GutR. The TPR domain of various proteins is proposed to mediate
protein-protein interactions.
Although GutR is proposed to oligomerize into an octarner or other higher
oligorneric forms, the possibility for GutR to be in the tetrameric or hexarneric state
cannot be excluded. This is because the apparent molecular mass of the protein is
dependent on both the size and the shape of the molecule. Since the binding of glucitol
to GutR resulted in a conformational change of GutR - opening up the ATP binding site.
The change in the shape of GutR may result in the GutR oligomer with a higher apparent
molecular mass.

VIZI.8.A working model for GutR mediated transcription activation
Based on the information provided in this thesis, an integrated view of how GutR
regulates the expression of the gut operon is presented (Figure VIII.2).

Figure VQI.2: The proposed model of GutR mediated regulation of the gut operon- The

gutB promoter is recognized by cA-containing RNA polymerase. The gutB promoter
alone is proposed to be non-hctional due to intrinsic bending and short spacer length
between the -35 and -10 regions. The optimum spacer length for oA like promoters is 16
to 18-bp. The spacer length of gutB is 15 bp which is probably too short for binding of
regions 2.4 and 4.2 of 6. The gut operon requires GutR for expression. Gel mobility
shift assays and BIAcore biosensor expe&ents

show that GutR binds to the inverted

repeat (Gum box) but dissociates readily with a half-life of 6.8 min. In the presence of
glucitol, GutR binds to the inverted repeat but does not dissociate as fast as in the absence
of glucitol with a half-life much greater than 274 minutes. The binding of glucitol to
GutR opens up the ATP binding domain and the carboxyl terminal domain of GutR so
that ATP can now bind and oligomerization of GutR [(Gut&,, in which n > 81 can occur.

The active form of GutR is proposed to be bound to ATP and glucitol to interact with
with &-containing RNA polymerase. GutR binds to ATP in the presence of glucitol and
is proposed to hydrolyze ATP. The hydrolysis of ATP by GutR is proposed to result in
dissociation of the GutR oligomers to the monomeric form which then can bind to the

GutR binding site.
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In the absence of glucitol, GutR may be present in the celI at a very Iow Ievel as
seen by the weak basal expression fiom the gutR gene. In the presence of glucitol, GutR
can autoactivate its own expression, leading to a higher intracellular level of GutR. GutR
exists in a monomeric form and has the ability to bind to its target sequence with a halflife of 6.8 minutes in the absence of glucitol. Considering that B. subtilis is a soil microorganism which usually lives in nutrient-limiting environments at temperatures of
approximately 25'C, it may take 350 minutes or longer for B. subtiiis to complete a cycle

of cell division- The generation time of 350 minutes is based on the cultivation of B.
subtilis in a defined medium at 25'C. A half-life of 6.8 minutes is considered to be quite
insignificant in comparison to the generation time (350 minutes or longer) of B. subtilis
grown under the above stated condition. In contrast, in the presence of glucitol, the halflife of the GutR-glucitol complex on its target DNA is greater than 274 minutes (and is
possibly longer than 350 minutes). Besides triggering GutR to bind tightly to the GutR
binding site by reducing the dissociation rate, glucitol plays two other vital roles in the
GutR-mediated transcription activation process.

We speculated that glucitol induces

GutR to undergo a conformational change that either repositions the critical residues to
the proper location involved in ATP binding, or exposes a previously hidden ATP
binding pocket. This allows GutR to bind ATP. Since our data suggest that GutRglucitol-DNA ternary complex has a long half-life, this increases the chances that ATP
will be able to bind.

The extremely long half-life of this ternary complex can be

explained by the glucitol induced oligomerization of GutR.

Since GutR forms an

octamer or an even larger complex, the presence of eight or more DNA bindkg arms
could allow this complex to bind DNA even more tightly. Furthermore, DNA wrapping
around the GutR oligomer to form a nucleoprotein could occur. All these factors could
contribute to the observed tight binding of GutR to DNA. With such a long half-life for
the ternary complex, ATP would eventually bind to GutR and trigger another
conformational change in GutR. The resulting complex (GutR-glucitol-ATP-DNA) has a
half-life of 274 minutes as determined by the BIAcore biosensor study and is likely to be
the active form of the transcription activator complex that is required to activate gutB
transcription. This assumption is based on the properties of the guiR mutant strain that

was constructed. The mutant (GutRD288A) carried a mutation in the putative ATP
binding site. GutRD288A failed to activate the transcription of the chromosomal gutBZacZ firsion. This indicated the importance of ATP binding

in generating a h c t i o n a l

form of Gum. It is likely that the GutR-glucitol-ATP-DNA complex can interact with

RNA polymerase and turn on transcription from the gutB promoter. The purified GutR
proteins show weak ATPase activity.

If this activity is &om GutR rather than the

presence of some contaminated ATPases, ATP can be hydrolysed to ADP or AMP.
Consequentiy GutR would be switched to the inactive form. The activation cycle can
begin again with the binding of ATP to the GutR-glucitol-DNA complex. If glucitol is
no longer available in the cytoplasm, GutR is not able to form an active complex on the
target DNA to activate transcription. In this working model, both glucitol and ATP are
required to convert GutR into the active form-

VIII.9. Comparison of GutR to known transcription activators
GutR is similar to a class of ATP-dependent transcription activators which require
the primary o factor for promoter recognition. An example of such a transcription
activator is MalT, the activator for the maltose operons in E. coZi (l3oos and Schuman;
1998). Similar to MalT, GutR can bind ATP.

However, ATP binding to GutR is

glucitol, inducer, dependent- In contrast, MalT can bind to ATP without the inducer,
maltotriose. Both GutR and MalT contain a helix-turn-helix motif which mediates the
specific recognition of their target site. GutR can bind to its target site in the absence o f
glucitol; however, MalT can only bind to its target site in the presence of both ATP and
maltotriose. GutR recognizes only one GutR binding site which is centered at 64 bp
upstream of the + I of gull?. In contrast, MalT binding sites are present in three to five
copies (Richet and Raibaud, 1987, 1989). Some of the maltose operons which contain
MalT binding sites centered at -38 fkom the +1 have been shown to interact with the asubunit of RNA polymerase p a n o t et al., 1996). MalT oligomerizes in the presence o f
ATP and maltotriose (Schreiber and Richet, 1999). Similarly, GutR oligomerizes in the
presence of glucitol. GutR oligomerizes in the presence of glucitol and binds to DNA
with a higher affiity than GutR in the absence of glucitol. The binding of ATP to Gum-

glucitol complex bound at the target is proposed to have the complex in the active
configuration to activate transcription. Thus both glucitol and ATP play an important
role in how GutR mediates activation of the gut operon. In conclusion, GutR does have
certain characteristics similar to MalT, but the mechanism of activation is different £?om
MaIT.
The GutR binding site is centered at 64 bp &om the transcription start site of the
grctB promoter. This resembles the cyclic AMP (CAMP) receptor protein (CRP)binding

site which is centered at 61 bp upstream of the transcription start site (Ebright, 1993).

CRP protein binding to the CRP binding site centered at 61 bp tiom the transcription start
site has demonstrated that it can interact with the carboxyl terminal domain of the a-

CTD, It would be of interest to determine whether GutR interacts with the a subunit for
activation of transcription. This prediction- is based solely on the location of the GutR
binding site

VIII. 10. Future Experiments
The data presented in this thesis has generated new questions for W h e r
investigation.

GutR probably either interacts with subunits of RNA poiymerase or

induces DNA wrapping and bending in order to activate transcription- Suggested hture
studies include the following,

WII.1O.I. Glucitol binding
Glucitol plays a key role in mediating gutB expression and has been demonstrated
to bind to GutR via indirect approaches. It would be important to determine -ahether
glucitol binds directly to GutR. NitroceIlulose filter binding assays could be used to
determine whether GutR can bind directly to ~ ' ~ - ~ l u c i t o l .

VIII.10.2. NTP binding and hydrolysis
W cross-linking and biosensor studies have demonstrated that GutR binds to
ATP and other nucleotides. The kinetics of ATP binding will need to be determined.
GutR has been shown to bind preferentially to ATP, but it would be of interest to
determine the affrnity of GutR for other nucleotides,

Does GutR bind to other

nucleotides with specificity? It is not clear whether GutR can hydrolyze ATP or other
nucleotides. If ATP can be hydrolyzed, is it hydrolyzed to generate ADP +- Pi (inorganic
phosphate) or AMP

+ PPi (pyrophosphate)? ATP hydrolysis can be monitored by the

separation of nucleotide triphosphates by polyethyleniminethin layer chromatography

fPEI-TLC) plate (Bochner and Ames, 1982).
VIII.103. Oligomerization state of GutR.
VIII.10.3.1 Cross-linking studies of GutR

Our data suggest that GutR oligornerizes in the presence of glucitol; however, the
oIigomeric state of GutR has yet to be determined. Cross-linking studies using crossZinking reagents such as glutaraldehyde can be used to determine the oligomeric state of
GutR.
VIII.10.3.2 Characterization of GutRl

GutRl exists in the active form even in the absence of glucitol and results in
constitutive expression of the gut operon. To demonstrate that GutRl is equivalent to
GutR in the presence of glucitol, expression and purification of GutRl would be
important. It is expected that GutRl should be able to bind ATP in the absence of
glucitol to form oligomers. These predictions can be monitored both by the UV cross-

linking experiment and by the gel filtration analysis.

With purified GutR1, limited

trypsin digestion of GutRl both in the presence and absence of Iigands would provide
information about the nature of GutR1.

VUI.10.4. GutR-RNA polymerase interactions
The short spacer Iength of 15-bp between the -35 and -10 regions and the
presence of an intrinsic bend in the gurB promoter are proposed to be detrimental to
promoter function. This leads to the following questions:
1. What is the order of binding to the gutB regulatoly region? Does oA-RNA

polymerase bind first or does GutR bind f i s t ?
2.

What are the roles of glucitol and ATP in the GutR-mediated transcription
from the gutB promoter?

3. Does GutR interact with any of the subunits of RNA polymerase?

Gel mobility shift assays could be used to determine if d\ containing RNA
polymerase can bind to the gutB promoter DNA hgrnent. Gel mobility shift assays
could be used to detennine whether GutR is required to bind to its target site prior to
binding by C*-RNA polymerase.
Another approach could be the use of the BIAcore biosensor to monitor GutR-

RNA polymerase binding to target DNA. Using the BIAcore biosensor would allow the
association and dissociation rate constants of binding to be determined. The BIAcore
biosensor could also be used to determine whether O*-RNA polymerase or GutR binds
first t o the gutB promoter.

Finally, in v i ~ otranscription assays would be needed to

determine if O*-RNA polymerase is required for transcription in viho and to determine
the role of glucitol and ATP in this process.
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