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Previously, we characterized the organization of the transmembrane (TM)
domain of the Bacillus subtilis chemoreceptor McpB using disulfide
crosslinking. Cysteine residues were engineered into serial positions
along the two helices through the membrane, TM1 and TM2, as well as
double mutants in TM1 and TM2, and the extent of crosslinking
determined to characterize the organization of the TM domain. In this
study, the organization of the TM domain was studied in the presence and
absence of ligand to address what ligand-induced structural changes occur.
We found that asparagine caused changes in crosslinking rate on all
residues along the TM1–TM1 0 helical interface, whereas the crosslinking
rate for almost all residues along the TM2–TM2 0 interface did not change.
These results indicated that helix TM1 rotated counterclockwise and that
TM2 did not move in respect to TM2 0 in the dimer on binding asparagine.
Interestingly, intramolecular crosslinking of paired substitutions in 34/280
and 38/273 were unaffected by asparagine, demonstrating that attractant
binding to McpB did not induce a “piston-like” vertical displacement of
TM2 as seen for Trg and Tar in Escherichia coli. However, these paired
substitutions produced oligomeric forms of receptor in response to ligand.
This must be due to a shift of the interface between different receptor
dimers, within previously suggested trimers of dimers, or even higher
order complexes.

Furthermore, the extent of disulfide bond formation in the presence of
asparagine was unaffected by the presence of the methyl-modification
enzymes, CheB and CheR, or the coupling proteins, CheW and CheV,
demonstrating that these proteins must have local structural effects on the
cytoplasmic domain that is not translated to the entire receptor. Finally,
disulfide bond formation was also unaffected by binding proline to McpC.
We conclude that ligand-binding induced a conformational change in the
TM domain ofMcpB dimers as an excitation signal that is likely propagated
within the cytoplasmic region of receptors and that subsequent adapta-
tional events do not affect this new TM domain conformation.
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Introduction

Chemotaxis enables bacteria to migrate up
chemical gradients of attractant and down
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ually to this study.
mbrane helix; MCP,
n.
ing author:
gradients of repellent to find an optimum environ-
ment. In Bacillus subtilis, it is based on a modified
two-component signal transduction cascade.1,2

Typically, an extracellular stimulus is recognized
by a membrane-embedded methyl-accepting che-
motaxis protein (MCP).3 Attractant stimuli produce
a conformational change in the MCP to activate
autophosphorylation of the cytoplasmic histidine
kinase, CheA,4–7 with the aid of the coupling
proteins, CheW and CheV.8–10 The phosphoryl
d.
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group is subsequently transferred to the response
regulators, CheY,4,5,11–13 CheB4,14–18 or CheV.10

CheY is the primary response regulator controlling
flagellar rotation; when phosphorylated, it under-
goes a conformational change to enable interaction
with switch proteins at the flagellar basal body.19–21

The chemoreceptor McpB has been well-
characterized in B. subtilis.3,11,17,22,23 In vivo it is a
stable dimer of identical 72 kDa subunits.24 It is the
sole chemoreceptor for the attractant asparagine
and is involved in chemotaxis to related ligands,
such as glutamine.23 Based on sequence alignment
with the Escherichia coli receptors, Tar and Trg, and
secondary structure predictions it is believed to be
oriented normal to the lipid bilayer and to be
primarily a-helical.25 Thus, it can be divided into
three structural regions; the extracellular N-term-
inal ligand-binding region, the transmembrane
(TM) region (consisting of helix a1 or TM1 and
helix a4 or TM2), and the C-terminal signaling/
methylation region.22,26 The N-terminal ligand-
binding region is believed to exist as a stable
eight-helix bundle containing two symmetric
ligand-binding sites.27–29 We have demonstrated
recently that McpB TM region of B. subtilis, like Trg
and Tar of E. coli, consists of a loosely packed four-
helix bundle that flanks the extracellular ligand-
binding domain.24 The C-terminal signaling region,
as in the X-ray structure of Tsr of E. coli, is believed
to exist as a four-helix coiled-coil containing the
histidine kinase and CheW interacting domain near
the helical hairpin and flanked by the conserved
methylation helices.30

Translation of ligand occupancy to the cyto-
plasmic signaling domain in the E. coli receptors
Tar and Trg involves a conformational change
within a stable homodimer. X-ray crystal structures
of the isolated periplasmic apo- and ligand-bound
chemoreceptor domain of Tar, revealed a shift in the
positions of helix a4 (TM2) relative to a1 (TM1).31

This conformational change has been verified by
solid state NMR and EPR experiments identifying
the shift to be a w1.6 Å vertical movement of a4
toward the cytoplasm.32,33

Despite the similarities among the chemorecep-
tors, there are significant differences. Attractants
activate CheA in B. subtilis5 and inactivate CheA in
E. coli.34 Reversible methylation of chemoreceptors
is important for adaptation (return to prestimulus
behavior), but it is synergistic in E. coli35 and
antagonistic in B. subtilis.22 Following addition of
attractant, the overall increase of chemoreceptor
methylation restores CheA activity in E. coli.34,36 To
bring about adaptation to addition of the attractant
asparagine, B. subtilis receptor McpB undergoes
methylation of Glu637 and demethylation of
Glu630 and to bring about adaptation to removal,
McpB is demethylated at Glu637 and methylated at
Glu630.22

The difference in methyl group metabolism may
reflect structural differences between the chemo-
receptors. Those in B. subtilis are class III
receptors,25 which differ from the class I receptors
in E. coli in having two pairs of insertions
(“INDELS”) of 14 amino acid residues (four turns
of a-helix), one pair between the signaling and
methylation regions and the other between the
methylation region and the HAMP domain,37

which connects the methylation region and the
TM region. Since the class III receptors are shared
by the “low GC” Gram-positive bacteria and the
Archaea,25 they are presumably the more ancient
chemoreceptors, from which the class I receptors
evolved.25

Disulfide crosslinking has been utilized exten-
sively to define helix movements in many receptor
systems to a variety of ligands.38 In E. coli chemo-
receptors, the interface between TM1 and TM2
within a monomer has been demonstrated to
undergo the main conformational change associ-
ated with ligand-binding.39 Similar disulfide
crosslinking experiments have been used in split-
receptor constructs of the phototaxis receptor,
NpHtrII, demonstrating light induced formation
of disulfide linkages between TM2–TM2 0 by
sensory rhodopsin, NpSRII.40 We present here an
investigation of the asparagine dependent
formation of disulfide bonds in the chemoreceptor
McpB, and the conformational changes induced by
a related ligand that is believed to interact with
McpB. Additionally, we studied the effects of
deletion of the adaptive methylation system and
the coupling proteins on the ability of asparagine to
induce conformational changes in the McpB TM
domain. Finally, we addressed whether ligands
binding to heterologous chemoreceptors could
induce McpB to mimic its ligand-occupied state.
Results

Asparagine dependent rates of disulfide bond
formation in TM1 and TM1 0

We previously defined the organization of the TM
domain in the chemoreceptor McpB using disulfide
crosslinking of engineered cysteine residues as a
probe for amino acid proximity (Figure 1), and we
demonstrated that cysteine substitutions in the TM
domain complemented the wild-type McpB, which
lacks any native cysteine residues.24 The organiz-
ation of the chemoreceptors and the location of the
ligand-binding site compel the prediction that
ligand-induced conformational changes must be
translated through the TM domain. Consequently, if
a helix is displaced due to ligand-binding, cysteine-
substituted residues should have altered rates of
disulfide crosslinking when ligand is bound.
Indeed this has been demonstrated for other
chemoreceptors.39,41 All 14 previously constructed
cysteine substitution mutants in TM1 were
subjected to crosslinking experiments in the
absence and presence of the attractant asparagine.
A change in crosslinking rate could be observed for
all residues identified to lie on the TM1–TM1 0 helix
interface within a homodimer (Figure 2). No such



Figure 1. Helix packing in the
chemoreceptor McpB.24
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change in crosslinking rates could be observed for
all other cysteine substitution mutants (not shown).
The rate of crosslinking decreased for residues 32,
36, 39 and 43 indicating that these residues moved
further apart in the presence of attractant. The
crosslinking rate for position 42 increased indicat-
ing that this residue moves closer in the presence of
attractant. No such conformational changes could
Figure 2. Crosslinking rates for cysteine mutations
located on the TM1–TM1 0 interface. Graphs representing
fractions of receptors crosslinked over time for the
indicated TM1 interface cysteine mutants in the presence
(B) and absence (%) of the attractant asparagine.
Samples were preincubated two minutes in the presence
of water (added in the same volume as ligand) or 0.5 mM
asparagine prior to addition of Cu(phen)3

2C. Reactions
were terminated by addition of NEM to 100 mM and
EDTA to 5 mM. Immunoblots were carried out as
described in Materials and Methods.
be observed when substituting asparagine with
proline (a ligand for chemoreceptor McpC but not
McpB), indicating that the change observed is
specific for McpB ligands. The obvious conclusion
to account for the effect of attractants on kinetics of
crosslinking is that TM1 and TM1 0 rotate counter-
clockwise on binding attractant. This is in contrast
to the E. coli receptors Tar and Trg for which no
conformational changes along the TM1 interface
could be observed upon biding of ligand.
Asparagine dependent rates of disulfide bond
formation between TM2 and TM2 0

Contrary to the results for the TM1–TM1 0 inter-
face, most residues within the TM2–TM2 0 interface
did not change in crosslinking rate upon ligand
binding, indicating that there are no conformational
changes along this helical interface. The only
exception is position I273C which increased its
crosslinking rate in the presence of asparagine
(Figure 3). Additionally, no changes were observed
for any residues that are not part of the helical
interface (not shown). Changes in the rate of
crosslinking can occur as a result of a change in
average distance between two residues but can also
reflect a change in the local chemical environment.42

Since the change observed for residue 273 is not
consistent with the observation for all other
residues we believe that this change is due to a
change in the local chemical environment. Indeed,
according to the helical arrangement (Figure 1),
residue 273 should be in close enough proximity to
crosslink even in the absence of attractant; however,
it did not, probably due to environmental
conditions. We conclude that there are no confor-
mational changes along the TM2–TM2 0 interface.



Figure 3. Crosslinking rates for cysteine mutations
located on the TM2–TM2 0 interface. Graphs representing
fractions of receptors crosslinked over time for the
indicated TM2 interface cysteine mutants in the presence
(B) and absence (%) of the attractant asparagine.
Samples were preincubated two minutes in the presence
of water (added in the same volume as ligand) or 0.5 mM
asparagine prior to addition of Cu(phen)3

2C. Reactions
were terminated by addition of NEM to 100 mM and
EDTA to 5 mM. Immunoblots were carried out as
described in Materials and Methods.

Table 1. Cysteine substitution mutants used in this study

TM1 mutation positions
30–39, 41–44
TM2 mutation positions
272–286
TM1–TM2 double mutation positions
30: 272–279, 281, 283–286
31: 272–281, 283–286
32: 272, 274–280, 283–286
33: 272–281, 283–286
34: 272–281, 283–286
35: 272–278, 280–281, 283–284, 286
37: 279–280
38: 273
39: 272
41: 273
42: 273
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Asparagine dependent rates of disulfide bond
formation between TM1 and TM2

It has been previously reported that crosslinking
of paired cysteine substitutions, 38/202, 38/203,
42/202 and 42/203, in the TM domain of E. coli
chemoreceptor Trg, are sensitive to ribose while
single cysteine substitutions in both TM1 and TM2
are not sensitive to this ligand.39,43 Crosslinking of
cysteine substituted 38/202 and 38/203 increased in
the presence of ribose, while crosslinking of
cysteine substituted 42/202 and 42/203 was
reduced in the presence of ribose, indicating a
piston movement in TM2 toward the cytoplasm; the
TM1 domain remained stationary.39,43 We have
isolated two pairs of cysteine substitutions in
McpB (34/280 and 38/273) that crosslink intramo-
lecularly.24 Despite extensive search (see Table 1) no
other double mutants could be identified, which
crosslink in a similar way. Unfortunately, both
double mutants involve residues that also form
intermolecular disulfide bonds (273 and 280),
complicating the analysis. When these paired
substitutions were treated with Cu(phen)3

2C, both
intramolecular and intermolecular crosslinking
could be observed. Preincubation with asparagine
caused no significant change in the rate of intra-
molecular disulfide formation. However, preincu-
bation with asparagine did enhance the formation
of higher molecular bands (Figure 4). These are
most likely oligomeric forms of McpB. Thus, the
interface between McpB monomers of adjacent
McpB dimers either within previously identified
trimers of dimers or even in higher order signaling
complexes must change in response to attractant
molecules. The minor effect an attractant has on the
conformation of a homodimer could serve to cause
a conformational change within the trimers of
dimers or even in higher order structures of the
receptor complexes; this change might in turn cause
an activation of the associated histidine kinase.

Affect of receptor specific ligands on
crosslinking of L32C and I273C

We demonstrated above that a ligand binding
McpB changed the crosslinking rate for TM1
residue 32 and TM2 residue 273 among others. We
also demonstrated that proline, which is transduced
through a separate chemoreceptor, did not affect
crosslinking of McpB when no other receptor was
present, indicating that asparagine binding was
responsible for the conformational changes. We
anticipated that these changes would be conserved
for any ligand that binds directly to McpB. Based on
previous genetic studies we believed glutamine
may also bind McpB.3 When crosslinking for L32C
was studied in the presence of this ligand, a similar
attenuation in crosslinking efficiency was observed.
Enhanced crosslinking of I273C was also observed
for glutamine (Figure 5). It was apparent that
similar ligands that bind McpB also stimulate
similar receptor conformational changes.

Effect of reversible methylation on ligand-
induced conformational changes

Chemoreceptors are reversibly methylated at
glutamate residues within a conserved consensus
sequence by the methyltransferase enzyme, CheR,
and methyl groups are removed by the response



Figure 4. Immunoblot of cysteine
double mutants on the TM1–TM2
interface. Shown are immunoblots
of crosslinking reactions of the
TM1–TM2 interface cysteine
double mutants 34–280 (top) and
38–273 (bottom) in the absence (left)
or presence (right) of the attractant
asparagine. Time points were as
indicated. TM1–TM2 crosslink indi-
cates an intramolecular crosslinked
monomer. Note the increase in
formation of higher molecular
mass bands in the presence of
asparagine.
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regulator, CheB, in a phosphorylation-dependent
manner.16,44 Although there are multiple adaptation
systems in B. subtilis, reversible methylation plays a
key role in the adaptation to attractant and repellent
stimuli, particularly at high concentrations.15,45 It
would be reasonable to believe that adaptation, thus
methylation, returns the chemoreceptor to the
“prestimulus” state, implying an opposing
Figure 5. CuPh-catalyzed crosslinking for positions 32
and 273, comparison of glutamine and asparagine.
Crosslinking was carried out as described for Figure 2.
Protoplasts were preincubated with the indicated amino
acid for two minutes prior to initiation of the reaction.
Ligands were added to the protoplasts in the same
volume. TM1–TM1 0 and TM2–TM2 0 denote intermolecu-
lar crosslinking. Final concentrations were 0.5 mM
asparagine; 0.3 mM glutamine.
conformational change to ligand-binding. We
demonstrated that asparagine caused a decrease
in L32C and an increase in I273C crosslinking rates;
therefore, if the methylation system caused an
opposing conformational change to ligand-binding,
we anticipated that asparagine binding would no
longer attenuate L32C crosslinking or enhance I273
crosslinking. Surprisingly, when L32C was prein-
cubated in the presence of asparagine with the
methylation system intact, there was no effect on the
asparagine-dependent attenuation in the cross-
linking efficiency (Figure 6(A)). Likewise, elevated
crosslinking of I273C in the presence of asparagine
was independent of the methylation system (Figure
6(B)). Additionally, formation of oligomeric recep-
tor molecules for the cysteine double mutants 34/
280 and 28/273 was identical whether the methyl-
ation system was intact or not (not shown). Thus,
methylation induced conformational changes are
apparently localized to the C-terminal domain of
the receptor.
Effect of the receptor coupling proteins on
ligand-induced conformational changes in
McpB TM domain

The coupling proteins, CheW and CheV, are
essential for transduction of signaling activity to
the histidine kinase, CheA, in a ternary complex in
vivo.8,10 We have previously shown that the pre-
sence of CheW and CheV do not affect the
organization of the McpB TM domain.46 However,
CheW has been demonstrated to be responsible for
chemoreceptor clustering at the cell poles in E. coli
and necessary for ternary complex formation in
vitro for Tar, a result that suggests that these
proteins play a critical role in the structural integrity
of the receptor/CheA/CheW complex.47,48 We
therefore constructed strains containing deletions
in both cheW and cheV to assess what affects these
proteins have on ligand-induced conformational
changes in McpB. Similar to the methylation
system, the loss of coupling proteins did not



Figure 6. CuPh-catalyzed cross-
linking in various genetic back-
grounds. Disulfide crosslinking
was carried out as described for
Figure 2. Immunoblotswere carried
out as described in Materials and
Methods. TM1–TM1 0 and TM2–
TM2 0 denote intermolecular
crosslinking. Monomer indicates
uncrosslinked McpB monomer.
(A) Protoplasts prepared from
B. subtilis OI3545 (wild-type, lanes
1, 2, and 3), OI3635 (DcheBcheR,
lanes 4, 5, and 6), OI3943
(DcheWcheV, lanes 7, 8, and 9)
expressing Cys32 from the amyE
locus. (B) Protoplasts prepared
from B. subtilis OI3545 (wild-type,
lanes 1, 2, and 3), OI3635
(DcheBcheR, lanes 4, 5, and 6),
OI3943 (DcheWcheV, lanes 7, 8,
and 9) expressing Cys273 from the
amyE locus.
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perturb the ligand-induced conformational change
in McpB, as indicated by decreased crosslinking in
L32C and increased crosslinking in I273C in the
presence of asparagine (Figure 6(A) and (B),
respectively) and no effect could be observed on
the formation of oligomeric receptor in the presence
of attractant (not shown). Therefore, we conclude
that structural changes caused by methyl modifi-
cation or presence of the coupling proteins do not
affect the ability of the receptor to bind ligand and
transduce stimuli to the cytoplasm. Thus, similar to
the methylation of the chemoreceptor, the coupling
proteins must have structural effects on the
C-terminal domain that do not affect the TM
domain.
Figure 7. CuPh-catalyzed crosslinking of Cys32 and
Cys273 in the presence of heterologous receptors and the
effect of receptor specific ligands. Protoplasts were
prepared from B. subtilis OI3180 cells expressing McpB
each with a cysteine substitution at the indicated position.
Samples were preincubated two minutes in the presence
of water (added in the same volume as ligand),
asparagine (0.5 mM), or proline (9 mM). Crosslinking
was carried out as described for Figure 2. Immunoblots
were carried out as described in Materials and Methods.
TM1–TM1 0 and TM2–TM2 0 denote intermolecular cross-
linking. Monomer indicates uncrosslinked McpB
monomer.
Effect of proline on crosslinking efficiency of
L32C and I273C when co-expressed with McpC

We have previously reported that an unmethyla-
table McpB can induce enhanced methanol release
from heterologous chemoreceptors.17 Therefore,
ligand-binding by a chemoreceptor must also
produce a conformational change in heterologous
receptors. When L32C or I273C was preincubated in
the presence of proline-bound McpC, there was no
change in the crosslinking efficiency compared to
water (Figure 7). As expected, McpC was found to
not impair the asparagine response for either L32C
or I273C (Figure 7). Therefore, ligand-induced
conformational change in one receptor does not
induce similar conformational changes in the TM
domains of neighboring chemoreceptors. Therefore,
propagation of a ligand-binding signal to heter-
ologous receptors is probably transmitted through
the array by alterations in the contacts within the
cytoplasmic trimers of dimers, supporting results
found by Ames et al.49



Conformational Change in B. subtilis McpB 925
Discussion

It was demonstrated by EPR, solid state NMR
measurements, disulfide crosslinking, and genetic
analysis that TM2 is the mobile helix responding to
ligand-binding in the chemoreceptors Trg and Tar
of E. coli.32,33,39,50,51 Reduced crosslinking of
cysteine residues at positions 42 (TM1) with
position 202 or 203 (TM2), and increased cross-
linking of cysteine residues at positions 38 (TM1)
with position 202 or 203 (TM2) upon attractant
addition indicated pistonmovement in TM2 toward
the cytoplasm relative to TM1.39,43 EPR measure-
ments defined TM2 helix movement to be w1.6 Å,
later verified by solid state NMR measurements.32

Moreover, no lateral movement of TM1 or TM2
compared to TM1 0 or TM2 0, respectively, occurred.

By contrast we observed that in B. subtilis signal
propagation occurs by a change involving counter-
clockwise rotation of TM1. No conformational
changes along the TM2–TM2 0 interface or the
TM1–TM2 interface could be observed (Figure 8).
However, the formation of oligomeric forms of
receptor in paired cysteine mutants suggested a
change within the higher order signaling complex.
Thus, an alternative signaling mechanism may be
responsible for the propagation of positive stimuli
through chemoreceptors in B. subtilis. In fact, if this
type of movement is characteristic of all class III
receptors, it may be the ancestral method by which
the binding of attractant to chemoreceptors
modulates the associated kinase within the cell.
Additionally, we demonstrated that crosslinking of
L32C and I273C or of the double mutants F34C/
V280C and R38C/I273C in the presence of
asparagine was unaffected by the methylation
enzymes, CheR and CheB, and the coupling
proteins, CheW and CheV. Therefore, both the
methylation system and the coupling proteins
probably have localized structural effects on the
cytoplasmic domain that control kinase activity and
do not affect ligand induced structural changes in
the TM domain.
It has been previously demonstrated that

receptor/CheA kinase/CheW coupling protein
ternary complexes exist, and this complex demon-
strates maximal kinase activity in vitro.52 These
chemoreceptor/kinase/coupling protein structures
are also considered to exist in vivo in patches at the
cells poles.48 Recently, a model of chemoreceptors
has indicated that trimers of dimers shown to exist
from the crystal structures30 and supported by
genetic and biochemical experiments49 contact each
other near the outer surface of the membrane to
assemble an array of trimers of dimers.53,54 The
formation of oligomers for the paired cysteine
mutants in the presence but not absence of
attractant might indicate rearrangements within
the trimers of dimers or even within higher order
signaling complexes. Indeed, this is consistent with
a recent study by Sourjik & Berg, which suggested
that E. coli chemoreceptors work in a highly
cooperative manner in vivo to facilitate signal
integration and amplification.55

In B. subtilis, unmethylated mutant receptors and
presumably wild-type receptors can stimulate
enhanced methanol release from heterologous
receptors in vivo,17 implying that ligand binding
induces conformational changes in neighboring
receptors to amplify a signal. However, since
binding proline to the heterologous chemoreceptor
McpC did not affect crosslinking of McpB L32C or
I273C, the conformational changes caused in heter-
ologous receptors must be confined to the cyto-
plasmic region, just as adaptational changes to
receptors upon ligand binding.
Figure 8. Schematic represen-
tation of the spatial arrangement
of TM helices in McpB. TM helices
(viewed from the extracellular sur-
face) are represented as circles
with Roman numerals I, II, I 0, and
II 0 representing the order in the
primary sequence starting from
the N terminus and the subunit
organization within the dimer. The
identified effect of asparagine on
crosslinking is represented the
area, indicating a counterclock-
wise rotation of TM1 and TM1 0.
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Materials and Methods

Materials

Affinity purified horseradish peroxidase conjugated
goat anti-rabbit polyclonal IgG (HCL) antibody and
SuperSignalw West Pico chemilluminescent substrate was
purchased from Pierce Endogen (Rockford, IL). NEM,
CuSO4, and phenanthroline were obtained from Sigma-
Aldrich (St Louis, MO). Anti-C-terminal antibody was
prepared as described.56 Restriction endonucleases AatII,
BsrGI, and DpnI were obtained from New England
Biolabs (Beverly, MA). All other enzymes were purchased
from Invitrogen Corporation (Carlsbad, CA). Pfu cloned
polymerase was obtained from Stratagene (La Jolla, CA).
Polymerase chain reaction Qiaprepw spin columns were
obtained from Qiagen (Valencia, CA). Micro Bio-Spinw 6
gel filtration columns were purchased from Biorad
(Hercules, CA). Ultrafree-DA gel purification modules
were obtained from Millipore (Bedford, MA).

Bacterial strains

Strain OI3545 has previously been reported.57 Strain
OI363558 is derived from OI3545 with additional disrup-
tions in cheR and cheB derived from strains OI268045 and
OI2836,15 respectively. OI3943 is an mcpA, mcpB, mcpC,
tlpA, tlpB, cheW, and cheV knockout derived from strain
OI3180 (M. M. Rosario & O.G.W., unpublished results)
with the additional disruptions in cheW and cheV derived
from OI30618 and mcpC derived from OI3270.59

Construction of McpB receptor with single-cysteine
residues

Construction of pAIN70022 has previously been
described. A single cysteine replacement at positions
30–44 (TM1) and 272–286 (TM2) was introduced into
pAIN700 by amodified long polymerase chain reaction as
previously described.22 Briefly, 100 ng of plasmid DNA
was subjected to 25 cycles of amplification with Pfu
polymerase (Stratagene) using 250 ng of mutant phos-
phorylated primer pairs according to manufacturer
recommendations. Amplified DNA was column purified
using Qiaprepw spin columns. Approximately 200 ng of
PCR purified DNAwas ligated overnight at 15 8Cwith T4
DNA ligase according to manufacturers recommen-
dations. Ligated products were heat inactivated and
desalted in buffer exchanged Micro Bio-Spinw 6 columns
and digested with DpnI. Ligated and DpnI digested DNA
was transformed into chemically competent TG-1
(Stratagene). Mutant plasmids were isolated and verified
by DNA sequencing at the University of Illinois Bio-
technology Center (Champaign, IL). Cysteine replace-
ments were then subcloned into EcoRI/NotI digested
pAIN750 DNA. Double mutants were prepared by
ligating an Ultrafree-DA gel purified BsrGI restriction
fragment of TM2 DNA into a TM1 gel purified BsrGI
fragment. Double mutants in correct orientation were
identified using a KpnI digest (see Table 1 for a complete
list of single and double mutants used in this study).
B. subtilis strains OI3180, OI3545, OI3635, and OI3943
were transformed with AatII linearized pAIN750TmcpB
plasmids selecting for spectinomycin resistance and
screening for amylose utilization deficiency, indicating
double crossover of the various cysteine-substitutedmcpB
constructs into the amyE locus. Note thatmcpBmutants in
these strains are expressed from a single copy under the
control of the native promoter and are expressed at wild-
type copy numbers.
Crosslinking

Crosslinking was carried out at 30 8C by adding
Cu(phen)3

2C in a small volume to cells resuspended at
A525 of 1.0 in protoplast buffer.38 To assure an initial linear
crosslinking rate the concentration of Cu(phen)3

2C had to
be adjusted for each residue and was 30 mM for residues
36 and 39, 120 mM for residues 43, 276, 277, 280 and 281
and 300 mM for all other substitution mutants. Reactions
were terminated by transferring 1 ml of cell suspension
into NEM to a final concentration of 1 mg/ml and
ethylenediamine tetraacetic acid to a final concentration
of 1 mM. The samples were then placed in an ice water
bath and frozen in liquid nitrogen at the same time
followed by storage atK20 8C. Cells were then thawed on
ice, pelleted ten minutes at 14,000g, and resuspended in
100 ml 2! non-reducing sample buffer (40 mM Tris–HCl,
(pH 7.8), 16 mM NaH2PO4, 2% SDS, 50 mg/ml bromphe-
nol blue, 20 mM EDTA, 2 mg/ml NEM, and 0.10 g/ml
sucrose). The samples were then subjected to SDS-PAGE,
protein transferred using a semi-dry blotting apparatus
(Biorad), and McpB expression probed using polyclonal
antibody against the C terminus of the receptor
(1 : 25,000). McpB expression and crosslinking detected
using purified polyclonal goat anti-rabbit IgG HRP
coupled secondary antibody. Blots were developed
using Supersignalw reagent according to the manufac-
turer’s recommendations.

Quantification of crosslinking

The extent of crosslinking was quantified by measuring
the intensity of the crosslinked and monomeric species
using an HP scanjet 7400c and IMAGEQUANT software.
The fraction of crosslinking was calculated by dividing
the crosslinked species by the sum of intensities of
monomeric and crosslinked species. Analysis was done
on immunoblots where the intensity of the bands was not
saturating.
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