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ABSTRACT: Multidrug efflux pumps play important roles in bacteria drug resistance. A major multidrug efflux system in Gram-
negative bacteria is composed of the inner membrane transporter AcrB, outer membrane protein channel TolC, and membrane
fusion protein AcrA. These three proteins form a large complex that spans both layers of cell membranes and the periplasmic
space. AcrB exists and functions as a homotrimer. To identify residues at the trimer interface that play important roles in AcrB
function, we conducted site directed mutagenesis and discovered a key residue, R780. Although R780K was partially functional,
all other R780 mutants tested were completely nonfunctional. Replacement of R780 by other residues disrupted trimer
association. However, a decrease of trimer stability was not the lone cause for the observed loss of activity, because the activity
loss could not be restored by strengthening trimer interaction. Using both heat and chemical denaturation methods, we found
that the mutation decreased protein stability. Finally, we identified a repressor mutation, M774K, through random mutagenesis.
It restored the activity of AcrBgrgos to a level close to that of the wild-type protein. To examine the mechanism of activity
restoration, we monitored denaturation of AcrBg;goa/m774x and found that the repressor mutation improved protein stability.
These results suggest that R780 is critical for AcrB stability. When R780 was replaced by Ala, the protein retained the overall
structure, still trimerized in the cell membrane, and interacted with AcrA. However, local structural rearrangement might have

occurred and lead to the decrease of protein stability and loss of substrate efflux activity.

The AcrAB—TolC complex in Escherichia coli is one of the most
extensively studied examples of multidrug efflux pumps.® This
large protein complex contains a trimeric inner membrane
transporter AcrB, a trimeric outer membrane channel TolC,
and three or six molecules of the membrane fusion protein
AcrA.>* Although all three proteins are critical for drug efflux,
AcrB is the engine that drives the conformational change
required by substrate transport through harvesting the energy
from the influx of protons across the inner membrane. This
delicate molecular machine functions as a homotrimer.
Although each subunit contains independent substrate trans-
location and proton relay pathways, the function of subunits in
a trimer is coupled.* In addition, substrates enter the efflux
complex from portals in the periplasmic domain of AcrB.>~*
Therefore, AcrB determines the substrate specificity of efflux.
Since the publication of the first crystal structure of AcrB by
Murakami et al. in 2002, more than 20 crystal structures of
AcrB with or without bound substrates have been deposited
into the Protein Data Bank.” On the basis of results from many
experimental and computational studies, much has been
learned about the function of AcrB and drug efflux through
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the AcrAB—TolC pump. A conformational cycling mechanism
resembling the movement of a peristaltic pump has first been
proposed on the basis of asymmetric AcrB trimer structures in
2006.'%™" In the asymmetric trimer structure, only one subunit
in each trimer binds tightly to a drug molecule. The different
conformations of subunits in a trimer are designated as loose
(or access), tight (or binding), and open (or extrusion) states,
respectively. These structures have been proposed to represent
different stages that a subunit cycles through during substrate
trans.port.7

Trimerization is required for AcrB function. In addition to
the structural requirement to interface with the trimeric outer
membrane channel TolC, the functions of subunits in a trimer
are coupled.* AcrB function is very sensitive to changes of
trimer stability. In an effort to understand the trimerization
process of AcrB, we have previously identified a mutant,
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AcrBp,,sg, that had little residual activity.'> P223 is a highly
conserved residue located close to the tip of a long protruding
loop that is critical to intersubunit interaction during
trimerization. We have established that AcrBp,,3q remained
well folded, and the function loss could be largely restored by
stabilizing the trimer through the introduction of an
intersubunit disulfide bond between V225C and A777C."?
These cysteines form an intersubunit disulfide bond without
compromising drug efflux activity when introduced into wild-
type AcrB.'">" The introduction of these mutations and the
subsequent formation of a disulfide bond lead to a significant
recovery of activity in AcrBpy,sg.

In a survey of molecular interactions involving P223, we
identified a residue from the neighboring subunit that is critical
for AcrB function, R780. We found that the replacement of
R780 by all residues tested except for Lys completely aborted
the function of AcrB. Although the mutation clearly disrupted
trimer association, the function loss could not be restored by
stabilizing the trimer, which is different from the case of
AcrBpyy3c. Through random mutagenesis, we identified a
repressor mutant in which M774 was replaced by Lys. The
side chains of M774 and R780 are in close proximity in the
crystal structure of AcrB, suggesting that a positive charge is
important at this specific location. To determine the
mechanism of activity loss in R780A and restoration by
M774K, we conducted detailed characterization of AcrBgigoa
and AcrBrogoa/mr7ax:

B MATERIALS AND METHODS

Site-Directed Mutagenesis, Expression, Purification,
Activity Assay, and Expression Level Measurement. Site-
directed mutagenesis was conducted using the QuikChange
mutagenesis kit following the manufacturer’s protocol (Agilent
Technologies, Inc., Clara, CA). ActB and its mutants were
expressed and purified as described."* AcrB drug efflux activity
was measured by recording the minimum inhibitory concen-
tration (MIC) of an acrB gene knockout strain
(BW2S5113AacrB) transformed with plasmid encoded AcrB
or its mutant using agar plates as described.'>'®

Circular Dichroism (CD) Spectroscopy, Disulfide
Trapping, and Blue Native (BN) Polyacrylamide Gel
Electrophoresis (PAGE) Analysis. CD spectra were collected
as described.'"* Disulfide trapping was performed as de-
scribed."*'” Briefly, protein expression was conducted under
the basal condition without induction. The cell pellet from an
overnight culture was resuspended in a lysis buffer containing
30 mM iodoacetamide (IAM) and sonicated on ice. The cell
lysate was centrifuged, and the pellet was collected. Membrane
proteins were extracted using a Tris buffer containing 1%
Triton and 10 mM IAM. AcrB was purified from the detergent
extract using metal affinity chromatography. IAM (10 mM) was
present throughout the purification process. After elution,
maleimide and sodium dodecyl sulfate (SDS) were immediately
added to protein samples to further block any residual free Cys.
Proteins were precipitated using trichloroacetic acid and
resolubilized in a buffer containing SDS. Dithiothreitol
(DTT) was used to reduce disulfide bond in AcrB. Finally,
N-(5-fluoresceinyl)maleimide was added immediately to label
newly reduced free thiol groups. For the internal positive
control, the protein was purified and labeled similarly except
that no IAM was used during the process. For the internal
negative control, the protein was purified and labeled similarly
except that no DTT was used to reduce disulfide bond. These
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controls, corresponding to 100% or no disulfide bond,
respectively, were used to evaluate the level of disulfide bond
formation in the corresponding sample. The labeled samples
were analyzed using SDS-PAGE on 8% gels. Fluorescence
image was taken using the MiniVisionary gel documentation
system (FOTODYNE Inc., Hartland, WI) under UV light. The
same gel was then stained using Coomassie blue stain, and the
image of the gel was taken again under normal white light.

BN-PAGE was performed as described with minor
modification.'® Briefly, blue native loading buffer was added
into freshly purified wild-type AcrB, AcrBpy,3g, or AcrByogos at a
final concentration of 0.1 M 6-aminoocaproic acid, 10 mM
Bis—Tris—HCI, 6% sucrose, 1% Coomassie Brilliant Blue G-
250, pH 7.0. Protein samples were loaded to a 4—20% gradient
polyacrylamide gel (Bio-Rad, Hercules, CA). Electrophoresis
was performed using a cathode running buffer containing 50
mM tricine, 7.5 mM imidazole, 0.02% Coomassie Brilliant Blue
G-250 (pH 7.0), and anode buffer with 25 mM imidazole (pH
7.0) in the 4 °C refrigerator at 15 mA for 2 h. The protein
bands were visualized with Coomassie blue stain and analyzed
using Image] (NIH)."

Fluorescence Spectroscopy. Fluorescence emission spec-
tra of wild-type and mutant AcrB were collected using a LS-5S
fluorescence spectrometer (PerkinElmer, Inc., Waltham, MA)
at the excitation wavelength of 280 nm. Wavelength scans were
performed at 20 °C. Heat denaturation was monitored with
excitation and emission wavelengths of 280 and 340 nm,
respectively. Chemical denaturation in SDS was monitored at
the same excitation and emission wavelengths at 20 °C.

Chemical Cross-Linking of AcrA and AcrB. Chemical
cross-linking was performed as described with minor
modifications.”® Briefly, plasmid pQE70-AcrB, pQE70-
AcrBpyy3c, or pQE70-AcrByogs was transformed into
BW25113AacrB for protein expression. A single colony was
picked from a freshly transformed plate and grown with shaking
at 37 °C in 3 mL of Lysogeny broth (LB) medium containing
100 pug/mL ampicillin for 12 h. Two milliliters of this cell
culture was used to inoculate 200 mL of LB medium containing
100 ptg/mL ampicillin. The culture was grown to an OD600 of
0.7. Cells were harvested by centrifugation at 5000g for 10 min.
The cell pellet was resuspended in 10 mL of cross-linking buffer
(20 mM sodium phosphate, 100 mM NaCl, pH 7.2), and the
solution was incubated with 0.4 mM dithiobis succinimidyl
propionate (DSP) at 37 °C for 30 min. After being quenched
with 20 mM Tris, cells were collected from the solution and
resuspended in a lysis buffer (20 mM Tris—HCl, 100 mM
NaCl, pH 8.0). Cells were lysed through sonication on ice and
centrifuged at 15 000g for 20 min at 4 °C. The cell pellet was
resuspended in an extraction buffer (20 mM Tris—HCI, 100
mM NaCl, 1% Trition X-100, pH 8.0) and incubated with
shaking for 2 h at 4 °C followed by centrifugation at 15 000g for
30 min at 4 °C. AcrB and cross-linked complexes were purified
from the supernatant using Ni-NTA resin (Qiagen, Huntsville,
AL). The eluted protein was incubated with 16 mM
dithiothreitol for 30 min before it was resolved on 10% SDS-
PAGE followed by immunobloting with polyclonal anti-AcrA or
anti-AcrB antibodies as the primary antibodies and an alkaline
phosphatase-conjugated anti-rabbit antibody (Abcam, Cam-
bridge, MA) as the secondary antibody. The protein—antibody
conjugates were detected after staining using nitroblue
tetrazolium chloride and S-bromo-4-chloro-3-indolyl phos-
phate p-toluidine.
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Figure 1. Structure of AcrB. (A) AcrB trimer with each subunit color coded (Protein Data Bank ID 2HRT™"). (B) Zoom-in view of the box in (A)

with residues interacting with P223 highlighted.

For the negative control, we cloned acrA gene followed by a
stop codon into the pET-22b vector between the restriction
sites Ndel and Xhol. The resultant AcrA did not have a His tag.
Point mutations were introduced using the Qickchange Site-
direct Mutagenesis Kit (Agilent Technologies, Inc., Clara, CA)
to create AcrAqgys;p and AcrAgs. Plasmid-encoded AcrA was
co-transformed with plasmid pBAD33-AcrB or pBAD33-
AcrBpgos into strain AGI00A (AG100 AacrAB::kan). Cells
were cultured to an OD600 of 0.6 before expression of AcrA
was induced by the addition of 0.5 mM isopropyl f-b-1-
thiogalactopyranoside (IPTG). Four hours after induction, cells
were collected and processed as described above.

Random Mutagenesis. Error prone PCR was performed
using a GeneMorph II EZClone Domain Mutagenesis Kit
following the manufacturer’s instruction (Agilent Technologies,
Inc, Clara, CA). Plasmid pQE-AcrBysg, was used as the
template in the PCR reaction with two pairs of primers. The
first set of primers is 5-ATGCCTAATTTCTTTATCGAT-
CGC-3’ (forward) and 5-AACGGCGTGGTG TCGTATGG-
3’ (backward), which amplified the segment between residue
Metl and Pro331. The second set of primers is 5'-CGT-
TGAT-CCTG-ACTC CAGCTC-3’ (forward) and S’- ATC-
GAC-CAG-CTC-TCGTA CAG-3’ (backward), which ampli-
fied the segment between residue Leu486 and Ser896. PCR
products were purified after gel electrophoresis. Next, 500 ng of
each PCR product was used as a pair of mega-primers to
conduct whole plasmid PCR using plasmid pQE70-AcrBy-go, as
the template. Finally, Dpnl was added to digest the template.
Products from the whole plasmid PCR were purified after gel
electrophoresis and transformed into BW25113AacrB. Cells
were plated on LB agar plates containing 8 pg/mL
erythromycin. After incubation overnight, colonies were picked
and cultured. Plasmids were extracted and retransformed into
fresh BW25113AacrB competent cells to reconfirm the result
with a drug susceptibility test. Confirmed plasmids were then
sequenced to identify the site of suppressor mutation.

B RESULTS

Alanine Scanning Studies of Residues Making
Intersubunit Interactions with P223. Because the replace-
ment of P223 by other residues led to the disruption of AcrB
trimer stability and subsequent loss of efflux activity, we
conducted an Ala-scanning experiment to identify critical
residues in the neighboring subunit that interact with P223.
According to the crystal structure, P223 from one subunit is in
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close proximity to the side chains of several residues from the
neighboring subunit, including W187, Y275, Q584, A777, and
R780 (Figure 1). Because AcrBp,y,s is largely nonfunctional, we
expect that mutations introduced to replace its critical binding
partner would have similar effects on AcrB function. These five
residues were individually replaced with Ala, and the efflux
activities of the resultant mutants were examined using a drug
susceptibility assay (Table 1). Plasmid encoding wild-type AcrB

Table 1. MIC of BW25113AacrB Transformed with Plasmid
Encoding Indicated AcrB Constructs®

MIC (ug/mL)

plasmids Aci Ery Nov R6G TPP
pQE70-AcrB 160 80 160 320 640
pQE70 10 2.5 S S S
PQE70-ActByyigra 80 40 160 320 160
PQE70-AcrBysrsa 160 80 160 320 640
PQE70-ActBossia 160 80 160 320 640
PQE70-AcrBgogon 10 2.5 S S N
PQE70-ActByogox 20 20 40 40 20
pQE70-ActBrrgont 10 2.5 s s s
PQE70-AcrByosoq 10 2.5 5 5 5
PQE70-AcrBrygoa/vaasc/arrrc 10 2.5 5 S 5
PQE70- i ActByyzsc e 160 80 160 320 640
PQE70-¢ ActByirax 160 80 160 320 640
pQE70- ActBynen 160 80 160 320 640
PQE70-c ActBytysr/roson 160 40 160 320 320
PQE70-c ActBygrar /oson 160 40 160 320 320

“Drugs tested were acriflavine (Aci), erythromycin (Ery), novobiocin
(Nov), rhodamine 6G (R6G), and tetraphenylphosphonium (TPP).

and the empty pQE70 vector were used as positive and
negative controls, respectively. AcrBy,;sx and AcrBgsgys were
fully active while AcrByy 5,4 was partially active. Remarkably,
AcrBy;g0a completely lost its activity. In the crystal structure of
AcrB, the side chain of R780 is within hydrogen bond distance
with the backbone carbonyl oxygen of P223. Replacement of
R780 by Ala could have eliminated this interaction and
therefore disrupted trimer association. To further probe the
mechanism of function loss in AcrByogs, we replaced R780
with other residues of various charge, polarity, and length to
create AcrBrygon, AcrBgogoq, and AcrBrrgox. ActBrogoy and
AcrBgsgoq were also completely nonfunctional, while AcrBg;gox
maintained a low level of function (Table 1). This result

dx.doi.org/10.1021/bi400452v | Biochemistry 2013, 52, 6790—6796
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suggested that a positive charge at this position might be critical
for function, although no negatively charged residue could be
found within the ionic interaction distance to R780 in the
trimer structure.

To confirm that the decrease in activity was not a result of
variation in protein expression due to mutation, we measured
the expression level of each mutant. Each plasmid encoding a
mutant was transformed into strain BW2S5113AacrB for
expression under the basal condition. Protein levels in the
extracted membrane vesicles were then evaluated with Western
blot analysis using an anti-AcrB antibody (Figure 2A). There

WT R780A R780M R780K R780Q

A.

&

MRE (103 deg cm? dmol™!)

"
¢ "n

"=
S

250

Wavelength (nm)

700
600 - —~

=~
500 / N
/

400 A
340

300 A
Wavelength (nm)

0

200 A
100 A
0

Fluorescence (AU)

P

290 390

Figure 2. Characterization of R780 mutants. (A) The expression levels
of wild type (WT) and mutants were comparable as revealed by the
Western blot analysis. (B) Near-UV CD spectra of WT AcrB (black)
and AcrBg,go (gray) superimposed well onto each other, indicating
the two proteins had similar secondary structure contents. (C)

Fluorescence spectra of WT AcrB (black) and AcrByyg, (gray) were
similar.

was no significant difference between expression levels of wild-
type AcrB and those of the mutants, indicating that the
observed loss of activity was not a result of decreased protein
expression.

Structure Characterization of AcrBgygoa. To evaluate the
effect of mutation on protein structure, AcrBy,g0, was purified
and characterized using CD and fluorescence spectroscopy and
disulfide trapping. The CD spectra of AcrBgsg, overlapped
with that of wild-type AcrB (Figure 2B), indicating the
secondary structures of two proteins were similar. The
mutation did not have an observable effect on the intrinsic
fluorescence spectrum either (Figure 2C).
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The tertiary structure of AcrBgpsgos Was investigated using a
disulfide trapping method as previously described.'*'” Briefly,
the two intrinsic Cys in the AcrB sequence were first replaced
by Ala to create Cys-less (CL) AcrB (¢ AcrB), which has been
shown by several studies to be fully functional.>! The R780A
mutation was then introduced to create ¢ AcrBgsgoa. Next, a
series of five Cys pairs, including T44C—-T91C, M184C—
V771C, V32C—-I390C, T199C—-T749C, and A216C—1234C,
were introduced into cjAcrB and ¢ AcrBp;gs to probe local
conformational change. These Cys pair reporters distributed
throughout the periplasmic domain of AcrB (Figure 3A). All
five Cys pairs formed disulfide bonds in ; AcrB, consistent with
our earlier observations (Figure 3B)."*'” The levels of disulfide
bond formation were evaluated by comparing the intensities of
fluorescent bands with those of the internal positive and
negative controls as described in the Materials and Methods.
Although small differences in the level of disulfide bond could
be observed for the C184—C771 pair, overall the disulfide bond
formed to similar levels in ¢ AcrB and ¢ AcrBgygg, indicating
that the R780 to Ala mutation did not cause a significant
change of the overall tertiary structure of the protein.

Next, the quaternary structure of freshly purified AcrBy,goa
was determined using BN-PAGE (Figure 4A). Freshly purified
wild-type AcrB and AcrBp,,3;; were also loaded on the same gel
for comparison. Wild-type AcrB migrated as a trimer while
most AcrBpjy3g and AcrBg,gp, migrated as monomers,
indicating that R780 was involved in the oligomerization of
the protein as expected. The band intensities for the proteins
were quantified, which revealed that AcrBg,gps had slightly less
trimer content than that for AcrBp,,;q (Figure 4B).

In an earlier study, we found that the function loss caused by
P223G mutation could be partially restored through the
introduction of an intersubunit disulfide bond A777C/V225C,
and the presence of DTT in the culture aborted this recovery
effect, suggesting that P223G mutation leads to function loss
mainly through disrupting trimerization. > Similarly, we
introduced A777C/V225C into ¢ AcrBgsgo.- Membrane vesicles
extracted from BW25113AacrB expressing cpAcr-
Brosoa/vazsc/azzc were analyzed using Western blot (Figure
4C). Similar as previously reported for ¢ AcrBpyysg vazsc/aros
cLACrBrogoasa777c/vasc also formed a covalent trimer. In the
absence of DTT, a clear trimer band could be observed in SDS-
PAGE, indicating that the mutant AcrBy,gy, still trimerized in
vivo. However, unlike in the case of the P223G mutation, the
function of AcrBy,g04 Was not restored. For all substrates tested,
the minimum inhibitory concentration (MIC) value of
BW25112AacrB containing ¢ AcrBrogoa vazsc/azrc Was  the
same as the MIC value of the strain containing AcrBpsgoa
(Table 1).

Chemical Cross-Linking with AcrA. Another mechanism
that may affect efflux is through disrupting the interaction
between AcrB and its partner proteins AcrA and TolC. The
direct interaction between AcrA and AcrB has been well
established.”® To examine the effect of mutation on the
interaction between AcrB and AcrA in vivo, a chemical cross-
linking experiment was performed using cross-linker DSP. We
examined the cross-linking of wild-type AcrB and AcrBgygos
with both wild-type AcrA and two AcrA mutants that contained
either the Q237D or Q237K mutations (Figure S). Although
the structure of the AcrA—AcrB complex is not yet available,
their potential interface has been the subject of many
studies.””™> In a study on close AcrA—AcrB homologues
MexA—MexB, mutation of R221 in MexA, corresponding to

dx.doi.org/10.1021/bi400452v | Biochemistry 2013, 52, 6790—6796
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Figure 3. Disulfide trapping analysis of AcrB tertiary structure. (A) Locations of reporter Cys pairs in the structure of AcrB were highlighted using
blue circles and green ball-and-stick models. Residues replaced by Cys were marked. (B) Thiol-specific fluorescent labeling of Cys pairs introduced
into Cys-less AcrB background or AcrBy;gs background (R780A, CL). Lanes 1 and 2 are the positive and negative controls, respectively. For each
sample, a fluorescent image was first taken (F) and then the gel was stained using Commassie Brilliant Blue (CB).
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Figure 4. Quaternary structure analysis. (A) Representative BN-PAGE gel image of freshly purified AcrByy, AcrBgogos, and ActBpyysg. (B)
Percentage of AcrB trimer content for each sample was calculated from BN-PAGE analysis. Average value and standard deviation from three repeats
were shown. (C) Representative Western blot image of membrane vesicles extracted from BW2S113AacrB expressing ¢ AcrB (CL),
aActByysc/arre (CL CC), or ¢ ActBprogoavazsc/arre (R780A CL CC), with or without 4 mM DTT.

WTAcrA  AcrAgsmp WTAcrA  AcrAgx
ACTA s S— — —— ————
AcrB G G s — b
< 5 < & < ) < &
= 5 = 5 = 5 = 5
= < = < 3 < = <

Figure 5. Chemical cross-linking of AcrB and AcrA. After cross-
linking, samples were purified using metal affinity chromatography,
reduced using DTT, and resolved on 10% SDS-PAGE. Representative
images of anti-AcrA and anti-AcrB Western blots were shown, which
revealed that similar amounts of wild-type AcrA, AcrAqgp, or
AcrAqysx were cross-linked with wild-type AcrB and AcrBgygoa.

Q237 in AcrA, disrupts the interaction between MexA and
MexB.*® Therefore, we expected that mutation of Q237 might
affect the interaction between AcrA and AcrB and intended to
use AcrAq,s;p and AcrAg,;;x as negative controls. There was
no significant difference between the level of AcrA cross-linked
with AcrBysgos and wild-type AcrB. Mutation of AcrA Q237
into Asp did not have an observable effect on the interaction
with either wild-type AcrB or AcrBpsga. The more drastic
mutation, Q237K, did reduce the level of AcrA cross-linked
with both AcrB constructs. These results indicated that
AcrBgogs interacted with AcrA in a similar fashion as wild-

type AcrB did.
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Repressor Mutations That Restore the Function of
R780A. We conducted random mutagenesis experiments to
identify mutations that restore the function of AcrByygoa. We
focused our search on the periplasmic domain, which is
composed of the two long periplasmic loops between residues
L38 to T330 and S561 to G870. Through multiple rounds of
experiment, only one repressor mutation was repeatedly
identified, M774K. The mutation restored the function of
AcrBpogoa to alevel close to the activity of the wild-type protein
(Table 1). The activity of AcrBrygoa/nr7ax double mutant was
even higher than the activity of AcrByrgpx. Because M774K
could restore the function of AcrBg;gos, we have also checked
the effect of M774R mutation and found it was equally as
effective in recovering the function loss (Table 1). On the basis
of the crystal structure, the side chain of M774, especially the
terminal of it, is within close proximity to the guanidinium
group in the side chain of R780. This result again indicated that
a positive charge at this position is critical for the structure and
function of AcrB.

Protein Stability Analyses. To further investigate the
mechanism of activity loss in AcrBpsgs and recovery in
AcrBgogoa/m77axy We compared the thermal stabilities of these
two mutants with that of wild-type AcrB. First, protein
denaturation upon an increase of temperature was monitored
using CD and recording the ellipiticity at 222 nm (Figure 6A).
Here, the unfolding of protein secondary structure, especially
the a-helix, was monitored. The spectra of wild-type AcrB and
AcrBpogoa superimposed well. Next, heat denaturation was
monitored using fluorescence emission at 340 nm while excited
at 280 nm (Figure 6B). Because temperature is known to affect

dx.doi.org/10.1021/bi400452v | Biochemistry 2013, 52, 6790—6796
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Figure 6. Stability analyses of wild-type and mutant AcrB. (A) Heat denaturation of wild type (open triangles) and AcrBpygos (filled squares)
monitored at 222 nm using CD. (B) Heat denaturation of wild type (open triangles), AcrBgsg0, (filled squares), and AcrByygoa 774k (Open squares)
monitored using fluorescence emission. Amino acid L-tryptophan (gray triangles) was used as a control for nondenaturation related fluorescence
intensity change. (C) SDS denaturation of wild type (open triangles), AcrBpogos (filled squares), and AcrBgogoa/nr74x (Open squares) monitored
using fluorescence emission. Amino acid L-tryptophan (gray triangles) was used as a control for nondenaturation related fluorescence intensity

change.

fluorescence intensity, we used amino acid L-tryptophan as a
control for nondenaturation related temperature effect (gray
triangles). Fluorescence of L-tryptophan decreased gradually
with temperature. The melting curve of AcrBgsgs (filled
squares) was quite different from that of the wild-type protein
(open triangles). A clear transition could be observed at ~4S
°C for wild-type AcrB. The transition of AcrBg.g04 Was not as
clear, and unfolding started at a lower temperature. The
introduction of the repressor mutation M774K partially
restored the shape of the melting curve to reveal a clear
transition at ~42 °C. Finally, unfolding of AcrB was observed in
the presence of SDS. SDS has been used in several studies to
unfold membrane proteins.”” The intrinsic fluorescence of AcrB
was used to monitor protein unfolding (Figure 6C). As a
control of potential detergent effect not related to protein
unfolding, the amino acid L-tryptophan was also included in the
study (gray triangles). The addition of SDS in the
concentration range tested did not have an effect on L-
tryptophan fluorescence. The unfolding curves of three proteins
were clearly different, with the stability decreased from wild-
type AcrB, to AcrBprigoa/nrraw and finally to AcrBgygos. In
addition to the difference in half point SDS molar ratios at
which 50% of protein unfolded, the slopes of the curves were
also different. The denaturation curves of wild-type AcrB and
AcrBgogoa/mr7ax Were steeper than the curve of AcrBgogoa.
Protein unfolding for the first two proteins occurred in a
narrower SDS concentration range, indicating that their internal
structures were more ordered and well-packed.

B DISCUSSION

A functionless mutant, R780A, was identified in a survey of
intersubunit binding partners of P223 in the AcrB trimer. It was
the site with the least tolerance to mutations among all sites we
have tested at the intersubunit interface.'>*® Although most
mutations introduced at various sites on the intersubunit
interface retained at least some residual drug efflux activity, all
R780 mutants tested, except for R780K, were completely
functionless. Similar as for AcrBp,,3g, the CD spectra,
fluorescence spectra, and disulfide bond trapping experiments
revealed that the secondary and tertiary structures of AcrBrogoa
were similar to the structures of wild-type AcrB. Purified
AcrBgyg0s migrated predominantly as monomers in BN-PAGE,
indicating that the mutation did decrease the affinity of trimer
association as expected. However, although the function loss in
AcrBp,y3 can be largely restored through the introduction of

an intersubunit disulfide bond to compensate for the loss of
trimer stability, a similar effect was not observed when the same
disulfide bond was introduced into AcrBg,gos. Acr-
Brosoa/vazsc/azzzc remained functionless. In addition, the
R780A mutation did not appear to affect the interaction
between AcrA and AcrB according to the result of co-
expression and chemical cross-linking. We acknowledge that
the cross-linking experiment had its limitations. It could not
differentiate between functionally relevant interactions from
unspecific background interaction due to the presence of both
proteins in the sample.

Among R780 mutants created in this study, only the
conservative mutation R780K maintained partial activity.
Interestingly, the function loss caused by the R780A mutation
could be largely restored by an additional M774K or M774R
mutation (Table 1). The side chains of M774 and R780 are in
close proximity in the protein structure. These results strongly
support the conclusion that a positive change is required at this
specific site for AcrB to operate. According to the crystal
structure of AcrB trimer, there is no negatively charged side
chain within the distance of ionic interaction of the positive
charge on R780. A likely interaction partner of the R780
positive charge is the carbonyl group of P223 from the
neighboring subunit, and possibly also the nearby carbonyl
group of T222. The charge is more focused at the side chain
primary amino group in Lys as compared to the distributed
charge over the guanidinium group in Arg, which may help to
explain the partial activity in the R780K mutant.

We compared the thermal stability of wild-type AcrB,
AcrByogos, and the repressor mutant AcrBrogoa/mrra: NO
difference in stability could be observed between wild-type
AcrB and AcrBg;go when the unfolding of secondary structure
was monitored using CD. Residual helical structure could be
observed even when the proteins were heated to 98 °C, which
is consistent with previous observations that transmembrane
helices in helical membrane proteins are very stable and a
portion of which exists even in the unfolded stage.”” However,
a clear difference could be observed when intrinsic fluorescence
was monitored upon the increase of temperature. AcrBy,g, was
clearly less stable than wild-type AcrB. This observation was
confirmed by chemical denaturation using SDS. The R780A
mutation not only decreased the melting point but also affected
the slope of the denaturation curves, revealing the disruption
effect of the internal packing of AcrB subunit structure.*’
Therefore, we conclude that R780A mutation disrupted the
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function of AcrB by disturbing the local conformation and
reducing the thermal stability of AcrB. The observed decrease
of trimer affinity is not the direct cause of activity loss but
rather a consequence of local structure change due to the
mutation.
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