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ABSTRACT. DrrA and DrrB proteins confer resistance to the commonly used anticancer agents daunorubicin
and doxorubicin in the producer organiStreptomyces peucetiuBhe drrAB locus has previously been
cloned inEscherichia coliand the proteins have been found to be functional in this host. DrrA, a soluble
protein, belongs to the ABC family of proteins. It forms a complex with the integral membrane protein
DrrB. Previous studies suggest that the function and stability of DrrA and DrrB are biochemically coupled.
Thus, DrrA binds ATP only when it is in a complex with DrrB in the membrane. Further, DrrB is completely
degraded if DrrA is absent. In the present study, we have characterized domains in DrrB that may be
directly involved in interaction with DrrA. Several single-cysteine substitutions in DrrB were made.
Interaction between DrrA and DrrB was studied by using a cysteine to amine chemical cross-linker that
specifically cross-links a free sulfhydryl group in one protein (DrrB) to an amine in another (DrrA). We
show here that DrrA cross-links with both the N- and the C-terminal ends of the DrrB protein, implying
that they may be involved in interaction. Furthermore, this study identifies a motif within the N-terminal
cytoplasmic tail of DrrB, which is similar to a motif recently shown by crystal structure analysis in BtuC
and previously shown by sequence analysis to be also present in exporters, including MDR1. We propose
that the motif present in DrrB and other exporters is actually a modified version of the EAA motif, which
was originally believed to be present only in the importers of the ABC family. The present work is the
first report where domains of interaction in the membrane component of an ABC drug exporter have

been biochemically characterized.

Daunorubicin and doxorubicin, two commonly used anti-
cancer drugs, are produced by the soil orgarsreptomyces
peucetiusSelf-resistance to these antibioticsSnpeucetius
is mediated by the action of two proteins, DrrA and DrrB,
which are coded by thdrrAB operon (). Subcloning of
the drrAB locus has been shown to confer doxorubicin
resistance inEscherichia coli (2). DrrA, a peripheral
membrane protein, contains one ABC-type (ATP Binding
Cassette)J3) consensus nucleotide binding domain (NBD)
(1, 2). It forms a complex with DrrB, which is localized to
the inner membrane of the. coli cells ). Together, DrrA

understanding of the bacterial drug transporter DrrAB is thus
expected to help in obtaining a better understanding of the
function and evolution of the multidrug transporter P-
glycoprotein.

Most ABC transporters are made up of four domains
two nucleotide binding domains and two transmembrane
(TM) domains. These four domains can be present on the
same molecule (Pg®), CFTR (7)), on two half-molecules
(LmrA (8), Tapl @), Tap2 @0), HIyB (11), MsbA (12)), or
on completely separate polypeptides (DrrAB3), BtuCD
(14)). In DrrAB, the catalytic and membrane domains are

and DrrB are expected to form an ATP-dependent pump for present on separate subunits, which are expected to form a

the efflux of daunorubicin and doxorubicin, resulting in
resistance to these antibiotids g). Interestingly, the DrrAB

tetramer consisting of two identical subunits of DrrA and
two of DrrB (13). Although present on separate subunits,

system bears sequence, structural, and functional similaritiesthe two domains of DrrAB show a strong dependence on

to P-glycoprotein (Pgp) found in mammalian tumor cells (

each other for stability and functiold). Thus, DrrA, the

2, 4). Overexpression of Pgp in cancer cells has been nucleotide binding subunit, binds ATP or GTP in a doxo-
implicated in the development of multidrug resistance to a rubicin-dependent manner only if it is in a complex with
variety of structurally unrelated drugs, including daunorubicin DrrB (13). Further, DrrB is completely degraded if DrrA is

and doxorubicin 4, 5). Thus, both Pgp and DrrAB carry
out similar functions, but in two different cell types. An

T This work was supported by the National Institutes of Health
Service Award RO1 GM51981-07.

not simultaneously expresseti3}. These characteristics of

DrrAB make it an ideal model system to study interactions
between the ABC domain and the TM domain of ABC
transporters and to identify specific regions of interaction.

How the catalytic ATP-binding domains and the mem-

* To whom correspondence should be addressed. E-mail: pkaur@ brane domains in transporters interact with each other, or

gsu.edu. Tel: 404-651-3864.
1 Abbreviations: GMBS, (N-[gamma-Maleimidobutyryloxy] suc-

cinimide ester); NBD, Nucleotide binding domain; TM, Transmembrane

domain; Pgp, P-glycoprotein.

how energy is transduced between them, is not well
understood. An effort is currently underway to better
understand these interactions in different ABC transporters,
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including medically relevant transporters P@p&nd CFTR although a significantly modified version with its own distinct
(Cystic Fibrosis Transmembrane Regulatdt) (5, 16). As features.
of now, however, not much is known about the mechanism The present study is the first report where interacting
of interaction between membrane domains and ABC domainsdomains in the membrane component of a drug efflux system
in these proteins. Both Pgp and CFTR contain all four have been biochemically analyzed by using a cross-linking
domains in the same molecule; thus, analysis of interactionsapproach. The domain identified by cross-linking was found
between them involves subcloning of the domai6s?), to contain an EAA-like motif previously identified in the
which may not be conducive to retaining proper structure interaction interfaces of importers of the ABC family. We
and function. Since the domains in the DrrAB system are propose that the EAA motif or a modified version of the
present on separate subunits, we have taken advantage dEAA motif may be involved in forming a generalized
this characteristic, in the present study, to study interaction interface between the membrane component and the ABC
by a heterobifunctional cysteine to amine cross-linking component of both uptake and efflux systems. The evolu-
approach. Previous cross-linking studies in this laboratory tionary implications of this finding are discussed.
employed membrane-permeable and -impermeable amine t
amine cross-linkers, DSP and DTSSP, and identified a ATERIALS AND METHODS
complex of DrrA and DrrB {3). However, using DSP and Bacterial Strains and Plasmidg. coli TG1 @0) and XL1
DTSSP, it was not possible to easily determine the regionsBlue (Clonetech, BD Biosciences) were used in this study.
involved in cross-linking. In the present study, we have used Media and Growth Condition<ells were grown in Luria
a more direct and specific approach to identify regions in Broth. Chloramphenicol was added to a final concentration
DrrB that are physically close to DrrA and thus may be of 20 ug/mL.
involved in an interaction with DrrA. DNA Manipulations The conditions for plasmid isolation,

DrrB protein contains a single cysteine at position 260, DNA endonuclease restriction analysis, ligation, and se-
whereas DITA protein contains none. A cysteine-less DrrB duencing have been described elsewh@. ( B
was first created by substituting a serine at position C260 _ Site-Directed Mutagenesighe cysteine residue at position
by site-directed mutagenesis. Twenty single-cysteine sub-260 in DIrB in the plasmid pDx101 was altered to a serine
stitutions were thus introduced at various positions in the USing a Strategene QuikChange multisite-directed mutagen-
cysteine-less DrrB. The location of the cysteine substitutions €SiS kit (La Jolla, CA). The strategy involved the use of
in DrrB was based on a recently developed topological model COmMplementary primers that incorporated the change at the
for DrrB (17), which suggests that DrrB consists of eight required position. The sequence of the primers used is
transmembrane domains with both the N-terminal and the C260S up:

. o . p:

Q-termmal ends of the .proteln directed in the cyto'plasm. To 5-GGCCTGGTCCTGTCCGTGTCGGCAGGG-3
directly identify the regions of DrrB that interact with DrrA,
a heterobifunctional cysteine to amine chemical cross-linking C260S dn:
agent, GMBS{-[v-maleimidobutyryloxy]succinimide ester), 5-CCCTGCCGACACGGACAGGACCAGGCC:3
was employed. Studies reported here show that DrrA cross-
links with both the N-terminal and the C-terminal ends of
DrrB, suggesting that these two regions may participate in
interaction with DrrA. Furthermore, this study identifies a
sequence within the N-terminal cytoplasmic tail of DrrB,
which is similar to the “L-loop” motif recently identified in

These primers were used for polymerase chain reaction
amplification using pDx101 as a templaf.(The amplified
product bearing the mutation was then transformed into XL1
blue competent cells (provided by the manufacturer) and
plated on medium containing chloramphenicol. Plasmid DNA
L aue ) was isolated from the colonies grown on the selection plates
the BtuC protein involved in VitB12 uptake i&. coli (18). and the desired mutation in thirAB genes was verified
By crystal §tructure apalysis, the L-loop motif has been by sequencing of DNA. Sequencing was carried out using
shown to lie at the interface of BtuC, the membrane ag| 377 or 3100 sequencers (Applied Biosystems) in the
component, and BtuD, the ABC component, where it is cqre Fagilities in the Department of Biology at the Georgia
involved in forming extensive contacts between the tWo giate University. The cysteine-less serine substitution mutant
domains. BtuCD is a binding protein-dependent import \ya5 named C260S in this study. Subsequent single cysteine
system. It has previously been shown that permeasesgpstitution mutants were then created in the cysteine-less
belonging to this group contain an EAA motif within their - prg c260S. Complementary primers bearing the mutation
interaction interfacesl@). A closer look at the sequence of ¢ the desired location were used for each of these mutations.

not identical, to the “EAA-loop” previously identified inthis  an example:

group of proteins. While the L-loop of BtuC retains several

features of the EAA loop, it also shares certain features with S23C up:

the motif present in DrrB (shown in this study) and other 5- CGGACGGTGCTGTGCGCGGGTGAACGG-3
exporters (described earliexq)). The sequence analysis and  go3¢ gn:

the alignments presented in this article thus allow us to 5. CCGTTCACCCGCGCACAGCACCGTCCG-3
conclude that the exporters, including DrrB, LmrA, MDR1,

CFTR, and MsbA, as well as the importer BtuC contain a  Single cysteine substitution mutants were created at amino
conserved motif bearing the amino acid sequence;(AzR/ acid positions 4, 15, 23, 35, 44, 53, 70, 80, 92, 107, 116,
K..G;. We further conclude that this conserved sequence is129, 149, 160, 173, 213, 236, 249, 270, and 282 in DrrB.
a modified version of the EAA motif BAA;RALG;— The mutants were named S4C, S15C, S23C, S35C, A44C,
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V53C, T70C, S80C, V92C, S107C, V116C, A129C, T149C, S80C
A160C, V173C, S213C, S236C, T249C, A270C, and A282C,
respectively. ot

Doxorubicin Resistance Assaipoxorubicin resistance
assays were carried out on M9 (Sambrook 1989) plates e V92€ ‘ 260 el
supplemented with 0.25% casamino acids. The plates were L49CE A S213CT :
layered with 4 mL of top agar (0.8% agar in M9 medium)
containing the desired concentration of doxorubicin. Briefly
4 mL of top agar containing 0, 4, 6, 8, or X@/mL of
doxorubicin and 1 mM Thiamine-HCI was poured on top of
M9 plates. The plates were covered with foil to prevent
exposure to light. Doxorubicin hydrochloride was purchased
from Sigma Chemicals and used with the necessary precau-
tions needed for a light-sensitive chemical. A doxorubicin- N
sensitive strain oE. coli, N43 1), was transformed with . o o
the indicated plasmids. N43 cells freshly transformed with F'GURE 1: Topological depiction of the DrrB protein in the

. . . : membrane showing the location of various cysteine substitutions.
the desired plasmid were grownrfd hin 3 mL of LB with This drawing for the topology of DrrB in the membrane is based

the appropriate antibiotics. Ten microliters oktB h old on a previously published model of the DrrB proteitvy, The
N43 culture from above was inoculated on the plates topological model of DrrB, whic_:h is bas_ed on gene fusion analysis,
containing doxorubicin. N43 containing the plasmid pSU2718 ﬁgﬁggitswfphaLéTﬁ t[k?(rar?\l Fgr?ée{ﬂecgnzg'rﬁnei'?nhf[htéagjt’;'&r;‘g:?“?o
was used as a ”egaF'Ve control. The plates were thendetermi’ne domains in DrrB that may be involved in interaction
?A?L;]ba;e'd atb37'c overnight, and growth was recorded after yjth prrA, various single-cysteine substitutions were created in the
of Incubation. DrrB protein. The location of these cysteines in DrrB is shown.

Fractionation of Cells into Cytosolic and Membrane ;Zeg%itsligsersi‘ébfggggogi were made in the I\ and C-terminal tais,
FFaC“O”S CompetenlE. coli TG1 cells were transforme(_j S80C is the only cys‘feine substitution in a periplasmic domain.
with the plasmid bearing the mutated gene. A 50 mL portion since DrrA was found to cross-link with the residues in the
of cells containing the indicated plasmids was grown to mid- N-terminal cytoplasmic tail as well as with residues in TM1 and
log phase and induced with 0.25 mM IPTG. Growth was TM2, S80C was created specifically to map the entire N-terminal
continued for an addiiodds h at 37°C. The cells were _domain for s iteracton with Dris. he locations of various,
spun down and resuspended in 1.5 mL of PBS buffer (20

. : rectangles.
mM sodium phosphate, pH 7.0) and lysed by a single passage

through a French pressure cell at 20 000 psi. The cell lysatesyanner (3). This interaction is essential for the maintenance
were then centrifuged at 10 0§@or 15 min to remove the ot prrB and for the function of DrrA, indicating that the

unbroken cells. The supernatants were §ubs§quently used 1,0 proteins are biochemically coupled. The purpose of the
prepare membrane fractions by ultracentrifugation at _10@000 present study was to analyze domains in DrrB that are
for 1 h. The membrane pellets were suspended in Cross+,glved in interaction with DrrA. A model for the membrane
I'?‘T'n% buffer (20 mM sodium phosghate(,j 150 mM slpdklgm topology of DrrB is now availablel(7). This model suggests
Cf oriae, 0.5mM EDTA, pH 7.4) and used for cross-linking that DrrB contains eight transmembrane domains with both
0 protelng. ) o ] the N-terminal and the C-terminal ends directed in the
Heterobifunctional Cross-Linking Reaction and Western cytoplasm 7). On the basis of this model, several single-
Blot Analysis A 1004L reaction volume containing 2503 cysteine substitutions in the proposed cytosolic as well as
of cell membrane protein in the cross-linking buffer was he transmembrane domains of DrrB were made (Figure 1).
used. GMBS K-[y-maleimidobutyryloxy]sulfosuccinimide  cross-linking between a defined cysteine in the DrrB protein
ester; 6.4 A length), prepared in dimethyl sulfoxide (DMSO), and an amine in the DrrA protein was analyzed. The DrrA
was added to a final concentration of 1 mM. DMSO alone qtein contains 43 primary amines which are spread evenly

was used in the control samples. Where indicated, 5 MM g1 the entire length of the protein. Of the 43 amines, 5 are
ATP and/or 3%uM doxorubicin was added into the reaction lysines, which may be preferentially involved in cross-

_mix. The reaction was carried outrfd h atroom temperature linking. The lysines are present at amino acid positions 16,
in a light-protected area. A 24L portion o 4 X Laemmli 46, 137, 226, and 327 in DrrA, which contains a total of

sample _buf(;etrhwas aﬂ(ljed tg stotp th% re?ctlgn. The famplesszg residues. The cysteine to amine cross-linking approach
\t/vere m|i<e AoerLll_g yt_an 5506 as:c € orb min at room \yas possible because DrrB protein contains a single cysteine
emperature. AL portion (50ug of membrane protein) at position 260, whereas DrrA protein contains none. Using

3;:"9;1%%90”0?];2;”; r\:]vi?jsé theeln fgnc?xégdb b}\llv?als)tz;rljﬁlcgtE site-directed mutagenesis, the single cysteine in DrrB was
9 o polyacry gel, y altered to a serine residue. To rule out if the C260S mutation

analys!s using either anti-DITA or ant-DrrB ant|bod|e§. has an adverse effect on interaction between DrrA and DrrB,
Detection was done by a chemiluminiscent assay using he levels of d in th 5
Immun-Star AP, BioRad (Hercules, CA). the levels of DrrA an DrrB in the mutant C 6_OS were
' ’ compared to those in the wild type C260 (Figure 2).
RESULTS Comparable Ie\_/els of DrrA (Figure ZA) and DrrB (Figure
2B) were seen in the membrane fractions prepared from the
Cysteine-less DrrBPrevious studies have suggested that wild type and the mutant cells. Since the stability of DrrA
DrrA and DrrB interact with each other in a very specific and DrrB is a good indicator of interactioh3), these results

TR
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Ficure 2: Levels of DrrA and DrrB in cells containing wild-type S
(C260) or cysteine-less DrrB (C260%). coli cells containing C260 - us = e < ALB
or C260S were induced with IPTG. The lysates were prepared by A3
French press, followed by ultracentrifugation to prepare the
membrane fractions, as described in Materials and Methods. Twenty 29 =
micrograms of membrane protein was analyzed by SDS-PAGE on DB . i @D e = [ ——

10% gels, followed by Western blot analysis using anti-DrrA or

anti-DrrB antibodies. A chemiluminescence detection kit was used it il :nti-DrrI; i i
for detection of the bands. Migration of the standard proteins is I

shown on the left. (A) Probed with anti-DrrA. (B) Probed with i

anti-DrrB. Lanes: lane 1, wild-type C260; lane 2, cysteine-less kpa SBC

mutant C260S.

63 e e AtB

suggest that the cysteine-less DrrB is not affected in its N 1
interaction with DrrA. e

Single Cysteine Substitution Mutants of DrrBwenty il < DrrB
single cysteine substitution mutants in DrrB were then created > Q
using C260S as the starting material (Figure 1). The residues ;«Q‘ g«"

chosen for cysteine substitutions were selected so that they o e

would result in conservative changes. Western blot analysisfigure 3: Chemical cross-linking between wild-type DrrA and

of the cell membranes showed that both DrrA (Figure$_ DrrB containing cysteine substitution C260S or S23C. The cell
and DrrB (not shown) are expressed in cells containing Mmembrane fraction containing the DrrA and DrrB (C260S or S23C)
cysteine substitution mutants. Some amount of variation in proteins was subjected to chemical cross-linking using different

h f DIrA and DrrB in th bstituti concentrations of GMBS, as described in Materials and Methods.
the amounts of DrrA and DrrB was seen in the substitution gigy micrograms of protein was resolved by SDS-PAGE, followed
mutants, as compared to the wild-type cells (Figure$)3

by Western blot analysis using anti-DrrA or anti-DrrB antibodies.
Experimental variation in the levels of DrrA or DrrB is also  The “minus” and “plus” at the bottom of the lanes indicate the

routinely seen in the wild-type cells, as expected in a absenqe an_d presence of th_e cross—linker_in the reaction, respectively.
physiological system. The migration of the protein standards is shown on the left. The

) ) __location of the cross-linked species is marked asBA (A and B)

Secondary Structure Analysis of the Cysteine Substitutionprobed with anti-DrrA. (C and D) Probed with anti-DrrB. Lanes:
Mutants.The membrane topology of the DrrB protein has lane 1, no GMBS; lane 2, 0.2 mM GMBS; lane 3, 0.4 mM GMBS;
been determined experimentally, and it has been shown to'(i,”neta?aigft&McggﬂsBﬁfkfé] %gég'garm&ee\,'\faisérgl) ercriegC“gBS
contain elg_ht tran_sm_embrane helices with both the_ N- and PAGE, as described above. The prestained high-mo)llecular)-lweight
the C-terminal tails in the cytoplasni®). The predicted

protein marker from GibcoBRL was added to the sample before

secondary structure of DrrB was determined by the Ghou electrophoresis. The resolved proteins were transferred to the
Fasman method. By this method, the DrrB protein is seen nitrocellulose membrane. The lane containing the S23C sample was
to contain two helical stretches in regions of DrrB that are Vertically spliced into halves. Each half was then probed with either
exposed to the cytoplasm. The first helical region, extending the anti-DrrA or anti-DrrB antibodies. Detection was done by the

. - . e ’ . chemiluminescence method. After detection, the vertical halves were
from amino acids 24 to 53, lies within the N-terminal gajigned using the prestained internal protein marker.
cytoplasmic tail, and the second lies in the third cytoplasmic
loop (C3), extending from amino acids 22848. Since the  prediction, while the others remained unchanged. Those with
Chou-Fasman method does not predict transmembranethe altered secondary structure include S35C, A44C, and
helices, the secondary structure prediction of DrrB was S236C. Of these, only S236C was seen to affect doxorubicin
verified by the PROF method employed by the Predictprotein resistance phenotype, as described below. The PROF method
server (www.predictprotein.org). PROF not only predicted of prediction showed no significant change in the secondary
the helices corresponding to the transmembrane domains oftructure of any of the substitutions or point mutants used
DrrB, but more significantly, it predicted the same two helical in the study.
segments as were shown by the Chéasman method in Doxorubicin Resistanc.o determine if cysteine substitu-
the cytoplasmic regions of DrrB. These regions lie between tions in DrrB have an effect on the function of the transporter,
amino acids 32 and 49 in the N-terminal domain and betweendoxorubicin resistance assays were carried out. Most of the
222 and 245 in the C-terminal domain. Secondary structure strains containing single-cysteine substitutions showed levels
prediction was also done for the 20 single-cysteine substitu- of doxorubicin resistance comparable to that of the wild-
tions and other point mutants used in this study. Three outtype strain (Table 1), suggesting that the function of the
of 20 cysteine substitution mutants showed some change incomplex is not significantly affected by the single-cysteine
the secondary structure of the protein by the Chbasman substitutions constructed in this study. However, a few
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A SR Table 1: Doxorubicin Resistance Bf coli N43 Cells Expressing
kDa s4C S15C 835C Wild Type DrrA with DrrB Containing Different Cysteine
Substitution3
68 —»
s W e . B domain location amt of doxug/mL
of DrrB of cysteine 0 4 6 8
43—
(wild type) C260 +++ A+
D W &P e e <A N-terminus S15C 4+ A A
20 —» & -?- it . il N-terminus S23C -+ -+ 4+ ++
s oS === N-terminus S35C  4++ A+
i i i GMBS N-terminus Ad4cC -+ +
B ™1 V53C +++ 4+ -
G ™1 T70C +++  + + +
N-tail  TMI T™I1 T™M2  TM2 Cl1 P1 S80C . Tt 4 _
kDa A44C  V53C  T70C  Vv92C SI07C  VI16C ™ 2 V92C 4+ + - —
68 —= [ B : e ™2 S107C  +++  +++ ++  ++
- - L -—A+B Ci V116C 4+ -+ F++ 4+
e — - ™3 A129C  +++ A+ + —
OB DS e e GO s s s W =—DITA ™ 4 T149C +++ ++ ++ +
29 — I 4 Cc2 A160C  +++  +++ ++ +
; I e e s - T™5 V173C  +++ +++ 1+ +
Ficure 4: Chemical cross-linking between wild-type DrrA and 'cl':l\g6 222%3%% iii ii+ i"" f
DrrB containing cysteine substitutions in the N-terminal cytoplasmic ™7 G219 HH H H _
tail, the transmembrane domains TM1 and TM2, and the cytoplas- ™S A2700 M I i

mic loop C1. The conditions used for chemical cross-linking
between DrrA and DrrB were same as described in the legend to . i i
Figure 3. The proteins were resolved by SDS-PAGE, followed by CyStte'ne'Iless DrrB %%6207518 :[ILF j'E Pt T
Western blot analysis using anti-DrrA antibodies. The “minus” and vector only P

“plus” at the bottom of the lanes indicate the absence and presence, @Legend: +++, very good growth++, good growth;+, some
respectively, of the cross-linker or ATP in the reaction. The growth;—, no growth.

migration of the protein standards is shown on the left. The location
of the cross-linked species is marked a$B\ (A) S4C, S15C, . L . .
S35C. (B) A44C, V53C, T70C, V92C, S107C, and V116C. (Table 1). The possible significance of these observations is

discussed later.
A N-tail TM3 TM4  C2

e "N e e B B _ H_eterob_ifunctional Cross-Linkingdeterobifunctional Cross-
SEE — e B linking using GMBS was performed between the 20 single

C-terminus A282C +++ +++ ++ ++

63— S Lol cysteine substitution mutants of DrrB (as well as the wild-
43— — - o - type C260) and DrrA. GMBS is an NHS-ester cross-linker.
0, IR ES S ES S D It interacts with a free sulfhydryl group, provided by a
A A el cysteine residue on one arm and an amine residue on the
™S TME 3 T™MT other, thus forming a cross-linked product. The N-terminal
B kDa VIT3C S213C  S236C  S249C mutant S23C was the first mutant where a cross-linked
68 —= product of DrrA and DrrB was identified (Figure 3). Western
- | - blot analysis of the cross-linked sample identified a species
. B < Dira of about 60 kDa when probed with either anti-DrrA (Figure
29—-'_" : - = _" ] + e AL 3B, lanes 2-5) or anti-DrrB (Figure 3D, lanes -25)
i antibodies. On the basis of its size, this species would
T™M7 T™MS C-tail correspond to one subunit of DrrA and one subunit of DrrB.
€ kpa C260  A270C  A282C Cross-linking could be seen at GMBS concentrations as low
63—~ DU &= 8 B as 0.2 mM (Figure 3B,D, lane 2). No significant increase in

the cross-linking efficiency was observed when higher
concentrations of GMBS were used (Figure 3B,D, lanes
~ N0 HE Em-" 2—5); however, at concentrations higher than 2 mM, a

-t -t -t GMBS significant drop in the intensity of the 60 kDa species with
Ficure 5: Chemical cross-linking between wild-type DirA and 5 concomitant increase in the higher species with molecular

DrrB containing cysteine substitutions in various transmembrane . .
domains (TMagTR;IS) or cytoplasmic loops C2 and C3. The Mass greater than 200 kDa was seen (not shown). Since high

conditions used for chemical cross-linking between DrrA and DB concentrations of the cross-linker can result in nonspecific
were same as described in the legend to Figure 3. The proteinsaggregates, the maximum concentration of GMBS used in
were resolved by SDS-PAGE, followed by Western blot analysis this study was 1 mM.

using anti-DrrA antibodies. The “minus” and “plus” at the bottom . . . .
of the lanes indicate the absence and presence of the cross-linker The 60 kDa cross-linked species did not appear in the

in the reaction, respectively. The migration of the protein standards Cysteine-less (C260S) sample on addition of the cross-linker
is shown on the left. The location of the cross-linked species is (Figure 3A,C) or in the S23C control sample where DMSO

marked as A-B. (A) S23C (positive control), A129C, T149C,  glone was added instead of the cross-linker (Figure 3B,D,
ﬁ%?gg' %32)8\&:73(3’ S213C, S236C, 5249C. (C) C260 (wild type), |ane 1). To further verify if the same cross-linked species
' ' was detected by both anti-DrrA and anti-DrrB antibodies, a
substitutions, including V53C, T70C, V92C, A129C, S236C, lane containing the cross-linked S23C sample was spliced
and S249C, showed a decrease in resistance to doxorubicirvertically into halves. Each half was probed with either the

43—
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anti-DrrA or the anti-DrrB antibodies. The reaction was at the C-terminal end of DrrB showed cross-linked products
developed by the chemiluminescence assay, and the halvesvith DrrA (Figure 5C).
of the nitrocellulose membrane were then aligned with the  Together, the chemical cross-linking data presented above
help of internal protein markers. Results in Figure 3E show show that DrrA cross-links with both the N-terminal and the
that the same cross-linked species reacted with both antibod-C-terminal domains of the DrrB protein, suggesting that these
ies, suggesting that it consists of both DrrA and DrrB. regions may be involved in interaction. At the N terminus,
Both anti-DrrA and anti-DrrB antibodies were also seen the interaction involves the first 50 amino acids of the
to cross-react with some other proteins nonspecifically N-terminal cytoplasmic tail and includes the first and second
(Figure 3). This is not unexpected, since the cross-linking transmembrane domains extending up to the first cytoplasmic
experiments reported here are carried out with the cell loop of the DrrB protein. At the C-terminal end, the
membrane preparations containing many other proteins ininteraction between DrrA and DrrB involves the seventh and
addition to DrrA and DrrB. Furthermore, the antibodies used the eighth transmembrane helices of DrrB and it extends to
for detection of the cross-linked species are polyclonal in the short cytosolic C-terminal tail. The intensity of the cross-
nature, thus resulting in cross-reactivity with certain other linked species varies, depending on the location of the
epitopes 2). The addition of the cross-linker also appeared cysteine in the DrrB protein. The best cross-linking was seen
to change the mobility of some of these unrelated proteins. with cysteines in the N-terminal cytosolic tail, suggesting
For example, a 43 kDa protein picked up nonspecifically that this may be the major site of interaction with DrrA.
with the anti-DrrA antibody (Figure 3B, lane 1) is decreased Identification of a Consered Motif in DrrB. As described
or is not seen in the cross-linked samples (Figure 3B, lanesabove, the ChotFasman and the PROF methods of second-
2-5). It should be pointed out that the disappearance of the ary structure prediction showed that the DrrB protein contains
43 kDa band happens in all the samples, irrespective of thetwo helical stretches that are present in regions exposed to
presence (S23C) or absence (C260S) of a cysteine in DrrBthe cytoplasm. The first helical region, extending from amino
(Figure 3A). Since the 60 kDa cross-linked species is not acids 24 to 53, lies within the N-terminal cytoplasmic tail
seen in C260S (even though the 43 kDa band disappears), ind is part of the N-terminal domain that cross-links with
clearly indicates that the cross-linked species seen in S23CDrrA; the second lies in the third cytoplasmic loop (C3),
is not the result of cross-linking between DrrB and this 43 extending from amino acids 226 to 248. On further analysis,
kDa unrelated protein. Thus, the 43 kDa protein cross-links it was found that the helical region present in the N-terminal
with another unknown protein in the membrane. Since our cytoplasmic tail of DrrB contains an amino acid sequence
focus in this study is on specific cross-linked species of DrrA similar to the L-loop motif present in BtuCL8), which is
and DrrB, further analysis of the 43 kDa protein was not the membrane component of the BtuCD system involved in
carried out. VitB12 uptake inE. coli (Figure 6). The L-loop in BtuC is
S23C, which showed a specific 60 kDa cross-linked presentin a helical stretch of the cytoplasmic loop between
species of DrrA and DrrB (described above), was used as aTM6 and TM7. On the basis of the crystal structure of the
positive control in further cross-linking experiments. The BtuCD complex, the L-loop of BtuC forms extensive contacts
remaining 19 cysteine substitution mutants and the wild- with the ABC component, BtuD. It has also been previously
type C260 were analyzed for the cross-linked product of suggested that the L-loop of BtuC shows similarity to a
DrrA and DrrB by Western blot analysis using both antibod- certain sequence in the first cytoplasmic loop of exporters,
ies; however, only the blots obtained with the anti-DrrA including the drug exporters MDR1 and LmrA, the lipid
antibody are shown (Figures 4 and 5). As seen with S23C, exporter MsbA, and the chloride channel CFTE8)( all
all the other cysteine substitution mutants tested in the members of the ABC superfamily.
N-terminal tail, S4C, S15C, S35C, and S44C, also showed An alignment of the N-terminal region of DrrB with the
the appearance of the 60 kDa species on cross-linking withL-loop in BtuC and several other export and import proteins
GMBS by Western blot analysis (Figure 4A,B). The effect is shown in Figure 6. This alignment is different from that
of addition of ATP (Figure 4A) or doxorubicin on cross- reported earlier by Locher et all®); thus, a clarification is
linking was also determined. No significant effect of addition needed at this point about the basis used for the alignment
of either substrate alone or together on cross-linking was shown in Figure 6 in this study as well as about the
observed (not shown). Analysis of the mutants in TM1 relationship between the sequence of the L-lob®) @nd
(V53C and T70C) and TM2 (V92C and S107C) also showed the EAA-loop (19). Even though Locher et al. stated that
the 60 kDa cross-linked species containing DrrA and DrrB there is a limited similarity of the L-loop of BtuC with the
(Figure 4B). However, S80C, a cysteine substitution in the EAA-loop (18) of the binding protein-dependent importers
first periplasmic loop (P1), did not show cross-linking with  (19), their sequence alignments did not reflect such a
DrrA (not shown). V116C located in the first cytoplasmic similarity. The alignment shown in Figure 6 in the present
loop also showed cross-linking with DrrA (Figure 4B). study uses the sequence analysis carried out by Saurin et al.
Analysis of mutants in TM's 3, 4, 5, and 6 and the (22) as the basis for the identification of the EAA-loop moatif.
intervening cytoplasmic loops C2 and C3 did not show the In the analysis carried out by Saurin et al., 61 integral
60 kDa cross-linked species (Figure 5A,B). Wild-type DrrB, membrane proteins belonging to the binding protein depend-
which according to the topological model contains residue ent importers were classified on the basis of the similarities
C260 in the seventh transmembrane domain, cross-linkedbetween their EAA motifs. It was shown that these proteins
with DrrA (Figure 5C), although another substitution mutant, can be classified into eight clusters. The sequences belonging
S249C, also in the seventh transmembrane domain, did notto the main cluster were called the “EAA cluster”. Members
cross-link with DrrA (Figure 5B). Finally, both A270C in  of this cluster contain conserved sequences almost identical
the eighth transmembrane domain (Figure 5C) and A282C with the EAA;...G;...l.LP motif, however, other clusters
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Ficure 6: Alignment of the amino acid sequence of regions of DrrB, LmrA, MDR1 (N domain), MDR1 (C domain), CFTR (N domain),
CFTR (C domain), MsbA, BtuC, HisM, HisQ, MalG, and MalF predicted to interact with their ABC domains/subunits. The dark gray
regions show residues that are highly conserved, whereas the residues in light gray are less conserved. The first amino acid in the sequence
of each protein is shown. The position of certain residues of the EAA domain is marked at the bottom. The E of the EAA loop is marked

as position 1, and the E of the EAA loop in BtuC is marked as positidn

show some differences compared to the original EAA motif. Table 2: Doxorubicin Resistance Bf coli N43 Cells Expressing
Within the EAA motif, the central part /RALG; is the most Wild-Type DrrA with DrrB Containing Mutations in the N-Terminal
conserved-of these, the flanking Aand G being highly ~ CYtoplasmic Tail or the C-Terminal EAd

conserved and the middle residues RAL less conse2®d ( domain location amt of dox,ug/mL
According to this classificatior2@), BtuC is assigned to the of DrrB of cysteine 0 4 6 8
cluster of iron-siderophore transporter proteins, which  (wild type) C260 F F g 44+
contain the central A..G; sequence; however, they lack the  N-terminus ~ S23A +++ 4+ - -

E residue at position 1 and instead contain anr& ® at N-terminus ~ G25A £ - -
position—1 (Figure 6). We have based our alignment shown mgmzﬂz gggg s T T
in Figure 6 on the information described above. Since BtUC N-terminus S35 I
contains a well-defined A.G; central domain, we have C-terminus ~ C260A -+ -+ -+ -
placed the A of the central domain A...G of BtuC at position ~C-terminus ~ C260E T A A -

3 as described in2g). Thus, the E in BtuC falls in the-1 e AL S S R
position, as for the members of the iresiderophore cluster. vectoronly ~ pSU2718 +++ + — -

Once BtuC was thus properly aligned with the EAA domain
of other importers, DrrB and other exporters were then
aligned with BtuC to obtain the alignment in Figure 6.

As seen in BtuC, the drug exporters, including DrrB,
LmrA, MDR1 (N-terminal domain), and MDR1 (C-terminal
domain), and other exporters shown in Figure 6 also contain
the E residue at the-1 position and a somewhat less
conserved A..G; central domain. The G at position 7 in
the exporters does not seem to be very highly conserve
however, this group of proteins, along with BtuC, contains
a highly conserved G at the2 position and a positively
charged residue R/K at position 4, which may be derive

alLegend: +++, very good growth;++ good growth;+ some
growth; —, no growth.

domain confer sensitivity to between 4 andu@/mL of
doxorubicin while the cells containing the wild-type DrrA
and DrrB grow up to 810 ug/mL of doxorubicin (Table

2). Since S35A mutation in the N-terminal domain and
d.C260A and A270S in the C-terminal domain showed no
‘change in the doxorubicin resistance phenotype as compared
to the wild type, nonconservative mutations of these three
d residues, including S35I, C260E, and A270Y, were created.
from the central domain #&RALG, of the original EAA S351 r_nl_Jtation conferred doxorubici_n sensitiyity, while_cells
motif. Thus, it appears that the conserved sequence in DrrgCoNtaiNIng C260E and A270Y still remained relatively
and other exporters also bears a similarity to the EAA unaffected (Table 2). Protein expression analysis by SDS-
domain. From the sequence analysis described above andAGE showed tha} most mutations, excgpt 8.23A’ S35A, and
the alignment shown in Figure 6, we conclude that DrrB A270Y show varying degrees of reduction in the levels of

; ; ; DrrA and DrrB. The most severe reduction in the levels of
and other exporters contain a conserved motif bearing the . : . .
sequence GEI: ASR/K..G; which appears to be a modifigd both DrrA and DrrB is seen with S351 mutation (Figure 7).
version of the .c.)riginaluEAA motif (AAsRALG). Further- G25A and E26D also showed significantly reduced levels
more, the motif present in the BtuC protein, a binding protein of DA and DrrB, although these are less affected as

dependent importer, has characteristics of both the EAA cOmMpared to S35l. No significant change in the predicted
motif of importers and the motif present in the exporters. secondary structure of any of the mutated proteins was seen

Site-Directed Mutagenesis of Residues in Domains of Drrg PY the Choa-Fasman or by the PROF method of secondary

That Cross-Link with DrrATo determine if residues within ~ StrUcture prediction.

the interaction domains, |d_ent|f|ed by chemical pross-llnklng, DISCUSSION

are important for the function of the DrrB protein, conserva-

tive changes in certain residues in each domain were made. The aim of the present study was to characterize domains
These changes include S23A, G25A, E26D, and S35A in in the DrrB protein that are involved in interaction with the
the N-terminal domain and C260A and A270S in the ABC component DrrA. It has previously been shown that
C-terminal domain. Doxorubicin resistance assays showedthe DrrA and DrrB proteins are biochemically coupled for
that S23A, G25A, and E26D mutations in the N-terminal their function and stability, although they form separate
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Ficure 7: Levels of DrrA and DrrB in cells containing point mutations in the N-terminal cytoplasmic tail or the C-terminal end of DrrB.

E. coli cells containing the indicated plasmids were induced with IPTG. The lysates were prepared by French press, followed by
ultracentrifugation to prepare the membrane fractions. Twenty micrograms of membrane protein was analyzed by SDS-PAGE on 10% gels,
followed by Western blot analysis using anti-DrrA or anti-DrrB antibodies. A chemiluminescence detection kit was used for detection of
the bands. Migration of the standard proteins is shown on the left. (A) anti-DrrA. (B) anti-DrrB.

subunits in the transportefi). To understand how these From the chemical cross-linking studies presented in this
two proteins regulate the stability and function of each other paper, we can conclude that DrrA cross-links with cysteines
and result in the formation of a functional transporter, it is introduced in both the N-terminal and the C-terminal ends
necessary to understand their molecular interactions. Theof DrrB. At the N-terminal end, the best cross-linking is seen
strategy employed to study interaction between DrrA and with residues in the N-terminal cytoplasmic tail, even though
DrrB made use of a cysteine to amine cross-linking approach.it extends to residues in the first and second transmembrane
This study was facilitated by the availability of a model for domains and the first cytoplasmic loop. Interaction at the
the membrane topology of DrrBLY). Thus, it was possible  C-terminal end includes the seventh and the eighth trans-
to introduce cysteine residues in DrrB at the potential sites membrane domain as well as the short C-terminal cytoplas-
of interaction with DrrA. Since DrrA is a soluble protein, mic tail of DrrB. It is intriguing that DrrA also cross-links
the sites of interaction are expected to lie in the domains of with residues in the transmembrane domains of DrrB. This
DrrB exposed in the cytoplasm. Cysteine-less DrrB was first might indicate that DrrA embeds itself into the membrane
created by replacing the single cysteine in DrrB at position during its interaction with DrrB. A similar phenomenon has
260 with a serine residue. Twenty single cysteine substitution been observed with other peripheral membrane proteins
mutants were then created at desired locations in the cysteineinvolved in transport, most significantly with Sec&%). It
less DrrB (Figure 1). Cross-linking between DrrA and DrrB  has been shown that some part of SecA is permanently
was then carried out by using the chemical cross-linker embedded in the membran26(-28) and that it may also
GMBS, which enables the formation of a cross-link between play a significant role in the formation of the channel for
a primary amine in one protein (DrrA) and a free sulfhydryl the secretion of protein®¥).
group in another (DrrB)23, 24). Two alternate explanations (shown in the model in parts
Doxorubicin resistance assays showed that the cysteine-A and B of Figure 8) can account for the observation that
less DrrB C260S as well as most of the single cysteine DrrA cross-links simultaneously with both the N- and
substitutions in DrrB did not affect the function of the C-terminal ends of DrrB. The models shown in Figure 8
transporter. Six (V53C, T70C, V92C, Al129C, S236C, depict the complex of DrrA and DrrB as a tetramer. On the
S249C) out of 20 substitutions created in this study, however, basis of the cross-linking studies carried out earlier, it has
showed varying levels of doxorubicin-sensitive phenotype been suggested that the stoichiometry of the functional
(Table 1). All of the affected residues, except S236C, lie in complex of DrrAB may be AB, (13). Tetramers containing
the predicted membrane spanning helices of DrrB. Both DrrA DrrA and DrrB were not seen in the present study and are
(Figures 4 and 5) and DrrB (not shown) are still expressed not expected to form in this situation, because cross-linking
in all of the six strains. Secondary structure analysis by the with GMBS specifically requires a cysteine. Each subunit
Chou-Fasman method showed that five (V53C, T70C, of DrrB has only one cysteine; thus, it can form a cross-link
V92C, A129C, S249C) of these six mutants, which resulted with only one subunit of DrrA. The possible mechanism of
in doxorubicin sensitivity, showed no change at all in their interaction between DrrA and DrrB by each of these models
predicted secondary structure, the exception being S236Ccan be explained as follows. (1) According to the model in
which showed a split in the helical stretch predicted between Figure 8A, one subunit of DrrA binds to the N terminus of
residues 226 and 248 in the C terminus of DrrB. Thus, we one subunit of DrrB and to the C terminus of the other
can conclude that doxorubicin sensitivity in V53, T70, V92, subunit. (2) According to the model in Figure 8B, the halves
A129, and S249C is not the result of a change in the of a subunit of DrrB fold upon each other such that the N-
secondary structure, whereas doxorubicin sensitivity in and C-terminal ends of DrrB are close to each other, and
S236C may possibly be due to such a change. Since mosbne subunit of DrrA is then able to interact with both ends
of the affected residues, except S236C, occur in the simultaneously. We currently favor the second model (Figure
membrane domains, it is possible that these residues mayBB), because suppressor analyses presently being carried out
be involved in substrate recognition and thus may be crucial in this laboratory suggest that the N- and the C-terminal ends
for the transport function of the DrrB protein. Studies to of DrrB may be on the same interface (unpublished results).
determine the role of these residues in the function of the However, further biochemical and genetic analyses are
transporter will be carried out in the future. required to clearly determine whether the interaction between
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Ficure 8: Models showing two possible mechanisms of interaction
between DrrA and DrrB. The complex of DrrA and DrrB is shown
as a tetramer consisting of two subunits of DrrA @nd A) and
two subunits of DrrB (B and B). Further, each subunit of DrrB is
shown as containing the N half and the C half\BB;C and BN,
B,C). On the basis of the observation that DrrA interacts with both
the N- and C-terminal ends of DrrB, two alternate models for
interaction are proposed. (A) One subunit of DrrA interacts with
two subunits of DrrB simultaneously. Thus, Dir&ontacts BC
and BN. Similarly, DrrA; contacts BN and B,C. (B) One subunit

of DrrA interacts with both the N- and C-termini of the same subunit
of DrrB. This is possible if the halves of DrrB fold upon each other,
allowing the N- and C-termini to come together on an interface.
Thus, DrrA binds to the interface of Bl and BC. Similarly, DrrA,
binds to the interface of Bl and BC.

DrrA and DrrB occurs by the mechanism depicted in model
A or B in Figure 8. It will also be important in future studies
to determine if a single region in DrrA interacts with both
termini in DrrB or whether the interaction with DrrB occurs

to two separate domains in DrrA. Even though the cross-

linking seen in this study is likely to occur between subunits
within a tetramer, the possibility of cross-linking between

Biochemistry, Vol. 44, No. 7, 20022669

cytoplasmic tail, while in BtuC, it is present in the cyto-
plasmic loop between TM6 and TM7§).

From the analysis carried out in this study (Figure 6), we
conclude that the L-loop of BtuC is actually similar to the
EAA loop of other importers. We further conclude that DrrB
and other exporters (as well as the importer BtuC) contain a
conserved motif with the sequence GEA;R/K..G; and that
it is actually a modified version of the original EAA motif
(E;AA3RALGy) present in the binding protein dependent
permeases. Our results thus indicate for the first time that
the EAA motif or a modified version of this motif may be
present at the interaction interfaces in both uptake and efflux
systems, suggesting that the sequences involved in interaction
are derived from an ancestor before the importers and
exporters of the ABC family might have diverged.

A conserved motif, similar to the one identified in the
N-terminal domain, was not identified in the C-terminal
interacting domain of DrrB in this study. It should be
mentioned, however, that a second helical region was
identified in the third cytoplasmic loop, between residues
226 and 248, of DrrB. It is possible that, in the three-
dimensional structure, this region (extending up to the
C-terminal end of DrrB) may actually lie close to the
conserved motif present in the N-terminal domain of DrrB
and thus may contribute to forming the interface with DrrA,
as is indicated by the cross-linking data (Figure 5C). Such
architecture for DrrB would also be suggested by the model
in Figure 8B. However, further biochemical and genetic
studies are needed to answer some of these questions.

Mutagenesis of certain residues in and around the con-
served motif in the N terminus of DrrB, including S23A,
G25A, E26D, and S35I, resulted in sensitivity to doxorubicin,

tetramers cannot be ruled out. Both intra- and intermolecular although mutagenesis of C260 and A270 in the C terminus

cross-linking between cysteines in Pgp, where all four
domains are present in a single molecule, has been 28en (
However, DrrA and DrrB form separate subunits that are

did not confer doxorubicin sensitivity significantly. These
findings indicate that the motif in the N terminus is required
for the function of the DrrB protein, whereas the domain in

held together by noncovalent interactions within a tetramer the C terminus may not be directly involved in function but

of DrrA,B;; thus, at this time it is not possible to distinguish

may be at the same interface of interaction, as was suggested

between cross-links within a tetramer vs those betweenabove. G25A, E26D, and S35| mutations also resulted in

tetramers.

Crystal structure information for three ABC transporters,
including E. coli BtuCD, E. coli MsbA, andV. cholera
MsbA, has recently become availabl&8( 30, 31). This
information provides valuable insights into the structure of
the complex and into the domains involved in interaction

reduced levels of DrrA and DrrB. Since the stability of DrrB
is known to be dependent on its interaction with DrrA, such
a phenotype might indicate a direct role for these residues
in interaction between DrrA and DrrB. Second-site suppres-
sor analysis of the S23A, G25A, E26D, and S35I mutations
will be carried out in the future to verify if these residues

between the membrane component and the ABC componentare indeed directly involved in interaction with DrrA, as is
in these systems. Interestingly, we find that present within suggested by the cysteine cross-linking studies reported here.

the N-terminal domain of DrrB, which shows cross-linking
with DrrA, is a sequence which has significant similarity to
a sequence in the “L-loop” motif recently identified in BtuC
by crystal structure analysid§) (Figure 6). According to
the crystal structure of the BtuCD complex, the L-loop in
BtuC forms extensive contacts with the ABC component

Mutagenesis of certain residues in the conserved motif in
MDR1 was also previously shown to result in loss of drug
resistance 32); however, these residues were never bio-
chemically shown to be directly involved in interaction with
the ABC domain of MDR1. The only system where
biochemical characterization has previously been carried out

BtuD. It has also been reported that the sequence of the Lis the maltose uptake permease, where a typical EAA-loop
loop bears local similarity to a sequence present in the first (33), present in the membrane subunits MalF and MalG, has

cytoplasmic loop of drug exporters, MDR1 and LmrA, and
the lipid exporter, MsbA, and to the fourth cytoplasmic loop
in CFTR (18). In the present study, we find similarity of the

L-loop to a sequence in the N-terminal cytoplasmic tail of

been shown to be involved in interaction with MalK by
chemical cross-linking studie84).

In summation, this study identifies two domains in DrrB
that may be involved in interaction with DrrA and identifies

DrrB and biochemically demonstrate that this region may a motif in the N-terminal cytoplasmic tail of DrrB. This motif

be involved in interaction with DrrA. In both DrrB and BtuC,

has similarities to the EAA motif of binding protein

this sequence lies in a helical stretch in a cytoplasmic domaindependent importers and the L-loop motif of BtuC. Other

of the protein; in DrrB, it is present in the N-terminal

interactions between DrrA and DrrB, if present, could not
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be identified by the strategy employed in this study. Further 16.

studies, including the crystal structure analysis of the
complex, would be required to identify other interactions and
to determine the overall structure of the complex. Not only

Kaur et al.

Wang, W., He, Z., O’'Shaughnessy, T. J., Rux, J., and Reenstra,
W. W. (2002) Domain-domain associations in cystic fibrosis
transmembrane conductance regulatam. J. Physiol. Cell
Physiol. 282 C1170-C1180.

17. Gandlur, S. M., Wei, L., Levine, J., Russell, J., and Kaur, P. (2004)

is the present study important for understanding the mech-
anism of interaction and function of the DrrAB complex,
but it is also a necessary step toward elucidation of the

temporal sequence of events leading to the biogenesis of the 18.

complex. Since the specific binding of DrrA to DrrB protects
DrrB from proteolysis, we have previously suggested that
DrrA may act like a chaperone to facilitate the proper
assembly of the complex in the membrahg)( Furthermore,
DrrB regulates the catalytic activity of DrrA via precise, but

not yet understood, conformational changes. Future studies 20.

in this laboratory will identify the interacting domains in
DrrA and will also try to unravel the concomitant confor-
mational changes that are essential for the function of the
complex as a transporter.

22.
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