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Two novel regulatory motifs, LDEVFL and C-terminal regu-
latory Glu (E)-rich motif (CREEM), are identified in the extreme
C terminus of the ABC protein DrrA, which is involved in direct
interaction with the N-terminal cytoplasmic tail of the mem-
brane protein DrrB and in homodimerization of DrrA. Disulfide
cross-linking analysis showed that the CREEM and the region
immediately upstream of CREEM participate directly in form-
ing an interaction interface with the N terminus of DrrB. A
series of mutations created in the LDEVFL and CREEM motifs
drastically affected overall function of the DrrAB transporter.
Mutations in the LDEVFL motif also significantly impaired
interaction between the C terminus of DrrA and the N terminus
of DrrB as well as the ability of DrrA and DrrB to co-purify,
therefore suggesting that the LDEVFL motif regulates CREEM-
mediated interaction between DrrA and DrrB and plays a key
role in biogenesis of the DrrAB complex. Modeling analysis
indicated that the LDEVFL motif is critical for conformational
integrity of the C-terminal domain of DrrA and confirmed that
the C terminus of DrrA forms an independent domain. This is
the first report which describes the presence of an assembly
domain in an ABC protein and uncovers a novel mechanism
whereby the ABC component facilitates the assembly of
the membrane component. Homology sequence comparisons
showed the presence of the LDEVFL and CREEM motifs in close
prokaryotic and eukaryotic homologs of DrrA, suggesting that
these motifs may play a similar role in other homologous drug
and lipid export systems.

Membrane proteins play vital roles in critical biological sys-
tems, which include solute transport, signal transduction, and
energy conservation. Loss of function, or misassembly, of mem-
brane proteins is frequently associated with severe medical
conditions. However, due to the many hurdles involved in the
study of these proteins, assembly and function of membrane
protein complexes are still poorly understood. Moreover,
diverse mechanisms and factors (both extrinsic and intrinsic)
can contribute to localization and assembly of membrane pro-
teins (1, 2), thus making the analysis of this process quite chal-
lenging. We are interested in elucidating the function of the

DrrA and DrrB proteins of Streptomyces peucetius, which
together form an ATP-driven efflux pump for doxorubicin and
daunorubicin, two antibiotics used in the chemotherapy of can-
cer. DrrA belongs to the ABC family of proteins and forms the
catalytic subunit (3, 4), whereas DrrB is an integral membrane
protein containing eight transmembrane a-helices (5). There-
fore, in this system, the catalytic function and the membrane
transport function are present on separate subunits, which
form a tetrameric complex and carry out doxorubicin efflux.
Some other ABC transporters, such as P-glycoprotein and cys-
tic fibrosis transmembrane conductance regulator, contain two
nucleotide binding domains (NBDs)? and two transmembrane
domains fused together into a single, large polypeptide (6).
Previous studies have shown that DrrB is improperly assem-
bled in the absence of DrrA. In this situation, DrrB is quickly
degraded (7), or, if overexpressed, it severely inhibits growth
(4), implying that interaction with DrrA is essential for stability
and perhaps also for proper conformation of DrrB (7). Recent
studies have shown that DrrA and DrrB proteins confer doxo-
rubicin resistance only when the two proteins are expressed in
cis in a translationally coupled manner (8). It is thus likely that
the DrrA and DrrB proteins may be required to co-fold for the
formation of a fully functional DrrAB complex, and transla-
tional coupling may facilitate this interaction. This raises the
following question. Is a specific interaction between DrrA and
DrrB involved in the assembly process? Here we show that the
C terminus of DrrA indeed contains two novel motifs, which
play a critical role in function and assembly of the DrrAB com-
plex. One motif present at the extreme C terminus of DrrA is
rich in glutamic acid residues and is termed the C-terminal
regulatory Glu (E)-rich motif (CREEM) in this study. The sec-
ond motif, termed LDEVFL, is located upstream of the CREEM.
Interestingly, by homology sequence comparisons, these two
motifs were found to be conserved in other prokaryotic and
eukaryotic ABC proteins, the most noteworthy among these
being the ABCA subfamily proteins 1, 2, 3, and 8, as well as
Ced-7, which belong to the same family (DRA) of ABC proteins
as DrrAB (9). ABCA proteins are involved in lipid efflux in
mammalian cells, and defects in the function or assembly of
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proteins of this subfamily are associated with severe medical
conditions, including Tangier and Alzheimer diseases (10, 11).

Recently, a spate of investigations has reported that the
C-terminal domains of some ABC proteins may be associated
with specialized functions. The amino acid sequence of the
C-terminal domains is, however, only conserved among closely
related proteins. For example, a vast majority of binding pro-
tein-dependent sugar transport systems harbor a ~150-amino
acid-long C-terminal extension containing three conserved
regulatory motifs termed RDM1 to 3 (12, 13). In MalK of Esch-
erichia coli, this region binds MalT and EII#'“ and plays a key
role in regulation of expression (14, 15) and in inducer exclu-
sion (12, 16). Of the non-sugar ABC transporters, the C-termi-
nal regulatory domain present in ModC of the molybdate/tung-
state transporter (MaModBC) in Methanosarcina acetivorans
binds molybdenum and is involved in trans-inhibition of the
ATPase activity, which results in a decrease of the transport
rate in response to an increase in concentration of the substrate
in the cytoplasm (17). Similarly, C-terminal extensions present
in MetN of the MetNI system (18) and in Wzt of the Wzt/Wzm
system of E. coli are able to bind their respective pump sub-
strates (19, 20). Crystal structure analysis suggests that the
C-terminal domains of these proteins contain a similar 8-sheet
fold, although they contain diverse amino acid sequences and
perform different functions in ABC transporters.

In the studies described here, we report that the CREEM and
LDEVFL motifs present in the extreme C terminus of DrrA are
critical for function of the DrrAB complex. We also show that
this region of DrrA forms the point of contact with the N-ter-
minal cytoplasmic tail of DrrB, thus leading to the proposal that
the major role of the CREEM and LDEVFL motifs may be in
assembly of the DrrAB complex. Interestingly, a 33-amino acid
region in the C terminus of DrrA, encompassing residues in the
LDEVFL motif, was also found to be involved in homodimer-
ization of DrrA. The significance of these two interactions, both
localized to the C-terminal end of DrrA, in protein assembly is
discussed.

EXPERIMENTAL PROCEDURES

Bacterial Strains, Plasmids, and Antibodies—The bacterial
strains used in this study were E. coli TG1, N43, LE392AuncIC,
HMS174, and XL1-Blue. The plasmids used in this study
include pDx101 (drrAB in pSU2718) and pDx119 (drrAB in
pET 16b). Various substitutions and deletions were created in
the drrA and drrB genes in these plasmids. Rabbit polyclonal
antibodies, generated against DrrA and DrrB previously (4),
were used for Western blot analysis. Anti-SecY antibody was
provided by the laboratory of Dr. P. C. Tai.

Media and Growth Conditions—For doxorubicin efflux ex-
periments, cells were grown in TEA medium (50 mm trietha-
nolamine HCI (pH 6.9), 15 mm KCl, 10 mm (NH,),SO,, 1 mm
MgSO,) supplemented with 0.5% (w/v) glycerol, 2.5 pug/ml thi-
amine, 0.5% (w/v) peptone, and 0.15% (w/v) succinate at 37 °C
(21). For site-directed mutagenesis, XL1-Blue cells were grown
at 37 °C in NYZ™ broth (pH 7.5; 1% (w/v) casein hydrolysate,
0.5% (w/v) yeast extract, 0.5% (w/v) NaCl) supplemented with
12.5 mm MgCl,, 12.5 mm MgSO,,, and 0.4% (w/v) glucose (Strat-
agene, La Jolla, CA). For all other experiments, cells were grown
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in LB medium. Chloramphenicol was added to 20 ug/ml, and
ampicillin was added to 75 ug/ml, where needed.

Site-directed Mutagenesis of DrrA—A QuikChange multi-
site-directed mutagenesis kit (Stratagene) was used to create
various mutations in the drrA gene. The strategy involved the
use of complementary primers that incorporated the change at
the required position.

Mutagenesis of Residues in the LDEVFL and CREEM Motifs—
pDx101 was used as a template. Primers were designed as
described before (22). In the LDEVFL motif, conservative point
mutations at positions 303 and 304 were created, which were
named L303V and D304N, respectively. In addition, two sets
of triple alanine substitutions were performed at 306, 307,
and 308 and at 310, 311, and 312, resulting in V306A/F307A/
L308A and L310A/T311A/G312A, respectively. Deletion of the
LDEVFL motif was obtained by using a pair of primers consis-
ting of 15 flanking bases on each side of the sequence to be
deleted, and the resulting clone has been designated ALDEVFL.
In the CREEM, 3, 4, or 5 glutamic acid residues, present within
the last 10 amino acid region of DrrA, were altered to gluta-
mine, aspartic acid, or glycine residues. The obtained mutants
include E321D/E322D/E325D, E321G/E322G/E325G, E321Q/
E322Q/E325Q/E326Q, and E321G/E322G/E325G/E326G/
E327G, which are referred to as 3E-3D, 3E-3G, 4E-4Q, and
5E-5G, respectively.

Single Cysteine Substitutions in DrrA—pDx101 containing a
single cysteine substitution in drrB at position 23 (523C) was
used as the template (22). Single cysteine substitution mutants
were created at amino acid position 325, 323, 319, 311, 302, 287,
253, or 232 in DrrA in this clone.

Deletion of the C Terminus of DrrA—This was achieved by
removing 27 bases (positions 961-987) from the 3'-end of drrA
while retaining the last 3 bases of the sequence in order to main-
tain translational stop/start overlap with drrB. An Xhol site was
first introduced in the 3'-end of drrA by substituting 3 bases at
positions 963, 966, and 968 in pDx101. These changes did not
alter the coding sequence of drrA. The sequence of the primers
used was as follows: UP-Xhol, 5'-GCCGATGACCGCTCGA-
GGGAAGAAGCG-3'; DN-Xhol, 5'-GCTTCTTCCCTCGA-
GCGGTCATCGGC-3' This construct was designated pDx137.
pDx137 DNA was then digested with Xhol (nucleotide 960 in
drrA) and Fsel (at nucleotide 84 in drrB) to remove a 139-bp
fragment from the intergenic region of drrAB. A fragment cor-
responding to this region was then synthesized by mutually
primed synthesis using single-stranded oligonucleotides. The
oligonucleotides were designed so that 27 base pairs of
drrA would be deleted from the synthesized fragment. The
flanking regions contained Xhol and Fsel restriction sites:
Spacer27delUP, 5'-GCCGATGACCGCTCGAGGGCATGA-
CGACGTCCCCCGGCACCGTGGAATCCACGACCCCTG-
TGAGCGGTCAGC-3'; Spacer27delDN, 5'-CCGTCGCG-
CGGGCCGGCCGTTCACCCGCGGACAGCACCGTCCGC-
AGCTGACCGCTCACAGGGGTCGTGGATT-3'.

The 112-bp fragment was digested with Xhol and Fsel
and then ligated to pDx137 DNA that had been digested with
the same enzymes. The resulting clone has been designated
ACREEM.
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Doxorubicin Resistance Assay—Doxorubicin resistance as-
says were carried out as described earlier (23). Briefly, the indi-
cated plasmids were transformed into E. coli N43 cells, which
are doxorubicin-sensitive. A single colony was incubated in 5
ml of LB containing the desired antibiotic for 8 h. 1 ul of the
above cells were streaked on M9 plates with a top layer contain-
ing 0,4, 6, 8, or 10 ug/ml doxorubicin. Plates were covered with
foil because doxorubicin is light-sensitive. Growth was re-
corded after incubation of plates at 37 °C for 24 h.

Doxorubicin Efflux Assay—The efflux assay was carried out
according to the protocol previously developed in this labora-
tory.? Briefly, E. coli LE392AuncIC cells (24) were transformed
with the indicated plasmids; the cells were grown to mid-log
phase (Ago0 nm = 0.6) and induced with 0.1 mm isopropyl 1-
thio-B-p-galactopyranoside for 1 h, harvested, washed twice
with TEA, and resuspended in 1 ml of TEA. 10 ul of the cell
suspension from above was incubated in 3 ml of TEA medium
containing 10 um doxorubicin and 5 mm 2,4-dinitrophenol for
11 h at 37 °C. The loaded cells were washed twice with 0.1 m
MOPS buffer, pH 7.0, containing 2.0 mm MgSO, and re-
suspended in 3 ml of MOPS buffer. The fluorescence spectra
were recorded on an Alphascan-2 spectrofluorometer (Pho-
ton Technology International, London, Ontario, Canada). The
excitation wavelength for doxorubicin was 480 nm, and emis-
sion was monitored at 590 nm. The excitation and emission slit
widths were set at 0.75, and a time-based script was run. After
an initial recording of fluorescence for 100 s at 37 °C, energy
was provided in the form of 20 mMm glucose, and recording was
continued for an additional 400 s.

Preparation and Analysis of Cell Membranes—50 ml of
E. coli TG1 cells containing the indicated plasmids were grown
to mid-log phase and induced with 0.1 mmM isopropyl 1-thio-B-
D-galactopyranoside. Growth was continued for an additional
3 h at 37 °C. The membrane fraction was prepared as follows.
Cells were spun down and resuspended in 10 ml of buffer A (25
mM Tris-Cl (pH 7.5), 20% glycerol, 2 mm EDTA (pH 8.0), 1 mm
DTT) and passed through a French press cell at 16,000 p.s.i.,
followed by centrifugation at 10,000 X g at 4 °C for 30 min to
remove unbroken cells. The supernatant was centrifuged at
100,000 X gat4 °C for 1 h. The pellet was resuspended in 10 ml
of buffer A, washed twice, and finally resuspended in 100 ul of
buffer A. The samples were heated at 55 °C for 10 min and
loaded on a 10% SDS-polyacrylamide gel. The proteins were
transferred onto the nitrocellulose membrane for 2 h at 55V at
room temperature, followed by Western blot analysis or auto-
radiography. Densitometric scanning of the bands in both the
autoradiogram and the Western blots was performed by Multi
Gauge Version 2.3 (FUJIFILM).

ATP Bindng Assay—Photolabeling of DrrA with [a->?P]ATP
was carried out in membranes containing wild type DrrAB or
DrrAB bearing mutations in DrrA (23). The ATP binding assay
was carried out in a 100-ul reaction system containing buffer A,
0.1 mg of membrane protein, 10 um ATP (pH7.5), 10 uCi of
[a-**P]ATP, 35 um doxorubicin, and 5 mm MgCl,. The reaction
was exposed to UV light at 254 nm on ice for 30 min, followed

3 M. Sharma and P. Kaur, unpublished data.
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by protein precipitation by 10% ice-cold TCA on ice for 30 min.
Protein was recovered by centrifugation at 14,000 X g for 15
min and the pellet was resuspended into 20 ul of 4X Laemmli
sample buffer and 5 ul of 1 M unbuffered Tris. The samples were
resolved by polyacrylamide gel electrophoresis and transferred
onto nitrocellulose membrane, as described above. The mem-
brane was air-dried and exposed to x-ray film at —70 °C over-
night, followed by autoradiography. The same blot was then
examined by Western blot using anti-DrrA antibody.

Disulfide Cross-linking—A 100-ul reaction volume contain-
ing 250 ug of membrane protein in 0.1 M phosphate buffer pH
7.4(0.1 M Na,HPO, and 0.1 m NaH,PO,) was treated with thio-
specific reagents, including copper phenanthroline (CuPhe; 3
mMm CuSO,, 9 mMm 1,10-phenanthroline) or 1 mm dithiobisma-
leimidoethane (DTME, Pierce). The cross-linking reaction was
carried out at room temperature for 30 min and stopped by
adding 4X Laemmli sample buffer. A 25-ul portion (50 ug of
membrane protein) of the reaction mixture was then analyzed
by 10% SDS-polyacrylamide gel, followed by Western blot anal-
ysis using anti-DrrA or anti-DrrB antibodies.

Co-purification of DrrA and DrrB—pDx119-derived clones
bearing different mutations in DrrA were used for co-purifica-
tion of DrrAB proteins. HMS174 cells containing the indicated
plasmids were grown to mid-log phase at 37 °C. The expression
of DrrAB was induced with 0.1 mm isopropyl 1-thio-B-p-galac-
topyranoside at 20 °C, and growth was continued for 16 h at
20 °C. DrrAB proteins were solubilized from a 5-mg membrane
fraction with 5 ml of solubilization buffer (50 mm Tris-Cl (pH
7.5), 1% n-dodecyl-B-p-maltoside (DDM), 1 ul of 14.3 M B-mer-
captoethanol, 20% glycerol, 200 mm NaCl) on ice for 1 h. After
centrifugation at 100,000 X g at 4 °C for 1 h, the supernatant
was loaded ona Ni*"-NTA column at 4 °C. The DrrAB proteins
were eluted with the buffer containing 50 mm Tris-Cl (pH 7.5),
300 mm NaCl, 20% glycerol, 0.05% DDM, and 500 mm imidazole
at 4 °C. The purified proteins were resolved on 12% SDS-poly-
acrylamide gels and analyzed by Western blot using anti-DrrA
or anti-DrrB antibodies.

Modeling Analysis— AMMP protein structure modeling
software (26) (available on the World Wide Web) was used for
homology modeling of DrrA and its mutants using the crystal
structure of MalK (Protein Data Bank entry 2R6G) (25) as a
template. Modeling analysis of the membrane protein DrrB was
carried out using the PHYRE protein fold recognition server
(27) because DrrB is not homologous to the MalG or MalF
protein or another crystallized membrane protein of the ABC
family. The models of DrrA and DrrB complexes were then
created by using the RosettaDock protein-protein docking
server (28). Please note that docking analysis requires that the
investigator provide a reasonable starting position for docking
of two proteins. Based on the biochemical data presented in this
paper, we provided the starting position where the relevant
portion of the C terminus of DrrA and the N terminus of DrrB
faced each other. Using this starting position, the RosettaDock
server modeled the wild type and mutant DrrAB complexes.
The PyMOL Molecular Graphics System (29) was used to view
all of the predicted structures and for presentation of the
models.
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FIGURE 1.A, a schematic representation of the conserved motifs in DrrA. Previously identified motifs, located in
the N-terminal domain of DrrA, include Walker A, Q-loop, signature, Walker B, and the switch motif (34). The
motifs identified in this study, which include LDEADQLA, LDEVFL, and CREEM, are located in the C-terminal
domain of DrrA. Numbers indicate the locations of specific amino acid residues. The position of residue 319 is
also marked. B, effect of mutations in the CREEM on expression of DrrA and DrrB. Membranes were prepared as
described under “Experimental Procedures.” 15 ug of membrane protein was analyzed on 12% SDS-polyacryl-
amide gels, followed by Western blot analysis with anti-DrrA (top), anti-DrrB (middle), and anti-SecY (bottom)
antibodies. A nonspecific band of about 28 kDa was detected in the anti-DrrB blot in control membranes as
well as membranes containing DrrAB proteins. Densitometric scanning of the bands in these blots was carried
out as described under “Experimental Procedures.” Anti-SecY blot served as a loading control. C and D, histo-
grams showing DrrA and DrrB expression, respectively, in various CREEM mutants. The wild type expression
level was designated as 1. The data presented are averages of three independent experiments. Error bars, S.D.

TABLE 1

Protein expression
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— COOH
330

319" CREEM motif
321(EEAAEEEKVA) 33

RESULTS

A Glutamic Acid-rich Sequence at
the Extreme C Terminus of DrrA Is
Required for Function of the DrrAB
Complex—DrrA belongs to the ABC
family of proteins and contains all
the known conserved motifs (in-
cluding Walker A, Walker B, Q-
loop, signature, and switch motifs)
required for the catalytic function of
ABC proteins. These motifs are
confined to the N-terminal domain
of DrrA (residues 41-198) (23) (Fig.
1A), whereas the C-terminal do-
main (residues 199-330) is not
known to contain any conserved
motifs involved in function or
assembly. In this study, we identi-
fied a glutamic acid-rich sequence
(EEAAEEEKVA) at the extreme C
terminus of DrrA, which suggested
the possibility that the negatively
charged residues present in this
region may be involved in interac-
tion between DrrA and DrrB. To
determine the role of this region,
the last 9 amino acids (residues
321-329) of DrrA were deleted,
but the overlapping sequence be-
tween the translational stop of DrrA
and the start of DrrB was retained.
This truncation reduced the expres-

0
DrrAB 3E-3D 3E-3G 4E-4Q 5E-5G ACREEM

DrrB

Effect of mutations in the LDEVFL or CREEM motif on doxorubicin resistance

E. coli N43 cells carrying the indicated mutation on a plasmid were streaked on M9 plates containing different concentrations of doxorubicin. The growth was scored after
incubation of the plates for 24 h at 37 °C. ++ +, very good growth; ++, good growth; +, some growth; +/—, very weak growth; —, no growth. This experiment was repeated

four times. Dox, doxorubicin.

sion of DrrA and DrrB to roughly 55
and 78% of the wild type, respec-
tively (Fig. 1, B (lane 7), C, and D).
Doxorubicin resistance was severely
compromised in this strain (Table
1). One explanation for these data
could be that this region may play a
role in stability of DrrA; however,
when site-directed substitutions of
3,4, or 5 glutamates with aspartates,
glycines, or glutamines were carried

Motif of DrrA Mutation 0 pg/ml Dox 4 pg/ml Dox 6 ug/ml Dox 8 pg/ml Dox 10 pg/ml Dox
Vector +++ — — — _
Wild type +++ +++ +++ e+ ++
CREEM E321D/E322D/E325D +++ +++ ++ + -
CREEM E321G/E322G/E325G +++ +++ ++ + -
CREEM E321Q/E322Q/E325Q/E326Q +++ +++ ++ + -
CREEM E321G/E322G/E325G/E326G/E327G +++ — - — _
CREEM CREEM deletion +++ - - - _
LDEVFL L303V +++ - — - —
LDEVFL D304N +++ ++ + +/— -
LDEVFL V306A/F307A/L308A +++ - - — _
LDEVFL L310A/T311A/G312A +++ - - - —
LDEVFL LDEVEFL deletion +++ — — — _
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out (resulting in 3E-3D, 3E-3G, 4E-4Q, and 5E-5@G, as described
under “Experimental Procedures”), the expression level of
DrrA and DrrB remained about the same as in wild type cells
(Fig. 1, B (lanes 3—6), C, and D). Doxorubicin resistance in the
strain containing the 5E-5G mutation was found to be drasti-
cally affected, whereas it was only partially compromised in
strains containing substitutions of 3 or 4 glutamates (Table 1).
Together, the deletion and mutagenesis data indicate that the
glutamic acid-rich region in the extreme C terminus of DrrA is
important for function and suggest that it may play a role in
DrrA-DrrB interaction and assembly of the complex. This
region has been termed CREEM in this study. Further charac-
terization of this motif is described in later sections.

The Extreme C Terminus of DrrA Interacts with the N-termi-
nal Cytoplasmic Tail of DrrB—To determine if the extreme C
terminus of DrrA interacts with DrrB, disulfide cross-linking
experiments were performed. Previous studies, using a cysteine
to amine cross-linker, N-(gammamaleimidobutyryloxy)suc-
cinimide esters, have shown that the N-terminal cytoplasmic
tail of DrrB (residues 1-53) is the region that contacts DrrA
(22). To determine if the extreme C terminus of DrrA is the
region that makes the above contact with the N-terminal tail of
DrrB, cysteine substitutions were created in these two domains.
Residue Ser®'” (immediately upstream of the CREEM) (Fig. 14)
was selected for the first cysteine substitution in DrrA, and it
was tested in conjunction with a substitution S23C within
the N-terminal tail of DrrB. This construct was termed
A(S319C)B(S23C) to stress the location of the cysteines. (Note
that all of the cysteine substitution mutants were named as
above, unless mentioned otherwise). Strikingly, when mem-
branes containing A(S319C)B(S23C) were treated with homo-
bifunctional (disulfide) cross-linkers, CuPhe (arm length, 0 A)
or DTME (arm length, 13.3 A), a species migrating at 65 kDa,
which was previously identified as the size of DrrA-DrrB het-
erodimer (22), was detected by anti-DrrA antibody (Fig. 24,
lanes 4 and 5). The same species was also detected by anti-DrrB
antibody (Fig. 2B, lanes 4 and 5), which implies the formation of
a DrrA-DrrB heterodimer. These data suggest that the extreme
C terminus of DrrA and the N-terminal tail of DrrB are in close
proximity and interact with each other, highlighting the signif-
icance of this region of DrrA in mediating the association
between the NBD and the transmembrane domain of this
ABC transporter. To verify the specificity of this interaction,
the same cross-linking experiments were carried out with
A(S319C)B(C260), which contains the native cysteine at posi-
tion 260 in DrrB. The DrrA-DrrB heterodimer was not formed
in this situation, implying that residue 319 in DrrA specifically
contacts the N-terminal tail of DrrB (Fig. 2, A and B, lanes 6 - 8).

Two minor species of higher molecular mass (roughly 72 kDa,
marked with an oblique arrow in Fig. 2A) were also identified by
anti-DrrA antibody in CuPhe-treated A(S319C)B(S23C) mem-
branes (Fig. 24, lane 4). Because these species were not detected
by anti-DrrB antibody, they are likely to be DrrA homodimers,
and they correspond in size to the expected size of the DrrA
dimer. Interestingly, these potential DrrA homodimeric species
become the major cross-linked species in membranes contain-
ing A(S319C)B(C260) (Fig. 24, lane 7), when no cysteine is
present in the N-terminal tail of DrrB. We have previously
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FIGURE 2. Disulfide cross-linking between $319C in DrrA and S23C or
Cys?®®in DrrB. Two different cross-linkers, CuPhe and DTME, were used. Anti-
DrrA and anti-DrrB antibodies were used to identify the cross-linked species.
Aand B, lanes Tand 2, A(YB9C)B(S23C). This strain contains one cysteinein the
Q-loop atresidue 89 of DrrA and another cysteine in the N-terminal tail of DrrB
atresidue 23,and it shows the previously characterized DrrA homodimer (23).
Lanes 3-5, A(S319C)B(S23C). Lanes 6 -8, A(S319C)B(C260). The plus or minus at
the bottom of the gels indicates the presence or absence of the cross-linker.
The position of the two DrrA homodimeric species, presentin lanes 4and 7, is
marked with an oblique arrow. This experiment was repeated three times.

shown that DrrA is trapped in a homodimeric conformation
when a cysteine (Y89C) is introduced into the Q-loop of DrrA
(23) (also shown in Fig. 24, lane 2, marked with a horizontal
arrow). This event reflects the head-to-tail dimerization of the
N-terminal catalytic domain of DrrA as well as other ABC pro-
teins (30-32). The DrrA homodimer produced by Y89C-Y89C
cross-linking is slightly bigger in size (78 kDa) than the S319C-
S319C species, which is probably due to different conformations
of the DrrA dimer produced in these two situations. Furthermore,
these two dimerization events are likely to be distinct; previous
studies showed that Y89C-mediated dimerization of DrrA is
affected by ATP (23), whereas S319C-mediated dimerization is
not influenced by ATP (data not shown). A species marked
as B+ B, which corresponds to the size of DrrB homodimer, was
also produced in membranes containing either S23C or Cys**°
(Fig. 2B, lanes 4, 5, 7, and 8). Because this species is produced in all
cysteine-containing DrrB variants (22), it is likely to be the result of
nonspecific association between cysteines in DrrB.

To further define the DrrA-DrrB contact region within the C
terminus of DrrA, single cysteine substitutions were intro-
duced both upstream and downstream of residue Ser®'® in
DrrA in a strain already containing S23C as the only cysteine in
DrrB. Two downstream cysteines introduced within the
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FIGURE 3. Disulfide cross-linking between T311C, S302C, S287C, S253C, or $232C in DrrA and S23C in
DrrB. Cysteine scan of the C terminus of DrrA (residues 232-311) was performed by introducing cysteines at
the indicated positions, followed by a disulfide cross-linking assay for each of these cysteine substitution
mutants. Aand B, lanes 1 and 2, A(Y89C)B(S23C); lanes 3-5, A(S319C)B(523C); lanes 6 -8, A(T311C)B(523C); lanes

detected: a minor species of DrrA-
DrrB heterodimer identified by
both anti-DrrA and anti-DrrB anti-
bodies and a major DrrA dimeric
species detected by only anti-DrrA
antibody (Figs. 3, A and B, lanes 7
and 8). The major species is similar
to the 78-kDa DrrA homodimer seen
in A(Y89C)B(S23C) (Fig. 34, lane
2). As the location of cysteine
substitution moved further away
from the C-terminal end of DrrA
(eg in  A(S302C)B(S23C) or
A(S287C)B(S23C)), the DrrA-DrrB
heterodimer was undetectable, and
only DrrA homodimer formation
was observed (Fig. 3, A and B, lanes
9-14). In A(S253C)B(S23C) or
A(S232C)B(S23C), neither DrrA-
DrrB heterodimer nor the DrrA
homodimer was seen (Fig. 3, A and
B, lanes 15-20). Taken together, the
results discussed above suggest that
the extreme C terminus of DrrA

9-11, A(S302C)B(S23C); lanes 12-14, A(S287C)B(523Q);
A(S232C)B(S23C). This experiment was repeated three times.

lanes 15-17, A(S253C)B(523C);

participates in two interactions; the
region containing the CREEM, up to
residue Ser®'?, is involved in DrrA-
DrrB heterodimerization, whereas the 33-residue region
upstream of Ser®'® (residues 287-319) is involved in DrrA
homodimerization. Interestingly, residue 319 is involved in
both DrrA-DrrA and DrrA-DrrB interactions, although the
DrrA-DrrB interaction between S319C and S23C is preferred,

lanes 18-20,

The C-terminal Domain of DrrA Contains Conserved Motifs—
To determine if the sequence of the C-terminal domain of DrrA
is conserved, the last 132 amino acids (residues 199 -330),
located right after the switch motif, were subjected to an NCBI

A LDEVFL CREEM
S.p.Drra 301 --SSLDEVFLALTGHPADDRSTEEAAEEEKVA 330
M.e.CalTs 292 GQPSLDTVELALTGHSTVDASEEE--EAEVRA 322
S.a.BBV97910 295 GQPTLDTVELALTGHSTVDKTREE--EAEVRA 325
S.t.RBBP53097 296 RRPTLDDVELALTGHIAE--TTEPASEQETQE 326
0.g.EAR51498 278 GSPSLDEVEFALTGKPL----- E---EEERBA 314
F.s.ABW09842 282 ESPDLDDVFLALTGHA----- TEAPAAEEIPA 315 T
M.g.ABP44416 282 SRPSLDDVFLMLTGHR----- TDD--TEEVGA 317  as seen in Fig. 2, A and B.
M.v.ABM15569 301 SRPSLDDVELTLTGHR----- TED--SEEIGA 336
B.c.BAD64015 312 GQPSLDEVELTLTG-EMVQTP- ~EE--EREGSE 327
* X ** **‘k
5 LDEVFL CREEM
S.p.Drra 302 SLDEVFLALTGHPADDRSTEEAAEEEKVA 330

TLEEVFLKVS---EEDQSLEN-SEADVKE 1338
TLEEVFLKVS---EEDQSLEN-SEADVKE 1338

ABCA2_human 1314
ABCA2 mouse 1313

ABCA2_ rat 1313 TLEEVELKVS---EEDQSLEN- SEADVKE 1338
sK kKKK ss Sk % % *
LDEVFL CREEM
S.p.Drra 302 SLDEVEFLALTGHPADDRSTEEAAEE-EKVA 330

ABCA2_ human 2353
ABCA2 mouse 2353
ABCA2 rat 2353

TLDNVEVNFAKKQSDNL--EQ--QETEPPS 2378
TLDNVEVNFAKKQSDNV--EQ--QEAEPSS 2378
TLDNVE'VNFAKKQSDNV——EQ— -QEAEPST 2378

skk kK o * * * %

FIGURE 4. Sequence alignment of the C terminus of DrrA and its prokaryotic
or eukaryotic homologs. A, sequence alignment by ClustalW of the last 30
amino acids of DrrA with C-terminal sequences of bacterial homologs identified
by an NCBI BLAST search. The conserved sequences are termed the LDEVFL motif
and CREEM. B, sequence alignment of the last 29 amino acids of DrrA with 25
amino acids of the C terminus of NBDI (top) or 26 amino acids of the C terminus of
NBDII (bottom) of ABCA2 proteins from different species. Both LDEVFL and
CREEM motifs are shown by this alignment.

CREEM, A323C and E325C, showed high efficiency of disulfide
cross-linking with S23C (supplemental Fig. S1), as seen pre-
viously between S319C and S23C (Fig. 2). Analysis of the
cysteine substitutions upstream of Ser®'? (at residue 311, 302,
287,253, or 232) provided different results. In membranes con-
taining A(T311C)B(S23C), two cross-linked species were
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BLAST search. Surprisingly, this search picked up 99 bacterial
and archaeal ABC members. All of these proteins are ABC com-
ponents of putative doxorubicin or multidrug resistance ABC
transporters from various phyla. Although most of these pro-
teins remain uncharacterized, based on their homology with
DrrA, it is likely that they belong to the DRA family of ABC
proteins. A multiple sequence alignment of all 99 homologs
using ClustalW strongly pointed out two highly conserved
regions, which we have named LDEADQLA and LDEVFL in
this study (supplemental Fig. S2). The LDEADQLA motif cov-
ers 29 residues (positions 199-227), whereas the LDEVFL
motif contains 12 residues (positions 302—313). These motifs
are named according to the sequence of the amino acid residues
in these motifs, and their location in DrrA is marked in the
schematic presented in Fig. 1A. Eight of the 99 homologs also
exhibited a glutamic acid-rich sequence in their extreme C ter-
mini, which was defined as CREEM in DrrA (see above). These
members were therefore chosen for a separate multiple se-
quence alignment using the last 30-amino acid region of these
proteins. This alignment highlights both LDEVFL and CREEM
motifs in this group of proteins (Fig. 44). In summary, we find
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that the LDEADQLA and LDEVFL motifs are highly conserved
in DrrA and all members identified by the BLAST search. How-
ever, the CREEM is conserved in only a few members, which
might indicate that CREEM plays a more specific role in the
function of only some of these transporters.

Interestingly, when a TC-BLAST analysis (based on the
Transport Classification Database, available on the World
Wide Web) of the last 132-amino acid sequence of DrrA was
performed, it identified mostly eukaryotic homologs, which
included ABCA1, ABCA2, ABCA3, and ABCAS8 from Homo
sapiens (and other mammals) and Ced-7 (cell death protein
7) from Caenorhabditis elegans. These eukaryotic proteins
are evolutionarily more closely related to bacterial proteins,
DrrA and Nodl, than to the eukaryotic ABC transporters
(33) and are assigned to the same family (DRA) but to differ-
ent subfamilies (DRR and ABCA, respectively) of ABC
exporters (9, 34). Like most other eukaryotic members of the
ABC superfamily, ABCA proteins contain two NBDs and
two transmembrane domains within a large molecule (35).
The DrrA sequence was, therefore, aligned with the corre-
sponding region in NBDI or NBDII of these homologs. It was
found that both the NBDI and NBDII of these proteins con-
tain the conserved LDEADQLA and LDEVFL motifs (sup-
plemental Figs. S3 and S4). Only ABCA2 was, in addition,
also seen to contain the CREEM, which is highlighted by a
manual alignment of the last 29 residues of DrrA with the
corresponding region of three ABCA2 isoforms from differ-
ent species (Fig. 4B). Taken together, the above analyses
allowed the identification of three conserved motifs,
LDEADQLA, LDEVFL, and CREEM, within the C-terminal
domain of DrrA. Two motifs, LDEVFL and CREEM, at the
extreme C terminus of DrrA, were selected for further char-
acterization, as described below. (For clarity, the usage of
term “extreme C terminus” in this paper refers to the last 50
amino acids and includes both the CREEM and LDEVFL
motifs of DrrA).

The Conserved Motifs in the Extreme C Terminus of DrrA Are
Involved in Function and Assembly—Point mutations and dele-
tions of the conserved residues in the LDEVFL and CREEM
motifs were created through site-directed mutagenesis. Muta-
tions created in the LDEVFL motif include L303V, D304N,
V306A/F307A/L308A (three residues simultaneously mutated
to alanine), L310A/T311A/G312A, and ALDEVFL (residues
302-313 deleted). Mutations in the CREEM, as described
earlier, include 3E-3G, 3E-3D, 4E-4Q, 5E-5G, and ACREEM
(residues 321-329 deleted). The effect of these mutations on
expression of the DrrA and DrrB proteins, ATP binding to
DrrA, doxorubicin resistance, and doxorubicin efflux was stud-
ied. Furthermore, the effect of these mutations on interaction
between DrrA and DrrB was examined by disulfide cross-link-
ing experiments. Co-purification of DrrA and DrrB on Ni**-
NTA resin was used as an indicator of assembly of native DrrAB
complexes. These studies are described below.

Effect of Mutations in LDEVFL and CREEM on Expression
of DrrA and DrrB—Western blot analysis of the membrane
fractions generated from the mutants described above
showed that the average DrrA and DrrB expression varied
between 80 and 100% in the different point mutants in the
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FIGURE 5. A, effect of mutations in the LDEVFL motif on expression of DrrA and
DrrB. Conditions described in the legend to Fig. 1B were used. Western blot
analysis was carried out with anti-DrrA (top), anti-DrrB (middle), or anti-SecY
(bottom) antibody. The anti-SecY blot served as a loading control. B and C,
histograms showing the relative amounts of DrrA and DrrB expression,
respectively, in various LDEVFL mutants. The wild type expression level was
designated as 1. The data presented are averages of three independent
experiments. Error bars, S.D.

CREEM and LDEVFL motifs (Figs. 1, B-D, and 5, A-C), there-
fore suggesting that these motifs do not play a significant role in
stable maintenance of DrrB in the membrane. The strain con-
taining ACREEM, however, showed an average expression of 55
and 78%, respectively, for DrrA and DrrB (Fig. 1, B-D), which is
most likely due to deletion of multiple residues in this motif.
Effect on ATP Binding to DrrA—UV-induced [a->*P]ATP
binding to DrrA was analyzed, as described under “Experimen-
tal Procedures.” The data in Fig. 6, A and B, upper gels, represent
autoradiograms showing ATP binding, whereas the lower gels
show Western blot analysis of the same blots with anti-DrrA

S
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FIGURE 6. Effect of mutations in the LDEVFL or CREEM motif on ATP binding. UV-induced [a->P]ATP
adduct formation was analyzed in membrane fractions, as described under “Experimental Procedures.” The
reaction was performed both in the presence (marked by a plus sign) or absence (marked by minus sign) of 35
um doxorubicin. A and B, upper gels, autoradiograms showing [a->?PJATP binding to wild type DrrAB and
various LDEVFL and CREEM mutants. A and B, lower gels, Western blot analysis of the nitrocellulose membranes
from the upper gels in A and B, respectively, using anti-DrrA antibodies. C, histogram showing the efficiency of
ATP binding to wild type DrrA and mutants. The wild type efficiency was designated as 1. The data presented

are averages of three independent experiments. Error bars, S.D.

TABLE 2

Effect of mutations in the LDEVFL or CREEM motif on doxorubicin
efflux

Doxorubicin efflux was measured as described under “Experimental Procedures.”
Based on the data shown in supplemental Fig. S4, the efficiency of efflux in each
LDEVFL or CREEM mutant was calculated, as described under “Results.” The val-
ues shown are the average of the data obtained from three independent experi-
ments. The top shows the percentage efflux in various mutations in the LDEVFL
motif. The bottom shows the percentage efflux in mutations in the CREEM.

Wild V306A/F307A/ L310A/T311A/ A
type vector L1303V D304N L308A G312A LDEVEL
% % % % % % %
100 306 315 78 26.9 435 35.8
wild A
wpe  Vector 3E3D  3E-3G 4E-4Q 5E-5G CREEM
100 365 100 97 109 545 55

antibodies. The ATP binding efficiency of the wild type DrrA
and each mutant was calculated as the ratio of ATP bound (in
the presence of doxorubicin) to the amount of DrrA in the

SN
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ACREEM L303V D304N

sample. The efficiency of ATP bind-
ing was then plotted in a histogram
designating the efficiency of wild
type as 1 (Fig. 6C). (Please note that
the gels shown in Fig. 6, A and B, are
representative, and the data in Fig.
6C reflect the average of three inde-
pendent experiments.) Surprisingly,
ATP binding to L303V, V306A/
F307A/L308A, L310A/T311A/
G312A, or ALDEVFL was found to
be abolished both in the absence
and presence of doxorubicin (Figs.
6, A and C), indicating that the resi-
dues in the LDEVFL motif are criti-
cal for both basal and doxorubicin-
stimulated nucleotide binding to
DrrA. The D304N mutant was,
however, unaffected (Figs. 6, A and
C). In the CREEM, 3E-3G, 3E-3D,
and 4E-4Q showed normal ATP
binding, whereas ATP binding to
5E-5G or ACREEM was signifi-
cantly reduced (Fig. 6, B and C).
Together, these results indicate that
the conserved motifs in the C termi-
nus of DrrA influence ATP binding
in a significant manner.

Effect on Doxorubicin Resistance—
The mutations described above were
also found to have a significant ef-
fect on the overall function of
the efflux pump (Table 1). It was
found that L303V, V306A/F307A/
L308A, L310A/T311A/G312A, and
ALDEVFL mutations confer doxoru-
bicin sensitivity on the cells, whereas
the D304N mutation has only a minor
effect on doxorubicin resistance. Mu-
tations in the CREEM affected doxo-
rubicin resistance to varying degrees,
with 5E-5G and ACREEM having the most drastic effect (Table 1).

Effect on Doxorubicin Efflux—To further confirm the impor-
tance of LDEVFL and CREEM motifs in function, doxorubicin
efflux by the DrrAB proteins bearing the above mutations was
tested. Doxorubicin is fluorescent in solution; however, its fluo-
rescence is quenched upon binding to DNA inside the cells.
This property was used to measure doxorubicin efflux in E. coli
cells expressing DrrA and DrrB. Efflux was initiated by provid-
ing glucose to preloaded E. coli cells, and the resulting increase
in doxorubicin fluorescence was recorded. The rate of efflux
was determined by calculating the slope of the linear portion of
each curve shown in supplemental Fig. S5, A-C. The efficiency
of efflux in each LDEVFL or CREEM mutant was then calcu-
lated as the percentage of the mutant slope/wild type slope.
Control cells containing just the vector showed about 30%
efflux of the strain containing wild type DrrAB proteins (Table
2). This basal efflux seen in control E. coli cells is most likely

X306-
308A

X310- 5LDEVFL
312A
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FIGURE 7. Effect of LDEVFL mutations on disulfide cross-linking between DrrA(S319C) and DrrB(S23C). Each LDEVFL mutation was introduced into a
strain containing A(S319C)B(S23C) for disulfide cross-linking experiments. A, i, effect of L303V mutation on disulfide cross-linking. Lanes 1 and 2,
A(Y89C)B(S23C); lanes 3-5, A(319C)B(523C); lanes 6 -8, A(S319C)B(S23C) containing the L303V mutation. Western blot analysis was carried out with anti-DrrA
antibody. A, ii, histogram showing the efficiency of cross-linking in wild type and mutant. The wild type efficiency was designated as 1. The data presented are
averages of three independent experiments. Error bars, S.D. B and D, effect of D304N and X310-312A (L310A/T311A/G312A) on disulfide cross-linking,
respectively. Data are organized as in A. C and E, effect of X306 -308A and ALDEVFL on disulfide cross-linking, respectively.

contributed by the AcrAB pump, which is known to carry out
efflux of many different antibiotics by coupling it to the energy
of proton gradients (36). Mutations in the LDEVFL motif
resulted in varying degrees of effect on doxorubicin efflux. The
most severe effect was seen in the L303V, V306A/F307A/
L308A, and ALDEVFL mutants, whereas D304N remained rel-
atively unaffected (Table 2). Of the CREEM mutants, only the
5E-5G mutation and ACREEM showed a reduction in efflux,
whereas 3E-3G, 3E-3D, and 4E-4Q exhibited normal doxorubi-
cin efflux (supplemental Fig. S5C and Table 2; note that the
efflux curves for 3E-3D and 4E-4Q are similar to that of 3E-3G
and are not shown in supplemental Fig. S5C). Overall, the
results of the doxorubicin efflux assay are consistent with the
doxorubicin resistance results. Taken together, these data show
that both LDEVFL and CREEM motifs are essential for the
function of the DrrAB transporter. Specifically, residues at
positions 303, 306, 307, 308, 310, 311, and 312 in LDEVFL are
key residues that are indispensable for the overall function.
Glutamic acid residues in the CREEM also play an important
role, although a significant reduction in doxorubicin resistance,
doxorubicin efflux, or ATP binding is seen only when all 5 glu-
tamic acid residues are mutated.

38332 JOURNAL OF BIOLOGICAL CHEMISTRY

Effect on DrrA-DrrB Interaction—To determine the role of
the LDEVFL and CREEM motifs in DrrA-DrrB interaction,
each of the above mutations was introduced into a strain con-
taining A(S319C)B(S23C). The effect of each mutation on
DrrA-DrrB heterodimer formation was studied by disulfide
cross-linking between S319C and S23C, as described above.
The intensity of the DrrA-DrrB cross-linked species produced
by CuPhe or DTME was determined by densitometric scanning
of the Western blots. The efficiency of cross-linking in each
mutant was then calculated as the ratio of the DrrA-DrrB het-
erodimer (e.g Fig. 74, i, lane 7) to the DrrA monomer (from the
untreated sample) in the same set (Fig. 74, i, lane 6). A similar
calculation was done for the wild type sample containing
A(S319C)B(S23C) from the same blot (Fig. 7A, i, lanes 3-5).
The efficiency of cross-linking was plotted in a histogram des-
ignating the wild type efficiency as 1 (Fig. 74, ii). The data in Fig.
74, i and ii, strongly indicate that the L303V mutation drasti-
cally reduces the efficiency of S319C-S23C cross-linking by
both CuPhe and DTME. On the other hand, the D304N was
found to have no effect on the cross-linking efficiency (Fig.
7B, i (lanes 6 - 8) and ii). Strikingly, the formation of the DrrA-
DrrB heterodimer was completely abolished in V306A/F307A/
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L308A and ALDEVFL mutants (Fig. 7, C and E (lanes 6 —8)).
Due to the absence of the detectable DrrA-DrrB heterodimeric
species in these two mutants, the efficiency of cross-linking
could not be determined. (Note that in the strain containing
ALDEVFL, the size of the DrrA monomer as well as the DrrA
homodimer is smaller than the corresponding species in wild
type, as expected) Finally, the L310A/T311A/G312A mutant
also showed significantly reduced cross-linking efficiency (Fig.
7D, i (lanes 6 —8) and ii). Together, these data strongly suggest
that the LDEVFL motif is crucial for mediating DrrA and DrrB
interaction. Once again, residues 303, 306, 307, 308, 310, 311,
and 312 were found to be essential. Because mutations in these
residues do not significantly affect stable expression of DrrA
and DrrB but drastically affect function of the transporter and
association of subunits, it can be concluded that interaction
between the C terminus of DrrA and the N-terminal tail of DrrB
plays a specific role in a higher order process, such as assembly.
In the ACREEM mutant, the cross-linking efficiency was re-
duced to between 60 and 80% of wild type. However, all other
CREEM mutations (including 5E-5G) exhibited wild type-like
cross-linking between S319C and S23C (data not shown), indi-
cating that the specific interaction between Ser®*® and Ser®® in
DrrB can occur independently.

Effect on Co-purification of DrrA and DrrB—Co-purification
is commonly used as an indicator of association and assembly of
protein complexes (37, 38). To confirm the role of the C termi-
nus of DrrA in assembly of the complex, drrAB genes bearing
the mutations in the LDEVFL or CREEM motif were subcloned
into pET16b vector, which places a His, tag at the N terminus of
DrrA. Co-elution of DrrA and DrrB in the same fraction during
the purification process would suggest that these two proteins
are associated with each other. The DrrAB complex was solu-
bilized from the membrane fraction with 1% DDM, followed by
standard nickel affinity chromatography. The elution profiles
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D304N

500 mM fr. 1

D304N
500 mM fr. 2

FIGURE 8. Effect of mutations in the LDEVFL motif on co-purification of DrrA and DrrB. A, Western blot
analysis using anti-DrrA and anti-DrrB antibodies. Lanes 1-3, Sup, DrrAB proteins solubilized from membrane
fraction with 1% DDM; lanes 4 -6, 500 mm fraction 1 (fr.1), the first 500 mm imidazole elution fraction; lanes 7-9,
500 mm fraction 2 (fr.2), the second 500 mm imidazole elution fraction. The intensity of bands in Western blots
was determined by densitometric scanning, and co-purification efficiencies were plotted in histograms shown
in Band C. This experiment was repeated three times. Error bars in Band C, S.D.

of several LDEVFL and CREEM
mutants were determined; however,
only the elution profiles of wild type
DrrAB and the LDEVFL mutants,
L303V and D304N, are shown in
Fig. 8A. The data in lanes 4 and 7, i
and ii, show that wild type DrrA and
DrrB co-elute in two successive elu-
tion fractions, each containing 500
mM imidazole (labeled as fr.1 and
fr.2). The L303V mutation, how-
ever, drastically affected co-purifi-
cation of DrrA with DrrB (Fig. 84, i
and ii, lanes 5 and 8). The D304N
mutation showed only a minor
effect (Fig. 84, i and ii, lanes 6 and
9). The efficiency of co-purification
of DrrA and DrrB was determined
by densitometric scanning of the
Western blots, and the ratio of DrrB
to DrrA purified in each fraction
was calculated. Note that the ho-
modimer of DrrB was also observed
in both 500 mm fraction 1 and 500
mM fraction 2, and this species was also scanned and included in
the calculation of the amount of DrrB eluted. When plotted in a
histogram, the ratio of DrrB to DrrA for the wild type sample
was set as 1. The data in Fig. 8, B and C, show that in addition to
the drastic effect of L303V, other LDEVFL mutants, including
V306A/F307A/L308A, L310A/T311A/G312A, and ALDEVFL,
also affected the ability of DrrA and DrrB to co-purify. All
CREEM mutants tested (including 5E-5G and ACREEM)
exhibited wild type-like co-purification efficiency (data not
shown), showing once again that the region immediately
upstream of CREEM (especially residue Ser®') is able to asso-
ciate with DrrB independently.

X306-
308A

X310- LDEVFL
312A del

X306-
308A

X310- LDEVFL
312A del

DISCUSSION

This paper describes the identification of two unique motifs,
CREEM and LDEVFL, in the extreme C terminus of DrrA that
may constitute a novel assembly domain for the DrrAB com-
plex in the membrane. Cysteine substitution and cross-linking
experiments showed that the amino acid residues Ser®!‘—
Glu*?® (comprising the CREEM and the upstream region up to
Ser®') interact specifically with the N-terminal cytoplasmic
tail of DrrB. Interestingly, mutations and deletions created in
the LDEVFL and CREEM motifs drastically affected doxorubi-
cin efflux and resistance. Some mutations, in addition, also
abolished ATP binding to DrrA. Because these motifs lie far
away from the motifs known to be critical for ATP binding to
the ABC proteins, a drastic effect of these mutations on ATP
binding was unexpected. Moreover, several ABC proteins,
including KpsT (E. coli) (39) and MJ0796 (Methanococcus jan-
naschii) (40, 41) do not contain C-terminal extensions, yet they
carry out ATP binding successfully. The results obtained in this
study can be explained, however, if we consider the fact that
ATP binding to DrrA occurs only when DrrA is in complex with
DrrB (7). Therefore, if interaction between DrrA and DrrB is
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disrupted by mutations in either of these motifs, it could affect
ATP binding to DrrA. Interestingly, we also found that not all
mutations in these motifs compromise ATP binding equally. In
some situations, mutations in the neighboring residues resulted
in strikingly different effects; for example, the L303V mutation
abolished doxorubicin resistance as well as ATP binding,
whereas the D304N mutation showed no effect. Much more
extensive mutagenesis analysis is therefore needed to better
understand the functions of individual residues in these motifs.
The most significant finding emerging from the mutagenesis
analysis conducted so far is that some mutations in the LDEVFL
motif also prevent DrrA and DrrB interaction (judged by disul-
fide cross-linking) as well as co-purification, which are two
indicators of the ability of DrrA and DrrB to form a complex.
Therefore, based on the data discussed above, we propose that
the CREEM of DrrA, including residues up to Ser®'?, forms an
interaction module for a specific interaction between DrrA and
DrrB, whereas the LDEVFL motif plays a crucial role in regu-
lating this interaction and in assembly of the DrrAB complex.
This is a novel and previously uninvestigated aspect of ABC
protein function and biogenesis. A number of reports have
recently appeared suggesting that the C-terminal extensions of
ABC proteins may be associated with specialized functions
(12—20); the possibility that the ABC proteins may play a critical
role in membrane protein biogenesis has never been suggested
or explored before. Because the LDEVFL and CREEM motifs
are conserved in other prokaryotic and eukaryotic homologs
belonging to the DRA family, it is likely that these motifs will
play a similar role in these homologous systems.

Another interesting aspect of the work presented here is the
finding that the C terminus of DrrA also participates in DrrA
homodimerization. This function is localized in a 33-amino
acid region upstream of Ser®'?, and it encompasses the LDEVFL
motif. Thus, two interaction interfaces, DrrA-DrrB and DrrA-
DrrA, were found to exist in the C-terminal end of DrrA. These
studies also indicate that residue Ser®'® exists in equilibrium
between A-A <> A-B, which raises a number of important ques-
tions. For example, under what conditions does the equilibrium
shift to the AB species, and vice versa? Further, what is the
relationship between DrrA dimerization localized in the C ter-
minus and the head-to-tail dimerization of the N-terminal cat-
alytic domain of DrrA, described by us earlier (23). In MalK of
E. coli, the regulatory C-terminal domains of MalK were shown
to remain in contact throughout the catalytic cycle, thus sug-
gesting that the C terminus plays a role in stabilization of the
MalK dimer (42). Dimerization of the C terminus of DrrA could
similarly be involved in stabilization of the DrrA dimer; how-
ever, we are leaning toward the possibility that this event may
be transient, and it may be an important prerequisite for DrrA
and DrrB interaction. In previous studies using general cross-
linkers (such as DTSSP or DSP) DrrA-DrrB heterodimer was
the only species detected, whereas DrrA dimer was never iso-
lated (7), suggesting the transient nature of the DrrA dimer.
Furthermore, we find that residue 319 can participate in both
A-B and A-A interactions, implying that A-B and A-A species
involving the C terminus of DrrA are formed in a mutually
exclusive manner.
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Several ABC proteins, including MalK, ModC, and MetN,
which contain regulatory C-terminal domains, have been crys-
tallized recently (17, 18, 25). Although the C-terminal domains
of these proteins do not share significant amino acid identity,
they all show the presence of B-sheet-rich folds characteristic of
B-barrel or B-sandwich structures. In ModC and MetN, these
domains are critical for binding of the specific pump substrate,
resulting in trans-inhibition of ATPase activity and further sub-
strate uptake (17, 18). In the case of MalK, the C-terminal
domain binds cytoplasmic proteins MalT and EII&'¢, which play
a role in gene expression and inducer exclusion, respectively
(13). We used the closely related bacterial homolog MalK as a
template to model the structure of wild type DrrA as well as
several mutants in the conserved LDEVFL motif, which are
shown through biochemical analysis in this study to negatively
influence interaction of the C terminus of DrrA with the N
terminus of DrrB and drastically affect function of the DrrAB
complex. The model of wild type DrrA, (generated by AMMP
modeling software (26)), indicates that the structure of the
N-terminal domain of DrrA (containing the ABC cassette) is
almost identical to the N terminus of MalK (Fig. 9, A and B).
Such conservation of structure is not unexpected, given the
high homology between the N-terminal domains of DrrA and
MalK. The C-terminal domain of DrrA exhibits a B-sheet-rich
structure that is also similar, but not identical, to the structure
of the C-terminal domain of MalK. In the model of DrrA shown
in Fig. 9B, the LDEVFL motif (shown in yellow) is partially pres-
ent in beta strand 6, whereas most of this motif is present in a
loop region. Similarly, the CREEM (shown in purple) is also
seen in a coil or loop region in this model.

Modeling analysis of mutations in the LDEVFL motif, which
include L303V, X306-308A, and ALDEVFL, showed varying
degrees of structural alterations in the C-terminal domain of
DrrA (Fig. 9, C—F). Importantly, however, the structure of the
N-terminal domain of DrrA remained largely unaltered in all
mutants. Overall, the severity of structural changes observed in
the C-terminal domain correlated well with the biochemical
effects of mutations reported earlier in this paper. For example,
the D304N mutation, which showed minimal effects on DrrAB
interaction and function, showed no significant change in the
structure of the N- or the C-terminal domain of DrrA (Fig. 9C).
In the L303V mutant, which significantly affected interaction
and function, B-strands 1 (shown in slate blue) and 4 (shown in
orange) present 25 amino acids and 60 amino acids upstream of
Leu??, respectively, were no longer formed (Fig. 9D), therefore
suggesting that even a conservative mutation in the LDEVFL
motif has significant effects on the conformation of the C-ter-
minal domain. Structural changes were also observed in the
X306 —308A mutation; specifically, B-strands 1 and 6 were not
seen. Finally, the most drastic changes, as expected, were
observed when the 13-amino acid-long LDEVFL motif was
deleted. This deletion resulted in a complete loss of the B-sheet
structure (strands 1-6) of the C-terminal domain without
altering the structure of the N-terminal domain of DrrA (Fig.
9F). These analyses not only confirm that the C terminus of
DrrA forms an independent domain; they also indicate that the
conserved LDEVFL motif plays a critical role in maintaining the
conformational integrity of the C-terminal domain of DrrA,
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FIGURE 9. Structure modeling of DrrA. Wild type DrrA and mutants in the LDEVFL motif of DrrA were modeled
based on the known crystal structure of MalK (Protein Data Bank entry 2R6G) using AMMP protein structure
modeling software (26), as described under “Experimental Procedures.” A, crystal structure of MalK (Protein
Data Bank entry 2R6G) is shown in a rectangle. B-F, predicted structures of wild type DrrA and mutants in the
LDEVFL motif of DrrA. B, wild type DrrA; C, D304N; D, L303V; E, X306 -308A; F, ALDEVFL. In all panels, the Walker
A, signature, and Walker B motifs in the N-terminal domain of DrrA are shown in red. The LDEVFL and CREEM
motifs in the C-terminal domain are shown in yellow and purple, respectively. The B-strands in the C-terminal

domain of DrrA are shown in different colors and are labeled 7-6.

which would be essential for the ability of this domain to inter-
act with the DrrB protein and for overall function of the com-
plex. This conclusion is supported by DrrA and DrrB docking
analysis performed by the Rosetta dock server (28), as described
under “Experimental Procedures.” Results of the docking anal-
ysis (shown in supplemental Fig. S6) indicate that L303V and
X306 —308A point mutations in the LDEVFL motif significantly
alter the orientation of DrrB relative to DrrA. The D304N
mutation, however, showed no significant effect. Furthermore,
the distance between residue Ser®*® in DrrA and Ser?® in DrrB
was also significantly increased in L303V (31.3 A; supplemental
Fig. S6C) and X306 -308A (37.8 A; supplemental Fig. S6D) as
compared with in the wild type (15.5 A; supplemental Fig. S6A).
In D304N, as expected, the distance (14.3 A) between these
residues remained the same as in the wild type complex (sup-
plemental Fig. S6B). The modeling analysis of DrrA is therefore
consistent with the biochemical studies; both kinds of analyses
highlight the importance of the C-terminal domain of DrrA in
the interaction and function of the DrrAB complex. Further
understanding of the roles of the conserved motifs identified in
this study will be obtained by genetic analysis, especially by
isolation of suppressors of the mutations shown to be impor-
tant, as well as by crystal structural analysis of the DrrA and
DrrB complex.
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In summary, we propose that the
interaction between the extreme C
terminus of DrrA and the N termi-
nus of DrrB, identified in this study,
represents an initial interaction
important for localization and bio-
genesis of the complex in the mem-
brane. This is shown as conforma-
tion I (Confo. I) in the working
model presented in supplemental
Fig. S7, where the N-terminal ATP-
binding domains of DrrA are in
the “open” conformation, whereas
sequences in the extreme C termi-
nus of DrrA (residues 319-325,
including part of CREEM) form an
interface with the N-terminal tail of
DrrB. It is highly likely that this
interaction defines the contact
points in the DrrAB heterodimer
isolated previously by the use of
general cross-linkers (7). Confor-
mation II (Confo. II) results from
binding of doxorubicin to DrrB. In
this state, the N-terminal tail of
DrrB disengages from the C termi-
nus of DrrA. Based on studies
reported earlier (23), we suggest
that the N-terminal tail of DrrB is
now involved in communicating
conformational changes to the
Q-loop region (represented by resi-
due 89) in the N terminus of DrrA.
Simultaneously, the C terminus of
DrrA, which is disengaged from DrrB, undergoes homodimer-
ization through the 33-residue region (residues 287-319,
including the LDEVFL motif). This is followed by binding of
ATP to the N- terminal nucleotide binding domains of DrrA,
resulting in the “closed” state (Confo. III) produced by head-to-
tail dimerization of the NBDs (23). Hydrolysis of ATP returns
the complex to the resting state (Confo. I). This study defines
novel interactions between the ABC component and the trans-
membrane component of the DrrAB transporter. It raises many
interesting questions and opens new avenues for understanding
the assembly of membrane proteins.
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