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ABSTRACT. BtuCD is an ATP binding cassette (ABC) transporter that facilitates uptake of vitamin B
into the cytoplasm oEscherichia coli The crystal structures of BtuCD and its cognate periplasmic binding
protein BtuF have been recently determined. We have now explored BtuCD-F function in vitro, both in
proteoliposomes and in various detergents. BtuCD reconstituted into proteoliposomes has a significant
basal ATP hydrolysis rate that is stimulated by addition of BtuF and inhibited by sodium ortho-vanadate.
When using different detergents to solubilize BtuCD, the basal ATP hydrolysis rate, the ability of BtuF
to stimulate hydrolysis, and the extent to which sodium ortho-vanadate inhibits ATP hydrolysis all vary
significantly. Reconstituted BtuCD can mediate transport of vitamiaBainst a concentration gradient
when coupled to ATP hydrolysis by BtuD in the liposome lumen and BtuF outside the liposomes. These
in vitro studies establish the functional competence of the BtuCD and BtuF preparations used in the
crystallographic analyses for both ATPase and transport activities. Furthermore, the tight binding of BtuF
to BtuCD under the conditions studied suggests that the binding protein may not dissociate from the
transporter during the catalytic cycle, which may be relevant to the mechanisms of other ABC transporter
systems.

ABC! transporters constitute a large family of membrane ABC importers also require an extracellular substrate binding
transport proteins that use energy from the binding and protein (SBP) that specifically recognizes and delivers the
hydrolysis of ATP to pump substrates into or out of the substrate to the translocation channé). (Transported
cytoplasm, often against a concentration gradient. ABC substrates range in size from single ions to polypeptides and
transporters are found in bacteria, archaea, plants, andnclude hydrophobic drugs as well as water-soluble nutrients,
animals, where they facilitate nutrient uptake, osmotic a diversity reflected in the sequences and architectures of
regulation, antigen processing, and toxin/drug exptt ( MSDs ). In contrast, the ABC domains feature several
4). Clinically relevant examples are implicated in at least highly conserved sequence motifs, including the P loop

thirteen different genetic diseases in huma)®( contribute
to resistance of tumor cells to chemotherapeutic agets (
and multi-drug resistance in bacter@).(

(Walker-A), Walker-B, Q loop, and ABC signature motif,
that bind and hydrolyze ATPL().

At present, the only crystal structure of a bacterial ABC

ABC transporters consist of two membrane spanning jmport system is for BtuCD, the vitamin;Btransporter of
domains (MSDs), that form a substrate translocation pathway, escherichia coli(11). A role for the membrane-spanning

and two attached, cytoplasmic ATP-binding cassette (ABC) gtuc subunit in B, transport across the cytoplasmic

domains that bind and hydrolyze nucleotide). Bacterial

membrane was elucidated?) before both BtuC and the
ABC subunit BtuD were clonedl@). After the By, binding
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(14), the E. coli homologue was cloned, purified, and
determined to bind B with an affinity of ~15 nM (15).

We have previously determined the crystal structures of
E. coli BtuCD and BtuF {1, 16); structures of BtuF in the
presence and absence of vitamin, Bhave also been
determined by Hunt and co-workers7. In this study, we
set out to characterize the function of the BtuCD-F transport
system in vitro. ATP hydrolysis rates were analyzed both in
detergent solution and in reconstituted lipid vesicles, and
ATP-powered B, transport was monitored in proteolipo-
somes. While our proteoliposome assays more closely reflect
the in vivo situation, the studies in detergent solution assess

10.1021/bi0513103 CCC: $30.25 © 2005 American Chemical Society
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protein activity under conditions similar to those used to
obtain three-dimensional crystals.

MATERIALS AND METHODS

Protein Expression and PurificatioBtuCD was prepared
as described1(l), and for reconstitution, the detergent was
exchanged on the nickel affinity column from 0.1% lauryl
dimethylamineN-oxide (LDAO) to 0.14% Triton X-100
(TX-100). BtuF was expressed with an N-terminal decahis-
tidine tag, using the vector pET22b (Novagen) @&hdcoli
BL21(DE3) cells (Novagen). The protein was purified in the
absence of vitamin B from periplasmic extract using Ni-
NTA affinity chromatography (Qiagen). After elution from
the nickel column, the buffer was exchanged to 20 mM Tris-
HCI pH 7.5, 250 mM NacCl, using a HiPrep desalting column

(Amersham Biosciences), and the protein was stored at 4

°C. For stability studies, the BtuCD-F complex was produced
as described earlied§) and the detergent was exchanged

by gel filtration chromatography. All detergents were from

Anatrace (Maumee, Ohio) and were Anagrade, except TX-
100, which was purchased from Sigma.

Membrane Reconstitution of BtuCBn overview of the
general methodologies employed in this study for the
reconstitution and functional analysis of ABC transporters
may be found in refl8 Egg L-a-phosphatidylcholine and
E. coli polar lipid extract (Avanti Polar Lipids) at 20 mg/
mL in chloroform were combined in a 1:3 ratio (w/w).
Chloroform was removed by rotary evaporation, and residual

Borths et al.

freeze-thaw cycle was repeated three times, after which the
proteoliposomes were made homogeneous by extrusion
through polycarbonate filters as specified below.

ATPase Actiity Assays ATPase activity in proteolipo-
somes was measured in 300 reactions containing 1.7 mg/
mL lipids (~0.13 uM BtuCD), 50 mM Tris-HCI pH 7.5,
and 150 mM NaCl. 50uM vitamin B;, and various
concentrations of BtuF were present during the freghaw
cycles (see figures and figure captions). Reactions were
incubated in a 37C water bath for 3 min before adding 2
mM ATP and 10 mM MgC] (or MgSQ) to initiate the
reaction. 5QuL samples were removed at various time points
and were added to 5@ of 12% SDS. Inorganic phosphate
was then assayed by the modified molybdate meti2@jl (

ATPase activity in LDAO was measured in 300
reactions containing 35 nM BtuCD, 50 mM Tris-HCI pH
7.5, 150 mM NacCl, and 0.1% LDAO. 5M vitamin By, 2
mM sodium ortho-vanadate, and/or various concentrations
of BtuF were present as indicated in the figures and figure
captions. Reactions were incubated in a°&7water bath
for 3 min before 2 mM ATP and 10 mM Mgg(or MgSQy)
were added to initiate the reaction. a0 samples were
removed at various times and were added taB®f 12%
SDS. Inorganic phosphate was assayed as above. ATPase
activity in the detergent Fos-choline 12 (FOS12) was
measured as above, except that 0.1% FOS12 and 175 nM
BtuCD were used. ATPase activities in dodecyl maltoside
(DDM) and TX-100 were measured as above except that
0.1% DDM or 0.14% TX-100 and 70 nM BtuCD were used.

solvent was removed at reduced pressure (ca. 2 mmHg, 10n all cases, the new detergent was added to BtuCD purified

min). Dried lipids were hydrated in 50 mM Tris-HCI pH
7.5 at 20 mg/mL by incubation at room temperature with
periodic vortexing or stirring. The solution was sonicated
three times on ice (15 s on/45 s off) using a rod sonicator.
The hydrated lipid solution was frozen in liquid nitrogen and
stored at—80 °C. BtuCD was reconstituted essentially as
described for the OpuA transportet9j. The lipids were

in LDAO, with the result that LDAO was diluted to
subcritical micelle concentrations.

Vitamin B, Transport AssaysTo measure uptake of
vitamin By,, an ATP regenerating system (ARS) was added
to BtuCD-containing proteoliposomes in the presence or
absence of ATP (50 mM Tris-HCI pH 7.5, 150 mM NacCl,
5 mM MgCl, 24 mM creatine phosphate, 2.4 mg/mL

thawed in a room temperature water bath, subjected to twocreatine kinase, and 0 or 2 mM ATP). In one set of
rounds of freezing and thawing, and extruded through a 400 experiments, the concentration of creatine phosphate in the

nm polycarbonate membrane using a Mini-Extruder (Avanti
Polar Lipids). Protein, buffer, and detergent were added to
the mixture to final concentrations of 10 mg/mL lipids, 50
mM Tris-HCI pH 7.5, 0.14% TX-100, with BtuCD at a 1:50
ratio (w/w) of protein/lipids. The mixture was equilibrated
at room temperature for 30 min with gentle agitation.
BioBeads SM2 (BioRad) (40 mg/mL wet weight) were

ARS was varied between 0 and 50 mM. This mixture was
frozen in liquid nitrogen and thawed in a room temperature
water bath three times to incorporate all components into
the vesicle lumen, and then extruded through a 400 nm
polycarbonate membrane using a Mini-Extruder (Avanti

Polar Lipids). The extruder was rinsed with ARS-containing

buffer, and the rinse solution was added to the proteolipo-

added, and the solution was agitated at room temperaturesome mixture. The proteoliposome mixture was diluted with

for 15 min. Similar aliquots of BioBeads were added four
more times for the following incubation periods at@: 15
min, 30 min, overnight, and 60 min. BioBeads were then
removed by filtration through a disposable spin filter column.
The solution was diluted-5x with 50 mM Tris-HCI pH
7.5 and centrifuged at 15009®@or 90 min in a TLA 100.3

TNM buffer (50 mM Tris-HCI pH 7.5, 150 mM NacCl, 5
mM MgCl,) and centrifuged in a TLA 100.3 rotor at 60 000
rpm for 15 min at £C. Proteoliposomes were washed once,
resuspended in TNM buffer at 10 mg/mL lipid, and kept on
ice to limit ATP hydrolysis by BtuCD%’Co-labeled vitamin
B1, (MPBiomed), unlabeled B, and BtuF were premixed

rotor. The supernatant was removed and the lipids were at various concentrations in TNM buffer and incubated for

washed two more times, centrifuging as above for 15 min.
Proteoliposomes were finally resuspended in 50 mM Tris-
HCI pH 7.5 at 20 mg/mL lipids and were stored in liquid
nitrogen.

To incorporate components such as BtuF, vitamiy) 8r
ATP-regenerating system (ARS) into the vesicle lumen,
proteoliposomes plus additives were mixed, frozen in liquid

2 min at 37°C before ARS-loaded proteoliposomes were
added to start the transport reaction. The final concentrations
of lipids and BtuCD in the transport reaction were 4 mg/mL
and~0.3uM, respectively, in a total volume of 0.5 mL. 50

uL aliquots were removed at various times and diluted into

2 mL of cold stop buffer (50 mM Tris-HCI pH 7.5, 150 mM
NacCl, 8% PEG-6000, 100M unlabeled B,). Samples were

nitrogen and thawed in a room temperature water bath. Thethen filtered through 0.2m cellulose acetate filters using a
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hydrolysis assays in the presence and absence of BtuF and vitamiBBTransport of radioactive vitamin,Binto proteoliposomes. To
keep the concentration of ATP constant for prolonged periods of time, an ATP regeneration system (ARS) was entrapped in the vesicle
lumen. (C) ATP hydrolysis assays in detergent micelles.

vacuum filter manifold. Filters were washed twice with 2 A\ BRIERS
mL of cold stop buffer and placed in test tubes. The amount
of 5’Co-vitamin By, retained on each filter was measured
using ay counter. The concentration of vitaminBnside

the vesicles was determined from this quantity, using a value :
of 1 uL/mg phospholipid for the internal volume of vesicles i BuwF
(22). i

RESULTS

The experimental approaches used to characterize the
ATPase and transport activities of BtuCD are schematically
depicted in Figure 1. Transporters reconstituted into proteo-
liposomes may be inserted in either right-side-in or inside- Injection
out orientations, depending on whether the ABC domains void
are facing the inside or the outside of the vesicle, respec- 'l'_J
tively. The inside-out transporters may be used to monitor
ATPase activity with exogenously supplied nucleotide
(Figure 1A), while right-side-in transporters are correctly
oriented to assay the transport activity of vitamig, Bito B
the vesicle, when ATP is incorporated into the interior —48kDa
(Figure 1B). Although detergent solubilized transporters
cannot be used to measure substrate transport, their ATPase BtuC
activity can be characterized (Figure 1C). L e —33kDa

BtuCD ProteoliposomesBtuCD containing proteolipo- BtuF — S

somes were formed by mixing together detergent-solubilized BtuD — —

BtuCD and detergent-destabilized liposomes, followed by —25KDa

application of BioBeads to remove detergent. As judged by

the intensity of protein bands on SBBAGE, the recon-

stitution efficiency of the transporter was approximately 50%,

to give an overall incorporation level of 0.01 mg BtuCD/ —17kDa

mg phospholipid. FiGuRe 2: Stability of BtuCD-F in various detergents. A repre-
Stability of BtuCD-F Complex in Various Detergerfhe sentative experim_ent is shown for dodecyl maltoside_, but_ similar

binding protein-transporter complex BtuCD-F was found to results were obtained for all other detergents used in this study.

. (A) BtuCD-F was generated in LDAO as describd®)( and the
be stable in the detergents FOS12, LDAO, DDM, and TX- getergent was exchanged to DDM using two consecutive gel

100 used for the ATPase assays. After mixing BtuCD and filtration chromatography runs (Superdex 200, Amersham Bio-
BtuF, excess BtuF was removed by gel filtration chroma- sciences). The first run is shown by the dashed line and demon-
tography. The integrity of the complex was assayed by gel Strates excess binding protein. The main peak was collected and
- . . . applied again to the same column (solid line). A single peak is
filtration (?hromatography after storing the pr_otem for §everal obtained that is stable for several days. (B) SIPAGE analysis
days at either 4C or room temperature. A typical experiment  of the BtuCD-F peak obtained in (A).

is shown in Figure 2. Similar results were obtained when

BtuCD and BtuF were incubated together with 2 mM indicating that the complex remains stable while hydrolyzing

MgATP for 8 min at 37°C prior to gel filtration (not shown),  ATP. Shorter chain detergents (alkyl chains of 10 carbons

e
e

Absorbance at 280 nm

Injection

Y

Elution



16304 Biochemistry, Vol. 44, No. 49, 2005 Borths et al.

1400 ; , , ; A 1400

g

g

=)
3
F'I (nmol)img BwCD
§ £ 8

g

800 L

600 -

400 |

ATPase rate (nmol/min/mg)

200 -

ATPase rate (nmol/min/mg)
D
8

190 L4 figio0 T+ 90 L
+ 0 + +0 T

? . ijOS12
0 5 10 15 20 25

(UER) + |
[{T=TN)
{uBA) + |
BN,

o

PLS FOS12 LDAO DDM Triton X-100

FicURE 3: BtuCD ATPase activity in proteoliposomes (PLS) and [BtuF] (uM)
various detergents. Rates were measured at 2 mM ATP, using
various concentrations of BtuF as indicated by the numbers (0, 1,
10 (in uM)) under the bars, in the presence or absence qiM0
vitamin By, (+ or — under each bar) and using 2 mM sodium ortho-
vanadate for inhibition (labeled “van”). The inset illustrates the
specific hydrolysis of ATP over time by BtuCD proteoliposomes
measured in the presence of 2 mM ATP a®) ), 1 (®, 4), or

10 (v, right triangle)uM BtuF, with (@, ¢, ¥) or without @, A,

right triangle) 50uM Bi, and is representative of all ATPase
reaction time courses used to prepare this figure.
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1000 ]

100 r ]
ATPase Actiity in Proteoliposomes and Detergentshe

ATPase activity of BtuCD reconstituted in proteoliposomes 0 ‘ . . ‘
was tested under various conditions (Figures 3 and 4A). In 0 02 04 06 08 1 1.2
the absence of BtuF and vitaminBBtuCD had a basal [ATP] (mM)

rate of hydrolysis of 180 nmol/min/mg (Figure 4A). The ) )
ATPase activity was stimulated by BtuF, reaching 440 nmol/ FIGURE 4: ATP hydrolysis rates at various ATP and substrate

. . . . concentrations. (A) ATPase rates as a function of BtuF concentra-
min/mg aF 2QuM BtuF (Figure 4A). The presence of V|tam!n tion in proteoliposomes (PLS) and various detergents at 2 mM ATP
B1, had little effect on the ATPase activity of BtuCD in  and 50uM vitamin By,. (B) ATPase rates as a function of ATP
proteoliposomes, regardless of how much BtuF was presentconcentration at 5@M vitamin By, and 1uM BtuF for proteoli-
(Figure 3). posomes®) and LDAO @).

ATP hydrolysis rates were also examined in four different . »
detergents: LDAO, a zwitterionic detergent used for the €ffects (Figure 3). In both DDM and TX-100, addition of
crystal structure determination of BtuCLLL); TX-100, ap_o-BtuF depressed the; hydrolysis rate below the basa_l level
which was used for reconstitution (see Materials and (Figure 3). However, this decrease was not observed in the
Methods); DDM, the nonionic detergent most commonly Presence of vitamin B. Indeed, when vitamin B was
used to solubilize ABC transporterdd 22): and the presenuM W|.th BtuF in TX-100, hydrolysis was stimulated
phosphocholine containing FOS12. LDAO was present at a Vel 50% (Figures 3 and 4A).
subcritical micelle concentration with TX-100, DDM, and ~ The ATPase activity of BtuCD was measured at various
FOS12 under all conditions, since concentrated BtuCD ATP concentrations, both in proteoliposomes and in LDAO,
purified in LDAO was diluted into the other detergents. It in the presence of BtuF and vitamin,B(Figure 4B).
was demonstrated for TX-100 that ATPase rates were AlthOUgh thEKm for ATP could not be aCCUrately determined
unaffected by residual LDAO by repeating the experiments due to limitations of the assay, it was estimated to be below
after complete removal of LDAO (not shown). 50 uM, confirming that ATP was initially present at a

ATPase rates varied widely in the different detergents Saturating concentration (2 mM) in the ATPase reactions.
(Figure 3). The highest rates were observed in LDAO, with  Inhibition of ATPase Actity by Sodium Ortha-anadate
a basal activity of 980 nmol/min/mg. While BtuF was found The ability of 2 mM sodium ortho-vanadate to inhibit BtuCD
to moderately stimulate hydrolysis in LDAO (16% over the was tested in proteoliposomes and in each of the four
basal rate, Figure 4A), the presence of vitamin Bad no  detergents in the presence of BtuF and vitamin ([Bigure
effect. The lowest ATP hydrolysis rates were observed in 3). ATPase activity in proteoliposomes, DDM, and TX-100
FOS12 where the basal rate was 300 nmol/min/mg (Figure was reduced by 97%. The ATPase activities in LDAO and
3). In contrast to its stimulatory effect in proteoliposomes FOS12 were less sensitive to the vanadate, being reduced
or LDAO, BtuF depressed the ATPase rate in FOS12 over by only 88% and 69%, respectively, under this condition.
4-fold compared to the basal rate (Figure 4A). ATPase rates Vitamin B, Uptake by BtuCD Proteoliposomé&ansport
in DDM and TX-100 were intermediate between those found by reconstituted BtuCD was monitored using radioactive,
in LDAO and FOS12, and BtuF and vitaminhad different 5Co-labeled vitamin B. To prevent fast depletion of internal

or less) were unable to maintain the structural integrity of
the transporter (not shown).

ATPase rate (nmol/min/mg)
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A 16 : . . : : : Table 1: BtuCD-F Mediated Uptake at Various Initial
= Concentrations of Vitamin B2
o ™ 1 initial [B1]  vitamin B, [Bidin  [Bdou
o 12 i M) uptake (pmol) (M)  (uM)  [Bai/[Bizout
ks 0.005 14 0.71  0.0022 330
o 10 4 0.01 2.9 15 0.0042 350
g 0.1 27 14 0.045 300
o 8 1 0.5 120 58 0.27 210
E 1 170 84 0.67 130
o ¢ 1 10 170 84 9.7 8.7
cfg 4 ] aTransport into proteoliposomes was measured in the presence of
S 0.5uM BtuF and various concentrations ©fCo-labeled vitamin B,
o 2 4 with an ATP-regenerating system incorporated in the proteoliposome
m” lumen. The concentration of phospholipids in the proteoliposomes was
0

4 mg/mL, in a total reaction volume of 0.5 mL. To calculate the final

vitamin By, concentration gradient, the internal volume of the proteo-
liposomes was estimated ag:ll/mg lipids (21).

2.4 . T . T : . . .
Uptake of vitamin B, was found to be strictly dependent
on the presence of BtuF on the outside and ATP within the
2l _ lumen of the vesicles. When BtuF was present in the absence

of ATP, a small amount of B became associated with the
proteoliposomes (Figure 5, open circles). This radioactivity
. was not chased away by 1M unlabeled B, in the reaction
stop buffer (kept at 4°C, see Materials and Methods).
However, upon addition of 102M unlabeled B; to the
] reaction and incubation at 3, the amount of labeled B
associated with the proteoliposomes decreased over a time
scale of several minutes (Figure 5, open squares). The
implications of this observation are discussed below.

The maximum amount of B uptake was measured at
various initial concentrations ofB (Table 1). At low B>

time (min) concentrations (5100 nM), BtuCD-F was capable of

FicurRe 5: Time course of vitamin B transport into BtuCD establishing & 300-fold concentration gradient between the
proteoliposomes. (A) Uptake into BtuCD proteoliposomes was inside and outside of the proteoliposomes. At higher initial
measure(_:i as _described in Materials and Methods usirtd 5Co- concentrations of B (0.5-10 uM), this value decreased,
E‘b3|ed vitamin B, and @) 1M BtuF and 2 mM ATP; M) 1 uM presumably due to a depletion of ATP and ATP-equivalents

tuF, 2 mM ATP, and 10@M unlabeled vitamin B, chase; ©) . L .
1 4uM BtuF: (@) 1 M BtuF and 100uM unlabeled vitamin B, and/or the buildup of inhibitory concentrations of ADP. To
chase; #) 2 mM ATP; () no addition. Each point represents the determine the relationship between vitamip Bptake and
average of 3 experiments. For clarity, error bars for only the two the amount of nucleotide equivalents (ATP plus creatine
uPpAer cu(vr:as are igdicated. EjB) Magcr;ifieq vier\:v of the IoWﬁfl;ﬂJerelS phosphate) in the proteoliposome interior, the extent ©f B
o i, ror bt are deiced g e Same TSI M transpor by BUCD-F was measured i the presence o 2
labeled vitamin B, and 1uM BtuF (cross); this background of MM ATP and variable concentrations of creatine phosphate
~1.2 nmol of B binding per mg of protein has not been subtracted ranging from 0 to 50 mM (Figure 6). As the creatine
from the uptake data. phosphate concentration increased, the total amountof B

ATP through the uncoupled hydrolysis catalyzed by BtuCD, transported ir_1to the proteoliposomes (estimateq from the
an ATP regenerating system (ARS) was incorporated within @mount of vitamin B, accumulated at 120 min) also
the lumen of the proteoliposomes (Figure 1B). The proteo- increased. For creatine phospha_te concentrations Ie_ss than
liposomes were then washed to remove external ATP and10 MM, the total uptake of B varied nearly linearly with
uptake was measured after addition of BtuF and radioactive the Sum of the concentrations of adenine nucleotides (ADP
B1, (Figure 5, closed circles). The,Buptake rate during T ATP) and creatine phosphate initially present.

the first 5 min of transport under these conditionsu(dl
BtuF, 5uM Biy) was 0.3 nmol/min/mg. This value was DISCUSSION

somewhat variable between proteoliposome preparations and The protocol used in this study for reconstituting purified,
has been measured as high as 1.0 nmol/min/mg. This maydetergent-solubilized BtuCD is based upon that developed
reflect difficulties in accurately determining the protein by Rigaud and colleague®3, 24). It differs from the original
concentration in liposomes. When excess unlabeleavBs method by the application of freezéhaw—extrusion steps
added to a parallel reaction after 10 min (Figure 5, closed to incorporate components (e.g. BtuF, ATP) into the vesicle
squares), the uptake of labeleg,Btopped. The amount of lumen. The method has been successfully used for the
radioactive substrate trapped within the proteoliposomes functional reconstitution of a variety of transportets,(19,
remained constant, demonstrating thas Bad indeed been 25, 26). The combination ofE. coli phospholipids and
transported into the liposome lumen and that there was nochicken egg phosphatidylcholine is obviously not identical
leakage or export. to the native lipid composition dE. coli, and our proteoli-

ptake (nmol/mg of BtuCD) @

12

0.8

B u

0 10 20 30 40 50 60 70



16306 Biochemistry, Vol. 44, No. 49, 2005 Borths et al.

A 400 . , , . . . (1700 nmol/min/mg) was described for DDM-solubilized
350 | maltose transporter that could be stimulated nearly 3-fold
by addition of the maltose binding protei2), although a
—~ 300 E separate study reported only a limited ability of the maltose
g 250 binding protein to stimulate the ATPase activity of a maltose
a i transporter preparation solubilized in the same deter@@t (
L 200 - These apparently conflicting observations highlight the
%’l sensitivity of the properties of ABC transporters to the
= 150 i detailed experimental protocols.
@ 100 _ While the ATPase rates measured for BtuCD are compa-
rable to those observed for other ABC importers such as the
S0 ] histidine @8) and maltose transporter2q), with maximal
0 . ‘ s . , . ATPase rates approaching 1000 nmol/min/mid)( the
0 20 40 60 8 100 120 140 insensitivity to the presence of the ligand, vitamim,,Hs
time (min) striking. In the maltose, histidine, and glycine betaine
B 350 transport systems, substrate-bound binding protein stimulates
ATPase activity much more efficiently than free binding
_. %00 protein @, 19, 30, 31). One potentially significant difference
[ between these systems and BtuCD is that BtuF does not
E_ 250 undergo large conformational changes upon bindigd &),
Q00 in contrast to the maltose binding protein that exhibits a
© significant hinge-bending motion upon ligand bindirg2)
S 150 Furthermore, the binding of BtuF to BtuCD is virtually
o irreversible (6), unlike the equivalent complex of the
@ 100 maltose transporter, which could only be trapped using
% vanadate as an inhibito27). Apparently, unliganded BtuF
50 complexed to the transporter may mimig.®ound BtuF
sufficiently well to stimulate ATPase activity.
O35 —20 30 26 30 60 Vanadate is a potent inhibitor of ligand translocation, and
. the ability of this species to inhibit the ATPase activity of
[ATP] + [creatine phosphate] (mM) ABC transporters has been interpreted as indicating that the

FiGure 6: Dependence of the rate of vitaminBransport into ABC and MSD domains are functionally couple). As
BtuCD proteoliposomes on the internal concentration of creatine with the kinetic characteristics of the ATPase reaction, the
phosphate. (A) Vitamin B uptake into BtuCD proteoliposomes e ; i i
was measured as described in methods usinyileach of BtuF speplﬂc details of vangdate inhibition depen_d upon the lipidic
and vitamin B, with 2 mM ATP and creatine phosphate environment surrounding Bt.uCD. In proteollpo_so.mes, DDM,
concentrations of O®), 2 (), 5 (¢), 10 (a), 24 (¥), or 50 (right and TX-100, ATPase activity was virtually eliminated at 2
triangle) mM included in the proteoliposome reconstitution. The mM vanadate, whereas hydrolysis in FOS12 and LDAO was
proteoliposome preparation contained 4 mg/mL phospholipid and jnhibited less effectively (6988%, respectively) under these

0.3 uM BtuCD (0.01 mg/mg phospholipid) in a total reaction e . : : .
volume of 0.5 mL. The lines connecting sequential time points are conditions (Figure 3). This behavior of BIUCD contrasts with

of no theoretical significance. (B) Dependence of the total ac- Previous studies reporting that the ATPase activities of
cumulation of vitamin B, into proteoliposomes (as measured at DDM-solubilized maltose transporters frdi coli (22) and
the 120 min time points) on the sum of the internal concentration Thermococcus litoralis(34) are insensitive to vanadate.
8; 'S‘Tpaf‘t”i %rmtr:nr?aghg)esepr?2Leﬁtgnc§e)§jtrﬁgomlaatlﬁctjh\:easlgedg'{algopi)mgl While the mechanistic basis underlying the sensitivity of the
Thelszlope of the line fit to the four lowest concentration data points ATPase a‘?“"'ty of ABC transporters to the solubilizing
is 15 pmol of B/mM nucleotide equivalent. detergents is not understood, it seems plausible that they alter
the equilibria between different conformational states of the
posomes also do not have a transmembrane potential or dransporter, in a manner analogous to that proposed for
pH gradient. Although these deviations from the in vivo binding protein independent mutants of the maltose trans-
situation may influence the kinetics of the system, we find porter @9, 35). Both BtuCD and these mutant forms of the
that the preparations of BtuCD and BtuF used in our maltose transporter have high basal ATPase rates, although
crystallographic analyse&Z, 16) are functionally competent  they differ significantly in their requirement for the binding
for both ATPase and transport activities in our in vitro protein component to productively translocate ligand.
system. Vitamin B, Uptake As was observed in the histidine,
ATPase Actiity. Both in proteoliposomes and in detergent maltose, and glycine-betaine transporter systeis 36—
solution, BtuCD exhibits a significant basal rate of ATP 39), B;, uptake by BtuCD-F is strictly dependent on the
hydrolysis. In proteoliposomes, the addition of BtuF (with presence of ATP in the vesicle lumen and BtuF on the vesicle
or without vitamin Bj) stimulates the basal activity only exterior (Figure 5). With an ATP regenerating system in the
2-fold (Figure 4). The presence of BtuF also stimulates the proteoliposome lumen, an300-fold concentration gradient
ATPase activity of BtuCD solubilized in either LDAO (used of Bi, could be established (Table 1). This level of ac-
in the crystallization study) or TX-100, while decreasing the cumulation was observed even at an initial external B
activity of the transporter reconstituted into either DDM or concentration of 5 nM, a concentration 3 times lower than
FOS12. For comparison, a significant basal ATPase activity the Ky of vitamin By, binding to BtuF {5). Although we
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were unable to quantitate th€, for B;>-bound BtuF to
BtuCD in the transport reaction due to experimental limita-
tions, we observed maximal transport rates atM. BtuF
with saturating concentrations of vitamin;B(data not
shown), implying that th&, of BtuF in the B, transport
reaction is significantly lower than that observed in the
maltose (25-50 uM) (40), histidine (8-65uM) (38, 41), or
oligopeptide transport systems%0 uM) (42).

The apparent B transport rate of BtuCD-F reported above
(0.3 nmol/min/mg) does not take into account such factors Tumover: 1 ATP /[second « BtuC-DF]
as the vectorial reconstitution ratio (the relative proportions FiGure 7: Schematic and kinetics of (left-hand side) BtuCD-F-
of ot sice-n and inside-outfacng wansparters (Fgure [ o oS . Bt ar
18)).’ th.e .pOSSIbIe presence of multilamellar proteoliposomes, represen![eld in mediulm, dzlirk, and Iigﬁ/t shades of gr’ay, respectively.
the inhibitory potential of accumulated ADP, and nonfunc- gee text for further explanation.
tional transporters1@®). We have estimated the extent of
accessible, transport competent BtuCD molecules by usinguptake of~150 pmol of B, requires an effective nucleotide
data from the transport experiment illustrated in Figure 5 as pool of ~10 mM inside the proteoliposomes. Since the
follows: When BtuF is present in the absence of ATP, a interior volume of the proteoliposomes is estimated to be 2
small amount of radioactive vitamin,Bbecomes associated uL under the assay conditions, 10 mM corresponds to 20
with the proteoliposomes (Figure 5B, compare open circles nmol of nucleotide equivalent. From the ratio of the internal
and open diamonds), but not with proteoliposomes devoid nucleotide pool to the total amount of Bransported (20/
of BtuCD (open crosses). This small amount gf Ban be 0.15), an apparent stoichiometry of 130 ATP pek Biay
displaced, albeit slowly, by unlabeled Zadded directly to be obtained, which is in reasonable agreement with the value
the transport reaction at 3T (Figure 5B, open squares). of 100 ATP per B, obtained from a direct comparison of
These observations indicate that neither is this “extra” the ATPase and transport rates.
radioactive B, nonspecifically bound to the lipids or BtuCD Apparent Stoichiometry and Reed Model of BtuCD-F-
nor has it been transported into the proteoliposomes. Thus,Mediated B, Transport.In our in vitro system (Figure 1),
it has likely been sequestered between BtuF and BtuCD andthe initial ATPase rate of BtuCD in the presence of BtuF
can be exchanged over the course of several minutes at 3and B, is ~100 times faster than the uptake rate, with
°C, but not in the reaction stop buffer af@. This provides corresponding turnover numbers of 1 ATP per second for
a potentially accurate method to quantitate the number of ATPase activity and 0.01 molecule of Bransported per
accessible and functionally competent BtuCD in proteoli- second for the uptake activity. The apparent stoichiometry
posomes, assuming that the amount of radioactiyethit of ~100 ATP per B, reflects the high basal ATPase rate of
can be displaced directly correlates to the number of BtuCD in the absence of BtuF. While the mechanistically
functional BtuCD transporters. Based on the results of three relevant stoichiometry for ABC transporters is likely 2 ATP
experiments, this calculation establishes thdt 2% of the per substrate transporteth, this ratio has only been reliably
BtuCD in our reconstitution system is properly oriented and observed in an in vitro system for the tightly coupled
accessible to BtuF, thereby yielding a corrected transport rateLactococcus lacti€OpuA transporter19). More typically,
of 4.3 nmol/min/mg under these experimental conditions. the ATPase and transport rates differ by one to three orders
With an ATPase rate in proteoliposomes of 440 nmol/min/ of magnitude 18, 27, 37), which has been attributed to
mg, an apparent stoichiometry of100 ATP per B; experimental differences between the two types of assays
transported can be obtained. (27, 43), including orientation effects and accumulation of

A second estimate of the apparent stoichiometry betweenADP. Detailed analyses of the mechanistic relationship
ATP hydrolysis and B uptake that is independent of the between ATP hydrolysis and substrate translocation by ABC
fraction of properly oriented and accessible BtuCD transport- transporters clearly require development of more robust
ers may be obtained from the dependence of the total amounschemes for purification, reconstitution, and functional assay.
of By transported on the nucleotide equivalents in the interior ~ The results described in this paper suggest a revised model
of the proteoliposome (Figure 6). In this experiment, the for the transport cycle of BtuCD-F (Figure 7). In previous
uptake of vitamin B, into proteoliposomes is measured as models, we proposed that the,Binding protein is released
a function of internal creatine phosphate concentration, fixing from the transporter during the transport cycld)( While
the concentration of ATP used in the reconstitution at 2 mM. this may be valid for certain transporters (e.g. maltose and
While the amount of vitamin B taken up increases with  histidine transporters), BtuF remains bound to BtuCD in our
the internal creatine phosphate concentration, the overall ratepresent model throughout the transport cycle (Figure 7), and
of uptake also increases with the creatine phosphate con-itamin By, has access to the binding site of BtuF during
centration, even though the concentration of ATP was held this time. Our model reflects (i) the extremely tight binding
constant during the reconstitution of all the samples. This observed between BtuF and BtuCD in LDAQ6] and in
suggests that the activity of creatine kinase may have beenall other detergents used in this study, (ii) the l&w of

il

binding and
hydrolysis

ATP

Turnover: 0.01 By / [second * BtuC .0 .F]

impaired during the reconstitution proced8) At the lower
creatine phosphate concentrations~10 mM), the total
amount of vitamin B, transported into the proteoliposomes
varies in a nearly linear fashion with the sum of the initial

BtuF for BtuCD in the transport reaction, and (iii) the ability
of the BtuCD-F complex to sequester,Bn the absence of
ATP. BtuF attached to the transporter simulates ATP
hydrolysis cycles, which in turn switches the transporter

ATP and creatine phosphate concentrations, such that thebetween two states with cytoplasmic and periplasmic gates
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alternatively opened. This model may be relevant to the
mechanism of those transporters with binding proteins
featuring a rigidifying backbone-helix connecting the two
lobes of the SBP45), or more generally to those that are
tethered to either the transporter or the membrdte47),
which should stabilize the ternary complex by preventing
the three-dimensional diffusion of the binding protein away
from the complex.

ACKNOWLEDGMENT

We wish to thank Profs. A. Varshavsky and P. Patterson
and their groups for the use of their ultracentrifuge and
gamma counter, respectively, in these studies.

REFERENCES

1. Higgins, C. F. (1992) ABC transporters: From microorganisms
to man,Annu. Re. Cell Biol. 8 67—113.

2. Dean, M., Rzhetsky, A., and Allikmets, R. (2001) The human
ATP-binding cassette (ABC) transporter superfami@®gn. Res.
11, 1156-1166.

3. Higgins, C. F. (2001) ABC transporters: Physiology, structure
and mechanismtan overview,Res. Microbiol 152 205-210.

4. Davidson, A. L., and Chen, J. (2004) ATP-binding cassette
transporters in bacteridynnu. Re. Biochem. 73241—-268.

5. Stefkova, J., Poledne, R., and Hubacek, J. A. (2004) ATP-binding

cassette (ABC) transporters in human metabolism and diseases,

Physiol. Res. 53235-243.

6. Nikaido, H., and Hall, J. A. (1998) Overview of bacterial ABC
transportersMethods Enzymol. 293—20.

7. Holland, I. B., and Blight, M. A. (1999) ABC-ATPases, adaptable
energy generators fuelling transmembrane movement of a variety
of molecules in organisms from bacteria to humahdJol. Biol.
293 381-399.

8.Boos, W., and Lucht, J. M. (1996) ischerichia coli and
Salmonella typhimurium: Cellular and Molecular Biology
(Neidhardt, F. C., Ed.) pp 11751209, American Society for
Microbiology, Washington, DC.

9. Saurin, W., and Dassa, E. (1994) Sequence relationships between

integral inner membrane proteins of binding protein-dependent
transport systems: Evolution by recurrent gene duplications,
Protein Sci. 3325-344.

Schneider, E., and Hunke, S. (1998) ATP-binding-cassette (ABC)
transport systems: Functional and structural aspects of the ATP-
hydrolyzing subunits/domain§EMS Microbiol. Re. 22, 1—-20.
Locher, K. P., Lee, A. T., and Rees, D. C. (2002) Hecoli
BtuCD structure: A framework for ABC transporter architecture
and mechanismScience 2961091-1098.

Reynolds, P. R., Mottur, G. P., and Bradbeer, C. (1980) Transport
of vitamin By, in Escherichia coli: Some observations on the
roles of the gene products of BtuC and TodBBiol. Chem. 255
4313-4319.

DeVeaux, L. C., and Kadner, R. J. (1985) Transport of vitamin
B2 in Escherichia coli Cloning of thebtuCDregion,J. Bacteriol.

162 888-896.

Van Bibber, M., Bradbeer, C., Clark, N., and Roth, J. R. (1999)
A new class of cobalamin transport mutantsuf) provides
genetic evidence for a periplasmic binding proteirsedmonella
typhimurium J. Bacteriol. 181 5539-5541.

Cadieux, N., Bradbeer, C., Reeger-Schneider, Estép W.,
Mohanty, A. K., Wiener, M., and Kadner, R. J. (2002) Identifica-
tion of the periplasmic cobalamin-binding protein BtuF of
Escherichia coli J. Bacteriol 184, 706—717.

Borths, E. L., Locher, K. P., Lee, A. T., and Rees, D. C. (2002)
The structure oEscherichia colBtuF and binding to its cognate
ATP binding cassette transportétroc. Natl. Acad. Sci. U.S.A.
99, 16642-16647.

Karpowich, N. K., Huang, H. H., Smith, P. C., and Hunt, J. F.
(2003) Crystal structures of the BtuF periplasmic-binding protein
for vitamin B, suggest a functionally important reduction in
protein mobility upon ligand bindingl. Biol. Chem. 2783429
8434.

Poolman, B., Doeven, M. K., Geertsma, E. R., Biemans-Olde-
hinkel, E., Konings, W. N., and Rees, D. C. (2005) Functional

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Borths et al.

analysis of detergent solubilized and membrane-reconstituted ABC
transportersMethods Enzymol. 40@29-459.

Patzlaff, J. S., van der Heide, T., and Poolman, B. (2003) The
ATP/substrate stoichiometry of the ATP-binding cassette (ABC)
transporter OpuA). Biol. Chem. 27829546-29551.

Chifflet, S., Torriglia, A., Chiesa, R., and Tolosa, S. (1988) A
method for the determination of inorganic phosphate in the
presence of labile organic phosphate and high concentrations of
protein: Application to lens ATPaseAnal. Biochem. 1681—

4

van der Heide, T., Stuart, M. C. A., and Poolman, B. (2001) On
the osmotic signal and osmosensing mechanism of an ABC
transport system for glycine betaineMBO J. 20 7022-7032.
Reich-Slotky, R., Panagiotidis, C., Reyes, M., and Shuman, H.
A. (2000) The detergent-soluble maltose transporter is activated
by maltose binding protein and verapandilBacteriol. 182993~
1000.

Rigaud, J.-L., Paternostre, M.-T., and Bluzat, A. (1988) Mecha-
nisms of membrane protein insertion in liposomes during recon-
stitution procedures involving the use of detergents. 2. Incorpo-
ration of the light-driven proton pump bacteriorhodopsin,
Biochemistry 272677-2688.

Rigaud, J.-L., Pitard, B., and Levy, D. (1995) Reconstitution of
membrane proteins into liposomes: Application to energy-
transducing membrane proteirBiochim. Biophys. Acta 1231
223-246.

Driessen, A. J., Zheng, T., In't Veld, G., Op den Kamp, J. A.,
and Konings, W. N. (1988) Lipid requirement of the branched-
chain amino acid transport system 8freptococcus cremoris
Biochemistry 27865-872.

Knol, J., Veenhoff, L., Liang, W.-J., Henderson, P. J. F., Leblanc,
G., and Poolman, B. (1996) Unidirectional reconstitution into
detergent-destabilized liposomes of the purified lactose transport
system ofStreptococcus thermophilus Biol. Chem. 27115358
15366.

Chen, J., Sharma, S., Quiocho, F. A., and Davidson, A. L. (2001)
Trapping the transition state of an ATP-binding cassette trans-
porter: Evidence for a concerted mechanism of maltose transport,
Proc. Natl. Acad. Sci. U.S.A. 98525-1530.

Liu, C. E., Liu, P.-Q., and Ames, G. F.-L. (1997) Characterization
of the adenosine triphosphatase activity of the periplasmic histidine
permease, a traffic ATPase (ABC transportérBiol. Chem. 272
21883-21891.

Davidson, A. L., Shuman, H. A., and Nikaido, H. (1992)
Mechanism of maltose transportEscherichia coli Transmem-
brane signaling by periplasmic binding proteiRsoc. Natl. Acad.

Sci. U.S.A. 892360-2364.

Merino, G., Boos, W., Shuman, H. A., and Bohl, E. (1995) The
inhibition of maltose transport by the unliganded form of the
maltose-binding protein dEscherichia coli Experimental find-
ings and mathematical treatmer®, Theor. Biol. 177 171—

179.

Ames, G. F.-L., Liu, C. E., Joshi, A. K., and Nikaido, H. (1996)
Liganded and unliganded receptors interact with equal affinity
with the membrane complex of periplasmic permeases, a subfamily
of traffic ATPases)]. Biol. Chem. 27114264-14270.

Quiocho, F. A., Spurlino, J. C., and Rodseth, L. E. (1997)
Extensive features of tight oligosaccharide binding revealed in
high-resolution structures of the maltodextrin transport/chemosen-
sory receptorStructure 5 997—-1015.

Hunke, S., Disse, S., and Schneider, E. (1995) Vanadate and
bafilomycin Al are potent inhibitors of the ATPase activity of
the reconstituted bacterial ATP-binding cassette transporter for
maltose (MalFGK2)Biochem. Biophys. Res. Commun. 280~

594.

Greller, G., Riek, R., and Boos, W. (2001) Purification and
characterization of the heterologously expressed trehalose/maltose
ABC transporter complex of the hyperthermophilic archaeon
Thermococcus litoralisEur. J. Biochem. 2684011-4018.
Shuman, H. A. (1982) Active transport of maltose in Escherichia
coli K12: Role of the periplasmic maltose-binding protein and
evidence for a substrate recognition site in the cytoplasmic
membrane,). Biol. Chem 257, 5455-5461.

Bishop, L., Agbayani, J., R., Ambudkar, S. V., Maloney, P. C.,
and Ames, G. F.-L. (1989) Reconstitution of a bacterial periplas-
mic permease in proteoliposomes and demonstration of ATP
hydrolysis concomitant with transporBroc. Natl. Acad. Sci.
U.S.A. 86 6953-6957.



Functional Characterization of BtuCD-F

37.

38.

39.

40.

41.

42.

Davidson, A. L., and Nikaido, H. (1990) Overproduction, solu-
bilization, and reconstitution of the maltose transport system from
Escherichia coli J. Biol. Chem. 2654254-4260.

Liu, C. E., and Ames, G. F.-L. (1997) Characterization of transport
through the periplasmic histidine permease using proteoliposomes
reconstituted by dialysis]. Biol. Chem. 272859-866.
Biemans-Oldehinkel, E., and Poolman, B. (2003) On the role of
the two extracytoplasmic substrate-binding domains in the ABC
transporter OpuAEMBO J. 22 1-11.

Dean, D. A, Hor, L. I, Shuman, H. A., and Nikaido, H. (1992)
Interaction between maltose-binding protein and the membrane-
associated maltose transporter complekgcherichia coli Mol.
Microbiol. 6, 2033-2040.

Prossnitz, E., Gee, A., and Ames, G. F.-L. (1989) Reconstitution
of the histidine periplasmic transport system in membrane vesicles.
Energy coupling and itneraction between the binding protein and
the membrane complex, Biol. Chem. 2645006-5014.

Doeven, M. K., Abele, R., Tampe, R., and Poolman, B. (2004)
The binding specificity of OppA determines the selectivity of the
oligopeptide ABC transporter). Biol. Chem. 279 3230t
32307.

43.

44,

45.

46.

Biochemistry, Vol. 44, No. 49, 2009.6309

Ames, G. F.-L., Nikaido, K., Wang, I. X., Liu, P.-Q., Liu, C. E.,
and Hu, C. (2001) Purification and characterization of the
membrane-bound complex of an ABC-transporter, the histidine
permease). Bioenerg Biomembr 33, 79-92.

Locher, K. P., and Borths, E. L. (2004) ABC transporter
architecture and mechanism: implications from the crystal
structures of BtuCD and BtuFREBS Lett. 564264—268.
Lawrence, M. C., Pilling, P. A., Epa, V. C., Berry, A. M.,
Ogunniyi, A. D., and Paton, J. C. (1998) The crystal structure of
pneumococcal surface antigen PsaA reveals a metal-binding site
and a novel structure for a putative ABC-type binding protein,
Structure 6 1553-1561.

Albers, S. V., Elferink, M. G., Charlebois, R. L., Sensen, C. W.,
Driessen, A. J., and Konings, W. N. (1999) Glucose transport in
the extremely thermoacidophiliBulfolobus solfataricugivolves

a high-affinity membrane-integrated binding proteinBacteriol.
181, 4285-4291.

47.van der Heide, T., and Poolman, B. (2002) ABC transporters: one,

two or four extracytoplasmic substrate-binding sit€é3@BO Rep.
3, 938-943.

B10513103



