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The transporter associated with antigen processing (TAP) is
an essential machine of the adaptive immune system that trans-
locates antigenic peptides from the cytosol into the endoplasmic
reticulum lumen for loading of major histocompatibility class I
molecules. To examine this ABC transport complex in mecha-
nistic detail, we have established, after extensive screening and
optimization, the solubilization, purification, and reconstitu-
tion for TAP to preserve its function in each step. This allowed
us to determine the substrate-binding stoichiometry of the TAP
complex by fluorescence cross-correlation spectroscopy. In
addition, the TAP complex shows strict coupling between pep-
tide binding and ATP hydrolysis, revealing no basal ATPase
activity in the absence of peptides. These results represent an
optimal starting point for detailed mechanistic studies of the
transport cycle of TAP by single molecule experiments to ana-
lyze single steps of peptide translocation and the stoichiometry
between peptide transport and ATP hydrolysis.

The transporter associated with antigen processing (TAP)®
has a key role in the adaptive immune system of higher verte-
brates. TAP translocates proteasomal degradation products
from the cytosol into the endoplasmic reticulum lumen, where
these peptides can bind to major histocompatibility complex
(MHC) class I molecules. Kinetically stable peptide-MHC com-
plexes traffic to the cell surface, where they are scanned by
cytotoxic T-lymphocytes. Recognition of an antigenic peptide
in complex with MHC class I by a specific T-cell receptor
induces the elimination of the infected or malignantly trans-
formed cell. Viruses and tumor cells have therefore evolved
strategies to shut down antigen presentation, for example by
down-regulation or inhibition of TAP (for review see Refs. 1, 2).
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TAP belongs to the family of ABC transporters, which trans-
locate a very large range of solutes across membranes under
consumption of ATP (3-5). TAP forms a heterodimer of the
half-transporters TAP1 and TAP2. Each of the subunits is com-
posed of a transmembrane domain (TMD) and a C-terminal
cytosolic nucleotide-binding domain (NBD). Both TMDs
together form the translocation pathway, with the peptide-
binding site located at cytosolic loops (6). TAP shows a prefer-
ence for protein fragments of 8 —16 residues (7) with a specific-
ity restricted to the three N-terminal and the C-terminal
residues (8 —10). Peptide binding is ATP-independent and fol-
lows a Langmuir (1:1) isotherm (7, 11). However, it is still an
open issue whether only one or several peptides bind to TAP
with high affinity at the same time. Peptide binding is a two-step
process with a fast association followed by a slow structural
rearrangement comprising 25% of TAP residues (11, 12).

Each NBD is divided into a helical and catalytic domain and
contains the Walker A/B motifs and C-loop (ABC signature)
sequence, all of which are involved in the binding and hydroly-
sis of ATP (13-16). From biochemical and structural studies
with soluble NBDs as well as fully assembled ABC transporter
complexes, it has become clear that ATP binding induces a rigid
body movement of the helical domain toward the catalytic
domain, which then allows dimerization of the NBDs in a head-
to-tail orientation (17-19). Although ATP binding to TAP is
peptide-independent (20), ATP hydrolysis is tightly coupled to
peptide binding and translocation (21, 22). However, it is not
solved yet whether TAP has a basal ATPase activity as found by
other ABC transporters. A short stretch of the cytosolic loop 1
(CL1) of TAP1 is involved in the communication between the
NBD and TMD as identified by a chemical protease (23). Inter-
estingly, CL1 and CL2 of TAPI interact with the X-loop of
TAP2 as shown by cysteine cross-linking (24).

For advanced biochemical and biophysical analyses of the
molecular mechanism of TAP, it is essential to work with
purified protein. Therefore, we evolved in a detailed screen a
solubilization, purification, and reconstitution procedure for
heterologously expressed TAP. With this we addressed the
peptide-binding stoichiometry and basal ATP hydrolysis of
TAP.

EXPERIMENTAL PROCEDURES
Cloning and Expression of TAP—For expression of tap, Sf9

insect cells (Spodoptera frugiperda) were infected with baculo-
viruses containing Cys-less tapl and wt tap2 (23) or de novo
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synthesized (GenScript, Piscataway, NJ) wt tapl and wt tap2
with optimized codon usage for heterologous expression. For
the de novo synthesized tap, a sequence coding for an Xbal site
followed by a flexible linker (GGGSGGGS), a tobacco etch virus
cleavage site (ENLYFQG), and an His,, tag was added to the
3'-end of the tapl gene. On the 3'-end of the tap2 gene, a
sequence coding for Sphl site followed by a GGGSGGGS linker,
a tobacco etch virus cleavage site, and an anti-PPE peptide
(PRGPDRPEGIEE) was introduced (25). Codon-optimized
tapl and tap2 were cloned into EcoRI/HindIII sites and Xhol/
Kpnl sites of pFastBacDual vector (Invitrogen), respectively.
tapl was under the control of the polyhedrin promoter, and
tap2 was under the control of the p10 promoter. To create a
mutant unable to hydrolyze ATP, mutations in the Walker A
sequence of TAP1 (K544A) and TAP2 (K509A) as well as a
mutation in the H-loop of TAP2 (H661A) were introduced.
These mutations were generated by ligase chain reaction using
codon-optimized tap genes as templates. The following prim-
ers were used: tapl (K544A), 5'-CCTAATGGTTCAGGAGC-
GTCTACAGTCGCCG-3'; tap2 (K509A), 5'-CCAAACGG-
GTCAGGAGCATCAACGGTAGCG-3'; and tap2 (H661A),
5 -GTTAGTCATTGCTGCTAGACTGCAGACCG-3'. Correct
sequences were confirmed by DNA sequencing. Sf9 cells were
infected with an multiplicity of infection of three for single
infections and an multiplicity of infection of five for double
infections at a cell density of 2.0 X 10° cells/ml. Expression and
crude membrane and microsome preparations were performed
as described previously (16, 23).

Purification of TAP—Crude membranes were thawed on ice
and diluted to 5 mg/ml of total protein with solubilization
buffer (20 mm HEPES, 140 mm NaCl, 15% glycerol, 5 mm histi-
dine, 2.5 mMm benzamidine, 1 mm phenylmethylsulfonyl fluo-
ride, pH 7.4) containing the indicated detergent (TX-100,
Sigma; FC-14 and DDM, Anatrace, Maumee, OH; and digito-
nin, Calbiochem, Darmstadt, Germany). Importantly, digitonin
was prepared as a 20% stock solution in water by boiling for 10
min. After storage for 1 week at 4 °C, the digitonin solution was
centrifuged for 10 min at 20,000 X g, and the supernatant was
used for solubilization. After 90-min incubation on ice, insolu-
ble material was removed by centrifugation at 100,000 X g for
30 min at 4 °C. The supernatant was applied with a flow rate of
0.5 ml/min to a HiTrap Zn>*-iminodiacetate-Sepharose col-
umn (Amersham Biosciences) equilibrated in washing buffer
(20 mm HEPES, 140 mm NaCl, 15% glycerol, pH 7.4) containing
detergent and 5 mM histidine. The column was washed subse-
quently with 10 column volumes of washing buffer containing
the corresponding detergent and 20 mm or 40 mMm histidine.
TAP was eluted with washing buffer containing detergent and
200 mM histidine. Buffer exchange was performed by gel filtra-
tion (PD-10, Amersham Biosciences), if necessary.

Immunoprecipitation of TAP—150 ul of sheep anti-mouse
IgG-conjugated magnetic beads (Dynabeads, Invitrogen,
Karlsruhe, Germany) were coated with monoclonal a-TAP2
(435.3) or monoclonal HC10 a-MHC class I antibody for 2 h at
4°C in 20 mm Tris, pH 7.4, 150 mm NaCl, 5 mm MgCl,, 0.1%
bovine serum albumin. After washing the beads twice with 1 ml
of IP buffer (20 mm HEPES, pH 7.4, 140 mm NaCl, 15% glycerol,
0.1% digitonin), 25 ug of purified TAP were incubated with the
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beads in a total volume of 500 ul for 3 h at 4 °C. After washing,
beads were isolated by a magnet, and bound proteins were
eluted with 30 ul of 3X SDS loading buffer. Eluates were sepa-
rated by SDS-PAGE (10%), transferred to a nitrocellulose mem-
brane, and visualized by immunodetection using monoclonal
a-TAP1 (148.3) and a-TAP2 (435.3) antibodies. Band intensi-
ties were quantified by Lumi-Imager F1 (Roche Applied Sci-
ence). TAP1 to TAP2 ratios were normalized to the subunit
ratio in crude membranes.

Peptide Binding—Peptides were labeled by fluorophores or
byiodineI'*® (11, 22). For filter assays, crude membranes (25 ug
of protein) and solubilized, purified, or reconstituted TAP were
incubated with radiolabeled peptide RRYQKSTEL in 50 ul of
solubilization buffer (with or without the corresponding deter-
gent) for 15 min at4 °C. Samples were transferred to micro filter
plates preincubated with 0.3% polyethyleneimine (MultiScreen
plates, Durapore membrane, 0.65-um pore size for crude mem-
branes and reconstituted TAP; glass fiber type B, 1-um pore
size for solubilized TAP, Millipore). Filters were washed twice
with 100 ul of ice-cold solubilization buffer with or without
the corresponding detergent. The amount of radiolabeled pep-
tide was quantified by a y-counter (Beckman Coulter). Back-
ground binding was determined in the presence of 200-fold
excess of unlabeled peptide (RRYQKSTEL). The dissociation
constant (K,) was derived from fitting a Langmuir (1:1) iso-
therm to the data,

Brmax X [peptide]

" Ko+ [peptide] ey

where B represents the fraction of peptide bound to TAP.
B...x is the amount of peptide bound under saturating
concentrations.

For determination of peptide affinity by a homogenous assay,
purified TAP (16 nm) in 200 ul of solubilization buffer supple-
mented by 0.1% digitonin was added to increasing concentra-
tions of fluorescein-labeled peptide RRYC®KSTEL, and the
decrease in fluorescence (A, e = 470/515 nm) was monitored
in real-time at 10 °C using a Fluorolog-3 spectrometer (Horiba
Jobin Yvon, Munich, Germany). The peptide dissociation
kinetics were followed after addition of a 400-fold molar excess
of unlabeled RRYQKSTEL peptide. Time courses for associa-
tion were fitted by a mono-exponential equation (Equation 2),

F(t) = Frax X (1 — 7% (Eq.2)

where F_ . represents the maximal change of fluorescence
after reaching equilibrium, and k_, is the association rate con-
stant. To derive the peptide dissociation constant, the maximal
change of fluorescence (F,,,,) was plotted against the peptide
concentration and fitted by a Langmuir (1:1) isotherm.
Fluorescence Correlation Spectroscopy—Fluorescence corre-
lation spectroscopy was performed on a Zeiss ConfoCor 2 (Carl
Zeiss, Oberkochen, Germany) equipped with an argon laser
(488 nm and 25 milliwatts) and a helium-neon laser (633 nm
and 5 milliwatts) using a C-Apochromat 40X, 1.2 water immer-
sion objective. Auto- and cross-correlation curves were ana-
lyzed with the ConfoCor 2 software. The pinholes in channel 1
(633 nm and 90-um diameter) and 2 (488 nm and 70-um diam-

JOURNAL OF BIOLOGICAL CHEMISTRY 33741



Purification and Reconstitution of TAP

eter) were adjusted with Cy5 and Alexa-Fluor-488-C.-maleim-
ide, respectively. Auto- and cross-correlation curves were fitted
with a one- or two-component model,

1 F X e~t0

x(i i

Eqg.3
(1 +tm) 1 + (/) xsZ) a2

i=1

where x denotes the number of components (i = 1 or 2), Nis the
total number of particles in the confocal volume, ¢ is the corre-
lation time, 7, is the diffusion time of component i in the con-
focal volume, F is the triplet fraction, ¢, is the triplet time, ®, is
the weighting coefficient for the ith component, and S is the
structural parameter. The axial structural parameter S is intro-
duced for convenience as S = w,/w,, where o, is the half short
axis (waist radius of the laser beam) and w, is the half long axis
of the ellipsoidal confocal volume. The structural parameter
was determined as 5.8 and 9.0 for the 488 nm laser line and for
the 633 nm laser line, respectively. The particle diffusion time 7
through the confocal volume can be described as,

w,

4XD

T= (Eq. 4)

where D is the diffusion coefficient. The confocal volumes V'
were calculated from one-component fits of the respective cor-
relation curves using a diffusion correlation coefficient of 430
wm?/s for Alexa-488-C, maleimide (26) and 370 um?/s for Cy5
(27) in water applying Equation 5.

V=m"Xw,Xw, (Eq.5)

Although the refractive index changes upon addition of glyc-
erol, the confocal volume remains constant (28). Therefore, no
calibration methods were applied. The viscosity of the digitonin
buffer (washing buffer with 0.1% digitonin) was calculated from
the change of diffusion coefficient of free dyes in water and
digitonin buffer with Equation 6,

nwater X Dwater

(Eq.6)
D buffer :

Nouffer —

where the viscosity, 1, of water at 20 °C is 1.003 X 103 Pas. The
hydrodynamic radii R;; were determined from the Stokes-Ein-
stein relation, in which Ry; is inversely proportional to the dif-
fusion coefficient,

D=
67MRy

(Eq.7)

where kg, is the Boltzmann constant and 7 the absolute temper-
ature. The translational frictional ratio frepresents the ratio of
the experimental determined (R;;) and the theoretical hydrody-
namic (Rg) radii,

Ry

=%

(Eq.8)
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with,

3 3Mv
Rs = 4mN, (Eq.9)
where M is the molecular mass, N, is the Avogadro constant,
and the partial specific volume vis taken as 0.73 ml/g.

First, the diffusion times of Alexa-488-C,-maleimide, Cy5,
Alexa-488-labeled (RRYCA**3KSTEL), and Alexa-633-labeled
peptide (RRYC*®**KSTEL) were determined in water as well as
in digitonin buffer by fitting the auto-correlation curves with a
one-component model. To determine peptide affinity by fluo-
rescence auto-correlation spectroscopy, increasing TAP con-
centrations were incubated with Alexa-488-labeled or Alexa-
633-labeled peptide (2.5 nm) for 30 min on ice to allow
equilibration. After 5 min at room temperature, fluorescence
fluctuations were recorded for 10 s and auto-correlation curves
were calculated, averaged over 10 repeats, and fitted by a two-
component model with the fixed fast diffusion time of free pep-
tide determined separately.

For cross-correlation experiments, increasing TAP concen-
trations (up to 100 nm) were incubated with Alexa-488-labeled
peptide (2.5 nm) and Alexa-633-labeled peptide (2.5 nm). The
red laser was adjusted to a higher intensity than the green one,
thereby minimizing the crosstalk of the green emission into the
red channel. The cross-correlation curve was fitted with a one-
component model (Equation 3). The auto-correlation data
obtained in the green and red channels were fitted with a two-
component model assuming fractions of free and bound sub-
strates. The diffusion times of the free substrates were derived
from one-component fits of an analogous experiment, where
the Alexa-488 and the Alexa-633-labeled peptide (2.5 nm each)
were monitored in both channels without TAP. The higher
detectable concentration of the free green substrate in compar-
ison to the free red substrate is due to the higher quantum yield
of the green dye.

ATPase Assay—To determine the ATPase activity of solubi-
lized TAP, a colorimetric assay, based on malachite green, was
used (29). TAP (1.9 ug) was incubated for 1 hat 32 °Cin 25 ul of
ATPase buffer (digitonin buffer supplemented with 2 mm
MgCl,, 1 mm ouabain, 5 mm NaNj, and 50 um EGTA) contain-
ing 1 mM ATP, in the absence or presence of 2 uM high affinity
peptide RRYQKSTEL or non-binder peptide EPGNTWDED
(10). To inhibit ATPase activity of TAP, ortho-vanadate (2 mm)
was added. The reaction was stopped by the addition of 20 mm
H,SO, (175 pl) and incubated with 50 ul of malachite green
solution (3.5 mMm malachite green, 0.2% Tween 20, 0.8% ammo-
nium molybdate in 20% H,SO,) for 15 min at room tempera-
ture. The amount of inorganic phosphate was determined by
the absorbance at 620 nm compared with a standard curve
using sodium phosphate. To determine ATP hydrolysis kinetics
in the dependence of the ATP or peptide concentration, 0.6 ug
of TAP purified or reconstituted in proteoliposomes was incu-
bated for 10 min at 37 °C in 25 ul of ATPase buffer or ATPase
buffer without digitonin, respectively, containing ATP in the
presence or absence of high affinity peptide RRYQKSTEL pep-
tide as indicated. Peptide-stimulated phosphate released was
determined and fitted by using the Michaelis-Menten equation,

asEie

VOLUME 284 -NUMBER 49+ DECEMBER 4, 2009



_ Vmax X [L]
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with L representing ATP or peptide for determination of the
Michaelis-Menten constant K, xrp Or K,,, ep.iqe F€SPectively.

Reconstitution of the TAP Complex—For reconstitution of
TAP, a polar lipid extract of Escherichia coli (Avanti Polar Lip-
ids, Alabaster, AL, 20 mg/ml) was dissolved in chloroform and
evaporated. The lipid film was rehydrated in reconstitution
buffer (20 mm HEPES, pH 7.4, 140 mMm NaCl, 5% (w/w) glycerol)
by bath sonification. Liposomes (10 mg/ml) were frozen in liq-
uid N, and thawed at room temperature for three times, and,
subsequently, they were extruded 11 times through a polycar-
bonate filter of a pore size of 400 nm (Avestin, Mannheim,
Germany). Liposomes were diluted into reconstitution buffer
to a final concentration of 2.5 mg/ml and then destabilized by
adding TX-100 to maximal light scattering at 540 nm. For
reconstitution, purified TAP complex was added to destabi-
lized liposomes in a lipid-to-protein ratio of 20:1 (w/w) and
incubated for 30 min at 4 °C. To remove detergent, aliquots of
40 mg/ml (wet weight) of polystyrene beads (Bio-Beads SM-2,
Bio-Rad), washed with methanol and water and then equili-
brated in reconstitution buffer, were added sequentially four
times and incubated each time for at least 1 h at 4 °C by gentle
agitation. Bio-Beads were removed by using a Bio-spin column
(Bio-Rad). The proteoliposomes were pelleted by centrifuga-
tion at 300,000 X g for 45 min at 4 °C. Finally, the pellet was
resuspended in reconstitution buffer to a lipid concentration of
5-10 mg/ml.

Peptide Transport Assay with Proteoliposomes—TAP (0.75
pg) containing proteoliposomes (46 ug of phospholipids) was
preincubated at 4 °C in 50 ul of phosphate-buffered saline con-
taining 5 mm MgCl, and additives as mentioned. Transport was
started by adding 1 um of RRYC®'KSTEL peptide. After incu-
bation for 15 min at 32 °C, transport was stopped by the addi-
tion of 200 ul of ice-cold stopping buffer (10 mm EDTA in
phosphate-buffered saline) containing 100 um unlabeled pep-
tide RRYQKSTEL to compete for peptides bound to TAP. Pro-
teoliposomes were transferred to micro filter plates preincu-
bated with 0.3% polyethyleneimine (MultiScreen plates,
Durapore membrane, 0.65-um pore size, Millipore). Samples
were washed twice with 250 ul of ice-cold stopping buffer. Sub-
sequently, filters were incubated with 250 ul of elution buffer
(1% SDS in phosphate-buffered saline) for 5 min at room tem-
perature. The transported peptide was quantified by a fluores-
cence plate reader (A, = 485/520 nm, Polarstar Galaxy,
BMG, Offenburg, Germany).

RESULTS
Functional Purification of TAP—A prerequisite for a detailed

mechanistic analysis of membrane proteins is their functional
isolation. Although it is often laborious to establish a mild puri-
fication method for soluble proteins, this process is still a major
challenge for membrane proteins and in particular for hetero-
meric membrane protein complexes, such as TAP. Here the
choice of the optimal detergent is very critical. In an attempt to
identify optimal solubilization conditions for TAP in terms of
yield and long term stability, we performed a solubilization
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TABLE 1
Efficiency of detergents in solubilization und purification
TAPL/TAP2 - TAPLTAP2 15 po 1A p] ratio
solubilization recovery after after purification®
efficiency” purification” P
% %
FC-14 75/95 30/1 0.1
DDM 88/94 68/69 1.0
TX-100 69/74 69/75 1.0
Digitonin 77196 36/31 1.0

“ To determine the efficiency in solubilization and recovery of TAP, the amount of
TAP in crude membranes was compared with TAP after solubilization and puri-
fication by densitometry of immunoblots using monoclonal a-TAP1 (148.3) and
a-TAP2 (435.3) antibodies.

® The molar ratio of TAP1 and TAP2 in crude membranes was taken as 1.

screen of 80 different detergents with TAP-containing micro-
somes from insect cells (supplemental Table S1). In initial
screens, a glycerol concentration of 15% and a microsomal lipid
concentration of 3 mg/ml, assuming a 1:1 lipid-to-protein ratio
(w/w), were determined to be optimal. For all detergents, a
p-value of two was taken. To determine solubilization efficiency
and long term stability over 3 days at 4 °C, solubilized TAP was
centrifuged at 100,000 X g for 30 min, and the supernatant was
analyzed by immunoblotting using TAP1- and TAP2-specific
antibodies. From these studies, FC-14, TX-100, DDM, and dig-
itonin showed appropriate efficiencies in TAP solubilization
and kept the peptide transporter stable in solution over 3 days
(supplemental Table S1).

We next compared these four detergents according to their
ability to preserve activity during purification. TAP-containing
membranes were solubilized at a p-value of one in the case of
FC-14,DDM, and digitonin or a p-value of two for TX-100. The
solubilization efficiencies ranged between 64 and 96% com-
pared with SDS-solubilized TAP (Table 1). Solubilized TAP
was purified by metal affinity chromatography via a His, , tag at
the C terminus of TAP1. Instead of imidazole, which disrupted
the heterodimeric complex during extensive washing steps,
histidine was used in all washing and elution buffers. In addi-
tion, the detergent concentration during chromatography
was reduced to a concentration slightly above the critical
micelle concentration (1.5- to 6.0-fold above the critical
micelle concentration). The purity of TAP ranged between
80 and 95% (Fig. 14).

To determine the subunit stoichiometry after metal affinity
chromatography via the His,, tag at the C terminus of TAP1,
the eluate of digitonin-solubilized TAP was immunoprecipi-
tated by a monoclonal a-TAP2 antibody. The relative amount
of TAP1 and TAP2 during expression, solubilization, purifica-
tion, and orthogonal immunoprecipitation was compared by
quantitative immunoblotting using monoclonal a-TAP1 and
a-TAP2 antibodies. Because the TAP1 and TAP2 ratios of the
metal affinity purification (0.79 = 0.05) and the orthogonal
immunoprecipitation (0.82 = 0.06) were identical, all purified
TAP complexes exist as heterodimers, and no monomers or
homodimers are present after purification (Fig. 1B). The same
ratio of both subunits was detected also in the solubilized state
(0.80 £ 0.06). However, in crude membranes TAP1 is in a sur-
plus compared with TAP2. Therefore, the single TAP1 subunit
seems not to be solubilized under these conditions.
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Apart from digitonin, TAP1 and A
TAP2 were co-purified in TX-100 FC-14 DDM
and DDM in 1:1 stoichiometry. For M S FT W1 W2 E M S FT W1 W2 E
DDM and TX-100, the TAP recov-
ery was 2-fold higher than for digi- :
tonin (Table 1). Importantly, FC-14 !
dissociated the TAP complex, as ‘ "
only TAP1 was eluted from the col-
umn while TAP2 was predomi-
nantly found in the flow-through.

Because detergents can inactivate
membrane proteins without affect-
ing their solubility, the activity of
TAP during purification with differ-
ent detergents was analyzed by pep-
tide binding studies using a filter
assay. TAP function was deter-
mined n he presnce of e ado. ——] o' [
labeled peptide RRYQKSTEL (300
o). his concencaton s sy | < [
below the dissociation constant
determined in membranes (K, = TX-100 digitonin
0.6 um). For all four detergents, TAP
activity was reduced during solubi-
lization and purification (Fig. 2A4).
Solubilization by FC-14-and TX-100
reduced TAP activity almost to 0%,
although ~75% of TAP was solubi-
lized. For DDM or digitonin, 65 and
40% of TAP-binding activity was
preserved, respectively, whereas 77
to 88% of TAP was solubilized. After
purification in DDM, the TAP activ-
ity dropped down to 1%, although
70% of TAP was isolated as deter-
mined by immunoblotting. After
purification in digitonin, 10% of
TAP activity was detected while
30% of TAP was isolated. Notably,
the recovery of functional purified
TAP is underestimated, because
solubilized TAP has a slightly B
decreased peptide affinity and —
retention by the filter assay of TAP kpa___M S P__aTAP2 control
in crude membranes was higher »
than that of TAP in detergent 72 - — e ey o TAP1
solution.

For reconstitution or crystalliza-
tion, long term stability of the puri- ; 3
fied protein is essential. We there- 72-| NS GEmm S —— a TAP2
fore followed the activity of TAP,
which was purified in DDM or digi- ratio of 1 080 079  0.82
tonin, over 9 days (Fig. 2B). Purified TAP1/TAP2 $0.06 +005 +£0.06
TAP was stored in the correspond-
ing elution buffer at 4 °C, and pep-
tide binding was analyzed over time. TAP activity was fully ity of TAP dropped to <20% within the first 24 h. No peptide
preserved over the first 3 days in digitonin and after 9 days still  binding was detectable after 9 days. Importantly, the inactiva-
70% of TAP activity was detected. In DDM, however, the activ-  tion did not correlate with protein aggregation, because TAP

TAP2
T \TAP1

o TAP1

o TAP2

M S FT W1 W2 E M S FT W1 w2 E

TAP2

a1

IP

33744 JOURNAL OF BIOLOGICAL CHEMISTRY YASEMBN  VOLUME 284-NUMBER 49+ DECEMBER 4, 2009



7

[02]
o
|

D
o
|

401

peptide-binding (%

20+

0_ T T
FC-14  TX-100

DDM

digitonin

peptide-binding (%)

0 I 2 4 6 8
days after purification

FIGURE 2. Activity of solubilized TAP. A, stability of TAP during purification.
To determine the stability of the TAP complex during purification, crude
membranes derived from 1 liter of insect cell culture were solubilized by dif-
ferent detergents and purified by metal affinity chromatography. Subse-
quently, fractions of crude membranes (black bars), after solubilization (dark
gray bars) and purified TAP (light gray bars) containing nominal equal
amounts of TAP were incubated with radiolabeled peptide RRYQKSTEL (300
nm) in the presence or absence of 200-fold excess of unlabeled peptide. After
15-min incubation at 4 °C, bound peptides were separated by filter assay and
quantified by y-counting. Specific binding to TAP in crude membranes was
normalized to 100%. B, long term stability of TAP. To compare the stability
and TAP activity over time, TAP purified in DDM (filled circles) or digitonin
(open circles) was stored at 4 °C. Peptide binding was analyzed as described in
A. Specific peptide binding to TAP at day zero was normalized to 100%. In
digitonin, TAP was active with a half-life longer than 16 days, whereas in DDM
the half-life was only 10.5 h. Each data point is derived from triplicate meas-
urements. Error bars show the standard deviation.

stayed in solution over the entire period (data not shown).
Thus, caution must be taken to probe the stability of membrane
proteins solely by aggregation screens, because an inactivation
of the protein may not be detected. In conclusion, digitonin was
the only detergent under the conditions followed that resulted
in sufficient amounts of functional TAP for further biochemical
and biophysical analysis.

Peptide Binding to Isolated TAP—Peptide binding to TAP isa
prerequisite for transport. We therefore analyzed peptide bind-
ing of purified TAP by different techniques. We compared
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TABLE 2
Peptide affinity of TAP
Filter Fluorescence
TAP complex binding K, quenching K,
M nm

Membranes 0.6 = 0.2 12.0 = 1.0*
Solubilized 14+ 04 ND?
Purified 1.3+03 30.0 = 5.0
Reconstituted 0.3 *=0.1 ND

“ Taken from Neumann and Tampé (11).
2 ND, not determined.

these results to membrane-bound TAP to ensure that solubili-
zation and purification did not alter TAP activity in subtle ways.
First, peptide affinity of TAP was determined by a filter binding
assay using the radiolabeled epitope RRYQKSTEL. Membrane-
embedded TAP had a 2-fold higher peptide affinity (K, = 0.6
uM) in comparison to solubilized TAP or solubilized and puri-
fied TAP (K, = 1.3 um) (Table 2). Because filter binding assays
can suffer from dissimilar recovery of membrane-bound pro-
teins versus solubilized proteins, as well as non-equilibrium
conditions during the washing steps, TAP affinity was also
determined under equilibrium conditions using a homogene-
ous binding assay, where the association of the fluorescein-la-
beled peptide RRYC’KSTEL was followed by fluorescence
quenching (supplemental Fig. 1). Peptide binding resulted in a
monoexponential fluorescence decay, which was recovered by
the addition of a 400-fold excess of unlabeled competitor pep-
tide RRYQKSTEL. Fitting the concentration-dependent maxi-
mal change in fluorescence by a Langmuir (1:1) isotherm
resulted in a dissociation constant of 30 nm, which is again
2-fold higher than the K, value of membrane-bound TAP
determined by this method (K, = 12 nm (11)). The different
affinities derived from the filter binding and fluorescence
quench assays were not dependent on the differently labeled
peptides, because the radiolabeled and fluorescein-labeled pep-
tides have the same affinity in the filter binding assay (data not
shown). Therefore, the differing affinities most likely result
from the different assays.

Because P-glycoprotein (MDR1, ABCB1) possesses multiple
solute-binding sites, the peptide-TAP stoichiometry represents
an important unresolved issue. Equilibrium dialysis or isother-
mal titration calorimetry would be the method of choice to
analyze the stoichiometry. However, these methods require
large amounts of stable protein and are critically dependent on
an accurate determination of the protein concentration, which
is difficult to achieve for membrane proteins. We therefore
applied fluorescence cross-correlation spectroscopy, which
requires very low amounts of protein. We first analyzed the
association of the photostable Alexa-488- or Alexa-633-labeled
peptide RRYCKSTEL by fluorescence auto-correlation spec-
troscopy. The diffusion coefficient of both peptides alone and

FIGURE 1. Purification of TAP. A, purification of TAP with different detergents. TAP-containing membranes (5 mg/ml of protein) were solubilized by different
detergents and purified by metal affinity chromatography. Aliquots of membranes (M), solubilization (S), flow through (FT), wash with 20 mm (W1), wash with
40 mm histidine (W2), and elution with 200 mm of histidine (E) were analyzed by SDS-PAGE (9%, Coomassie-stained) and immunoblotting using monoclonal
a-TAP1 (148.3) and o-TAP2 (435.3) antibodies. B, stoichiometry of TAP. TAP-containing membranes (10 mg/ml protein) were solubilized by 2% digitonin,
purified by the His,, tag at the C terminus of TAP1 via metal affinity chromatography, and subsequently immunoprecipitated via monoclonal a-TAP2 (435.3)
antibody to isolate exclusively heterodimeric TAP complexes or a-MHC | (HC10) antibody as isotope control. Aliquots of membranes (M), solubilization (S),
metal affinity-purified TAP (P), and immunoprecipitated TAP (IP) were analyzed by SDS-PAGE (10%) and immunoblotting using monoclonal a-TAP1(148.3) and
a-TAP2 (435.3) antibodies. The ratio of the TAP1 and TAP2 intensities in each fraction was normalized to the membrane level. The ratios depict the mean of

three independent experiments.
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FIGURE 3. Peptide-binding affinity determined by fluorescence correla-
tion spectroscopy. A, fluorescence auto-correlation of free peptide. Auto-
correlation data (gray line) obtained for Alexa-633-peptide RRYCKSTEL (2.5
nm) were fitted by a one-component fit (Equation 3, black line) taking a frac-
tion of the triplet state into account (7o = 4.4 us). A diffusion time (7¢,.q) of
200 ws resulted from the fit. B, fluorescence auto-correlation of TAP-bound
peptides. 2.5 nm of the Alexa-633-peptide RRYCKSTEL was incubated with
320 nm of solubilized and purified TAP for 30 min at 4 °C. The fluorescence
correlation spectroscopy measurements were performed at 22 °C. Auto-cor-
relation data (gray line) were fitted by a two-component model assuming
fractions of free and bound peptides (Equation 3, black line) taking a fraction
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TABLE 3

Parameters derived from fluorescence auto-correlation spectroscopy
Excitation wavelength 488 nm 633 nm
Dye Alexa-488 Alexa-633
Taye Water/buffer (us) 35/86 53/109
D, water/buffer (um?>/s) 430%/175 370°/180
Confocal volume (fl) 0.5 1.1
Viscosity of buffer 20 °C (*10® N*s/m?) 2.5 2.2
Structure parameter, S 5.8 9
Theptide Water/buffer (us) 50/120 94/190

eptiae Water/buffer (um?/s) 250/104 209/103

Confocal volume (fl) 0.5 1.1

Particle number 6.3 = 0.5 7.4 * 3.6
Peptide concentration (nm) 21.8 11.2
R,, peptide (A) 8.4 7.0
Toeptide TAP (15) 1500 2000
eptige TAP (m?/s) 10 10
Ry (A) 87.6 73.7
Ry (A) 35.1 35.1
R./R 2.5 2.1

“ Taken from Nitsche, et al. (26).
? Taken from Loman, et al. (27).

with increasing concentrations of TAP was determined. In the
absence of TAP, only one species of fast diffusing particles was
detected with a diffusion coefficient of 104 and 103 wm?/s for
Alexa-488- and Alexa-633-labeled peptide, respectively (Fig.
3A). Due to the higher viscosity of the glycerol-containing
buffer, the diffusion coefficients of both peptides were 2.2-fold
lower than in water. By adding TAP (320 nu final concentra-
tion), a second population with a 10-fold slower diffusion coef-
ficient (10 wm?/s) became apparent, reflecting fluorescent pep-
tides bound to TAP (Fig. 3B). A 200-fold excess of unlabeled
peptide RRYQKSTEL was efficient in competition, demon-
strating that the slowly diffusing population is TAP-specific.
The slow component increased hyperbolically with raising TAP
concentrations and followed a Langmuir (1:1) isotherm with
dissociation constants of 20 £ 9 nM and 30 * 9 nw™ for the
Alexa-488- and Alexa-633-peptide, respectively. These affinity
constants are close to those determined by fluorescence
quenching (Fig. 3C). At TAP concentrations 10-fold higher
than the dissociation constant, only 50% of peptide was bound
to TAP, although saturation was reached. The reason for this
effect could not be determined. However, uncoupled fluoro-
phores or aberrant by-products do not cause this effect, because
the labeled peptides were identified as a single population by
reversed-phase high-performance liquid chromatography and
by electrospray ionization-mass spectrometry.

From the diffusion coefficient and the viscosity of the buffer,
a hydrodynamic radius (R,;) of 81 A was determined for the
TAP-peptide complex (Table 3). Based on the size of TAP, a
theoretical hydrodynamic radius (R) of 35.1 A was calculated
assuming a spherical molecule. A translational frictional ratio
of 2.3 implies that TAP has a non-spherical structure or pos-
sesses an abnormally large water and probably detergent shell.

of the triplet state into account (e = 5.7 us). The diffusion time for free
peptide (Tq0.) Was fixed to 200 ws, resulting in a diffusion time of bound
peptide (Tyouna) Of 1953 ws. The lower graph displays the residuals of the fit.
C, Alexa-488- or Alexa-633-peptides RRYCKSTEL (2.5 nm of each) were incu-
bated with increasing concentrations of TAP. Auto-correlation curves were
fitted by a two-component model assuming fractions of free and bound pep-
tides. The fraction of bound peptide (%) was plotted against the TAP concen-
tration and fitted by a Langmuir (1:1) isotherm. For the Alexa-488 peptide,
and the Alexa-633 peptide a K, of 20 = 9 nm (open circles) and 30 = 6 nm
(closed circles) was deduced, respectively.

asEie

VOLUME 284 -NUMBER 49+ DECEMBER 4, 2009



100

~
(6}
1

ATP hydrolysis (%)
> 3

e m-

- high affinity low affinity  ortho-
peptide peptide  vanadate

FIGURE 4. Peptide binding induces ATP hydrolysis of the solubilized TAP
complex. 500 nm of purified wt (filled bars) or inactive TAP variant (TAP1
K544A/TAP2 K509A, H661A) (open bars) were incubated with 1 mm MgATP in
the presence or absence of high affinity peptide (2 um RRYQKSTEL), low affin-
ity peptide (2 um EPGNTWDED), or ortho-vanadate (2 mm) in combination
with high peptide (2 um) for 1 h at 32 °C. Release of inorganic phosphate was
quantified by the malachite green assay and normalized to the TAP-depen-
dent ATPase activity in the presence of RRYQKSTEL. Data are derived from
triplicate measurements. Error bars show the standard deviation.

We next examined the association of two peptide molecules
to TAP by fluorescence cross-correlation spectroscopy. Nota-
bly, Alexa-488 and Alexa-633 are optimal fluorophores for
cross-correlation studies with high quantum yield and good
photo-stability. These fluorophores are also insensitive to envi-
ronmental changes, and their emission spectra are well sepa-
rated to exclude any fluorescence resonance energy transfer
and cross-talk. To follow fluorescence cross-correlation, we
incubated a mixture of Alexa-488- and Alexa-633-peptide (2.5
nM of each) with different concentrations of TAP (up to 100
nM). Under all conditions tested, a cross-correlation could not
be detected. So it is unlikely that TAP is loaded with two pep-
tides under conditions, in which TAP is in 10-fold excess.
Therefore, we preincubated TAP with a 200-fold excess of
labeled peptides. TAP-bound peptide was separated from free
peptide by gel filtration using mini-spin columns. However,
even after this rapid separation (<1 min), no cross-correlation
signal could be detected. Furthermore, we could not detect any
fluorescence resonance energy transfer signal in studies using
peptides labeled with fluorescence resonance energy transfer
pairs (data not shown). In conclusion, TAP binds only one pep-
tide with high affinity at a time.

Peptide Binding Induces ATP Hydrolysis of the Isolated TAP
Complex—In their solubilized state, ABC transporters often
show an uncoupling between solute binding and ATP hydroly-
sis, most probably due to alack of an optimal lipid environment.
We therefore examined the ATPase activity of solubilized and
purified TAP. In the presence of a saturating concentration of
the peptide RRYQKSTEL (2 um), TAP showed a 6-fold higher
ATPase activity than in its absence (Fig. 4). Notably, the non-
binder peptide EPGNTWDED did not stimulate the ATP hy-
drolysis of TAP, whereas ortho-vanadate inhibited the peptide-
stimulated ATPase activity to background levels. To prove
whether the observed peptide-dependent ATPase activity is
TAP-specific, we created an ATPase-inactive mutant of TAP by
replacing the conserved lysine in the P-loop of TAP1 and TAP2
as well as the invariant histidine of the H-loop in TAP2 by
alanine. This triple mutant was inactive in peptide transport
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TABLE 4
Kinetic parameters of TAP
TAP complex K, At K, peptide Vnax
M nm wmol/min*mg TAP
Purified 152 * 30 131 £ 62 1.40 £ 0.03
Reconstituted 94 * 20 63 * 33 1.92 = 0.02

and showed no peptide-stimulated ATPase activity, although it
has the same peptide-binding affinity as wild-type TAP (data
not shown). Therefore, the observed peptide-stimulated
ATPase activity is TAP-dependent. Strikingly, TAP does not
hydrolyze ATP in the absence of peptide. The very low back-
ground ATPase activity originates from a co-purified ATP-hy-
drolyzing enzyme, because a similar background activity was
found for the inactive TAP mutant. In conclusion, the solubi-
lized and purified TAP complex shows an ATPase activity that
is strictly coupled to peptide binding.

We next determined the kinetic parameters of purified TAP
by measuring ATP hydrolysis in dependence of peptide or ATP
(Table 4). In the presence of a saturating concentration of
RRYQKSTEL peptide (1 um), ATP hydrolysis showed a hyper-
bolic dependence on the ATP concentration with a Michaelis-
Menten constant (K, ,1p) of 152 = 30 um (supplemental Fig.
2). Under a saturating ATP concentration (3 mm), the ATPase
activity was hyperbolically dependent on the peptide concen-
tration with a Michaelis-Menten constant (K,,, ,.,iqe) of 131 £
62 nm. This good agreement of K,,, . .14 With the peptide affin-
ity determined under equilibrium conditions suggests a tight
coupling between peptide binding and ATP hydrolysis and that
each peptide, bound to TAP, induces ATP hydrolysis. In sum-
mary, the Michaelis-Menten parameter K, . 4. directly
reflects the affinity for peptide binding.

Reconstitution of TAP—Up to now, detailed mechanistic
studies have been hampered by the lack of functionally recon-
stituted, highly purified TAP complexes. With isolated TAP
that is functional and stable in detergent over days, we have
established an optimal starting point for the functional recon-
stitution. TX-100-destabilized liposomes of polar E. coli lipids
were mixed with TAP in a lipid-to-protein ratio of 20:1 (w/w).
Subsequently, the detergent was slowly removed by adding pol-
ystyrene beads. As a result, reconstituted TAP was fully func-
tional in respect of peptide binding, because the binding affinity
was identical to TAP in microsomes (Table 2). Strikingly, for
the first time the transport activity of purified TAP was recov-
ered in proteoliposomes (Fig. 5). Peptide transport was not
detected in the absence of ATP or if the ATPase-deficient TAP
mutant was analyzed. In addition, transport was blocked by
ortho-vanadate. Therefore, peptide transport is ATP-specific.
Moreover, transport of fluorescence peptide is blocked to back-
ground by an excess of unlabeled peptide or the viral inhibitor
ICP47, demonstrating that transport is both peptide- and
TAP-specific.

The kinetic parameters of reconstituted TAP were deter-
mined for comparison in the same way as for solubilized TAP.
The ATP as well as the peptide concentration-dependent ATP
hydrolysis showed a hyperbolic behavior with K, ,1p of 94 *
20 uMand K of 63 * 33 nm, which are slightly decreased

m,peptide

in comparison to purified TAP (Table 4 and supplemental Fig.
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FIGURE 5. Functional reconstitution of TAP in proteoliposomes. Proteoli-
posomes (46 ug of E. coli lipids) containing wt (filled bars) or inactive TAP
(open bars; 0.75 jug of each) were incubated in 50 wl with T um RRYCPKSTEL in
the presence of MgATP or MgADP (3 mm of each). The assay was performed in
the presence of unlabeled competitor peptide (200 um RRYQKSTEL), the viral
TAP inhibitor ICP47 (30 um), or ortho-vanadate (3 mwm) as indicated. Data are
derived from triplicate measurements. Error bars show the standard
deviation.

2). Taken together, this is the first report of the functional
reconstitution of highly purified TAP.

DISCUSSION

A detailed mechanistic analysis of any protein requires its
functional purification and, in the case of membrane proteins,
its reconstitution into lipid bilayers. By carefully evaluating
each step of solubilization, purification, and reconstitution, we
succeeded in the functional reconstitution of purified TAP.
Importantly, the activity of solubilized TAP could be checked in
every step and lead to important results: (i) Peptide binding
triggers ATP hydrolysis of TAP in the solubilized state. Nota-
bly, in contrast to other ABC transporters, TAP does not pos-
sess a basal ATPase activity. (ii) By single molecule analyses, we
further demonstrated that TAP binds only one peptide at a
time.

An essential step in the purification of membrane proteins is
their functional solubilization. By testing 80 different deter-
gents for solubilization efficiency and long term stability, four
detergents yielded good results. After purification, only digito-
nin could fully preserve TAP activity. In FC-14, the het-
erodimeric TAP complex was disrupted as also reported for
other oligomeric membrane proteins (30). TAP inactivation by
TX-100 and DDM was most probably due to delipidation,
whereas digitonin is a very mild detergent often used to pre-
serve protein-protein interactions within membranes. Most
likely, digitonin maintains a belt of lipids around the protein,
thus retaining the TAP function. Three parameters were criti-
cal for the purification: First, using Zn>* instead of Ni** as the
central cation strongly improved the purity of TAP. Second, in
an initial screen, the presence of 15% glycerol was essential for
long term stability. Third, TAP purification was performed in
the presence of histidine instead of imidazole, because pro-
longed incubation with imidazole disrupted the heterodimeric
complex as also shown for the bacterial oligopeptide trans-
porter OppA (31).

Solubilized and purified TAP was fully functional with
respect to peptide binding and ATP hydrolysis. However, the
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maximal ATP turnover rate was decreased in the purified state
in comparison to reconstituted TAP. This change can be
explained by a lower lateral membrane pressure in the solubi-
lized state, affecting the spatial packing of the transmembrane
helices (32, 33). Interestingly, the peptide-binding affinity and
K., peptiae Of purified TAP decreased 2- to 3-fold in comparison
to membrane-embedded TAP. This difference may be due to a
local enrichment of positively charged peptides at the nega-
tively charged lipid interface. An even stronger effect was
observed for the herpesviral inhibitor ICP47, which showed a
50-fold reduced affinity for solubilized as for membrane-em-
bedded TAP (34).

Based on the diffusion coefficient determined by fluores-
cence correlation spectroscopy, the hydrodynamic radius (R;;)
of peptide-bound and, therefore, active TAP was calculated to
be 81 A corresponding to a molecular mass of 1.8 MDa assum-
ing a spherical molecule. Based on the calculated molecular
mass of TAP (156 kDa), the theoretical Stokes radius (Rg) was
38.6 A taking an additional water shell of 3 A into account. This
discrepancy does not originate from higher oligomeric states,
because only one slow diffusing population of TAP-peptide
complexes was detected. Furthermore, TAP oligomers should
lead to a cross-correlation signal, which was not detected under
any of the conditions tested. Therefore, the apparent high
molecular mass most likely is caused by bound digitonin and
lipids, which has been found to account for 80% of the mass of
the yeast mitochondrial ADP/ATP exchanger (35). If this also
applies for TAP, the frictional ratio of TAP is 1.22, which is
within the range of 1.2—1.3 commonly found for globular spe-
cies. A similar value (f = 1.18) was determined for the ABC
transporter BmrA determined by sedimentation centrifugation
and size-exclusion chromatography (36). The frictional ratio of
Sav1866 (f = 1.35) determined from the x-ray structure by the
program HYDRO is somewhat higher than the one estimated
from TAP (37, 38). The more spherical structure of TAP could
result from the two extra N-terminal domains (TMDO) linked
to the core-TAP complex (39).

We previously succeeded in the reconstitution of enriched
TAP derived from the human B-lymphoma cell line Raji (21).
The kinetic parameters of reconstituted TAP derived from
insect cells (Table 4) and of reconstituted TAP isolated from
Raji cells (K,,, peprige = 161 = 150M; K, op 0.3 = 0.06 mg; V=
2.02 * 0.13 wmol/min X mg of TAP) are in good agreement
showing that the different expression hosts, purification proce-
dures, and lipid compositions of the proteoliposomes do not
influence the activity of this translocation machinery. However,
Raji cells would never provide a sufficient amount of purified
TAP for detailed biochemical and biophysical studies. This
presses the need for a heterologous expression system. How-
ever, the method originally developed for Raji cells did not work
for TAP expressed in insect cells. Thus we invested another 5
years of research to succeed in the functional reconstitution of
heterologously expressed and highly purified TAP. The most
obvious difference between both strategies was the use of dif-
ferent detergents as well as different purification protocols.
Combining our observations from extensive screens, we believe
that TAP from insect cells is faster deactivated by delipidation
during solubilization and purification than TAP from Raji cells,
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most likely because of the different lipid composition of the
endoplasmic reticulum of insect cells and of Raji cells. There-
fore, only the mild detergent digitonin can be used for the func-
tional solubilization and reconstitution of heterologously
expressed TAP by preserving the lipid environment around the
solubilized protein.

The new established purification and reconstitution proce-
dure presented herein gave us for the first time the possibility of
deciphering the peptide stoichiometry as well as the basal
ATPase activity of TAP. In future, we will dissect the single
steps of the transport cycle by single molecule analysis and ana-
lyze mechanistic details of peptide translocation in the recon-
stituted system.
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