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ABSTRACT. The tocopherol transfer protein (TTP) is a member of the CRAL-TRIO family of lipid binding
proteins that facilitates vitamin E transfer between membrane vesicles in vitro. In cultured hepatocytes,
TTP enhances the secretion of tocopherol to the media; presumably, tocopherol transfer is at the basis of
this biological activity. The mechanism underlying ligand transfer by TTP is presently unknown, and
available tools for monitoring this activity suffer from complicated assay procedure and poor sensitivity.
We report the characterization of a fluorescent vitamin E analodR)e?,b,7,8-tetramethylchroman-2-
[9-(7-nitrobenz[1,2,5]oxadiazol-4-ylamino)nonyllchroman-6-ol (NBD-TOH), as a sensitive and convenient
probe for the ligand binding and transfer activities of TTP. Upon binding to TTP, NBD-TOH fluorescence

is blue shifted, and its intensity is greatly enhanced. We used these properties to accurately determine the
affinity of NBD-TOH to TTP. The analogue binds to TTP reversibly and with high affirity€ 8.5+

6 nM). We determined the affinity of NBD-TOH to a TTP protein in which lysine 59 is replaced with a
tryptophan. When occurring in humans, this heritable mutation causes the ataxia with vitamin E deficiency
(AVED) disorder. We find that the affinity of NBD-TOH to this mutant TTP is greatly diminisheg=

71+ 19 nM). NBD-TOH functioned as a sensitive fluorophore in fluorescent resonance energy transfer
(FRET) experiments. Using the fluorescent lipids TRITC-DHPE or Marina Blue-DHPE as a donor or an
acceptor for NBD-TOH fluorescence, we obtained high-resolution kinetic data for tocopherol movement
out of lipid bilayers, a key step in the TTP-facilitated ligand transfer reaction.

Vitamin E is a lipophilic antioxidant, initially identified  E to protect cells against oxidative stress is thought to render
as a plant-derived factor that prevented fetal resorption in it essential for membrane, protein, and DNA integrity.
diet-restricted ratslj. The term “vitamin E” refers to a class  Vertebrates evolved efficient mechanisms for the selective
of structurally related molecules, all of which show potent retention ofRRRa-tocopherol (TOH) over other dietary
radical trapping activity in vitroZ). The ability of vitamin tocols. This discrimination results from the combined effects
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transfer protein was subsequently shown to enhance TOHmonitor TTP activity. The availability of this novel experi-
secretion into culture media when overexpressed in culturedmental tool opens the door for detailed mechanistic studies
hepatocytes9—11). It is generally accepted that by virtue of TTP action and will greatly expand our understanding of
of its ability to facilitate the secretion of TOH from this important regulatory protein.

hepatocytes to circulating lipoproteins, TTP functions as a
key regulator of vitamin E status. EXPERIMENTAL PROCEDURES

~ The critical role of TTP in maintaining normal TOH levels gy nihesis of NBD-TOHDetails of the synthesis and initial
is evident in patients with the syndrome ataxia with isolated -hemical characterization of this analogue were recently
vitamin E deficiency (AVED). This autosomal recessive {eagcribed 11, 27).

disorder is characterized by low plasma levels of TOH,
presumably giving rise to elevated oxidative stress that, in expressed inEscherichia coliBL21 cells and purified

t“”." Ieags to neurpdegenﬁratiomx. Al kdr_mwn AVErE) essentially as previously describéb). Due to the low yield
patients bear mutations in the gene encoding TI3. (The ¢ 5t AVED variants of TTP, GST-fused proteins eluted

syndrome is thus thought to arise from structural defects in from the affinity column were dialyzed against storage buffer
TTP that compromise its tocopherol transfer activity. Indeed, [20 mM Tris, pH 8.0, 150 mM NaCl, 50% glycerol (V/v)]

e st eno o 10 VS E Ethor processing Al protins et
Etress and eventu:':llly develop thegneurological symptomspure as J_udged by SDEPAGE. To overcome poor solubility,
’ . expression of TTP(R59W) was induced for-1&1 h at 8
associated with AVE,D](A'_,N)' °C. The presence of the amino-terminal GST tag did not
A number of mutations in TTP have been reported, most affect TTP activity (data not shown). Prior to experiments,
of which disrupt the primary structure of the protelt8{- protein preparations were dialyzed out of storage buffer and

22). Six naturally occurring mutations that result in single jnio puffer A (20 mM Tris, pH 8.0, 150 mM NaCl) to remove
amino acid substitutions in TTP are associated with the givcerol. ' '

AVED pathology. Human carriers of the RSOW, E141K, and = 'prenaration of Lipid Vesicles for FRET Experiments.

R221W mutations develop an early-onset, severe form of ggnicated unilamellar vesicles were prepared from egg yolk
the disease. Notably, mutations in homologous residues iNphosphatidylcholine, NBD-TOH, Marina Blue-DHPE (or
other_ CRAL-TRIO proteins abolls_h their ligand transfer TRITC-DHPE; Molecular Probes), and butylated hydroxy-
function €3, 24). In contrast, carriers of the three other . ,6ne (molar ratio 98.2:0.8:0.5:0.5) by sonication in SET

missense mutations, occurring in nonconserved residues, ¢er (0.25 M sucrose, 1 mM EDTA, 50 mM Tris, pH 8.0).
(H101Q, A120T, and R192H), develop a later onset, milder Fluorescence Determination$/easurements were per-
form of the disease. We have shown previously that the Iatterformeol on a Spex Fluorolog or Photon Technologies

class of mutations in TTP does not significantly impair the International QuantumMaster-4 in SET buffer. Ligands were

E)hroteln S I|garr:d trzinsfer aﬁtg’.'tty’ Wh'lg ]Eh%s_e ass_omatetd_ Wt';]h added from concentrated methanol stocks, kept in the dark
e severe phenotype exhibit a ca. 3-fold impairmentinthe _ 4"\ q4ar argon atmosphere.

utants represent valuable ool fo axploing the mechanism_FO" COMPeion experimens, competior was added to
b P 9 preloaded TTANBD-TOH in detergent-containing buffer

of TTP-facilitated tocopherol transfer in vitro and secretion (250 mM sucrose, 50 mM Tris, 1 mM EDTA, 100 mM KCl

of thre]z_IV|t?m_|ln n VIVO% . herol ’ 0.1 mM Triton X-100, pH 7.5). The presence of detergent

. W. lle facilitation ohmt‘(‘er'membra”ne tqcpp efroﬁt_gnsher was needed in these experiments to provide the ligand with
In vitro representg the S|gna_ture _actlv!ty 0 , the a thermodynamically favorable place in which to move; an

molecular mechanisms underlying this activity are presently aqueous buffer is insufficient for this purpose. Detergent
noft clear. TO. date, thorough understandl_ng .Of TTFS. mgch— alone does not remove the fluorophore once bound to TTP
anism of action has been hampered by intrinsic limitations (data not shown). Kinetic data were acquired by mixing

in the assays used to monitor the protein’s transfer activity. samples in a Hi-Téch SFA-20 stopped-flow apparatus. Data
'lI)'radltlonaIIy, I'th'?j transll‘er of rlad_loactlvely Iat()jele% TOHb were collected at 0.2 nm and 0.2 s intervals with 1 nm

T_ert[\;veen_ t_WO P! vesf;er%puZ?tmnz ;\gasTur?_e o escrl espectral resolution. Concentrations of mutant TTP proteins
I'TP activity (e.9., refs5, 7, 8, 25, and26). This assay is \yere equalized on the basis of their number of active binding
limited by cumbersome physical manipulations, poor kinetic sites as measured by fluorescent titrations

resolution, and low signal-to-noise ratios. To overcome these Determination of FRET Distance@uantt'Jm yields of

experlmental problgms, we devised an assay that relies Muorescence were determined using known fluorophores.
the optical properties of a fluorescent TOH analogue to Reference fluorophores used for NBD-TOH, Marina Blue-
— DHPE, and TRITC-DHPE were fluorescein, quinine sulfate,
* Abbreviations: NBD-TOH, R)-2,5,7,8-tetramethylchroman-2-[9-  and 5-carboxytetramethylrhodamine (5-CTMR), respectively

(7-nitrobenz[1,2,5]oxadiazol-4-ylamino)nonyllchroman-6-ol; T&Rp- ] - -
copherol transfer protein; AVED, ataxia with vitamin E deficiency; (Molecular Probes). Hster radii and fluorophore distances

TOH, RRRo-tocopherol; GST, glutathion&transferase; IPTG, iso- ~ Were determined using the FRET calculator in Felix32
propyl g-p-thiogalactopyranoside; DTT, dithiothreitol; EDTA, ethyl-  software (PTI; see re28).

enediaminetetraacetic acid; PMSF, phenylmethanesulfonyl fluoride;

Tris, tris(hydroxymethyl)aminomethane; FPLC, fast-performance liquid

chromatography; ABC, ATP-binding cassette transporter; Marina Blue- RESULTS AND DISCUSSION

DHPE, Marina Blue 1,2-dihexadecanariglycero-3-phosphoethano- ; _ _ ;

lamine; TRITC-DHPEN-(6-tetramethylrhodaminethiocarbamoyl)-1,2- Spectral Properties of C9-NBD-TOMVe synthesized a
dihexadecanoysn glycero-3-phosphoethanolamine triethylammonium Novel fluorescent tocopherol ana|09u§€)-_2,5,7,8-tetra-
salt; PC, phosphatidylcholine; 1gG, immunoglobulin G. methylchroman-2-[9-(7-nitrobenz[1,2,5]oxadiazol-4-ylamino)-

Protein Expression and Purificatiod. TP proteins were
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fluorophore microenvironment, from the polar buffer to
TTP’s binding pocket that is lined with hydrophobic residues
(6, 31). This environmental sensitivity is also illustrated by
a significant “blue shift” of NBD-TOH'’s excitation (from
474 to 466 nm) and emission (from 547 to 526 nm) maxima
upon binding to TTP.

Affinity of NBD-TOH to TTPWe utilized the TTP-induced
change in NBD-TOH fluorescence as a reporter for the
occupancy state of the protein’s binding pocket. The three-
dimensional structure of TTP demonstrates that, in the
absence of tocopherol, the protein is in the unliganded
(“open”) conformation §). It is therefore appropriate to treat
recombinant TTP as a true apoprotein in ligand binding
experiments. Titrations of TTP with NBD-TOH yielded
incremental and saturable increases in NBD fluorescence,
as shown in Figure 3. The fluorescence enhancement is
specific to TTP, since it is not observed upon addition of
NBD-TOH to buffer or to a control protein (Figure 3a). The
titration data fit well to a simple bimolecular association
model (32), from which we extracted a reproducible value

400 450 500 550 600 650 for the affinity of TTP for NBD-TOH Kq = 8.5+ 6.3 nM;

wavelength (nm) n = 8). Interestingly, the observed affinity of TTP for NBD-

FiGURe 1: Chemical and spectral characteristics of NBD-TOH. (a) TOH is higher than that previously reported for unmodified
Structure of NBD-TOH. (b) Excitation and emission spectra of TOH utilizing chromatographic separation methods (ca. 30
NBD-TOH in ?eihsgle?ln;I)u:rzgs;:r%?scsoixE:étggﬁgd(ﬁgleld(Iel)r(lgt aetllrglnsa tnM; 4, 25). We observe that the addition of unlabeled
sion monitored a H
466 nm) of 0.22uM NBD-TOH in methanol were monitored. tocopherol reverses the enhancement in NBD-TOH fluores-
Readings were taken at 1 nmaah s intervals. Spectral resolution Cence'_ while another small neutra_ll "p'(# C_hOIeSteml’ does
=1 nm. not (Figure 3b). These observations indicate that, upon
binding to TTP, NBD-TOH occupies the protein’s natural
ligand binding pocket. Taken together, these data indicate
that NBD-TOH closely mimics native tocopherol with regard
to specific binding to TTP and is therefore a suitable tool
for probing TTP-ligand interactions.

We employed NBD-TOH titrations to measure the affinity
of a mutated TTP molecule, in which Afjs replaced with
a tryptophan. This single amino acid substitution was found
in several human patients that display low plasma tocopherol
levels and the early-onset, severe form of the AVED disorder
(18). Fluorescent titrations of the TTP(R59W) protein with
NBD-TOH revealed a significantly weaker associatiéf (
= 71 + 19 nM; n = 8) than that observed with the wild-
type protein. These observations confirm previous reports
that demonstrated a ca. 5-fold lower affinity of this mutant
-5 to tocopherol, as compared to wild-type TTE). Moreover,

400 450 500 550 600 these data illustrate the utility of NBD-TOH for the detection
wavelength (nm) of subtle perturbations to TTP’s ligand binding pocket.
FIGURE 2: Spectral changes of NBD-TOH upon binding to TTP.  NBD-TOH as a Probe for the Ligand Transfer Adty of
Fluorescence excitation and emission spectra of @K2NBD- TTP. The signature activity of TTP that was used to purify
lT.OH irr]‘ bugfg_r_A were rﬁc$erF?dNb9f°[j¢f§d°tt9d ””Ie) o aftﬁr (fsolid the native protein is the facilitation of tocopherol transfer
(Irri]gr%tty-ea;s) 'ggg (%TSPl-bound'(l e(f;t_zxi;)ef{ﬁgﬁosgﬁofzs_ort © 8 between lipid bilayers33). Traditionally, this activity was
measured by monitoring the protein-dependent movement
nonyllchroman-6-ol (NBD-TOH111, 27), using a strategy  of radioactively labeled tocopherol from sonicated vesicles
similar to that employed for photoaffinity-labeled tocopherols to mitochondria or microsomes (e.g., r&s7, and26). To
(29, 30). Figure 1 depicts the chemical structure of this understand the molecular mechanisms that underlie TTP-
analogueand its spectral characteristics. In methanol, NBD-mediated ligand transfer, we wished to “dissect” this activity
TOH maximally absorbs at 466 nm, with peak fluorescence into its component reactions. Specifically, we are interested
at 533 nm. Figure 2 shows the excitation and emission in monitoring the TTP-facilitated step of ligand dissociation
spectra of NBD-TOH in buffer and when bound to TTP. from the bilayer. Toward this end, we incorporated NBD-
Upon association with TTP, ligand fluorescence is enhanced TOH into sonicated vesicles that contain an additional
by ca. 50-fold, with a similar increase in excitation intensity fluorophore covalently attached to a lipid (Table 1). If the
(note different scales used for data obtained with and without appropriate conditions for fluorescence energy transfer are
TTP). These changes probably reflect the change in themet, fluorescence energy from the donor fluorophore will
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Ficure 3: Affinity and specificity of NBD-TOH to TTP. (a) NBD-
TOH was titrated into SET buffer lacking or containingum

indicated protein. Fluorescence was excited at 466 nm, and intensity

at 526 nm was recorded. Solid lines represent the fit of the data to
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Ficure 4: Fluorescence energy transfer from NBD-TOH to TRITC-
DHPE. (a) Fluorescence emission at 533 nm (excitatiagf66 nm)
was monitored upon titration with NBD-TOH to liposomes lacking
or containing TRITC-DHPE in SET buffer. (b) Fluorescence
emission (excitatior= 466 nm) was monitored upon titration of
liposomes containing 10@M phosphatidylcholine/0.4M TRITC-
DHPE with NBD-TOH in SET buffer. (c) Fluorescence emission
(excitation= 466 nm) of liposomes containing both TRITC-DHPE
and NBD-TOH was monitored in SET buffer, before (dotted line)
or after (solid line) the addition of 16M TTP.

be transferred to the accept@8]. We first investigated the
ability of NBD-TOH (fluorescence maximurs 533 nm) to
serve as an energy donor to the fluorescent lipid TRITC-
DHPE (absorbance maximu 540 nm). We observed that
the fluorescence of NBD-TOH is greatly quenched in vesicles
that contain TRITC-DHPE, compared to its fluorescence in
vesicles lacking a fluorescent lipid (Figure 4a), indicating
that energy transfer indeed occurs. Further demonstration of
energy transfer from NBD to TRITC was obtained by

a simple association model. (b) Increasing amounts of the indicated Monitoring the NBD-dependent increase in TRITC emission.

unlabeled competitor were added to preloaded-NBD-TOH, and
fluorescence at 526 nm was recorded. Analyses of NBD-TOH
displacement revealed an apparent affinity of ca. 50 nM between
TTP and native tocopherol. (c) Titration data are shown faML
wild-type or R59W TTP proteins. Average values and standard
deviations were obtained from more that seven titrations, utilizing
at least three independent protein preparations.

Figure 4b shows emission spectra (excitatiord66 nm)
obtained during the titration of TRITC-containing liposomes
with NBD-TOH. Addition of the vitamin E analogue to these
liposomes enhanced energy transfer from NBD to TRITC,
as evident from the dose-dependent increase in fluorescence
at 575 nm. The addition of TTP to liposomes that contain
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Table 1: Spectral Characteristics and Fluorescence Resonance Energy Transfer (FRET) Parameters of Probes Used in This Study

maximal maximal
e(M~lcm %2  absorbance (hm) fluorescence (nm) QY  Ro(A)  rpa(A) Ee
Marina Blue-DHPE 18000 365 464 0.269
NBD-tocopherol 17600 466 533 0.093
TRITC-DHPE 93000 540 575 0.454
Marina Blue-DHPENBD-tocopherol 35.2 30.5 0.701
NBD-tocopheroflTRITC-DHPE 37.7 37.3 0.52

2 Molar extinction coefficient in ethano?.Quantum yield of fluorescencéFarster distance! Distance between donor and acceptdfficiency
of FRET.

a. il b.
400x10° - g .
g “ooxt0’;
8 300 -
300 ]
8 g 200+ 8
s L] 5
3 2 100 - 2
2 e
- A o 12 g
2 [NBD-CO9-TOH] (uM| 5
" e
100 —
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Wavelength (nm) Wavelength (nm)

Ficure 5: Energy transfer from Marina Blue-DHPE to NBD-TOH. (a) Quenching of Marina Blue fluorescence by NBD-TOH. Emission
spectra (excitatior= 367 nm) were collected upon the addition of 0, 0.24, 0.48, 0.71, 0.95, 1.12, 1.42, 1.66, andviLNBD-TOH

(upper to lower spectra, respectively) to liposomes containingiM@phosphatidylcholine/0.kM Marina Blue-DHPE in SET buffer.

Inset: Linearity of Marina Blue fluorescence quenching by NBD-TOH. Fluorescence intensity at 464 nm was plotted as a function of
NBD-TOH concentration; data were fit to a line function. (b) Release of FRET upon binding of NBD-TOH by TTP. Fluorescence emission
was monitored before (upper trace) and after (lower trace) the addition agM.I2BD-TOH. Following the addition of %M TTP, Marina

Blue fluorescence is restored (middle trace). ExcitatioB67 nm; spectral resolutiosr +7 nm.

both NBD-TOH and TRITC-DHPE abolishes the interaction studies of the ligand transfer reaction. The FRET assays
between the fluorophores (Figure 4c). We observed that TTPdescribed above can serve to monitor the “departure” of
induces an increase in NBD fluorescence (526 nm), ac-tocopherol from the bilayer into TTP’s binding pocket.

companied by loss of TRITC emission (575 nm). Thus we  Figyre 6a shows representative data from stopped-flow
were able to directly monitor the isolated step of the transfer experiments in which the time-dependent change in FRET
reaction in which the vitamin dissociates from the bilayer. petween NBD-TOH and TRITC-DHPE (lower panel) or
In a similar manner, we used NBD-TOH as a FRET energy Marina Blue-DHPE (upper panel) is monitored upon mixing
acceptor from a fluorescent lipid. When incorporated into the vesicles with TTP. We did not observe any change in
liposomes, Marina Blue-DHPE maximally emits at 464 nm, fluorescence in the presence of buffer or a control protein,
close to the maximal excitation wavelength of NBD-TOH suggesting that the spontaneous movement of NBD-TOH out
(466 nm). Titration of liposomes that contain Marina Blue- of the vesicles occurs at an exceedingly slow rate. The
DHPE with NBD-TOH results in a dose-dependent decrease addition of TTP to these liposomes, however, results in a
in Marina Blue fluorescence (Figure 5a). This demonstrates time-dependent decrease in FRET between NBD and either
that NBD-TOH serves as a FRET acceptor that efficiently TRITC-DHPE or Marina Blue DHPEAF > 25%). We
quenches Marina Blue fluorescence. Upon the addition of attribute these fluorescence changes to the removal of
TTP to liposomes that contain both Marina Blue and NBD- tocopherol from the bilayer into the binding pocket of TTP.
TOH, the tocopherol analogue is removed from the bilayer, The kinetics of tocopherol dissociation from membranes are
thereby releasing FRET and restoring Marina Blue fluores- pest fit by a biphasic model, composed of a single expo-
cence, as shown in Figure 5b. To our knowledge, this is the nential process accompanied by a slower linear phase (Figure
first demonstration of TTP’s activity in facilitating the 6). We interpret the major, exponential component (70% of
dissociation step of the tocopherol transfer reaction. Table the fluorescence change) to reflect tocopherol removal from
1 summarizes the steady-state FRET parameters for boththe bilayer. The minor, linear component of the fluorescence
fluorophore pairs. change probably reflects bleaching of the fluorophore that
Kinetic Resolution of TTP’s Ligand Transfer Aqty. is TTP-bound. This suggests that NBD-TOH is more
Fluorescence energy transfer between NBD-TOH and aprotected from photobleaching when in the lipid bilayer than
fluorescent lipid provides a convenient tool for mechanistic when bound to TTP. Another possibility is that TTP-bound
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Ficure 6: TTP-induced tocopherol release from membrane bilayers. (a) Time-dependent changes in FRET between NBD-TOH and TRITC-
DHPE (lower curve) or Marina Blue-DHPE (upper curve), upon mixing with TTRMGTTP (or 30uM GST as a control protein) was

mixed with sonicated vesicles containing 28! phosphatidylcholine, 0.2M NBD-TOH, and 0.125%M fluorescent lipid (TRITC-DHPE

or Marina Blue-DHPE). FRET from Marina Blue-DHPE to NBD-TOH was followed by monitoring the recovery of Marina Blue fluorescence
(excitation, 365 nm; emission, 464 nm). FRET from NBD-TOH to TRITC-DHPE was followed by monitoring TRITC emission (575 nm)
while exciting NBD-TOH (466 nm). Raw fluorescence values were normalized to the value of fluorescence change under each condition.
Raw data (dots) were fitted to a function summing an exponential and a linear term (solid line). (b) Impaired tocopherol transfer activity
of TTP(R59W). Liposomes containing 28/ phosphatidylcholine, 0.126M TRITC-DHPE, and 0.2«M NBD-TOH were mixed with 30

uM active TTP (wild type or R59W), and the fluorescence changes were recorded as described in panel A.

NBD-TOH partitions between the binding pocket and the severe form of the AVED disorder in humans, the R59W
aqueous buffer, where it is less fluorescent and more mutant. Using NBD-TOH as a molecular probe, we found
susceptible to light-induced degradation. that TTP(R59W) is impaired both in its affinity for the ligand
Notably, the observed rate of the tocopherol release and in its ability to catalyze removal of the ligand from lipid
reaction is identical in both reporter systems (4.6 s bilayers. In future studies we will utilize this reagent to
for 50% releasen = 6). This observation further supports determine the molecular mechanism by which TTP catalyzes
the notion that both systems report on the same rate-limitingthe transfer reaction and to characterize the biophysical
step, i.e., the dissociation of NBD-tocopherol from the parameters that contribute to efficient tocopherol release from
bilayer. membranes by the transfer protein.
We have previously shown that several TTP variants
associated with the AVED pathology are impaired in ACKNOWLEDGMENT
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