Biochemistry2004,43, 4143-4149 4143

Molecular Determinants of Heritable Vitamin E Deficiericy

Samantha Morley,Candace Panagabkdiana Shinemafti Bernhard Mang Achim Stocker
Jeffrey Atkinsort; and Danny Manor¥

Division of Nutritional Sciences, Cornell Urersity, Ithaca, New York 14853 USA, Department of Chemistry and
Centre for Biotechnology, Brock Urersity, St. Catharines, Ontario, Canada, L2S 3A1l, and Institute of Microbiology,
Eidgenwsische Technische Hochschule (ETH) Schmelzbergstrasse 7 CH-80&2, Bwitzerland

Receied December 22, 2003; Reed Manuscript Receéd February 6, 2004

ABSTRACT. Tocopherol transfer protein (TTP) is a key regulator of vitamin E homeostasis. TTP is presumed
to function by transporting the hydrophobic vitamin between cellular compartments, thus facilitating its
secretion to the extracellular space. Indeed, recombinant TTP demonstrates marked ability to facilitate
tocopherol transfer between lipid bilayers. We report the biochemical characterization of six missense
mutations TTP that are found in human AVED patients. We expressed the H101Q, A120T, R192H,
R59W, E141K, and R221W TTP mutantskscherichia coliand purified the proteins to homogeneity.

We then characterized TTP and its mutant counterparts with respect to their affifRiRRa-tocopherol

and to their ability to catalyze tocopherol transfer between membranes. We observe the R59W, E141K,
and R221W mutations, associated with the severe, early-onset version of AVED, are impaired in tocopherol
binding and transfer activity. Surprisingly, despite the profound clinical effect of the R59W, E141K, and
R221W mutations in vivo, their impact on TTP activity in vitro is quite beniga-82fold reduction in
transfer kinetics). Furthermore, mutations associated with milder forms of the AVED disease, while causing
pronounced perturbations in tocopherol homeostasis in vivo, are remarkably similar to the wild-type protein
in the tocopherol transfer assays in vitro. Our data indicate that tocopherol transfer activity in vitro does
not properly recapitulate the physiological functions of TTP. These findings suggest the possibility that
the AVED syndrome may not arise from an inability of TTP to bind or to transfer alpha tocopherol, but
rather from defects in other activities of the protein.

Vitamin E was originally discovered as a substance that TOH is some 10-fold more potent than other vitamin E forms
prevented fetus resorption in diet-restricted r@jsThe term (e.g., refsb—7). In addition, mammals selectively retain
vitamin E is now known to represent a family of small plant oTOH over other forms of vitamin E, regardless of relative
lipids composed of a chromanol ring and a phytyl side-chain. dietary intake levels§—10).

Vitamin E molecules differ by the methylation pattern of Because of its long in vivo retention time and its
their chromanol ring &- vs 8- vs y- vs 0-), the degree of  prevalence in virtually all diets, vitamin E deficiency is
saturation of the phytyl tail (tocopherols vs tocotrienols), and extremely rare in humans. AVED is a rare autosomal
the stereochemistry of three chiral centers in the molecule recessive disorder associated with low circulataa§OH
(R vs S stereoisomers). Members of the vitamin E family levels, and neurodegenerative pathology that is presumed to
demonstrate potent radical trapping (i.e., antioxidant) activity result from increased oxidative stre4d,(12). Additionally,
both in vitro and in vivo 8, 4), and it is generally accepted some AVED patients are unable to discriminate between the
that this scavenging activity is at the basis for the physi- different tocopherolsl3). Mutations that cause AVED affect
ological requirement for vitamin E. Studies in vitamin the expression and function of TTP, a 33-kDa member of
E-depleted rodents established the relative biological potencythe CRAL-TRIO family of lipid-binding proteins1 14).
of tocopherols, and have shown that the naturally occurring Indeed, targeted disruption of the TTP gene in mice leads
to diminished vitamin E levels in plasma and tissu&s—
tS.M. was supported by Training Award T32-DK715827 from the 17), and to the clinical hallmarks of the AVED pathology
National Institutes of Health. (18). While TTP was originally believed to be expressed
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phenylmethylsulfonyl fluoride; TRIS, tris(hydroxymethyl)aminomethane; ; T ;

FPLC, fast performance liquid chromatography; CRALBP, cellular involve transport of the hydrophobic ligand between dlf_ferent
retinaldehyde binding protein; ABC-AL, ATP-binding cassette trans- C€llular compartments. The exact molecular mechanism by
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al. have shown that ectopic expression of TTP in cultured Purified proteins underwent a significart §0%) loss in
hepatocytes is accompanied by facilitated secretiail@H tocopherol transfer activity if not transferred t620 °C
to the media 23). Since tocopherol secretion was resistant within 1 day of the last purification step. The TTP variants
to brefeldin A treatment (i.e., independent from nascent differed in their solubility in E. coli, and hence their
VLDL secretion) the authors concluded that TTP functions respective yields. Specifically, yields of the GSTTP fusion
in a novel, tocopherol-specific hepatic export pathway. The protein were as follows (mg of fusion protein per literif
cellular components involved in this pathway, their mech- coli culture): R192H> 15 mg/L; H101Q - 10 mg/L; A120T
anisms of action, and their modes of regulation are, at and wild-type - 5 mg/L; R22W - 3 mg/L; E141K and R59W
present, unknown. The exact mechanism by which TTP - 1.5 mg/L.
regulates this export pathway is similarly enigmatic. Tocopherol Binding Assay#ffinities of the different
Our long-term goal is to gain molecular-level understand- proteins to tocopherol were determined by the Lipidex assay,
ing of the role of TTP inxTOH transport, its mechanism of ~ using PH] RRRa-tocopherol as described earliel, @4).
action, and the AVED pathobiology. Toward this end, we  Tocopherol Transfer Assaygere performed as described
present here the biochemical characterization of six naturally by Hosomi et al. 22) with slight modifications. Briefly,
occurring substitution mutations in TTP that occur in some Sonicated unilamellar vesicles (liposomes) were prepared

human AVED patients. from egg-yolk phosphatidylcholine, dicetyl phosphate, and
butylated hydroxytoluene (molar ratio 10:1:0.5), in the
MATERIALS AND METHODS presence of'fC]-alpha tocopherol (57 mCi/mmol, 24 10°

) _ cpm per mL liposomes) an@H]-triolein (as a nonexchange-

Molecular ConstructsCloning of the TTP gene into the  gpje marker, 1 mCi/mmol, 1.8 106 cpm per mL liposomes)
pET28b vector was described ea.rliénx. To generate TTP by sonication, and kept at % under argon atmosphere in
mutants, site-directed mutagenesis of the wild-type gene wasine dark. Rat liver mitochondria were prepared according to
performed using the QuickChange kit and protocol (Strat- (25), and stored at-80 °C. Before each use, aliquots of the
agene). To enhance expression levels, and to minimize themitochondria preparations were thawed and washed by
number of non-native residues derived from the vector, the centrifugation in buffer D (0.25 M sucrose, 1 mM EDTA,
TTP genes were transferred to the pGEX-4T-3 vector 70 mMm Tris pH 7.5). In a typical transfer assay, liposomes
(Pharmacia), using the Sal I'fSand Not I (3) restriction (10 ,mol of lipid) and mitochondria (7&g of protein) were
enzymes. In the pGEX fusion constructs, only six amino acid jncupated for the indicated times in a total reaction volume
residues are attached to the purified protein after thrombin o 1 mL puffer D at 25°C. The reaction was initiated by

treatment and removal of the GST tag. addition of one microgram TTP, and terminated by a 30 min
Protein Expression z_and PurificatiorpGEX constructs  centrifugation at 17509 Radioactivity {C and*H sepa-
harboring the TTP variants were transformed i&ocoli rately) was measured in the supernatant in a scintillation

(IM109) cells, grown at 37C, and protein expression was counter after addition of 4 mL scintillation cocktail (Eco-
induced with 0.5 mM IPTG at O3 = 0.6-0.8. Bacterial  scint). More than 90% of the liposome radioactivity was
cultures were harvested, washed once in buffer A (20 mM accounted for in the supernatant. Tocopherol transfer activity
Tris, L mM EDTA, 1 mM DTT, 1 mM azide, 200 mM NaCl,  was calculated as follow2():

pH 8.0), and stored at20 °C until use.

Bacterial pellets were thawed and homogenized in 2 transfer (%)=
buffer A supplemented with 100M PMSF and S«g/mL of [(

each aprotonin and leupeptin, sonicated, and centrifuged at
2700@ for 30 min. The supernatant was incubated with
glutathione agarose (20 mL slurry) fa 4 h at 4°C with o _
constant mixing, and packed into a column. After washing Assays were perf_or_med in triplicates, from which averages
of the sample with buffer B (buffer A supplemented with and standard deviations were _calculated. Data presented here
0.1% Igepal and 1 mM DTT), bound protein was eluted with Were measured at least twice, each from at least two
buffer A supplemented with 20 mM reduced glutathione. The independent purified protein preparations (da?a for the E141K
eluted GSF-TTP fusion protein was incubated with throm- and R59W mutants are from one protein preparation,
bin (30 U/mg fusion protein for the wild-type, H101Q, repeated thre_ze_ times in triplicates). Transfer klngtlcs were
A120T, R192H, and R59K forms of TTP, 18 U/mg for the analyzed by fitting the time-dependent data into a single first-
E141K, R59W, R221W, and R59A mutants) ®h atroom order process, from which the half-lifé,£) values were
temperature. The TTP was separated from the cleaved GsTebPtained. _ _ ,

tag by two subsequent precipitations in 50% ammonium _ Urea Unfolding ExperimentsProtein samples (0.5M
sulfate. The precipitated TTP was resuspended in buffer ¢ final concentration) were incubated in 20 mM Tris, 150 mM
(20 mM Tris, 150 mM NaCl, pH 8.0), dialyzed into storage NacCl, pH 8.1 and the |nd|cateq concentration of urea for 19
buffer (20 mM Tris pH 8.0, 150 mM NaCl, 1 mM DTT, h at room temperature. _Proteln fIL_Joresce_nc_e was measured
50% (viv/) glycerol), and stored at20 °C until use. in a Spex Fluor_olo_g fluorimeter, using excitation wavelength
Whenever necessary, high MW contaminants were removed®! 294 nm. Emission spectra were collected in the-3000

by gel filtration on a Superdex 75 column (260, Pharmacia "M range (spectral resolution 3 nm).

FPLC system). All preparations were90% pure as judged RESULTS

by SDS-PAGE and Coomassie staining. Protein concentra-

tions were determined with the Bio-Rad Protein assay Tocopherol Transfer Actity of Recombinant TTPWe
(Bradford) kit, using bovine serum albumin as standard. recently described the cloning, overexpression, and purifica-

®H/*C in presence of protel:l_

T | — 1)*100
H/~"C in absence of prote
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TP Table 1: Amino Acid Substitution Mutations Found in Human
o AVED Patients and Studies in This Report
15 - homologous
amino residues in
nucleotide acid TTP, CRALBP,
:\: change change Secl4 pathology ref
;; 104 C175T R59W R,R,R severe 40
S G421A E141K E,E.E severe 40
"-3 C661T R221W R,R,K severe 40
< G358A A120T S,E,G mild 40
by T303G H101Q H,P,P mild 27,41
‘e 5 G575A R192H R.K,G mild 40,42
c
E aHomologous residues determined from ClustalW alignméht (
l i Table 2: Biochemical Characteristics of TTP Variants
- BSA - -
0 T J_ + S TTP variant Kq (NM)2 ty2 (Min)P
e % -
ft wild-type 36.1+5 59+1.1
| | | | R59W 123.2+ 11 11.8+ 0.6
R59K 68.6+ 6.8 6.6+ 0.8
00 01 I 0.'2 03 R59A 52.7£4.3 6.4+ 1.1
nmoles protein E141K 76.4+ 8 15.7+3.8
Ficure 1: Recombinant TTP is competent in stimulating inter- R221W 86.1+ 11 17.3£1.6
membrane tocopherol transféfhe indicated amount of purified H101Q 63.4 3.5 6.2+1.2
protein was incubated with liposomes containittf]-tocopherol A120T 70+ 3.8 6.0+0.9
and with mitochondria as described in Materials and Methods. After R192H 40.9+ 3.7 6.2+ 0.5

30 min at 37°C, mitochondria were centrifuged and radioactivity  a Affinities were determined using the Lipidex-based radioactive
was measured in the supernatant. Transfer activity was calculatedoinding assay as described in Materials and Methods. At least three
as described in Materials and Methods. A parallel experiment was measurements were carried out using two or more protein preparations
carried out using commercial bovine serum albumin (open circles; b Time-dependent tocopherol transfer was monitored as described in
Sigma Chemical Co., fatty acid free, purity 99%). Figure 3. Raw data were fit to a single first-order process and the
extracted half-life values are reported here.
tion of human TTP. We demonstrated that recombinant TTP,
like the native liver protein, is capable of saturable, reversible, homogeneity (see Material and Methods). We first deter-
and high-affinity binding of tocopherolg, 24, 26). More- mined the affinity of each TTP variant f®RRa-tocopherol
over, the ligand binding profile of recombinant TTP, like using a Lipidex-based assal, @4). Representative binding
that of the native enzyme, closely parallels the biological data are summarized in Table 2. All proteins tested bound
potencies demonstrated by different vitamin E derivatives o-tocopherol reversibly, stoichiometrically, and with a
(1). Furthermore, the recombinant protein is as efficient in reasonably high affinity€125 n\V?). The R59W and R221W
catalyzing tocopherol transfer as both the purified liver mutations significantly weakened TTP’s affinity toward
enzyme 22) and the wild-type protein overexpressed in tocopherol (ca. 5-fold increase in dissociation constant), in
cultured COS7 cellsX7). Taken together, these observations agreement with the severe pathology associated with these
support the notion that TTP is a critical mediator of vitamin  amino acid substitutions. At least in the case of the R59W
E’s biological activities 28, 29). To better characterize the  mutation, it appears that the functional perturbation may stem
recombinant TTP protein, we assayed its ability to catalyze from alterations in the protein fold, since TTP molecules
the transfer of tocopherol from liposomes to mitochondrial bearing more conservative mutations of the Rrgesidue
membranes. This activity of TTP is generally believed to be (j.e., the R59K and R59A variants) have only minor effects
at the basis of the protein’s function, and served as the on TTP’s affinity for tocopherol (Table 2). All other AVED
purification criterion during the isolation of the native mutants exhibit affinities forRRRo-tocopherol that we
enzyme 26). As is shown in Figure 1, inclusion of purified  consider similar to that of the wild-type proteir 75 nM).
recombinant TTP in assay mixtures leads to a marked Next, we compared the TTP variants with respect to their
facilitation of intermembrane transfer of tocopherol. The apjjity to catalyze the time-dependent transfer of radiolabeled
activity is dose-dependent, saturable, and appears to be TTPtocopherol from unilamellar vesicles to mitochondria. Kinetic
specific, since a nonrelated protein (serum albumin) is data are shown in Figure 2 and summarized in Table 2. We
ineffective in this assay. We conclude that, like the native foynd that all tested TTP proteins significantly facilitate the
enzyme, recombinant TTP is capable of tocopherol binding tocopherol transfer reaction. However, the TTP variants

and transfer in vitro. - associated with the severe phenotype of the AVED syndrome
Tocopherol Binding and Transfer Aciies of TTP

Mutants. To gain molecular-level understanding of TTP's — P . o

. lvement in vitamin E biolo we compared the bio- In light of the significant ligand promiscuity exhibited by members

Invo . L . gy, . P . of the CRAL-TRIO family, it is instructive to define a numerical range

chemical activities exhibited by the wild-type protein to those of dissociation constants that are considered indicative of “high-

of substitution variants found in some human AVED patients affinity”. We note that the CRALBP and Sec14 proteins (that are not

AL ot considered to bind vitamin E under physiological conditions) bind
(Table 1). The wild-type human TTP gene was utilized as a tocopherol with a>400 nM affinity (1). Therefore, K4 values

template for site-directed mutagenesis, and the resultantgetermined here for AVED mutants of TTP are indicative of specific
mutants were overexpressed B coli and purified to and significant affinity for this ligand.
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FIGURE 3: Urea-induced denaturation of TTP proteins. (A) The
fluorescence emission spectrum of TTP in the absence (solid line)
and presence (dotted line)®M urea. Protein (0.2M) was excited
at 294 nm, and emission spectra collected with a 3-nm resolution.
(B) Urea-induced unfolding of TTP variants. Emission spectra were
collected at the indicated urea concentrations, and emission maxima
(Amax) determined.
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time (minutes) expression levels in bacteria; see Materials and Methods).

Ficure 2: Tocopherol transfer activity of wild-type and representa- \ye examined the stability of the TTP variants by measuring

tive mutant TTP. Time-dependent tocopherol transfer was monitored ., _. . . ;
in the presence of 1.0g of the indicated purified TTP protein at their denaturant-induced unfolding patterns. We thus moni-

25°C. Raw data (symbols) were fitted to a single first-order process tored the intrinsic fluorescence of the TTP proteins, in buffers
(lines). Shown are representative data for the wild-type protein (solid containing increasing concentrations of urea (Figure 3). In
triangles) as well as a severe (E141K; solid circles; panel A) and the presence of high concentratiors5(M) of urea, TTP’s
a mild (A120T; solid squares; panel B) AVED variant of TTP.  ayimal emission spectrum undergoes a marked red shift
exhibit a kinetic impairment in this assay. Thus, TTP proteins from 333 to 355 nm (Figure 3A). Titrations of the unfolding
harboring the R59W, E141K, and R221W mutations exhib- process by using different urea concentrations reveal a
ited a 2-3-fold increase in the observed half-life for the smooth curve reflecting the transition between the folded
protein-facilitated transfer reaction. On the other hand, the and unfolded state (Figure 3B). Similar urea-induced spectral
H101Q, A120T, and R192H mutants, associated with milder changes are observed with all AVED mutants of TTP.
phenotypes of the AVED syndrome, are very similar to the Importantly, mutations that impart the severe, early-onset
wild-type protein in their ability to stimulate intermembrane pathology show unfolding profiles similar to those of the
transfer of tocopherol (Figure 3B, Table 2). wild-type protein (Table 3). However, the AVED mutations
Conformational Integrity of TTP Mutant§.he AVED- associated with the milder form of the disease exhibited
affected residues studied here are not in direct contact withsignificantly different denaturation profiles. As compared to
the bound tocopherol in TTP’s ligand-binding pocket. Indeed, the wild-type TTP that displayed an unfolding midpoint of
we find that mutations of these residues lead to only a limited 3.8 M, the H101Q mutant appears to be significantly less
effect on ligand binding affinity (Table 2). We thus set out stable, with a midpoint urea concentration for unfolding of
to assess whether these AVED mutations affect TTP by 2.7 M. On the other hand, the A120T and R192H mutants
inducing a conformation that renders the protein unstable appear to be more resistant to denaturation by urea, showing
(it may be worth noting in this regard that we noticed marked unfolding at higher urea concentrations (midpoint urea
variations among the TTP variants with respect to their concentratiorn= 4.9 M).
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Ficure 4: Stereodrawing of the three-dimensional structure of TTP. Bound BR&topherol is shown as stick model in yellow. The
cavity defined by the ligand-binding pocket of TTP is shown in orange. AVED-associated missense mutations are depicted as stick models
in yellow. The lipid-exchange loop (residues t9®1) is shown in light gray. Replotted after Meier et a0

Table 3: Urea-Induced Unfolding of Wild-Type TTP and AVED missense mUtE_lt'_Ons’ namelyj R59W and R221W, a hlghly
Mutants conserved arginine residue is replaced by a hydrophobic
TTP variant [Urea] G (M)? tryptophan_, while ip the case of the R192H mutati_on a
- residue of intermediate polarity replaces R192. Mutation of
\évgg-\;vype g'_i Arg®® to a tryptophan leads to only a modest change in the
E141K 3.4 protein’s susceptibility to urea, decreasing the midpoint
R221W 3.6 concentration by 0.4 M (Table 3). Similarly, conservative
H101Q 2.7 substitutions of this residue (R59K and R59A) enhance
éié% i‘_g protein resistance to urea by a similar magnitude (data not

Y= . - dor halfmeximal ch shown). The slight impact of AP§ substitutions on urea
Shown are the urea concentrations required for hali-maximal change g0 sjtivity suggests that this residue may not be central for
(Cso) in emission wavelength maximum. Results are representative of

two experiments. Fluorescence emission scans were collected agnaintaining the protein’s overall integrity. In the A120T
described in Figure 3 (excitation 294 nm). mutation, a potential hydrogen bond donor replaces the

methyl side chain of A120 at the protein surface. We observe
Structural Impact of AVED Mutationst is informative that the A120T and R192H mutations render the protein more
to evaluate the functional implications of the AVED muta- resistant to urea-induced unfolding (Table 3).
tions studied here in the context of the recently solved crystal
structure of TTP 30, 31). The mutated residues are DISCUSSION
highlighted in TTP’s three-dimensional structure in Figure
4. As can be seen, the mutations are scattered throughout Multiple lines of evidence point at TTP as a critical factor
the CRAL-TRIO fold, and none of the affected residues is in maintenance of vitamin E homeostasis in mammals. The
in close direct contact<6 A) with the bound tocopherol.  protein was initially isolated as a tocopherol binding protein
As shown in Figure 4, two of six missense mutations (E141K in soluble liver extracts32). The purified protein was then
and H101Q) are located toward the interior of TTP. The shown to exhibit specific high-affinity binding to-toco-
E141K mutation on one side of helix 9 abolishes the pherol, and to facilitate the transfer of tocopherol between
hydrogen bond with Y73, while the H101Q mutation membranes2Q, 33). Furthermore, TTP’s affinity for various
interferes with two hydrogen bonds: one with the backbone tocols closely parallels the biological potencies of these
carbonyl of 1116, and another with the hydroxyl group of vitamin E derivatives I, 22). Humans carrying mutations
T139 located on the other side of helix 9. Thus, it appears in the TTP gene display dramatic reduction in circulating
that helix 9 has a critical role in stabilizing the CRAL-TRIO tocopherol levels, together with a number of neuropatho-
fold of TTP. Accordingly, the H101Q substitution is ac- logical symptoms typical of vitamin E deficiency, and termed
companied by a marked increase in TTP’s sensitivity to urea ataxia with vitamin E deficiency (AVED34). Recently, a
(Table 3). The other four AVED-associated mutations in number of groups reported the targeted disruption of the TTP
TTP, namely, R59W, R221W, R192H, and A120T, are gene in mice 15—18). As expected, TTP~ mice exhibit
located at the protein’s surface. The three arginines form avery low levels of tocopherol in plasma and tissues, as well
highly positively charged surface patch (see Figure 4) that as the neuropathological hallmarks of AVED. If applied in
is extended by additional basic residues (R57, R68, R151,time, supplementation with vitamin E can alleviate progres-
K155, K190, and K217). It has been reported that residues sion of the AVED disease in both human patier8S)(and
R59W, R221W, and R192H surround the exit of a water- in the TTP'~ mice (18).
filled “channel” connecting the cavity of the tocopherol- To gain better understanding into the role of TTP in
binding pocket with the bulk solvent. In two of these vitamin E biology, we compared the biochemical properties
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of TTP variants that are found in human AVED patients. synthesis/degradation rates of the mutated TTP proteins in
We reasoned that since each of the six TTP missensecultured cells will directly address this possibility.
mutations leads to perturbations in vitamin E homeostasis How does TTP regulate vitamin E homeostasis? It is
the mutated proteins could offer important insights into the generally assumed the protein’s activity in vivo is reflected
mechanism(s) by which TTP regulates tocopherol secretion.in the in vitro transfer assay originally used to isolate the
Thus, we characterized the in vitro tocopherol binding and protein. Our data suggest that there is only a weak correlation
transfer activities of these proteins. Purified recombinant between TTP’s activity in the intermembrane tocopherol
wild-type TTP exhibited a high affinity for tocopherdk{ transfer assay, and the protein’s functionality in vivo.
= 36 nM, Table 2 and ref), and a pronounced ability to  Specifically, the R192H, A120T, and H101Q AVED mutants
facilitate the transfer of tocopherol between membranes (half- are remarkably similar to the wild-type protein with respect
time for the catalyzed transfer reaction-e6 min). All TTP to their functionality in the in vitro intermembrane transfer
mutants assessed in this study exhibited measurable activityassay. In vivo, however, these mutations lead to pronounced
in these assays. We find that variants associated with theperturbations of vitamin E status. Similarly, TTP mutations
severe (early-onset) version of the AVED pathology are associated with the severe, early-onset form of AVED (i.e.,
impaired in both binding and transfer activities. Thus, the the R59W, E141K, and R221W variants) exhibit a surpris-
R59W, E141K, and R221W mutants exhibit a2-fold ingly mild (2—3-fold) kinetic impairment in their ability to
reduction in their ligand binding activitiek for RRRa.- catalyze tocopherol transfer. An immediate question arises:
tocopherol 76-123 nM). Similarly, these mutated proteins how can such a benign attenuation of protein activity lead
showed a 2 3-fold impairment in their ability to catalyze  to the observed pathology in vivo? One possible explanation
tocopherol transfer between lipid membranes. TTP variantsis that tocopherol levels are under very tight regulation. In
associated with the milder (late-onset) forms of AVED, i.e., this case, minor changes in tocopherol processing could
the H101Q, A120T, and R192H substitutions, on the other greatly impact tocopherol homeostasis, and lead to the
hand, exhibit a high overall affinity for tocopherol, in the observed pathologies. In support of this notion are reports
range displayed by the wild-type protein. In intermembrane of multiple mechanisms by which tocopherols affect normal
tocopherol transfer assays, the mild AVED TTP proteins cell function @88). An alternative explanation of our observa-
were strikingly similar to the wild-type protein. tions is that in vivo the function of TTP involves additional,
Since the functional manifestation of the AVED mutations yet to be described, biochemical activity(ies). If such is the
was milder than anticipated, we wondered whether the case, it is impossible to fully recapitulate TTP’s function in
mutated proteins are compromised in their folding and gross vitro using only the signature assays of tocopherol binding
structural integrity. To address this possibility, we employed and intermembrane transfer.
urea-induced denaturation experiments, where protein un- |t is tempting to speculate that the mechanisms underlying
folding was assessed by monitoring intrinsic fluorescence TTP-dependent tocopherol secretion involve other cellular

(Figure 3, Table 3). All proteins tested exhibited a well- components, possibly proteins. In support of this notion is
defined urea-induced spectral transition from a folded state the observation that in Tangier disease cells, in which the

(Amax emission= 332 4+ 4 nm) to an unfolded statél{ax
emission= 355+ 4 nm). The R59W, E141K, and R221W
mutants displayed urea denaturation profiles similar to the
wild-type protein. Surprisingly, only the “mild” AVED
mutations differed from the wild-type protein in their
unfolding patterns. Specifically, the R192H and the A120T
mutants were more resistant than the wild-type protein, as
evident from their attenuated response to denaturation by
urea. Conformation of the H101Q mutant, on the other hand,
appears to be less stable, as this protein unfolds at lower
urea concentration. This increased lability could explain why
the H101Q mutant was reported by another group to be
completely inactive 27). The R59W, R221W, and R192H
mutations in TTP affect a positive “patch” at the protein’s
surface. Interestingly, this feature is conserved among CRAL-
TRIO members, and mutations in homologous residues were
reported to affect function. Specifically, the K239A mutation
in Secl4p is defective in phosphatidylinositol transfs)(

and the R233W mutation in CRALBP is associated with
retinal degeneratior8(). It is tempting to speculate that the
positive surface formed by these conserved residues is critical
for “docking” the protein to the negatively charged head-
groups of membrane lipids.

Taken together, our data suggest that the physiological
phenotypes associated with the AVED mutations studied here
do not stem from perturbations of TTP’s overall structural
integrity. However, the possibility still exists that the mutated
proteins are less stable in vivo. Direct measurements of the

lipid/cholesterol transporter ABC-ALl is mutated, tocopherol
secretion is markedly impaire®9). We anticipate that the
availability of the TTP mutants described here will facilitate
testing such hypotheses, and the arrival at a better picture
of TTP’s biological function.
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