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Abstract

We present a combined in vitro/in silico study to determine the molecular origin of the selectivity of a-tocopherol transfer
protein (a-TTP) towards a-tocopherol. Molecular dynamics simulations combined to free energy perturbation calculations
predict a binding free energy for a-tocopherol to a-TTP 8.26+2.13 kcal mol{1 lower than that of c-tocopherol. Our
calculations show that c-tocopherol binds to a-TTP in a significantly distorted geometry as compared to that of the natural
ligand. Variations in the hydration of the binding pocket and in the protein structure are found as well. We propose a
mutation, A156L, which significantly modifies the selectivity properties of a-TTP towards the two tocopherols. In particular,
our simulations predict that A156L binds preferentially to c-tocopherol, with striking structural similarities to the wild-type-
a-tocopherol complex. The affinity properties are confirmed by differential scanning fluorimetry as well as in vitro
competitive binding assays. Our data indicate that residue A156 is at a critical position for determination of the selectivity of
a-TTP. The engineering of TTP mutants with modulating binding properties can have potential impact at industrial level for
easier purification of single tocopherols from vitamin E mixtures coming from natural oils or synthetic processes. Moreover,
the identification of a c-tocopherol selective TTP offers the possibility to challenge the hypotheses for the evolutionary
development of a mechanism for a-tocopherol selection in omnivorous animals.
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Introduction

Vitamin E is a generic term for substances known to be

biologically and physiologically essential to health for their

antioxidative properties in membranes [1,2]. Each of the eight

recognized natural vitamin E compounds, namely a-, b-, c-, and d-

tocopherol and -tocotrienol, has the propensity to act as chain-

breaking antioxidant in the chain reaction of lipid peroxidation. a-

tocopherol (a-T hereafter) is the most important lipid soluble

antioxidant in the body protecting cell components from oxidative

damage [3]. Upon reaction with free radical species as well as with

singlet oxygen, the vitamin may eventually undergo irreversible

oxidation yielding mostly tocopheryl quinones [4]. In the human

body, excess tocopherols and tocotrienols are metabolized to

water-soluble carboxyethyl hydroxychroman metabolites and

excreted in the urine [5]. It has been postulated that vitamin E

may have roles in the human biological system other than that of

an antioxidant molecule [6]. The ability of vitamin E to modulate

signal transduction and gene expression has been observed in

numerous studies, although the underlying molecular mechanisms

have remained obscure. For example, at the transcriptional level,

a-T modulates the expression of the CD36 scavenger receptor in

smooth muscle cells and monocyte-derived macrophages, the

hepatic a-T transfer protein (a-TTP) as well as the expression of

liver collagen alpha-1, collagenase and the a-tropomyosin gene (for

review see the work of Rimbach et al. in Ref. [7]). Low levels of a-

T are associated with neurological phenotypes in mammals, like

human Ataxia with Vitamin E Deficiency (AVED) [8–11].

Tocopherols are quantitatively the major vitamers, whereas the

tocotrienols are found in vivo at much lower concentrations. All

tocopherol isoforms possess three chiral centers, so, in principle,

eight diastereoisomers can be synthetically obtained and are

widely used in animal nutrition [12] as well as in cosmetic products

[13]. Currently, the tocopherol manufacturing implies the

production of about 35,000 tons of racemic mixture per year

[14]. The highest bioavailability is associated to the naturally

occurring RRR-diastereoisomer of a-T [12,15].

The lipophilic vitamin E molecules require a specific cytosolic

transfer protein, a-TTP, to facilitate their transport through

hydrophilic media and to be assimilated by the organism. a-TTP is

a 32 kDa protein, and was first described by Catignani in 1975

[16,17]. It belongs to the Sec-14 like protein family, known to be

involved in lipid regulation [18]. These proteins share a common

CRAL-TRIO [19,20] fold of approximately 185 amino acids. The

fold consists of five parallel b-strands constituting the floor of the

binding cavity, a variable number of a-helices and a mobile helical

gate at the carboxy-terminal region [21,22] that allows the

lipophilic ligand to access the binding pocket (Figure 1) [9,21]. a-

TTP has been isolated in both rats and humans, and it is mainly

expressed in the liver, but it is also present in the placenta and in

the brain [23]. a-TTP plays a key role in the regulation of vitamin

E in hepatocytes [24]. Correct expression of a-TPP is essential to

the health of the organism, as its poor expression or mutation is
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directly associated to occurrence of AVED genetic disease. Recent

work shows that the binding of a-TTP is most favorable to small

unilamellar vesicles, as observed by other membrane binding

proteins [25].

a-TTP is responsible for the selection and retention of only the

a-T vitamer in the body [26,27]. Based on original crystallo-

graphic data, it has been postulated that the selectivity mechanism

occurs via optimization of van der Waals contacts between a-T

and the surrounding protein environment at the chromanol

ring site [9,26,28,29]. Also, the lower binding affinity of other

tocopherols presenting a lower number of methyl groups at the

chromanol ring, like c-tocopherol (c-T), was putatively connected

to a smaller tocopherol surface, which, in turn, would be less

effective in forming hydrophobic interactions [30]. Nonetheless, a

detailed picture of the molecular mechanism that regulates the

selectivity of such protein towards a-T are still not clear.

In this work, we report a combined in vitro/in silico investigation

on the binding properties of a-TTP towards a-T and c-T (see

Figure 1). Classical Molecular Dynamics (MD) simulations in

combination with Free Energy Perturbation (FEP) methods [31–

41] were used to investigate in detail both the energetic and

structural features of binding of the substrate molecules to a-TTP.

Our calculations are in very good agreement with in vitro data, and

show that the mainly energetic contribution regulating the binding

affinity comes from hydrophobic interactions; nonetheless, the

protein conformational flexibility has a determining role in the

relative stability of different tocopherols; in particular, we present

one mutant that shows inverse selectivity towards c-T and a-T,

with respect to the wild-type protein (WT).

The newly found isoform is of great physiological interest, since

a-T may be involved in enzyme activation and gene regulation

[42] while c-T, besides its antioxidant properties, shared with

other isoforms, shows anticarcinogenic activity [43]. Design of

TTP mutants able to selectively bind different forms of tocopherol

is therefore of potential great interest for multiple purposes. In fact,

these mutants could be of use for both follow up mutagenesis

studies aiming at a comprehensive description of vitamin E

function, and for purification protocols in tocopherol industrial

processes.

Results and Discussion

Experimental Results
Competitive binding assays. Human a-TTP genes (wild-

type, A156L) were overproduced by heterologous expression in

E.coli and their in vitro substrate specificity assessed in an aqueous

micellar system including detergent solubilized tocopherols. For

this purpose equimolar amounts of RRR{a- and RRR{c-

tocopherol were solubilized using a 50-fold excess of n-Octyl-a-D-

Glucopyranoside. Wild type a-TTP and A156L were incubated in

the presence of mixed micelles at a 66-fold molar excess of

tocopherol. Detergent was subsequently removed by dialysis and

monomeric tocopherol-a-TTP ligand complexes were isolated by

SEC chromatography, lyophilized and bound tocopherols ana-

lyzed by HPLC. For wild type a-TTP a molar ratio of 5.3:1 for

RRR{a-T/RRR{c-T was determined. The preferential binding

of RRR{a-T relative to RRR{c-T for wild type a-TTP

confirms, though on a qualitative level, previous in vitro findings

by the Hosomi group [27] where ligand specificity was assessed in

a competitive assay using non-labeled tocopherol analogs and a-

[3H]tocopherol for transfer between membranes. We have also

determined binding specificities for the a-TTP mutant A156L

yielding ratio of 1:1.5 for RRR{a-T/RRR{c-T respectively.

Our results unequivocally indicate the successful functional

modification of the ligand specificity of wild type a-TTP towards

increased RRR{c-T selectivity for the A156L mutant. The

combination of equilibrium dialysis and SEC chromatography

offers a simple and reliable way for the production and analysis of

tocopherol-a-TTP ligand complexes at a preparative scale and

may aid in further steps towards X-ray structural elucidation.

Among a wide range of commercially available non-charged

detergents n-Octyl-a-D-Glucopyranoside was selected due to its

high tocopherol solubilizing capacity and its easy removal by

dialysis. Our method may also be helpful for the comparison of

binding data using non-natural tocopherol congeners and may aid

to circumvent a-TTP’s notorious propensity for multimer forma-

tion and aggregation.

Thermodynamic analysis of differential scanning

fluorimetry data. In general, differential scanning fluorimetry

(DSF) is a method which monitors thermal unfolding of proteins in

presence of a fluorescent dye with a RT-PCR machine. There are

several fluorophores which are reported to be used commonly in

DSF experiments [44,45]. In our case we used the thiol-reactive

fluorescent dye BODIPY-FL L-Cystein (Invitrogen catalog no. B-

20340). It is virtually nonfluorescent in its dimeric conformation.

However, in complex with thiols a strong green fluorescence

results. Thus upon interaction with emerging cysteins of denatur-

ing proteins the fluorescence increases proportionally to the

amount of available free cysteins. Hence, after defining a

minimum (Fmin) and maximum (Fmax) fluorescence it is possible

to calculate the ratio of folded vs. unfolded protein at any

temperature with equation 1.

KU (T)~
½D�
½N�~

(F (T){Fmin)

(Fmax{F (T))
ð1Þ

The temperature change can be related to the change in

equilibrium by the van’t Hoff equation (equation 2) giving the

enthalpy DHTm

U for the unfolding at the transition point. The

natural logarithm of the equilibrium constant was plotted against

the reciprocal temperature and a linear fit was performed. The fit

gives a line with a slope equal to minus the standard enthalpy

divided by the gas constant. This was done at eight different

melting point for each protein sample; melting point shifts were

induced by adding urea in increasing steps to the protein solution.

lnKU~
{DHU

RT
z

DS

R
ð2Þ

Since DHU can be measured as a function of temperature it is

possible with the Kirchoff equation (3) [46] to calculate the

difference in heat capacity, DCp,U for the reaction folded vs.

unfolded.

d(DHU )

d(T)
~DCp,U ð3Þ

The temperature dependence of the free energy of unfolding

DGU (T) is described by the Gibbs-Helmholtz equation (4). With

the enthalpy of unfolding DHTm

U , the melting temperature Tm and

the change in heat capacity upon unfolding DCp,U it is possible to

plot DGU as function of temperature.

Engineering Selectivity in a-TTP
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DGU (T)~DHTm
U (1z

T

Tm

){DCp,U ½Tm{Tzln(
T

Tm

)� ð4Þ

The change in protein stability due to different ligands is

equivalent to the free energy of binding to the native state if the

ligand does not bind to the denatured protein [45] (see Table 1).

Hence, the calculated free energies of a complex are sums of the

free energy of unfolding (DapoGU ) of the apo-protein plus the free

energy of binding (DligandGb) of the specific ligand. For quantifying

the relative binding energies it is possible to subtract free energies

of unfolding of different protein ligand complexes yielding a DDGb

at any temperature. In our case we, DGU values of the protein

complexed with c-T were subtracted from the ones complexed

with a-T; thus, a positive value indicates a higher affinity for a-T, a

negative value for c-T. We report a DDGb for WT of 7.67 +
5.38 kcal mol{1 at 300 K and for A156L of 23.42 + 3.04 kcal

mol{1 at 300 K. As shown in Table 2, the positive DDGb value of

7.67+ 5.38 kcal mol{1 for WTa-T is placed well between the

Figure 1. Structure of WT a-TTP (from X-ray data) [9], bound to a-T. Top panel, the four faces of the binding pocket are highlighted - the Helix
6 (H6) in green, the b-strand floor of the cavity in yellow, the mobile gate part in blue and the inner core of the binding pocket (the back part in the
picture); inset 3D rendering of a-T bound to a-TTP. The residues in van der Waals contacts with the R1 methyl group are highlighted in white licorice.
Bottom panel, chemical structure of tocopherol. a-T: R1 = R2 = R3 = CH3; c-T: R1 = H and R2 = R3 = CH3 . The chiral centers are highlighted by red
asterisks.
doi:10.1371/journal.pone.0049195.g001
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value of 6.21 + 2.89 kcal mol{1 obtained by J. Atkinson and co-

workers [22] the number obtained by our in silico calculations. In

addition, our competitive binding experiment qualitatively con-

firms the high ligand specificity of the WT towards a-T. In the

A156L mutant, for both the experimental approach as well as for

the in silico calculations a negative DDGb is obtained, indicative for

higher affinity of A156L for c-T than a-T. These results are again

qualitatively confirmed by our competitive binding experiment.

Though interpretations regarding thermodynamics need to be

done with caution and have to be confirmed by other methods,

one can rank very well compounds with similar physicochemical

properties (e.g. a-T vs. c-T) based on their relative DTm [47]. The

high uncertainty of these results is a consequence of the calculus of

the propagation of uncertainty. Since these values are calculated

more than 30 K away from the melting points it is inevitable that

the error is statistically high. However, our calculated data is in

very good agreement with the measured data around the melting

point (Figure 2), where it is possible to measure directly the DGU

values from a melting curve.

Computational Results
Free energy of binding difference. Our FEP calculations

estimate the relative binding affinity between WT a-TTP and a-T

or c-T in DDGb = 8.26 + 2.13 kcal mol{1. This computed data

are in very good agreement with the experimental thermodynamic

data obtained from DSF measurements as presented in Table 2,

and with our competitive binding experiment which reports a

5.3:1 preferential binding of a-T to the WT than c-T.

FEP data indicate that A156L preferentially binds c-T than a-T

(see Table 2). This mutation has particular relevance, as it

corresponds to a functional modification of the WT. Correspond-

ing competitive binding specificity experiments confirm this trend

on a qualitative level.

The correct determination of the relative binding affinities in

the WT indicates a very good reliability for the binding motifs

found in our simulations for the various protein-ligand complexes.

In fact, they all show subtle but significant differences at multiple

contact sites between the proteins and the substrates from the

WTa-T natural template, which identification is crucial for the

understanding of the origin of the selection mechanism.

Structural binding properties of a-T and c-T in WT. In

all our simulations, the RMSDs of the proteins Ca atoms are well

converged after 100 ns (SI, Figure S1). Figure S2 in SI reports the

average structures of the various protein-vitamin complexes after

this simulation time.

Vitamin E molecules have only one hydrophilic hydroxyl group,

located at the 6 position of the chromanol ring benzene

substituent, which is able to form H-bonds. The hydroxyl groups

of both a-T and c-T form H-bonds with one crystallographic

water molecule, and with the hydroxyl group of Ser140 (see

Figure 3 and Table S1 in SI). X-ray diffraction of the WT [9,28]

shows the presence of three water molecules in the binding pocket

next to the tocopherol hydroxyl group. These water molecules

remain at the same location during simulations of the WTa-T

complex. Two molecules are involved in a hydrogen bonding

network between Tyr117 and Ser140. Strikingly, in the WTc-T

complex, only one water molecule is present in this network

(Figure 3), while the second molecule is not present the binding

pocket, leaving it during the FEP transformation. The loss of one

water is associated to a conformational rearrangement of the side

chain of Tyr117 (hydroxyl oxygen distances between Tyr117 and

Ser140 are 6.18 Å in WTa-T and 5.50 Å in WTc-T), also

occurring during the FEP.

Significant differences in the position of the two tocopherol

molecules in the binding pocket can be evidenced. In particular,

the phtylyl tail of c-T assumes a different conformation than that

of a-T. Also, in WTc-T, the chromanol ring is shifted towards the

b-strands face of the binding pocket (Figures 3, and 4. For a

conventional definition of the different sides of the binding pocket,

refer to Figure 1). The van der Waals (vdW) contribution to the

binding energy between protein and ligands was estimated by

statistically averaging the vdW energy between the vitamin and

the single protein residues present at the binding pocket along our

simulations. The average vdW energies between each residue and

the corresponding tocopherol molecule are listed in Table 3.

Overall, the vdW contribution to the binding energy clearly favors

a-T than c-T. Differences in the interaction energies between a-T

and c-T and single residues are present, and can be associated to

both the structural modifications in the ligand conformation and

in the changes of shape of the protein binding pocket. c-T is

displaced towards the b-strand face of the binding pocket. As a

result, Ile154, which is in contact with the R1 methyl group located

at the 5-chromanol carbon in WTa-T, retains a similar vdW

binding energy to both tocopherols (respectively 20.65 and

20.51 kcal mol{1), even though c-T lacks this methyl group. The

maintainance of the contact between tocopherol and Ile154 is also

evidenced by looking at the average distance between atoms CD1

of Ile154 and the C5 of the tocopherol, which is 5.26 Å and

5.34 Å for the WTa-T and the WTc-T, respectively (see SI, Figure

S3 for the statistical distribution of the distances). The same

behavior is observed for Leu183 and Ile194, also located in this

region (Table 3). On the contrary, vdW contacts between c-T and

residues located at the H6 face of the binding pocket are partially

lost. In particular, residues Trp122, Phe133 and Ser140 lose a

total interaction energy of 2.20 kcal mol{1. In this area, a partial

rearrangement of the side-chains is observed. In particular, the

side-chain of Phe133, facing the site of the C10 atom in the

hydrophobic tail in the WT, presents a different x1 dihedral angle

when c-T is bound to a-TTP compared to the WTa-T complex

(2107.63
0

in WTa-T, 2173.86
0

in WTc-T complex; see Figure 4

and Table S2 in SI). Also, the average distances between the CE2

atom of the Phe residue and C10 of the tocopherol are showing a

slightly weaker interaction, with distances of 4.39 Å and 4.49 Å in

WTa-T and WTc-T, respectively (see SI, Figure S3). In this

conformation, the side chain of Phe133 maintains the contact with

the R3 methyl group of the chromanol ring. This interaction is

counterbalanced by the loss of a contact between the phenyl ring

of Phe133 and the C10 atom of the phtylyl tail of the tocopherol.

At the mobile gate face of the binding pocket, the different

binding geometry of c-T is responsible for a weakening of the

interactions between the aromatic part of the chromanol ring and

the side-chain of Val182 (average distances between atoms CG2 of

the residue and C8 of the tocopherol are 5.1 Å in WTa-T and

5.9 Å WTc-T, see SI, Figure S3). This loss of contact is

counterbalanced by increased interaction with the side-chain of

Leu183. The hydrophobic tail of c-T makes different contacts with

the protein with respect to those present in the WTa-T complex.

In particular, the interactions between the tail and Val206,

Phe207, and Ile210, all residues belonging to the mobile gate

segment, are modified (Figure 4).

The interaction between those residues and the terminal part of

the hydrophobic tail is increased in WTc-T. In particular, Ile210

interacts with the isopropyl end of the tocopherol in the WTa-T,

whereas a stronger contact with the same residue and the methyl

group of C80 is observed. In addition, an increased interaction

between Phe207 and the isopropyl end of the tocopherol tail in

WTc-T induces a local structural modification of the C-terminal

Engineering Selectivity in a-TTP
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part of mobile gate segment, compared to the WTa-T system

(Relative RMSD of the mobile gate segment: 1.32 Å). Different

conformations in the side-chains of these residues are observed,

leading to increased vdW interaction with c-T, compared to the

WTa-T system (Table 3, and Table S3).

The local distortions in the binding pocket occurring upon c-T

binding also induce long-range modifications of the protein at its

surface. In particular, helices H4, H5 are deformed, and partially

lose their helical character. This portion of the protein shows a

RMSD of 2.64 Å from the corresponding one in WTa-T, which is

significantly higher than the average RMSD between the global

structures of the two complexes (RMSD = 1.63 Å).

A156L mutant. The major structural distortion in WTc-T is

associated to the displacement of the cromanol ring toward a

hydrophobic pocket formed by Ile154, Ala156, Leu183, Val191,

and Ile194. Crystallographic contacts are highlighted in Figure 1.

As the side-chain of Ala156 sits in this critical position (Figure 5,

left panel), we hypothesized the possibility of mutating Ala156 into

a bulkier hydrophobic residue, which would eventually lead to the

back-displacement of c-T into the original position observed for a-

T in the wild-type protein (Figure 5, left panel).

Both calculations and experiment indicate a preferential

binding for c-T than a-T in the A156L mutant. Despite the

relative large error of both measurements, intrinsic to the methods

used, the qualitative trend indicating a higher affinity for the c
isoform of this mutant is confirmed by our invitro competitive

assays (see Table 2). As originally postulated, the structural and

dynamical properties of the A156Lc-T complex have striking

similarities to the ones found in the WTa-T one. The position of c-

T in the binding pocket of A156L is very close to that of a-T in the

WTa-T structure (RMSD = 1.49 Å, see Figure 5). In particular,

the conformation of the phtylyl tail is significantly less distorted

with respect to WTc-T, and the chromanol ring is shifted back

towards the H6 side of the binding pocket.

The similarity in the binding modes of WTa-T and A156Lc-T

is associated to the recovery of the vdW contacts between the

ligand and the protein. In fact, the vdW energies between c-T and

both Phe133 and Val182, which were significantly reduced in the

WTc-T complex, retain values similar to those of WTa-T in

A156Lc-T (Table 3). The shift of the chromanol ring towards the

H6 side is reflected by increased contacts between c-T and Phe133

and Ser140 residues, partly counterbalanced by an energy loss in

the contacts formed by c-T and the Tyr117, and Ile194 residues

belonging to the b-sheet region with respect to the same in the

WTc-T complex. The contacts with the mobile gate helix are

overall maintained, apart from slight modification in the reported

vdW energies, which fall anyway within the statistical uncertainty.

On a global scale, A156L binds with stronger vdW energy c-T

than a-T (Table 3, and Figures S2 and S3).

The A156Lc-T complex shows significant similarities with the

WTa-T one also in the hydration of the binding pocket. In fact, we

find three buried water molecules, unlike in WTc-T, where only

two molecules are present. Specifically, the two waters bridging the

side-chains of Tyr117 and Ser140 are retained. The most

significant difference between the hydration patterns in WTa-T

and A156Lc-T lies in the observation that c-T is not directly

hydrogen-bonded to Ser140, but it is connected to its side chain

through one bridging water (SI, Figure S4). The hydration pattern

of WTa-T complex is retained in A156La-T. Nonetheless, in the

two structures, the side-chain of Tyr117 assumes different

conformations. In fact, its x1 dihedral angle presents a different

conformation in both systems, as shown by values of 93.37
0

in the

A156Lc-T complex, and 266.67
0

in A156La-T. As a result, the

distance between the hydroxyl oxygen atoms of Tyr117 and

Ser140 differs from 6.39 Å in A156Lc-T (similar to the distance in

WTa-T), to 5.80 Å of A156La-T. In A156La-T all H-bonds

present in the binding pocket are shortened; in particular, the H-

bond between Ser140 and a-T shows a value of 2.17 Å in WTa-T

and 1.84 Å in A156La-T.

Finally, in A156Lc-T the helices H4 and H5 do not show

significant distortion. On the contrary, this region is deformed in

the A156La-T complex, where a RMSD of 1.81 Å towards WTa-

T, lower than the average RMSD for the two systems is found

(RMSD = 2.18 Å). In any case, the protein segment retains the

helical structure, showing overall a minor distortion compared

with that of the WTc-T complex. (SI, Figure S5).

Concluding Remarks

a-TTP is a flexible protein, able to reshape its binding pocket to

best accommodate different tocopherol ligands. The balance

between formation of hydrophobic contacts and mechanical strain

is responsible for determination of binding affinity between the

protein and the ligand, and thus, responsible for the mechanism of

selectivity of WT a-TTP towards a-T. In addition, the water

network and the hydrogen bonding play a key role in the stability

and the positioning of the tocopherol within the binding pocket.

The plasticity of a-TTP can be used to design mutants that can

modulate and even modify the natural function. In fact, we

Table 1. Thermodynamic parameters characterizing the
unfolding of a-TTP complexes.

Tm [K] DHTm

U [kcal mol{1] DCp,U [kcal mol{1K{1�]

WTa-T 336.73+0.72 159.15+2.90 7.12+0.79

WTc-T 334.65+0.87 138.28+11.94 10.45+1.33

A156La-T 335.15+0.25 136.15+2.61 7.21+0.65

A156Lc-T 334.53+0.13 172.29+1.98 7.51+0.88

All data are denoted as the average + SEM, except for DCp,U values where the
slope of the weighted linear fit is the DCp,U+ the error of the slope.

doi:10.1371/journal.pone.0049195.t001

Table 2. Relative binding affinities (in kcal mol{1) with respect to a-T.

Protein DDGb calcd DDGb experiment DDGb Previous data [22]
Comp. Binding
Experiment

WT 8.26 + 2.13 7.67 + 5.38 6.21 + 2.89 5.3:1

A156L 21.19+ 2.28 23.42+ 3.04 – 1:1.5

Positive DDGb values indicate a preferred a-T binding. Calculated DDGb values were produced with equation 6 and experimental DDGb values with equation 4. The data
indicate the mean values + the standard deviation for both, experimental and computational data.
doi:10.1371/journal.pone.0049195.t002
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provide here for the first time in vitro/in silico evidence for the

successful production of a functional c-T selective TTP variant. In

our corresponding experiment, the A156L mutant evidences a

clear selectivity in vitro for c-T: our calculations show that A156Lc-

T complex retains the same structural properties of the WTa-T.

Our data indicate the residue A156 as a critical position for the

selectivity of a-TTP. This evidence opens to the possibility of

engineering other mutants, with modulated affinities for the

different isoforms of vitamin E. The engineering of TTP mutants

may have impact at industrial level for easier purification of single

tocopherols from mixtures coming from natural oils or synthetic

processes [14,48].

Finally, identification of a c-T selective TTP for the first time

offers the possibility to challenge the c-T competitive exclusion

hypothesis in vivo. In fact, predicting and designing RRR{a-T

mutants with high selectivity towards single tocopherol isomers

demonstrates the great potential of mutagenesis for future studies

aiming at a comprehensive description of vitamin E function.

During evolution WT a-TTP has selectively acquired high affinity

to RRR{a-T. Accordingly, there must exist a genetic trait

selection in favor of this tocopherol congener which is linked to a

healthy phenotype. This implicates that competitive exclusion of c-

T in favor of a-T must be advantageous for omnivores even in

environments, where c-T is the principal dietary vitamin E source.

Possible explanations for this phenomenon have been provided by

Cornwell etal: [49] suggesting that arylating quinones, including

the partially substituted oxidized vitamin E congener c-tocopherol

quinone, effect ER stress and are cytotoxic, whereas the fully

Figure 2. Gibbs-Helmholtz plots for a-TTP-tocopherol complexes. Panel A shows DGU as a function of temperature calculated with equation
(4) using data described in Table 1 for WT a-TTP in complex with a-T and c-T respectively. Panel B shows the same for the A156L mutant in complex
with tocopherols. In both panels a cutout around the melting point (Tm) is shown, wherein calculated DGU values and measured DGU around the Tm

for the respective a-TTP are compared. The measured DGU values are averages of replicate melting curves + SEM.
doi:10.1371/journal.pone.0049195.g002
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substituted nonarylating vitamin E congener a-tocopherol quinone

is not. Thus, retention of the nonarylating quinone precursor a-T

by a-TTP possibly confers evolutionary benefits in animal cells

and enhances protection against ER stress mediated pathogenesis

such as type 2 diabetes [50], Parkinson’s disease [51] and amyloid-

beta neurotoxicity [52].

Materials and Methods

Experimental Setup
Protein overproduction and purification. TTP genes

(wild-type, A156L) were synthesized at GeneArt and subcloned

into Nde1 and Xho1 restriction sites of pET28 (Novagen). All

three genes contained an N-terminal 6xHis-tag. Overproduction

was carried out in E:coli BL21 STAR under control of the T7

promoter by overnight induction using 100 mM isopropyl-

thiogalactopyranoside at 37uC. Cells were harvested by centrifu-

gation at 5000 rpm for 30 min and resuspended in 25 ml lysis

buffer (20 mM Tris, 100 mM NaCl, 10 mM Imidazole, 0.8 %
Triton X-100 and 1 mM PMSF). The cells were disrupted twice in

a French press. Subsequently the cell suspension was centrifuged

for 40 min at 16000 rpm and 4uC. Thereafter, the supernatant

was pooled and applied to a Ni-NTA column (12 ml) on a

Pharmacia FPLC system. Nonspecifically bound protein was

removed with washing buffer (20 mM Tris, 100 mM NaCl,

40 mM imidazole, pH 8.0) until the UV absorption at 280 nm

recovered the base line level. The protein was collected in elution

buffer (20 mM Tris, 100 mM NaCl, 200 mM Imidazole, pH 8.0)

in a final volume of 25 ml at a protein concentration of 0.5 mg/

ml.

Tocopherol-specificity assay. Equimolar 1:1 tocopherol

mixtures were produced by overlaying 146.2 mg of n-Octyl-a-D-

Glucopyranoside with 4.3 mg of RRR{a-T and 4.2 mg

RRR{c-T respectively. The mixtures were centrifuged at

16’000 g for 5 minutes in order to create an oil in detergent

matrix and then supplemented with 1 ml of Tris buffer (20 mM

Tris, 100 mM NaCl, pH 8.0). The opaque tocopherol detergent

solution (500 mM) was briefly vortexed and sonicated in a water

bath until transparent. Subsequently 4.5 ml of a-TTP protein

solution were supplemented with 0.5 ml 2/RRR{c-T mix and

dialyzed against Tris buffer 4 times for 4 hours. The dialyzed

protein solution was concentrated to 1 ml and purified by size

exclusion chromatography (SEC). The fractions containing the

monomeric ligand-protein complexes were pooled and lyophilized.

HPLC. Prior to HPLC analysis the lyophylized samples were

dissolved in 80 ml methanol and shortly centrifuged at 18’000 g.

HPLC analysis was carried out using a custom build JASCO

HPLC (PU-980 pumps, UV-975 UV-detector and a Shimadzu C-

R3A chart recorder). Full separation of tocopherol-ligands was

accomplished on a reversed phase Waters Atlantis dC18 Column

(36100 mm, 5 mm particle size) and isocratic elution (mobile

phase: 95 % MeOH/5 % H2O) at a flow rate of 1 ml min{1. The

effluent was monitored at 295 nm on the UV-detector and the

absorbance was integrated with a Shimadzu C-R3A chart

recorder. All injections to the HPLC were carried out with

Hamilton syringes by injecting 5 ml of sample.

Determination of Thermodynamic Parameters by

differential scanning fluorimetry. a-TTP’s final concentra-

tion was always kept at 7.5 mM. Protein concentration was

determined by absorbancy at 280 nm using an extinction

coefficient of 39545 M{1 cm{1. To take measurements, the

protein solution was supplemented with fluorescent dye before

being mixed with any additive. It was always added an equimolar

amount of fluorescent dye (stock was 25.37 mM in DMSO) as the

molarity of cysteins present in the protein of interest. Experiments

were conducted in 10 mM Tris and 100 mM NaCl at pH 8.0;

urea was supplement to achieve final concentrations in steps from

0.25 M, 0.5 M, 1M, 1.5 M, 2M, 2.5 M to 3M. Four 25 ml replicas

of each sample were measured on a 96-well plate with BioRad

CFX 96 RT-PCR machine. Fluorescence was measured with

filters to excite between 450–490 nm and measure emission

between 515–530 nm. Unfolding of the protein was induced by a

temperature gradient ranging from 20uC to 99uC with ramp of

1uC/min. Melting curves and inverse derivate curves were

exported directly from the machine and calculations for thermo-

dynamic parameters were performed using the van’t Hoff

equation. Replicate Tm and DHTm

U values were averaged and

used for further calculations.

Computational Methods
System setup. The starting structure of the wild type a-TTP

(WT) bound to a-T was taken from the protein data bank (PDB

entry: 1OIP [9]). Titrable groups were protonated at standard

positions at pH = 7. The AMBER FF99SB [53] and the General

Amber Force Field (GAFF) [54] force fields were used to

parametrize the protein and vitamins, respectively. The RESP

charge fitting procedure [55] was used to get the atomic charges of

the tocopherols matching ab initio calculations at the B3LYP [56]

level of theory (6–31G** basis set) using the GAUSSIAN 03

package [57]. The system was solvated with 19358 TIP3P water

molecules [58] and one chlorine anion was added to achieve

Figure 3. Hydrophilic interactions in the binding pocket of WT.
Panel A (top): WTa-T; panel B (bottom): WTc-T. The residues involved in
the H-bond network (Ser140 and Tyr117) are shown as licorice
representation.
doi:10.1371/journal.pone.0049195.g003

Engineering Selectivity in a-TTP

PLOS ONE | www.plosone.org 7 November 2012 | Volume 7 | Issue 11 | e49195



neutrality. We obtain a system formed by 62268 atoms with a box

of 83.6690.6682.4 Å3. The same procedure was followed to setup

a system containing c-T bound to WT.

Models of the single-mutant proteins A156L were built by

molecular replacement starting from the WT crystal structure.

Simulations of the systems with both a- or c-T bound to mutant

proteins were prepared following the same procedure described for

the WT.

MD simulations. A total of four systems were simulated: the

WT protein, and its A156L mutant form, bound to either a-T or

c-T. The structures were originally relaxed by 300 cycles of

steepest descent minimization followed by 7200 cycles of conjugate

gradients. A 100 ps run at constant temperature (300 K) and

pressure (1 bar) keeping the protein immobile was performed to

reach the correct density of liquid water, and then the system was

minimized again. Nosé-Hoover thermostats [59–61] as well as

Parrinello-Rahman barostats [62] were used to keep the system at

constant temperature and pressure. The Particle-Mesh Ewald

(PME) method [63] was used to treat the long-range electrostatic

interactions with a cutoff of 12 Å, the non-bonded list was updated

every 25 steps. The LINCS algorithm [64,65] was used to

constrain bonds involving hydrogen atoms. A time step of Dt

= 1.5 fs was used. The relaxed structures of all the systems

considered were used as starting points for 100 ns long MD

simulations.

Free energy perturbation. Free-Energy-Pertubation [31]

calculations were used to estimate the relative binding affinities for

a-T and c-T in both WT and A156L. For this purpose, a coupling

Figure 4. Comparison between hydrophobic contacts in WTa-T (left panels (A, and C)) and WTc-T (right panels (B, and D)). Top panels
(A, B): the van der Waals space occupied by residues in the binding pocket is highlighted by the wireframe representation. The different conformation
of the hydrophobic tail in a-T and c-T is evidenced. Lower panels (C, D): comparison between the interaction of a-T (C) and c-T with the helical mobile
gate of the WT protein.
doi:10.1371/journal.pone.0049195.g004
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Hamiltonian, defined in equation 5 was used:

H(l)~(1{l)H0zlH1 ð5Þ

where H0 is the hamiltonian related to the system containing a-T,

and H1 refers to the system with c-T. In particular, starting from

l = 0 for a system comprising a-T (methyl group at the 5 position

of the chromanol ring of tocopherol), l can be switched in small

steps to l = 1, performing an alchemical modification of a-T to c-

T (H atom at the 5 position of the chromanol ring). Using the

Thermodynamic Integration formula [31]:

DG~

ðl~1

l~0

S
LH

Ll
Tldl ð6Þ

the free energy difference between both states is obtained. In this

work, the relative binding affinity (DDGb) of the WT and relative

mutants for the two tocopherols is computed. Following a standard

thermodynamic cycle (SI, Figure S6), DDGb is obtained through

the binding energy difference of the two ligands, in water and in

the protein:

DDGb~DGbind,a{DGbind,c~DGprot{DGsolv ð7Þ

For this purpose, the a-T to c-T alchemical reaction was

computed, both in water (DGsolv) and in the protein environment

(DGprot).

Backwards transformations were also performed to balance

hysteresis bias. Dummy atoms where used to keep a constant total

number of particles along the transformation. The dual topology

scheme was employed [31,66,67]. For each transformation, we

used 7 l-points. 7500 cycles of L-BFGS minimization [68,69] were

performed at the beginning of simulations at each l value,

followed by 15 ns of FEP production at NpT conditions.

Structural analyses of the trajectories were performed with the

VMD visualization software [70]. MD calculations and data

Table 3. Comparison between van der Waals interactions of
the different studied systems.

Residue WTa-T WTc-T A156La-T A156Lc-T

Tyr117 22.21 22.52 22.08 21.24

Trp122 21.09 20.78 20.72 20.90

Phe133 25.13 23.15 25.32 25.12

Ser140 20.42 20.51 20.08 20.90

Ile154 20.65 20.51 20.57 20.66

Phe158 24.15 23.41 24.35 24.66

Trp163 21.28 21.30 21.41 21.28

Ile171 21.60 21.97 21.42 21.26

Ile179 24.87 24.41 24.34 24.90

Val182 23.49 21.72 23.77 23.57

Leu183 23.30 23.52 23.09 23.27

Phe187 22.08 21.26 22.16 21.98

Leu189 20.73 20.54 20.66 20.73

Ile194 21.21 21.52 21.31 21.20

Ile210 21.42 21.72 21.49 21.17

Phe203 21.36 21.37 21.13 21.45

Val206 20.76 20.93 21.01 20.48

Phe207 20.54 20.78 20.89 20.79

Ile210 21.42 21.72 21.49 21.17

Leu214 20.35 20.37 20.41 20.10

Leu218 20.03 20.08 20.02 20.01

Total 238.09 234.09 237.72 238.76

The van der Waals interactions (in kcal mol{1) shown are between the
tocopherol isoform and the binding pocket residues (upper part), and the most
significant mobile gate residues (lower part).
doi:10.1371/journal.pone.0049195.t003

Figure 5. Comparison of tocopherol binding geometries in WT
and A156L. Panel A represents WTa-T compared to WTc-T (in ochre),
the shift of the chromanol ring is evidenced. In panel B, comparison
between WTa-T and A156Lc-T (in ochre) is shown. The original position
of the chromanol ring in the wild-type is retrieved for c-T. Comparisons
are done between average structures from MD simulations. The
position 156 is highlighted in every system. For clarity, the hydrogen
atoms of the ligands are not represented.
doi:10.1371/journal.pone.0049195.g005
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analysis were performed with the GROMACS 4.0 package [71–

74].

Supporting Information

Figure S1 RMSD of the Ca atoms of the different
complexes during the 100 ns of MD simulations.
(TIFF)

Figure S2 Average structures of topocherol in the
studied complexes. Panel A: WTa-T; Panel B: WTc-T; Panel

C: A156La-T; Panel D: A156Lc-T.

(TIFF)

Figure S3 Statistical distribution of selected interatom-
ic distances between tocopherol and residues in the
binding pocket for the WTa-T and WTc-T complexes.
(TIFF)

Figure S4 Ligand-protein hydrophobic contacts in WTa-
T (panel A) and 156Lc-T (panel B). The van der Waals space

of residues in contact with tocopherol is highlighted by wireframe

representation.

(TIFF)

Figure S5 Comparison of the structure of the H4-H5
segment for WTa-T (in red), WTc-T (violet) and A156Lc-T
(green) complexes. The respective distribution of the amino

acids in the Ramachandran plot is shown in the bottom panels.

(TIFF)

Figure S6 Scheme of the thermodynamic cycle used to
compute the relative binding affinity of a-T and c-T to

TTP. Free-energy perturbation is used to estimate DGprot and

DGsolv.

(TIFF)

Table S1 Average H-bonding distances (in Å ) between
the chromanol hydroxyl group of tocopherol and
surrounding partners in each system.

(PDF)

Table S2 Comparison between specific dihedral angles
of the hydrophobic tail of tocopherol in differerent
tocopherol-TTP complexes. The dihedral angles under

consideration are highlighted in the bottom scheme.

(PDF)

Table S3 Comparison between average values of the
side-chain dihedral angles of residues in the binding
pocket (top part) and relevant residues of the lid (bottom
part) for the different complexes under study. The x1

dihedral angle is the one corresponding to the rotation aroun the

Ca{Cb bond; the x2 dihedral angle is defined by the Cb{Cc

bond.

(PDF)
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