|BC ARTICLE

()

Check for
updates

A proton-coupled folate transporter mutation causing
hereditary folate malabsorption locks the protein in an

inward-open conformation
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The proton-coupled folate transporter (PCFT, SLC46A1) is
required for folate intestinal absorption and transport across
the choroid plexus. Recent work has identified a F392V muta-
tion causing hereditary folate malabsorption. However, the resi-
due properties responsible for this loss of function remains
unknown. Using site-directed mutagenesis, we observed com-
plete loss of function with charged (Lys, Asp, and Glu) and polar
(Thr, Ser, and Gln) Phe-392 substitutions and minimal function
with some neutral substitutions; however, F392M retained full
function. Using the substituted-cysteine accessibility method
(with N-biotinyl aminoethyl methanethiosulfonate labeling),
Phe-392 mutations causing loss of function, although preserv-
ing membrane expression and trafficking, also resulted in loss
of accessibility of the substituted cysteine in P314C-PCFT
located within the aqueous translocation pathway. F392V
function and accessibility of the P314C cysteine were restored
by insertion of a G305L (suppressor) mutation. A S196L muta-
tion localized in proximity to Gly-305 by homology modeling
was inactive. However, when inserted into the inactive F392V
scaffold, function was restored (mutually compensatory muta-
tions), as was accessibility of the P314C cysteine residue.
Reduced function, documented with F392H PCFT, was due to
a 15-fold decrease in methotrexate influx V., accompanied by
a decreased influx K; (4.5-fold) and K; (3-fold). The data indicate
that Phe-392 is required for rapid oscillation of the carrier
among its conformational states and suggest that this is achieved
by dampening affinity of the protein for its folate substrates.
F392V and other inactivating Phe-392 PCFT mutations lock the
protein in its inward-open conformation. Reach (length) and
hydrophobicity of Phe-392 appear to be features required for
full activity.

The proton-coupled folate transporter (PCFT), a member
(SLC46A1) of the superfamily of solute transporters, harnesses
the proton gradient as the energy source to achieve uphill
transport of folates into cells (1, 2). Both the affinity for folate
substrates and the rate of oscillation of the carrier among
its conformational states increase as the extracellular pH is
decreased to ~5.5, the optimal pH for this transporter (1, 3).
The two major physiological roles for PCFT are (i) the intestinal
absorption of folates at the brush-border membrane of the
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proximal jejunum, as is the case for the absorption of other sub-
strates mediated by proton-coupled processes (4, 5), and (ii)
transport of folates across the choroid plexus into the cerebro-
spinal fluid (2, 6). Loss of function mutations in the PCFT gene
result in the rare autosomal recessive disorder hereditary folate
malabsorption (HFM), which is characterized by systemic fo-
late deficiency and a marked deficiency of folate in the cerebro-
spinal fluid (1, 2, 7, 8). PCFT is also highly expressed in a variety
of carcinomas where it delivers antifolates to cancer cells within
the acidic microenvironment of tumors (9, 10). Among the
antifolates, pemetrexed and new-generation glycinamide ribo-
nucleotide transformylase inhibitors have the highest affinity
for PCFT (11-13).

Ongoing research is focused on characterizing the structure-
function of this transporter. Insights have come from func-
tional changes associated with PCFT mutations identified in
subjects with HFM and from site-directed mutagenesis (2, 6).
The substituted-cysteine accessibility method has been used to
characterize the secondary structure, the accessibility of resi-
dues within transmembrane segments and defined elements of
the aqueous translocation pathway. Residues that are involved
in proton binding, proton coupling, extracellular gating, folate
substrate binding, and carrier translocation rates have been
identified (2, 14, 15). Homology models of PCFT in the inward-
open (16, 17), and more recently in both the inward- and out-
ward-open (14, 18, 19), conformations have been developed,
the latter based upon the structures of the mammalian GLUT5
fructose transporter (20). These models have been useful in
understanding the structural ramifications of functional studies
in the absence of a crystal structure of the PCFT protein.

A recent study from this laboratory demonstrated the
critical role that mutations at Asp-109, located within a
GXXXDXXGRR/K motif (Motif A) within the cytoplasmic
loop between the second and third transmembrane seg-
ments, play in achieving the outward-open conformation
(15). Using the substituted-cysteine accessibility method,
the loss of function associated with substitutions at Asp-109
locked the protein in an inward-open conformation, as man-
ifested by the loss of accessibility of residues that are acces-
sible in WT PCFT to a water-soluble sulthydryl reagent. The
current study, focused on the role of Phe-392 in PCFT func-
tion, complements a report of a F392V mutation in cohort of
Japanese subjects with HFM (21). Although a loss of function
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Figure 1. Location of phenylalanine and other residues relevant to the current study in human PCFT. Human PCFT has twelve transmembrane seg-
ments with its C terminus and N terminus oriented to the cytosol (22). The twelve fully conserved phenylalanine residues are noted in green whereas the seven
native cysteine residues are noted in orange. The Asp-109, Gly-305, and Pro-314 residues are indicated in red; S196L is indicated in yellow. The solid line con-
necting Cys-66 and Cys-298 indicates the location of a disulfide bond in PCFT-WT (22).

was observed in this report, the basis for the functional loss was
not pursued, nor was the role this residue plays in PCFT function
clarified. The current study demonstrates that Phe-392 is critical
to sustaining oscillation of the PCFT protein among its confor-
mational states and suggests that this is achieved by dampening
the affinity of the protein for its folate substrates. Like residues in
Motif A in the first intracellular loop (15), mutations at Phe-392
that result in a marked loss of function lock the protein in an
inward-open conformation that can be substantially reversed by
the introduction of second mutations within the protein.

Results
Characterization of a Val substitution at Phe-392

A recent report described a F392V PCFT mutation in a sub-
ject with HFM (21). Phe-392, one of twelve fully conserved
(human, monkey, horse, mouse, rat, dog, bovine, opossum,
Xenopus, and zebrafish) phenylalanine residues, is located in
the 11th transmembrane segment near the cytoplasmic inter-
face (Fig. 1, green fill). Fig. 2A illustrates the lack of [*H] MTX
MTX transport activity when F392V PCFT was transiently
transfected into HeLa cells that lack endogenous PCFT or
reduced folate carrier activity, at concentrations an order of
magnitude below and above the influx K, the latter reflecting
the influx V.. A Western blotting analysis (Fig. 2B) indicates
that expression of the mutant PCFT in the crude membrane
fraction and at the cell surface is comparable with that of
PCFT-WT. Hence, the stability of the protein and its trafficking
to the plasma membrane is intact; loss of function is attributed
entirely to an intrinsic defect in the protein. To further explore
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the structural requirements at this residue, particularly in view
of the loss of function with a relatively conservative mutation, a
variety of other substitutions were assessed as indicated in the
next section.

Impact of diverse substitutions at Phe-392 on PCFT
expression and function

Structural requirements at the Phe-392 residue were eval-
uated by replacement with a spectrum of amino acids followed
by assessment of expression and function. As indicated in Fig.
3A, all mutants were expressed at the cell surface at levels com-
parable with PCFT-WT. There was a complete loss of function
(Fig. 3B) for all charged substitutions studied (Glu, Asp, and
Lys) and Thr at the low and high concentrations; the His substi-
tution retained 30% of PCFT-WT activity at the low concentra-
tion. Activity was also preserved primarily at the low concen-
tration for Ala and residues with aromatic side chains (Ala,
Trp, and Tyr). The specificity of the Phe-392 residue was fur-
ther assessed with additional neutral substitutions. Again, none
of the substitutions altered expression of mutants in the crude
and membrane fractions (Fig. 3C). However, whereas there was
marked loss of function with Leu, Ile, and Gln substitutions,
there was complete retention of activity with the Met substitu-
tion (Fig. 3D).

Influx kinetic changes associated with the Phe-to-His
substitution

To further explore the basis for the loss of function with sub-
stitutions at Phe-392, influx kinetics were determined for

J. Biol. Chem. (2020) 295(46) 15650-15661 15651



A locked PCFT mutant causing hereditary folate malabsorption

A

120
100- = 0.5 M MTX
gE 80 mm 50 pMMTX
= 604
<& 4
5%
2 20
04 S
-20 T T T
& 3 3
SV ($)
’ q
]
« > 3
O &N =
(@] )] [TH
= T B

Lys-biotinylation
(cell surface)

B-actin

Crude membrane
fraction

Figure 2. Function and expression of the F392V PCFT mutant. A, BHI
MTX influx was assessed in transient transfectants at pH 5.5 and 37 °C over 1
min at concentrations of 0.5 um and 50 pm. Activity was normalized to PCFT-
WT. Data are the mean = S.D. from at least three independent experiments.
B, the upper row indicates PCFT expression at the plasma membrane deter-
mined by biotinylation of lysine residues located at the exofacial region of
the protein. The bottom row is PCFT expression in the crude membrane frac-
tion. The middle row is actin expression, the loading control. The blots are
representative of three independent experiments.

F392H PCFT. This mutant was chosen because although func-
tion was markedly impaired, it was sufficient for accurate influx
measurements over a broad concentration range. As illustrated
in Fig. 3E and indicated in Table 1, the [PH] MTX influx Vi
for F392H PCFT was decreased 15-fold as compared with
PCFT-WT, consistent with markedly impaired oscillation of
the carrier, whereas the influx K, was decreased 4.5-fold. The
decrease in influx K for F392H can be attributed at least in part
to an increase in the affinity of the transporter for this substrate
as indicated by the much lower influx K; relative to PCET-WT
for MTX (Table 1). The loss of function was much greater at
the high versus low MTX concentrations for all the substitu-
tions at Phe-392 where some function was retained. This is
consistent with a decrease in influx K, because a decrease in
Vmax @lone should result in a proportionate decrease in influx
irrespective of substrate concentration. Hence, changes in
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influx kinetics observed with F392H likely reflect the pattern of
change in influx for all mutant PCFTs that retain partial
activity.

Accessibility of Cys-substituted residues

Human PCFT has seven endogenous cysteine residues; of
these, two (Cys-66 and Cys-298) are extracellular and form a
spontaneous disulfide bond (Fig. 1, orange fill) (22). The
remaining five cysteine residues are located either within the
transmembrane segments or in the cytosol. Consistent with
their location, the native cysteines lack accessibility to MTSEA-
biotin (N-biotinyl aminoethyl methanethiosulfonate), a water-
soluble sulfhydryl-reactive reagent that does not penetrate the
cell membrane (22, 23). The cysteine residue in the F392C mu-
tant was not accessible to MTSEA-biotin from the extracellular
compartment, consistent with its location near the membrane-
cytosol interface (not shown). However, this cysteine residue
was labeled with MTSEA-biotin after permeabilization of the
cell membrane. Hence, when F392C was introduced into a Cys-
less PCFT scaffold (PCFT-CL), as indicated in Fig. 3F, the
F392C-CL mutant was labeled only after the cells were perme-
abilized with digitonin, as was the case for the positive control,
T240C-CL, located in the intracellular loop between the sixth
and seventh transmembrane segments (22). Hence, the cysteine
residue in the F392C-CL mutant is accessible only to the cyto-
sol and appears to be located in the translocation pathway.

The impact of the Phe — Val mutation on the conformation
of PCFT

The observation that F392V PCFT lost all function but the
level of expression at the cell membrane was not altered as
compared with PCFT-WT raised the possibility that this muta-
tion may have locked the transporter in one of its conforma-
tional states, as observed for mutations in residues (Asp-109
and Gly-112) in the first intracellular loop (15). To evaluate this
further, a second cysteine mutation, P314C, was introduced
into the F392V mutant scaffold and function and accessibility
assessed. Previous studies showed that (i) P314C is accessible to
the membrane-impermeant MTSEA-biotin at room tempera-
ture, consistent with its accessibility to the extracellular milieu
(18, 19); (ii) P314C accessibility is lost when PCFT is locked in
the inward-open conformation (established when P314C was
introduced into the D109A mutant); and (iii) P314C is highly
active; indeed, its Vi, is ~4- to 5-fold greater than that of
PCET-WT (18, 19, 24).

It can be seen in Fig. 44 that the P314C substitution alone
markedly increased MTX influx at the saturating concentra-
tion, consistent with a marked increase in the V.. The much
smaller change at the low MTX concentration is consistent
with an increase in influx K, as described above. However,
when F392V was introduced into the P314C PCFT scaffold,
influx was completely abolished. Fig. 48 indicates that intro-
duction of P314C into the F392V scaffold does not alter PCFT
expression in the crude membrane fraction or at the cell mem-
brane. However, whereas the single Cys-substituted P314C was
biotinylated by MTSEA-biotin, this was not the case when the
Cys-substituted PCFT (P314C) was inserted into the F392V
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Figure 3. Function and expression of PCFT constructs with a spectrum of substitutions at Phe-392. A and C, the upper row is PCFT expression at the
plasma membrane; the bottom row is PCFT expression in the crude membrane fraction. The middle row is the actin loading control. The blots are representa-
tive of three independent experiments. B and D, [*H] MTX influx was assessed in transient transfectants at pH 5.5 and 37 °C over 1 min at concentrations of 0.5
pum and 50 pm. Activity was normalized to that of PCFT-WT. Data are the mean = S.D. from at least three independent experiments. *p < 0.05 based upon one-
way analysis of variance comparing the mutants to PCFT-WT. E, a representative analysis of [*H] MTX influx kinetics mediated by PCFT-WT and the F392H mu-
tant. Influx was determined at pH 5.5 over 1 min in transient transfectants. The data are representative of three independent experiments. F, MTSEA-biotin
labeling of F392C in the absence or presence of membrane permeabilization by digitonin in a cysteine-less PCFT construct (-CL) with PCFT-CL and T240C-CL
serving as negative and positive controls, respectively. PCFT expression in the crude membrane fraction is indicated in the bottom row. The images are repre-
sentative of three independent experiments.

Table 1
MTX influx kinetics for PCFT-WT and the F392H mutant

4C, when F392D or F392K were inserted into the P314C scaf-
fold, function was lost. As indicated in Fig. 4D, expression of

Influx measurements F392H  PCFT-WT F392H/PCFT-WT the double mutants at the cell surface and in the crude mem-
MTX K (1) 0.65*011 293+0.59 4.5] brane extracts was comparable or slightly less than expression
Vinax (pmol/mg protein/min) 33 =5 497 =103 15| . . 5 i
MIX K, () 0555012 160%027 29] of the single mutants. However, whereas the single Cys-substi

Influx kinetic parameters (V,,,, and K,) were derived from the nonlinear regression
best fit to the Michaelis-Menten equation. The MTX K; was calculated for competitive
inhibition based upon the inhibition of [*’H] MTX influx by unlabeled MTX as
described under “Experimental procedures”. MTX influx V,,,, and K, are the mean =
S.E. from four independent experiments. Influx K; is the mean = S.E. from at least four
independent experiments.

scaffold. Hence, the F392V mutation results in the loss of acces-
sibility to MTSEA-biotin of the substituted cysteine located at
P314C.

To determine whether these changes are specific to the Val
substitution, experiments were conducted with F392K and
F392D as the inactivating residues (Fig. 3B). As indicated in Fig.
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tuted P314C was biotinylated by MTSEA-biotin, accessibility
of the Cys residue in the double mutants was lost. Taken to-
gether, these results imply that these loss-of-function muta-
tions at Phe-392 also lock the protein in the inward-open
conformation.

Impact of the introduction of the G305L substitution on
F392V function and cysteine accessibility

In a prior study, introduction of G305L restored cysteine
accessibility and partially restored function in the D109A/
P314C and G112A/P314C double mutants that were locked in

J. Biol. Chem. (2020) 295(46) 15650-15661 15653



A locked PCFT mutant causing hereditary folate malabsorption

B

>
~N
N
g 2
> 0 Q
£33
[ o m o
6001 mm 05 }lMMTX Q. a o
= b mm 50 yMMTX
£ 400 ° g Lys-biotinylation
5 $ 200- ﬁ (Cell surface) —_75kDa
€L lem e
<& 407 " —50kDa
%
2 20+
o Cys-biotinylation —
= : l ' 50 kD
— a
S g
(,Q R < o Crude membrane —75 kDa
Q n;@‘ fraction | cokDa
R
¥ 0O
N N
a o
P T
9 O3V
T F -
R
6004 mm 0.5puMMTX o o & a
= 400+ 50 pMMTX
5 E 200+ ﬁ Lys-biotinylation
E & 1 e oo (Cell surface) —75 kDa
2 % o1 —50kDa
= o\e 20' ‘
0+ oy 0Ot . .
Cys-biotinylation 75 kDa
'20 L) T T T
—50 kDa
«5‘9* n?q? «ﬁé s"“o
< 4
uo' bs'” Q() Crude rrtembrane 5 kDa
AN N fraction
R 4 —50 kDa

Figure 4. The impact of the introduction of the Phe-392 mutations on the function and cysteine accessibility of a highly active P314C PCFT
scaffold. A, [*H] MTX influx was assessed in transient transfectants at pH 5.5 and 37 °C over 1 min at concentrations of 0.5 um and 50 pm. Activity was
normalized to that of PCFT-WT. Data are the mean = S.D. from at least three independent experiments. B, expression at the plasma membrane (upper
row), cysteine biotinylation (middle row), and expression in the crude membrane fraction (bottom row). The black lines on the image represent reposi-
tioned lanes from the same Western blotting analysis. The image is representative of three independent analyses. C, [*H] MTX influx was assessed as
described above. Activity was normalized to that of PCFT-WT. Data are the mean = S.D. from at least three independent experiments. D, expression at
the plasma membrane (upper row) and MTSEA-biotin biotinylation of the cysteine residue (middle row) of transient transfectants. Expression in the
crude membrane fraction is indicated in the bottom row. The black line on the image represents a repositioned lane from the same Western blotting.

The image is representative of three independent experiments.

the inward-open conformation (15). Accordingly, studies were
undertaken to determine whether introduction of G305L would
reverse the F392V phenotype. G305L was introduced into
(i) F392V to obtain G305L/F392V, (ii) P314C to obtain
G305L/P314C, and (iii) P314C/P392V to obtain the G305L/
P314C/F392V triple mutant. As indicated in Fig. 54, intro-
duction of G305L, which was itself partially active, restored
function for F392V and more so for P314C/F392V PCFT. As
indicated in Fig. 5B, expression at the cell surface of the
P314C/F392V double mutant and the triple mutant were com-
parable, though less than P314C alone. However, whereas Cys-
biotinylation of P314C/F392V was absent, accessibility of the Cys
residue to MTSEA-biotin for both the P314C and G305L/P314C/
F392V proteins was robust. P314C/G305L PCFT was less active
than G305L alone or the other G305L mutants, even though
expression was comparable with that of PCFT-WT (not shown).

15654 J Biol. Chem. (2020) 295(46) 15650-15661

Likewise, as indicated in Fig. 5C, both G305L/F392D and
G305L/F392K mutants exhibited some restoration of function.
The extent of restoration of function would be greater when
corrected for the decrease in PCFT expression at the cell sur-
face. Expression of the F392-K or -D double mutants was simi-
lar to that of the single mutants in the crude membrane frac-
tion, although the expression of G305L/F392D and G305L/
F392K at the cell membrane was lower than the respective sin-
gle mutants (Fig. 5D).

Focusing on F392D PCFT, for which there was a greater
increase in function as compared with F392K when G305L was
added, the G305L mutation was introduced into the P314C/
F392D scaffold to obtain triple substitutions in the same pro-
tein. As indicated in Fig. 5E, function was also detected for the
G305L/P314C/F392D triple mutant. The activity of G305L/
F392D was included for the purpose of comparison. Expression
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Figure 5. Suppression of the locked phenotype with the introduction of G305L. A, [°H] MTX influx was assessed in transient transfectants at pH 5.5 and
37°Cover 1 min at concentrations of 0.5 pm and 50 pm. Activity was normalized to that of PCFT-WT. The y axis is plotted in two segments to better visualize
the low activity of some double mutants. Data are the mean =+ S.D. from at least three independent experiments. B, cysteine accessibility of the P314C/F392V
double and P314C/F392V/G305L triple mutants. The upper row is lysine biotinylation at the cell membrane. The middle rows are MTSEA biotinylation of the cys-
teine residue and actin. The bottom row is expression in the crude membrane extract. The i image is representative of three independent experiments. C, the
impact of the introduction of G305L on transport activity of the F392D and F392K mutants. [*H] MTX influx was normalized to that of PCFT-WT. Data are the
mean =+ S.D. from at least three independent experiments. D, expression of the G305L/F392D and G305L/F392K double mutants. The upper row is lysine bioti-
nylation at the cell membrane. The middle row is the actin loading control. The bottom row is expression in the crude membrane extract. The image |s repre-
sentative of three independent experiments. E, the impact of the insertion of G305L on the transport activity of the P314C/F392D double mutant. [*H] MTX
influx was assessed as described above. Activity was normalized to that of PCFT-WT. Data are the mean = S.D. from at least three independent experiments. F,
the impact of the insertion of G305L on the accessibility of the cysteine moiety of the P314C/F392D double mutant. The upper row is lysine biotinylation at the
cell membrane. The middle rows are cysteine biotinylation and actin. The bottom row is expression in the crude membrane extract. The image is representative
of three independent experiments.

of the triple mutant at the cell surface and in the crude mem- tant was biotinylated by this reagent. Hence, the G305L muta-
brane extract was similar to that of the double mutant. Whereas tion partially reversed the inward-open conformation of the
the Cys residue in the P314C/F392D mutant was not accessible  protein resulting from the F392D substitution in human PCFT
to MTSEA-biotin, the Cys-substituted residue in the triple mu-  (Fig. 5F).
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image is representative of three independent experiments.

Impact of the introduction of the S196L substitution on F392V
function and cysteine accessibility

In the previous report (15), homology modeling localized
Ser-196 in the fifth transmembrane segment in proximity to
Gly-305, and introduction of S196L was also shown to partially
restore the function and cysteine accessibility of G109A/P314C
PCFT. Fig. 6A illustrates the impact of the introduction of the
S196L mutation into several PCFT scaffolds. It can be seen
that, like F392V, a S196L substitution alone resulted in the loss
of function, in contrast to G305L. However, the S196L/F392V
double PCFT mutant was functional. Hence, the combination

15656 J. Biol. Chem. (2020) 295(46) 15650-15661

of two inactivating mutations resulted in restoration of func-
tion. Likewise, the S196L/P314C/F392V triple mutant was
functional. As indicated in Fig. 6B, expression of S196L in the
crude membrane fraction and at the cell membrane was com-
parable with that of PCFT-WT, F392V, and P314/F392V.
Expression of S196L/F392V and the triple mutant were mark-
edly decreased. When the decreased expression is taken into
consideration, the restoration of function for both mutants
would be even greater. When the accessibility to MTSEA-bio-
tin of the various constructs containing P314C PCFT was
assessed, only the triple mutant was detected despite the low
level of expression at the cell membrane. Interestingly, the
S196L mutant was also detected with MTSEA-biotin, although
the signal was lost in the S196L/F392V double mutant that was
functional. A possible basis for these observations is considered
below.

Discussion

Deciphering the functional role of PCFT residues mutated in
HFM has contributed important insights into the properties of
this transporter. A N411K mutation was localized within the
external gate of the PCFT translocation pathway (14, 17). A
P425R mutation revealed a difference in the binding pocket for
MTX versus pemetrexed (25). R113-S and -C mutations
pointed to an important role for the first intracellular loop in
PCFT function, subsequently established with the observation
that mutations in this region lock the protein in an inward-
open conformation (7, 15, 26). An R376Q mutation suggested
that this residue influences protein coupling and/or binding
(27). The loss of function associated with a F392V mutation
within the 11th transmembrane segment in subjects with HFM
(21) has in this report identified this residue as critical to oscil-
lation of the protein among its conformational states and, in
particular, essential for achieving the outward-open formation.

Homology models of PCFT based upon the structures of the
bovine and rodent GLUT5 fructose transporters (20) have pro-
vided insights into the structural basis for functional changes
that occur with site-directed mutations of PCFT or mutations
that occur in subjects with HFM (14). Exofacial residues associ-
ated with an external gate, which opens and closes as the carrier
cycles, were previously defined and characterized; two are
located in the 11th transmembrane segment (Ser-407 and Asn-
411) (17). The latter, mutated (N411K) in a subject with HFM,
resulted in markedly impaired function due largely to a de-
crease in influx Vi, (14). The homology model predicts that
Phe-392 within the endofacial region of the helix undergoes
substantial movement as the carrier shifts among its conforma-
tion states, as illustrated in Fig. 7. The Phe-392 side chain points
into the aqueous translocation pathway in the inward-open
configuration and moves further into the pathway as the pro-
tein shifts to the outward-open conformation. Hence, this resi-
due is located within a region of the protein that can have a
major impact on carrier function.

The data indicate that substitutions at Phe-392 (— Val, —
Lys, or — Asp) that result in a loss of function lock the protein
in an inward-open conformation. This is based upon the loss of
function and accessibility of the Cys residue when the highly
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Figure 7. Homology models of PCFT in the inward and outward conformations highlighting the Phe-392, Asp-109, Gly-305 and Ser-196 residues.
Homology models of human PCFT in the outward-open (blue) and inward-open (green) conformations were generated based upon the crystal structures of
the bovine and rat GLUT5 fructose transporters as described previously (18). Phe-392, located in the endofacial region of the 11th transmembrane segment
(highlighted) points into the aqueous translocation pathway in the inward-open conformation and shifts further into the pathway in the outward-open confor-
mation. Asp-109 in the second transmembrane segment is in proximity to Phe-392. Ser-196 in the fifth transmembrane segment is located in close proximity
to Gly-305 in the exofacial region of the eighth transmembrane segment. A, planar view. B, a view into the protein from the extracellular compartment. C, a

view into the protein from the intracellular compartment.

active and fully accessible P314C in PCFT-WT is introduced
into a variety of PCFT scaffolds: F392V/P314C, F392D/P314C,
and F392K/P314C. This is similar to what was observed for res-
idues (Asp-109 and Gly-112) in the first intracellular loop of
PCFT (15). In the case of Asp-109 mutants, no substitution
could be identified, including glutamate, in which there was
any residual function (28). The Asp-109 and Gly-112 residues
are located in a region of the protein characterized by Motif A
(GXXXDXXGR(R/K)), which plays a key role in the function of
solute transporters (29, 30). Whereas Phe-392 is not located in
a region with a known predictive motif, recent structural analy-
ses of the Escherichia coli YajR proton-coupled transporter
indicate that there is an inter-domain helical bundle between
the 11th and second transmembrane segments that is necessary
to achieve the outward-facing conformation, and when resi-
dues in this region are disrupted, the protein stabilizes in its
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inward-open conformation (31). In the homology model of
PCFT, Asp-109 in the loop between the second and third trans-
membrane segments is predicted to form a charge-pole interac-
tion with the N-terminal end of the 11th transmembrane seg-
ment, further stabilizing the outward-facing conformation (Fig.
7). This may account for the similar phenotypes when substitu-
tions are made in the Phe-392, Asp-109, or Gly-112 residues (15).

Some aspects of the structural requirements at Phe-392 are
expected, as with the complete loss of function when this resi-
due, located in the cell membrane, is replaced with charged
(Asp, Arg, and Lys) or polar (Ser, Thr, and Gln) amino acids.
Although it might be expected that aromatic residues would be
preferred, there was only a low level of activity retained with
these substitutions (Trp and Tyr). The F392M substitution was
the only one that retained the full function of PCFT. The Met
residue has the same hydrophobicity and exact same reach
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(length) as Phe. Other hydrophobic residues, with smaller
lengths (Ala, Val, Ile, Leu, and Cys), were either inactive or
retained only a small fraction of activity. Aromatic residues
with longer lengths and less hydrophobic features than Phe
(such as Tyr, which is larger and has a polar hydroxyl group,
and Trp, which is hydrophobic but significantly larger than
Phe), retained only a low level of activity. The modest preserva-
tion of activity for the F392H mutant is likely related to its
hydrophobic aromatic imidazole side chain. These mutational
studies suggest that the reach (length) and hydrophobicity of
the Phe-392 residue are the two important features that must
be maintained for full activity.

These studies also demonstrate that substitutions that lock
Phe-392 in the inward-open conformation can be reversed, or
“suppressed” in terms of function and accessibility to the extracel-
lular compartment, by introduction of G305L (Fig. 7), which was
shown to substantially reverse both parameters for the D109A
and to a lesser extent the G112A locked forms (15). A similar
“suppression” phenomenon has been observed for the loss of
function of other transporters with mutations in Motif A (32—
34). Based upon the homology model, G305L is located in the
exofacial region of the eighth transmembrane segment remote
from the 11th transmembrane segment in either conformation.
As suggested for its impact on substitutions of residues between
the second and third transmembrane segments, it is likely that
substitutions with large residues at the Gly-305 position modify a
latch-like conformational change because of mutations of Phe-
392, Asp-109, or Gly-112 that lock the protein in an inward-open
conformation. The previous study also demonstrated that intro-
duction of a S196L substitution in the fifth transmembrane seg-
ment, predicted by homology modeling to be in close proximity
to Gly-305 (Fig. 7), partially restored D109A function. The impact
of the S196L substitution on F392V function was more complex.
First, S1I96L PCFT alone had virtually no activity. However,
S196L/F392V was active. Hence, combining two inactivating
mutations overcame the structural change induced by either
mutation and restored the function of the protein consistent with
near-restoration of the WT protein structure. A “mutually com-
pensatory mutation” as observed in this study, generated not by
selection but based upon structural considerations, is highly fortu-
itous. These mutations are rare in general but occur during evolu-
tionary selection in humans and microorganisms (35-37). Not
only was S196L/F392V/P314C active, but the Cys moiety was now
accessible to MTSEA-biotin and the extracellular compartment
consistent with reversal of the locked conformation. Unexpected
was the observation that the S196L substitution alone resulted in a
signal when cells were exposed to MTSEA-biotin, suggesting that
the structural change produced by this mutation made one or
more of the native Cys residues accessible. Consistent with this
was the loss of the signal when the protein contained both S196L
and F392V substitutions and function was restored, presumably
because of restoration to a more normal structure.

The data revealed that substitutions at Phe-392 resulted in a
marked increase in the affinity of the protein for its folate sub-
strates along with a decrease in the influx V.. Although the
K, obtained for a solute transporter is a complex term that may
be influenced by more than the binding constant, the concur-
rent K; determination confirmed that the K, change largely
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reflected alterations in the affinity of PCFT for its substrates.
The data indicate that the increase in substrate binding at this resi-
due is associated with a decrease in the mobility of the protein.
The data suggest a paradigm in which the integrity of the Phe-392
residue in PCFT-WT is critical to maintaining a high level of flexi-
bility of the transporter, and this requires that the protein is in a
reduced state for its substrates. With substitutions at this site,
the affinity for folate substrates is increased and the protein
becomes more constrained; this results in a marked fall in the rate
at which the carrier oscillates among its conformational states,
and when the loss of function is complete as occurs with some
substitutions, the protein becomes stabilized in its inward-open
conformation. This relationship between binding affinity and flex-
ibility has been observed with an E. coli lactose permease mutant
(38, 39) and the evolution of high-affinity antibodies (40). The
marked inverse changes in influx kinetic parameters for a spec-
trum of substrates of the organic cation transporter 2 were attrib-
uted to differences in the rate of dissociation of bound substrates
from the protein limiting the maximum rate of carrier cycling
(41). The kinetic and binding changes observed for the Phe-392
mutants contrasts with marked increases in influx K, K;, and
Vinax Observed for the P314C and Y315C PCFT mutations located
at a breakpoint in the eighth transmembrane segment (18, 24).
Following the same paradigm, these residues maintain the pro-
tein in a high-affinity state for its folate/antifolate substrates and
thereby constrain the mobility of the protein. When mutated,
binding is diminished and the carrier relaxes, allowing a greater
degree of flexibility of the protein and a higher rate of conforma-
tional change as the carrier transports its substrates into and out
of the cell.

Experimental procedures
Chemicals

[3',5",7-*H] MTX and [°H] pemetrexed were obtained from
Moravek Biochemicals, Inc. EZ-Link Sulfo-NHS-LC-biotin[sul-
fosuccinimidyl-6-(biotinamido) hexanoate], streptavidin agarose
beads, and dithiothreitol were obtained from Thermo Fisher
Scientific. The sulthydryl-reactive MTSEA-biotin was obtained
from Biotium. Protease inhibitor mixture was purchased from
Roche Applied Science.

Cell lines, culture conditions, and transient transfection

The HeLa-R1-11 cell line, which lacks PCFT and reduced fo-
late carrier expression, was the recipient for all transient trans-
fections (9, 42). These cells were maintained in RPMI 1640 me-
dium under 5% CO, with 10% FBS (Gemini Bio-Products), 100
units/ml penicillin, and 100 pg streptomycin. For transport
studies, 3 X 10° cells were seeded in 17-mm glass vials
(Research Products International); for Western blotting analy-
ses, 5 X 10° cells/well were seeded in six-well plates. 2 days
later, the cells were transfected with PCFT constructs (0.8 ug/
vial or 1.6 ug/well, respectively) using lipofectamine 2000 (Invi-
trogen) in serum- and antibiotic-free RPMI 1640 medium.

Mutants and site-directed mutagenesis

Most of the mutations were introduced into a PCFT-WT
template unless specified with suffix “CL”, which indicates a
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cysteine-less template lacking all seven native cysteine residues
(17, 22). The P314C PCFT mutant was described previously
(18, 19, 24). Single substitutions were introduced individually
on the appropriate PCFT template, and additional mutations
were introduced into the single or double mutants using the
Quickchange II XL site-directed mutagenesis kit (Stratagene
California). All PCFT mutants were tagged at the C terminus
with HA. The coding sequence of all PCFT mutants was veri-
fied at the Albert Einstein Cancer Center Genomics and Com-
putational Analysis Shared Resource.

Membrane transport

The cells were washed with HBS (HEPES-buffered saline: 20
mwm HEPES, 140 mm NaCl, 5 mm KCl, 2 mm MgCl,, and 5 mm
dextrose, pH 7.4) and pre-incubated in this buffer for 20 min at
37 °C before initiating uptake of [*H] MTX (a folate surrogate,
specifically labeled, stable, and relatively inexpensive) over 1
min at 37°C (an initial rate). Transport was stopped by the
addition of ice-cold HBS; the cells were then washed three
times with ice-cold HBS, then dissolved in 0.2 M NaOH (0.5 ml)
by heating at 65 °C. One portion (0.4 ml) was assayed on a liquid
scintillation spectrometer; 20 ul was used for the BCA protein
determination (Thermo Fisher Scientific). MTX influx K, and
Vimax Were determined by nonlinear regression analysis of influx
as a function of the extracellular substrate concentration based
on the Michaelis-Menten equation using prism software (Ver-
sion 7 for Windows; GraphPad Software). MTX K; was calcu-
lated from the Michaelis-Menten equation for competitive in-
hibition, K; = I/(1/f—1)/(1+S/K;). This was based upon
the inhibition of [°’H] MTX influx by unlabeled MTX, where I is
the concentration of inhibitor, S is concentration of [PH] MTX,
K, is the concentration at which influx is half of the maximum
rate (V). and f is the fraction of influx in the presence/
absence of the inhibitor.

Analysis of PCFT at the cell surface and accessibility of
Cys-substituted residues by biotinylation

PCFT expression at the plasma membrane was assessed with
EZ-Link Sulfo-NHS-LC-biotin, which is membrane imperme-
ant and targets lysine residues accessible to the extracellular
compartment. Accessibility of Cys-substituted residues was
probed with the membrane-impermeant sulthydryl-reactive
MTSEA-biotin (17, 22). For both types of biotinylation, tran-
sient transfectants were incubated with sulfo-NHS-LC-biotin
(0.5 mg/ml) or MTSEA-biotin (0.2 mg/ml) in HBS at room
temperature for 30 min, following which the cells were washed
twice in HBS at room temperature before the addition of 0.7 ml
of ice-cold hypotonic buffer (0.5 mm Na,HPO, and 0.1 mm
EDTA, pH 7.0) containing protease inhibitor mixture. The cells
were then detached from the plates with a disposable cell lifter
and centrifuged at 16,000 X g for 10 min at 4°C. The pellets
were dissolved in 0.4 ml of lysis buffer (50 mm Tris-base, 150
mM NaCl, 1% Nonidet P-40, and 0.5% sodium deoxycholate,
pH 7.4), and 50 ul was collected as a crude membrane sample
for assay of total PCFT protein. The remaining suspension was
mixed on a rotisserie for 0.5—1 h at 4 °C before centrifugation at
16,000 X g for 15 min at 4 °C. The supernatant was mixed on a

SASBMB

rotisserie overnight at 4 °C with 50 ul of pre-washed streptavi-
din agarose beads. The beads were then washed twice with lysis
buffer and an additional two times with lysis buffer containing
2% SDS, each with a 20-min mix on a rotisserie at room tem-
perature. Protein bound to the beads was released by heating at
100°C for 5 min in 2X SDS-PAGE sample loading buffer with
dithiothreitol (70 wl).

The crude membrane fractions, after mixing (1:1) with the
2X SDS-PAGE sample loading buffer at room temperature and
release of surface proteins from the beads, were resolved on 4—
20% SDS-PAGE (Bio-Rad). Proteins were transferred to an
Immobilon-P Transfer Membrane (Millipore) and were blocked
with 10% dry milk in Tris-buffered saline with Tween (20 mm
Tris, 135 mm NaCl, and 1% Tween 20, pH 7.6) overnight at 4.°C.
The blots were probed with polyclonal anti-HA antibody (Sigma-
Aldrich, H6908) or monoclonal anti-actin antibody (Sigma-
Aldrich, A5441), followed by a second antibody-HRP conju-
gate (Cell Signaling Technology). The blots were developed
with Western Lightning Plus-ECL (PerkinElmer). For assess-
ment of biotinylation following membrane permeabilization,
transient transfectants were incubated with digitonin (50 ug/
ml) in HBS for 5 min before MTSEA-biotin labeling.

Homology models

Homology models for human PCFT in the inside-open and
outside-open conformations were developed based upon the
recently solved bovine and rat GLUT5 templates (20) in the
outward-open and inward-open conformations, respectively,
as recently reported in detail (14, 15, 18, 19).

Statistical Analysis

Statistical analyses were performed with GraphPad Prism
version 7 applying one-way analysis of variance or the multiple
t test.
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All data are contained within the article.
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