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Short chain peptides are actively transported across mem-

branes as an efficient route for dietary protein absorption

and for maintaining cellular homeostasis. In mammals,

peptide transport occurs via PepT1 and PepT2, which

belong to the proton-dependent oligopeptide transporter,

or POT family. The recent crystal structure of a bacterial

POT transporter confirmed that they belong to the major

facilitator superfamily of secondary active transporters.

Despite the functional characterization of POT family

members in bacteria, fungi and mammals, a detailed

model for peptide recognition and transport remains

unavailable. In this study, we report the 3.3-Å resolution

crystal structure and functional characterization of a POT

family transporter from the bacterium Streptococcus

thermophilus. Crystallized in an inward open conforma-

tion the structure identifies a hinge-like movement within

the C-terminal half of the transporter that facilitates

opening of an intracellular gate controlling access to a

central peptide-binding site. Our associated functional

data support a model for peptide transport that highlights

the importance of salt bridge interactions in orchestrating

alternating access within the POT family.
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Introduction

Peptide transport is the main route through which the body

absorbs and retains dietary protein and as such plays an

important role in human physiology (Steinhardt and Adibi,

1986; Matthews, 1991). Ingested protein is absorbed across the

intestinal brush border membrane in the form of di- and tri-

peptides through the action of the integral membrane peptide

transporter, PepT1 (Fei et al, 1994; Liang et al, 1995; Leibach

and Ganapathy, 1996). A similar process occurs at the renal

epithelium, where PepT2 re-absorbs small peptides from the

glomerular filtrate (Daniel and Rubio-Aliaga, 2003; Biegel et al,

2006). Both PepT1 and PepT2 recognize a diverse library of

peptide substrates, which include most proteinogenic di- and

tri-peptides (Matthews, 1975), in keeping with their function

as major nutrient transporters. They also recognize and play

an active role in the oral absorption and renal retention of

many drug compounds with a steric resemblance to peptides,

which include the commonly prescribed b-lactam antibiotics

(Luckner and Brandsch, 2005; Anderson and Thwaites,

2010). A detailed understanding of the structure, transport

mechanism and conformational changes of PepT1 and PepT2

would therefore substantially improve efforts to utilize these

transporters for improved drug delivery, distribution and

retention (Brandsch, 2009).

PepT1 and PepT2 belong to the solute carrier (SLC) 15 gene

family and phylogenetically form part of the much larger

proton-dependent oligopeptide transporter, or POT family

(TC 2.A.17) that is widely distributed within prokaryotes

and eukaryotes (Daniel et al, 2006). They are all proton

(Hþ )-driven symporters, using the inwardly direct proton

electrochemical gradient (DmHþ ) to drive the uptake of

peptides across cell membranes (Daniel and Kottra, 2004).

The high degree of sequence conservation between

prokaryotic and eukaryotic members (Supplementary Figure

S1) indicates that they operate through a conserved mechan-

ism (Daniel et al, 2006). This conclusion is supported by

several biochemical studies on prokaryotic PepT1 and PepT2

homologues (Fang et al, 2000; Weitz et al, 2007; Harder et al,

2008; Ernst et al, 2009; Jensen et al, 2011; Malle et al, 2011).

Structurally, the POT family sits within the larger and

functionally diverse major facilitator superfamily (MFS) of

secondary active transporters (Pao et al, 1998) that typically

contain 12, but sometimes 14, trans-membrane (TM) helices.

Crystal structures from several MFS transporters reveal a

common fold consisting of two 6-TM bundles that assemble

together in the membrane to form a ‘V’-shaped transporter

with a central substrate-binding site formed between the two

bundles (Hirai et al, 2002; Abramson et al, 2003; Huang et al,

2003; Yin et al, 2006; Dang et al, 2010). Based on these

structures and numerous biophysical studies on LacY, the

lactose permease from Escherichia coli (Smirnova et al, 2011),

a general model of transport within the MFS has been

proposed. This broadly describes transport occurring

through the movement of each bundle around a central

binding site and is commonly referred to as the rocking

bundle mechanism (Law et al, 2008). Recently, the first

crystal structure of a POT transporter, PepTSo, was determined

(Newstead et al, 2011), revealing a novel asymmetrical occluded

conformation, previously unobserved for this class of
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transporter. An intracellular gate that appears to be conserved

among many POT family members was observed restricting

the exit of a bound ligand from the intracellular side of the

transporter. The structure and mechanism of these gates within

the general rocking bundle model of transport is currently not

well defined for the MFS, largely due to the absence of crystal

structures representing different stages of the transport cycle

from the same family. Here, we report the crystal structure of a

second POT family transporter from the bacterium Streptococcus

thermophilus, PepTSt refined at 3.3 Å resolution. In contrast to

the occluded structure of PepTSo, the structure of PepTSt reveals

an inward facing conformation that provides significant new

insight into the release mechanism of the intracellular gate and

the role of conserved salt bridge interactions in orchestrating

structural changes during transport. We further identify key

residues involved in proton binding and regulating peptide

affinity within the binding site, which combined with the

structural data provide a more detailed structural model for

peptide transport within the POT family.

Results

Structure, kinetics and substrate specificity of PepTSt

The structure of PepTSt was solved using multiple isomor-

phous replacement with anomalous scattering (MIRAS) using

mercury derivatized crystals and seleno-L-methionine incor-

porated protein (for further details, see Supplementary data).

The structure was refined at 3.3 Å resolution to a final Rfactor

of 27.3% and Rfree of 28.9% (Table I). PepTSt adopts the

canonical MFS fold with helices H1–H6 forming the

N-terminal bundle and helices H7–H12 the C-terminal bundle

and represents an inward facing conformation for the POT

family (Figure 1A). The two bundles adopt similar structures

and superimpose with a root mean square deviation

(r.m.s.d.) of 2.7 Å over 153 Ca atoms. The peptide-binding

site is located at the apex of an elongated hydrophilic cavity

that opens outwards from the interior towards the intracel-

lular side of the membrane (Figure 1B). The cavity has

overall dimensions of B14 Å� 13 Å� 20 Å. The extracellular

side of the binding site by comparison is tightly sealed,

through the close packing of helices H1 and H2 against H7

and H8 forming an occlusion that hereafter we refer to as the

extracellular gate. In addition to the two 6-TM bundles,

PepTSt contains two other helices, HA and HB, which are

inserted within the intracellular loop connecting helices

H6 and H7 and pack to one side of the transporter

(Supplementary Figure S3). Similar helices were observed

in the related POT family member, PepTSo (Newstead et al,

2011). The absence of these helices in the fungal, plant and

metazoan protein sequences suggests that they do not form

part of a conserved transport mechanism and short 100 ns

atomistic simulations indicate that these helices move

semi-independently from the ‘core’ 12 TM MFS fold

(Supplementary Figure S4).

To establish PepTSt as a model for understanding transport

within the wider POT family, purified protein was reconsti-

tuted into a proton-driven proteoliposome system (for further

details, see Supplementary data). Maximal transport of the

peptide analogue glycylsarcosine was observed at pH 6.5

with an apparent affinity constant, KM
app, of 9.3 mM and

a maximal rate of uptake, Vmax, of 631 nmol min� 1 mg� 1

PepTSt (Supplementary Figure S5), consistent with the values

obtained for DtpT from Lactococcus lactis using a similar

assay technique (Fang et al, 2000). The size and charge

preference for peptides was also investigated (Figure 1C).

As observed for the mammalian PepT1 protein (Fei et al,

Table I Data collection, phasing and refinement statistics for PepTSt

Native (high) Native (low) MMC-1a MMC-2 Se

Data collection
Space group P212121 P212121 P212121 P212121 P212121
Cell dimensions

a, b, c (Å) 89.6, 113.1, 215.3 90.4, 113.6, 223.4 90.7, 113.8, 222.5 90.7, 113.7, 224.9 90.6, 113.6, 222.61
a, b, g (deg) 90, 90, 90 90, 90, 90 90, 90, 90 90, 90, 90 90, 90, 90

Resolution (Å) 107–3.3 (3.4–3.3) 74–4.0 (4.1–4.0) 70–4.5 (4.6–4.5) 70–5.9 (6.0–5.9) 90–4.5 (4.6–4.5)
Rmerge

b 10.1 (111.2) 8.1 (85.0) 9.4 (82.2) 6.4 (60.3) 6.6 (47.9)
I/sI 5.1 (1.1) 9.6 (1.9) 10.9 (2.7) 16.8 (2.0) 9.0 (2.7)
Completeness (%) 99.3 (99.9) 94.0 (97.4) 97.2 (96.2) 98.5 (93.6) 96.8 (90.9)
Redundancy 3.5 (3.5) 3.0 (3.0) 6.7 (6.5) 6.8 (6.9) 3.5 (3.5)

Rcullis (%)
Isomorphous/anomalous

90.3/95.3 109.2/93.5 94.6/90.8

Phasing powerc

Isomorphous/anomalous
0.583/0.459 0.345/0.709 0.658/0.646

Refinement
Resolution (Å) 29–3.3
No. of reflections 27 943
Rwork/Rfree 27.3/28.9
No. of atoms 13 898

Protein
r.m.s.d.

Bond lengths (Å) 0.01
Bond angles (deg) 0.98

aFor details on derivatization, see Supplementary data.
bThe last shell Rmerge is high for some of the derivative data due to severe anisotropy in the diffraction images.
cPhasing power¼ rms (|FH|/((FHþ FP)� (FPH))).
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1994), only di- and tri-peptides competed effectively for

uptake of the 3H di-alanine reporter peptide, with an

approximate 10-fold increase in affinity for di-alanine (IC50

0.03±0.01 mM) over that for tri-alanine (0.4±0.05 mM;

Figure 1D). The affinity for hydrophobic di-peptides is higher

than for charged di-peptides, ranging from 0.05±0.01 mM for

di-phenylalanine to 2±0.2 mM for di-lysine. Di-glutamate

competes as well for uptake as tri-alanine, suggesting that

the peptide-binding site effectively discriminates between

positive and negatively charged side chains, which is also

the case for the mammalian homologues (Eddy et al, 1995).

Also consistent with mammalian peptide transporters,

transport by PepTSt appears to be stereospecific, with no

discernable inhibition by D-Ala-D-Ala.

The extracellular gate is stabilized by conserved salt

bridge interactions

Alternating access within many secondary active transporters

occurs through conformational changes that result in the

ligand binding sites being alternatively exposed to either

side of the membrane. These changes are often described in

terms of the opening and closing of gates, which are often

local areas of the structure that move in response to ligand

or ion binding (reviewed in Forrest et al, 2011). Access to

the peptide-binding site from the extracellular side of the

membrane in PepTSt will require a substantial conformational

change within the extracellular gate. Two salt bridge

interactions can be identified that facilitate the close

packing of the gate helices in the structure (Figure 2A),

Figure 1 PepTSt structure reveals an inward open conformation. (A) Overall structure of PepTSt viewed from the extracellular side of the
molecule. The 12-TM MFS fold is coloured blue to red with helices HA and HB coloured grey. The helices are labelled. The right-hand image
shows a view in the plane of membrane with approximate dimensions of the molecule. (B) Slab through the surface electrostatic potential of
PepTSt viewed in the plane of membrane to highlight the extracellular gate, central peptide-binding site and intracellular gate. (C) Peptide
transport by PepTSt is driven by an inwardly directed proton gradient and selective for L di- and tri-peptides. ‘No competitor’ refers to the
condition where only 3H di-alanine peptide was present in the external buffer, without additional cold peptides. ‘No protein’ refers to empty
liposomes. ‘CCCP’ refers to addition of the proton ionophore carbonyl cyanide m-chlorophenyl hydrazine to the external buffer. Error bars
indicate the standard deviations from triplicate experiments. (D) PepTSt displays higher affinity for hydrophobic di-peptides and can
discriminate based on peptide size and charge.
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namely Arg53 (H1) with Glu312 (H7) and Arg33 (H1) with

Glu300 (H7). The Arg53–Glu312 salt bridge is distal from the

peptide-binding site, being located at the extracellular side of

the transporter. Mutation of Arg53 to alanine reduced the

proton-driven uptake of di-alanine by 50% compared with

the WT protein, whereas a similar mutation of Glu312

reduced uptake by 70%, similar to a double alanine mutant

(Figure 2B); however, a charge swapped mutant only showed

a 20% reduction in transport. Taken together, these results

suggest the Arg53–Glu312 salt bridge plays a supportive

rather than essential role during transport. In contrast, ala-

nine mutations at the second salt bridge, between Arg33 and

Glu300, that is positioned next to the peptide-binding site had

a substantial effect on transport. The mutation of Glu300 to

alanine abolished uptake in both the proton-driven and

peptide-driven counterflow assay, whereas transport in the

Arg33 mutant was only abolished in the proton-driven assay

(Figure 2C). This is an intriguing result, indicating that Arg33

is important for coupling peptide transport to the inwardly

directed proton gradient whereas Glu300 appears to affect

peptide recognition and/or structural movements during

transport; this role is consistent with the prominent position

of Glu300 within the extracellular gate. However, an addi-

tional role for Glu300 in proton coupling should not be

disregarded, as this may be required for subsequent

peptide binding, a situation that would give similar results

to those observed. Nevertheless, as discussed below, we

propose these interactions are important in orchestrating

alternating access within the POT family.

Residues involved in proton binding and the role of the

ExxERFxYY motif

Contributing to the central cavity is a conserved sequence

motif (ExxERFxYY) on helix H1 that is found in all POT

family members studied to date (Supplementary Figure S1;

Daniel et al, 2006). The functional significance of this motif

however remains ambiguous. The arginine and tyrosine

residues from this motif are positioned close to the ligand

seen in the binding pocket of the occluded structure of PepTSo

(Newstead et al, 2011). To address the functional role

of this motif in PepTSt, Glu22, Glu25, Arg26, Tyr29 and

Ty30 (Figure 3A) were mutated sequentially to alanine

(Supplementary Table 1); however, as the Arg26Ala mutant

did not express this was further substituted for lysine. We

interpret our data to indicate the ExxERFxYY motif is

important for proton binding during transport, as the alanine

mutants showed measurable uptake only under counterflow

conditions (Figure 3B and C). The exception was Tyr29,

which retained 75% of WT levels and as shown below is

likely to function in determining peptide specificity.

In the structure, Glu25 and Arg26 interact through a salt

bridge at a distance of 2.5–2.8 Å, which is positioned close

B3.2 Å to Glu22 on helix H1 (Figure 3A; Supplementary

Figure S2A). To test the functional significance of this salt

bridge, we substituted Glu22 and Glu25 to glutamine. As with

the alanine substitutions described above, both Glu22Gln

and Glu25Gln variants were inactive under proton-driven

uptake (Figure 3B) but retained activity under counterflow

(Figure 3C), providing further support for a role in the proton

coupling mechanism and suggesting that the chemistry of the

salt bridge between Glu25 and Arg26 is an important com-

ponent of the ExxERFxYY motif in PepTSt. Positioned close

B3.8 Å to Arg26 in the peptide-binding site is a conserved

lysine on helix H4, Lys126 (Figure 3A). Lys126 is absolutely

conserved throughout the POT family (Supplementary Figure

S1) and holds a prominent position within the binding sites of

both PepTSt and PepTSo (Newstead et al, 2011). Mutation of

Lys126 to alanine only abolished proton-driven uptake

Figure 2 Salt bridges facilitate closure of the extracellular gate. (A) Two prominent salt bridge interactions (Arg53–Glu312: distance B2.9 Å
and Arg33–Glu300: distance B3.8 Å) are observed facilitating the close packing between helix hairpins H1–H2 and H7–H8 in the extracellular
gate. Residues forming the central peptide-binding site are shown in yellow and the salt bride interactions in red. Helices and residues are
labelled. (B) Effect of mutations in the Arg53–Glu312 salt bridge on proton-driven 3H di-alanine uptake. (C) Effect of mutations in the Arg33
and Glu300 salt bridge on proton driven (left-black bars) and peptide-driven counterflow transport (right-blue bars). Details of the counterflow
experiments can be found in Supplementary data. Error bars indicate the standard deviations from triplicate experiments.
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(Figure 3B and C), providing strong evidence for proton

binding during transport. Interestingly, the primary amine

group is absolutely required as substitution for arginine,

histidine or glutamine all abolished proton-driven uptake,

but left counterflow unaffected (Supplementary Figure S6).

The close positioning of Lys126 to the ExxERFxYY motif in

the structure suggests that a functional interaction during

transport is possible, potentially acting to regulate the proton

coupling we observe.

Another striking feature of the central cavity is the cluster

of three glutamates on the C-terminal half of the molecule

(Figure 3A). Glutamates are likely candidates for proton

binding and suggested to play such a role in the fucose and

lactose permeases (Dang et al, 2010; Kaback et al, 2011). Two

of the glutamates in PepTSt, Glu299 and Glu300 are found on

H7, with Glu300 forming part of the extracellular gate, as

discussed above. Substitution of Glu299 to alanine, glutamine

or the conservative aspartic acid resulted in a protein too

unstable to be produced (Supplementary Table 1). Although

an acidic residue is highly conserved at the equivalent posi-

tion to Glu300 on H7, the preceding residue is often either

phenylalanine or tyrosine (Supplementary Figure S1), sug-

gesting that Glu299 is playing a structural or stabilizing role

unique to PepTSt. The third glutamate, Glu400, is situated on

H11 and close B3.2 Å to a conserved asparagine on H8,

Asn328. Of these glutamates, only Glu400 is strictly con-

served within the POT family. The equivalent glutamate to

Glu400 in human PepT1 (Glu595) is attributed to binding the

N-terminus of peptide substrates (Meredith et al, 2000), a role

supported in biochemical studies on the E. coli peptide

transporter, YjdL (Jensen et al, 2011). In PepTSt, the

Glu400Ala mutation failed to express; similar mutations in

Figure 3 Proton binding and peptide specificity reside predominantly within the N-terminal domain of PepTSt. (A) Peptide-binding site as
viewed from the plane of the membrane showing the ExxERFxYY motif on helix H1. Residues are coloured according to their predicted role,
with proton binding (green), peptide specificity (pink) and transport (yellow). (B) Effect of substitutions within the peptide-binding site on
proton-driven uptake. (C) Effect of equivalent substitutions on peptide driven counterflow uptake. (D) Effect of phenylalanine and alanine
substitutions at Tyr29 and Tyr68 on the ability of different L-isomer peptides to compete for uptake of di-alanine in proton-driven uptake.
(E) Change in IC50 values upon substitution of Tyr29 and Tyr68 to phenylalanine. The IC50 values for the different peptides were calculated as
described in Supplementary data. Error bars indicate the standard deviations from triplicate experiments.
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human PepT1 and YjdL express but were not functional

(Bolger et al, 1998; Jensen et al, 2011). Surprisingly, the

conservative Glu400Asp mutation also abolished proton-

driven and counterflow uptake (Figure 3C), indicating a

requirement for the increased length of the glutamate side

chain in PepTSt.

Role of conserved tyrosine’s in determining peptide

binding affinities

The peptide-binding site contains three prominent tyrosine

side chains, Tyr29 and Tyr30, contributed from helix H1, and

Tyr68 from helix H2 (Figure 3A). A similar cluster of tyrosine

side chains was observed in the binding site of PepTSo

(Newstead et al, 2011) and suggested to play a role in

mediating peptide specificity, as shown for rabbit PepT1

(Pieri et al, 2009). The hydroxyl groups of both Tyr29 and

Tyr68 do not contribute to proton binding, as their mutation

to phenylalanine had little impact on proton-driven uptake

compared with WT (Figure 3B). The Tyr29Ala mutant did

show reduced uptake in counterflow, however, demonstrat-

ing that the ExxERFxYY motif has additional roles to proton

binding during transport. To investigate the function of Tyr29

and Tyr68 further we carried out a series of competition

experiments with a library of di- and tri-peptides

(Figure 3D). The phenyalanine mutants showed distinct

changes in their affinity for di-Glu and tri-Ala peptides

compared with the WT protein, with the alanine mutants

losing their ability to transport these peptides altogether

while still retaining affinity for di-Phe and di-Ala peptides

(Figure 3D). This difference in the observed affinity between

peptides, in particular for the alanine mutations, suggests

that Tyr29 and Tyr68 are important in determining peptide

affinity. To quantify the contribution made by Tyr29 and

Tyr68 to peptide affinity, IC50 values for these peptides were

calculated for each of the phenylalanine mutants (Figure 3E).

The Tyr29Phe mutant had a decreased affinity for tri-alanine,

IC50 of 1.4 mM compared with 0.4 mM for the WT, while still

retaining WT affinity levels for di-Glu. The Tyr68Phe mutant

displays a decreased affinity for di-Glu, IC50 values of

1.63 mM compared with 0.56 mM for the WT protein while

retaining the same affinity for tri-alanine. Taken together,

these results identify helices H1 and H2 within the PepTSt as

critical sites of interaction with the peptide during transport.

Comparison between inward open and occluded POT

family transporters reveals a structural movement that

opens the intracellular gate

Comparing PepTSt and PepTSo, helices H1–H6 superimpose

with an r.m.s.d. of 1.6 Å for 167 Ca atoms, adopting a similar

arrangement between the two structures (Supplementary

Figures S1 and S7). The main difference occurs within the

C-terminal bundle, where helices H7–H12 superimpose with

an r.m.s.d. of 2.3 Å for 127 Ca atoms. In the occluded

structure of PepTSo, an intracellular gate constructed from

conserved side chain interactions between helices H4–H5 and

H10–H11 prevents the bound ligand from exiting the binding

site (Newstead et al, 2011). Comparison with the inward open

structure of PepTSt shows the cytoplasmic halves of H7, H10

and H11 swing away from helices H4–H5 resulting in

the release of this gate, opening the peptide-binding site

to the intracellular side of the membrane (Figure 4A).

Unexpectedly, opening of this gate does not require move-

ment of the entire H10–H11 helix hairpin, as previously

conjectured (Newstead et al, 2011), but appears to be

localized towards the cytoplasmic halves of these helices

and consist of a hinge like movement at the apex of the

H10–H11 hairpin (Figure 4A). Specifically, the gate opens due

to bending at Gly407 and Trp427 on helices H10 and H11,

respectively. This results in the intracellular ends of these

helices moving B13 Å away from their respective positions in

the occluded conformation. This movement appears coordi-

nated with respect to helix H7, which straightens in PepTSt

providing space for H10 and H11 to move. Gly407 and Trp427

are located at the same point within the H10–H11 helix

hairpin, effectively forming a hinge or pivot point, which

would control whether the intracellular gate is open or closed

between the occluded and inward facing conformation.

Indeed, substitution of either Gly407 or Trp427 to alanine

abolished both proton-driven and counterflow uptake

(Figure 4B). A Trp427Phe substitution however did not

adversely affect transport in either assay, implying a bulky

hydrophobic residue at this position is sufficient for normal

functioning of the gate. Of note is that glycine residues are

found at equivalent positions to Gly407 in GlpT (Lemieux

et al, 2004), FucP (Dang et al, 2010), EmrD (Yin et al, 2006)

and LacY (Abramson et al, 2003), implying a wider

significance for flexibility within helices H10 and H11

within the MFS. A further localized movement is observed

at the extracellular end of H11, at another conserved glycine,

Gly434. This movement results in closer packing of helix H11

with H2 and H7 and would result in the closure of the

extracellular cavity observed in the occluded PepTSo

structure upon adoption of the inward open state.

Discussion

A model for proton-driven peptide symport within the

POT family

Considering proton coupled peptide symport within the POT

family, a picture emerges from our study whereby substitu-

tions of conserved residues in the N-terminal domain affect

aspects of both proton binding and peptide specificity. Our

mutagenesis data for PepTSt are consistent with analogous

studies on PepT1 and PepT2, which concluded the N-terminal

helices dictated peptide binding and affinity characteristics

(Döring et al, 1996, 2002; Fei et al, 1998). Structural

comparison of the inward facing PepTSt structure with the

occluded conformation of PepTSo supports our previous

model where we proposed the C-terminal domain is more

dynamic, with helices H10 and H11 facilitating opening of the

central peptide-binding site to the interior of the cell during

transport. An important role for salt bridge interactions was

also evident from our study, where they appear prominently

within the extracellular side of the transporter and within the

conserved ExxERFxYY motif in helix H1.

On the basis of both the structural and biochemical ana-

lyses, we add further mechanistic details to our earlier

structural model of peptide transport (Newstead et al, 2011)

that we have summarized in Figure 5. The model employs

alternating salt bridge interactions at both the extracellular

and intracellular ends of the peptide-binding site that form

and break during transport. In the outward facing conforma-

tion (Figure 5A), the central binding site should be accessible

to the extracellular side of the membrane to receive peptides,
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in a conformation potentially resembling that of the fucose

permease FucP (Dang et al, 2010). Conserved side chains

involved in proton binding should be accessible, as proton

binding is predicted to occur before recognition of peptide

(Sala-Rabanal et al, 2008). Our study suggests that

protonation is likely within the N-terminal domain

involving residues from the ExxERFxYY motif on helix H1

with an important role for Lys126 on helix H4. Interestingly, a

superposition of both N- and C-terminal bundles of PepTSt

onto those of the proton coupled fucose transporter, FucP

(Supplementary Figure S8) places Lys126 in the same posi-

tion as a conserved glutamate, Glu135 in FucP which upon

protonation is predicted to trigger the switch to the inward

facing state (Dang et al, 2010). Similarly, in superimposing

the respective C-terminal domains, Glu400 of PepTSt, which

our data suggest is involved in structural aspects of peptide

transport, is close to Tyr365 in FucP, which is the proposed

interaction partner of Glu135. A speculative function for

Lys126 may therefore be to form a salt bridge with Glu400

in the outward open conformation, facilitating the closer

packing of helices H4 and H10 and sealing the binding site

to the interior of the cell in the outward facing state.

Following proton binding, entry of either a di- or tri-peptide

into the central cavity should facilitate closure of the extra-

cellular gate to occlude the peptide within the binding site

(Figure 5B). Studies in LacY suggest that residues from both

6-TM bundles act to coordinate bound ligand during trans-

port (Chaptal et al, 2011). In PepTSt, peptide binding is likely

to involve the conserved tyrosine residues, Tyr29 (H1) and

Tyr68 (H2) from the N-terminal bundle, as these residues

have important roles in determining binding affinity. Bound

peptides may also interact with Glu400(H10), as suggested by

Meredith and colleagues for PepT1 (Meredith et al, 2000; Xu

et al, 2009) and by Jensen et al, for the E. coli POT transporter

yjdL (Jensen et al, 2011). We predict that closure of the

extracellular gate is facilitated by the formation of

conserved salt bridge interactions between Arg53 (H1)–

Glu312 (H7) and Arg33 (H1)–Glu300 (H7), although the

latter is more conserved and important. Transition to the

occluded state is likely to occur following the substantial

Figure 4 The intracellular gate is controlled through localized hinge bending in helices H10 and H11. (A) Comparison between the inward
open PepTSt (magenta) and occluded PepTSo structure (grey) (PDB 2XUT) with arrows showing the hinge-like movement that opens the
intracellular gate. View is from the membrane plane. The intracellular gate is shown in the occluded (PepTSo) and open (PepTSt) states. Residue
numbers are for PepTSt. The peptide-binding site containing Lys126 and Glu400 is indicated. Right, view rotated 901 showing the Gly407 and
Trp427 as spheres and their position within the helices. (B) Effect of mutating the hinge residues on proton driven (left-black bars) and peptide-
driven counterflow uptake (right-blue bars) in PepTSt. Error bars indicate the standard deviations from triplicate experiments.
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inter-helical movement within the C-terminal half of the

transporter, potentially resulting in the formation of an

extracellular cavity, as observed in the structure of PepTSo

(Newstead et al, 2011). Closure of the extracellular gate is

likely to weaken the proposed Lys126–Glu400 salt bridge

forming part of the intracellular gate, in preparation for

opening. To complete the cycle, the transporter must adopt

an inward facing state that is likely to resemble the PepTSt

structure, with the central cavity accessible to the interior of

the cell to release the bound peptide and proton (Figure 5C).

Our analysis of the PepTSt structure and comparison with the

occluded PepTSo conformation suggests that this occurs as a

result of localized hinge-like bending in helices H10 and H11

at the conserved pivot points formed by Gly407 and Trp427.

This is likely to occur in parallel with the movement of helix

H7, consistent with our earlier suggestion that helices H7,

H11 and H12 operate as a functional sub-bundle during

transport (Newstead, 2011). To complete the transport cycle,

the transporter must recycle back through an empty occluded

state. Although precise mechanistic details remain to be

determined, our model suggests that reorientation would

require the re-pairing of the Lys126–Glu400 salt bridge

between H4 and H10 at an early stage.

Dynamic salt bridge networks, such as we have suggested

above for PepTSt are important within many secondary active

transporters for orchestrating structural re-arrangements dur-

ing transport (Boudker and Verdon, 2010). The prominent

role proposed for salt bridges in our model of peptide

transport draws interesting parallels with similar models for

LacY (Radestock and Forrest, 2011) and GlpT (Law et al,

2008), which invoke analogous cycles of salt bridge breakage

and re-pairing during transport. In particular, within GlpT,

salt bridge interactions between helices H1, H7 and H8 are

observed and predicted to re-arrange upon substrate binding,

whereas in LacY Kaback and colleagues propose an

interaction between helices H8 and H10, involving a salt

bridge between Glu269 and His322, that facilitates substrate

binding (He and Kaback, 1997). A comparable interaction is

observed in our structure of PepTSt between Asn328 (H8) and

Glu400 (H10). Clearly, specific interactions will differ

between individual MFS transporters. With respect to

peptide transport in particular, however, our model

provides valuable new insight that facilitates a broader

understanding of peptide transport within the POT family

and provides further evidence that commonalities in

mechanism are evident between evolutionarily distinct

members of the MFS.

Materials and methods

Protein expression and purification
PepTSt was identified as suitable for structural studies by fluores-
cence-based pre-crystallization screening and stability analysis
(Sonoda et al, 2011). The gene encoding PepTSt (Uniprot identifier
Q5M4H8) was amplified from Streptococcus thermophilus strain
LMG18311 genomic DNA and cloned into a C-terminal GFP fusion
expression vector (Drew et al, 2006). Wild-type and mutant PepTSt
were purified to homogeneity using standard IMAC protocols in
n-dodecyl-b-D-maltopyranoside (DDM) detergent as described
previously (Newstead et al, 2011; Supplementary data). The protein
was concentrated to 7 mg ml� 1 for crystallization and stored at
� 801C.

Crystallization and structure determination
Crystals of PepTSt were initially obtained in the MemGold crystal-
lization screen (Newstead et al, 2008; Molecular Dimensions Ltd,
UK) and optimized to 26% PEG 400, 0.1 M MES (2-(N-
morpholino)ethanesulphonic acid), pH 6.50, 0.03 M Magnesium
Chloride and 1 mM Cadmium Chloride using the hanging drop
vapour diffusion technique at 191C. For cryoprotection, the

Figure 5 A model for proton-driven peptide symport by PepTSt. (A) PepTSt adopts an outward facing state, here modelled on the outward
facing fucose permease structure (PDB: 3O7Q). This state is characterized by the packing of helices H4, H5 with H10, H11 that form the
intracellular gate and is potentially stabilized through a salt bridge interaction between K126 and E400 as discussed. Peptide (Pep) and proton
(Hþ ) bind from the extracellular side of the membrane with important roles for the N-terminal ExxERFxYY motif on H1 and K126 in H4.
(B) Binding results in closure of the extracellular gate to form the occluded state, here modelled on the occluded structure of PepTSo (PDB:
2XUT). This conformation is characterized by the packing of helices H7, H8 against H1, H2 at the extracellular side of the binding site, assisted
through the formation of the salt bridge interactions between R53-E312 and R33-E300. Binding of both peptide and proton is also likely to
disrupt the proposed interaction between K126 and E400, thereby facilitating release of the intracellular gate. In the occluded state, an
additional extracellular cavity may also form in the C-terminal domain following closure of the extracellular gate, as observed in the occluded
PepTSo structure. (C) Transition to the inward facing state, modelled on the inward facing PepTSt structure (PDB: 4APS) occurs in part through a
localized hinge-like movement in helices H10, H11 that results in release of the intracellular gate, allowing exit of proton and peptide into the
interior of the cell.
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crystals were transferred to a solution containing 36–40% PEG 400,
before being flash cooled in liquid nitrogen. The crystals always
showed strong anisotropic diffraction, with the best crystals
diffracting X-rays to Bragg spacing’s of 3.3 Å in the strongest
direction. Initial phases were calculated using MIRAS using two
mercury-derivatized crystals combined with a seleno-L-methionine
data set (Table I; Supplementary data). Data were collected on
beamlines IO2, IO3 and IO4 at the Diamond Light Source Ltd, UK.
The higher resolution native data were collected on IO2, processed and
scaled using mosflm (Leslie and Powell, 2007) and aimless (Evans,
2011), whereas the heavy atom and lower resolution native data were
processed by the XIA2 (Winter, 2009) pipeline to XDS (Kabsch, 2010).
The space group was determined to be P212121 with two molecules in
the asymmetric unit. Two mercury sites were initially located
manually using RSPS (Knight, 2000) with their positions further
refined and initial phases calculated using SHARP with solvent
flattening in SOLOMON (Abrahams and Leslie, 1996). The resulting
experimental maps were of sufficient quality to see all 14 helices from
each of the two molecules. Further improvement in map quality was
obtained following cross crystal averaging in DMMulti (as described in
Pedersen et al, 2010) between the mercury (MMC), selenium (Se) and
the isomorphous 4 Å resolution native data (Table I).

Model building and refinement
The model was built into experimental maps calculated from
SHARP and DMMulti, using O (Jones et al, 1991). The partial
models were further cycled back into SOLOMON to improve the
initial solvent envelope used for the solvent flipping procedure. The
amino-acid side chains were then built using the selenium and
mercury sites to determine the correct register. Refinement of the
model was carried out in BUSTER (Blanc et al, 2004) against the
highest resolution data set and using strict non-crystallographic
symmetry restraints. Refinement was improved by anisotropic
truncation of the structure factors (Strong et al, 2006) along the A
and C axes to 3.6 Å, with the B axis kept at 3.3 Å. To increase the
contribution of the high-resolution terms in the resulting 2mFo-DFc
electron density maps, a B-factor sharpening term was introduced
during map calculation in FFTof between � 50 and � 80 Å2. Model
validation was carried out using the Molprobity server (Davis et al,
2004). Images were prepared using PyMol (Schrodinger LLC, 2010).

Membrane reconstitution
Purified PepTSt protein was exchanged into 50 mM KPi, 150 mM
KCl, 0.3% DM (Anatrace, USA), pH 7.0 using a 10/300 superdex
S200 gel filtration column (GE Healthcare, UK), prior to reconstitu-
tion. Liposomes were prepared from acetone-ether washed E. coli
lipids and egg yolk L-a-phosphatidylcholine (Avanti Polar Lipids,
USA) in a ratio of 3:1 (wt/wt) as described previously (Fang et al,
2000). Proteoliposomes, prepared at protein-to-lipid ratio of 1:40
(wt/wt), were formed through rapid dilution into 50 mM potassium
phosphate, pH 7.0. Following ultracentrifugation at 41C for 3 h
at 130 000 g, the proteoliposomes were re-suspended to a final
concentration of 4 mg ml� 1 and subjected to five freeze-thaw
cycles prior to storage at � 801C.

Transport assays
For proton-driven uptake assays, artificially imposed potassium
ion diffusion potentials were generated as previously described

(Foucaud and Poolman, 1992). This system uses the established
DC electrical potential across the liposome bilayer (interior
negative; approximately � 100 mV) to drive Hþ and peptide
uptake. Proteoliposomes were thawed, centrifuged at 90 000 g for
30 min at 41C and re-suspended in 20 mM Potassium Phosphate,
pH 6.50, 100 mM Potassium Acetate, 2 mM Magnesium Sulphate,
followed by 11 cycles of extrusion through a 400nm polycarbonate
filter to obtain small unilamellar vesicles of relatively homogenous
size (Knol et al, 1996). Proteoliposomes were subsequently diluted
1:50 (v/v) into external buffer containing 20 mM NaPIPES
(piperazine-N,N0-bis(2-ethanesulphonic acid)), pH 6.0, 2 mM
magnesium sulphate with 10mM valinomycin and 3H labelled
peptides at varying concentrations. Uptake of 3H peptides was
assayed at 251C as described in Supplementary data. Diluting
aliquots into 1.5 ml of ice-cold 0.1 M lithium chloride stopped the
reaction. Proteoliposomes were collected onto 0.22mm nitrocellu-
lose filters and washed under vacuum with excess 0.1 M lithium
chloride prior to scintillation counting. The 3H signal was converted
to molar concentrations of peptide using standard curves for each
substrate. For ligand-driven counterflow transport (Kaback et al,
2001), proteoliposomes were re-suspended in 50 mM Potassium
Phosphate, pH 6.5, 2 mM Magnesium Sulphate and 10 mM Ala-
Ala. Transport was started following a 1:50 (v/v) dilution into
50 mM Potassium Phosphate, pH 6.50, 2 mM Magnesium Sulphate
containing 5mM 3H Ala-Ala.

Accession codes
The atomic coordinates have been deposited in the Protein Data
Bank with accession code 4APS.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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