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Abstract

While hydrophobic small molecules often can freely permeate a lipid bilayer, ions and other polar

molecules cannot and require transporters to mediate their transport. Recently, a number of

important structures have been reported which have advanced our understanding of how

membrane protein transporters function to transport small molecules. Structures of TbpA/B and

HmuUV provided new insight into iron uptake by pathogenic bacteria while the structures of

NarK, ASBT, and VcINDY revealed molecular details about the transport of nitrate, bile acids and

dicarboxylates, respectively. The structure of the folate ECF transporter indicated that the S

component likely undergoes a large conformational shift to mediate folate transport, while the

cellulose synthase/transporter contains an elongated translocation pore for passage through the

inner membrane.

Small molecule transport systems

The transport of small molecules across membranes is essential for the import of nutrients

and other energy sources into the cell and for the export of waste and other potentially

harmful byproducts out of the cell [1–3]. While hydrophobic molecules are permeable to

membranes, ions and other small polar molecules require transport via specialized

membrane transport proteins. The two major classes of membrane transport proteins are

carrier proteins (transporters) and channel proteins [4] (Figure 1A). With our focus here on

transporters, we will briefly highlight some recent structural biology reports that have

substantially contributed to our understanding of the various mechanisms that mediate the

transport of small molecules across membranes. We also discuss the structure of the

cellulose synthase/transporter since its substrates can vary significantly in size. The studies

discussed here represent only a fraction of the exciting structures that have been reported

recently, all of which collectively advance our overall understanding of these small molecule

transport systems.
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Nitrate/nitrite transport by NarK in E. coli

Nitrate (NO3
−) is a key source of mineral nitrogen uptake for bacteria. However, nitrogen

metabolism leads to an abundance of cellular nitrite (NO2
−), which can eventually lead to

the accumulation of nitric oxide, a cytotoxic free radial that can lead to DNA damage and

degradation of iron-sulfur centers [5,6]. The exact mechanism for how bacteria manage

nitrate import versus nitrite export has remained elusive until recently with the report of the

crystal structure of the nitrate/nitrite transporter NarK from E. coli [7]s. NarK belongs to the

major facilitator superfamily (MFS) of secondary transporters, containing a conserved

twelve transmembrane helices structure consisting of two structurally conserved N- and C-

terminal subdomains of six transmembrane helices each related by a pseudo twofold

symmetry. The NarK structure was solved in apo form and in complex with sodium nitrite,

with both structures found in the inward-facing conformation. The putative substrate

transport pathway is formed along the interface between the two subdomains (Figure 1B).

Based on the electrostatics of the substrate translocation pathway and the lack of classical

proton transporting residues (Glu, Asp, and/or His), it was concluded that NarK is in fact a

nitrate/nitrite exchanger which relies on a cyclic rocker switch mechanism, allowing nitrate

binding (and nitrite release) in the outward facing conformation and nitrate release (and

nitrite binding) in the inward facing conformation [7].

Iron transport in Neisseria meningitidis

Iron is essential for survival and therefore pathogenic bacteria have developed complex

machineries to scavenge iron from the host environment or even steal iron directly from host

proteins [8]. For example, Neisseria meningitidis has specialized surface receptors that have

evolved to acquire iron from specific host sources, such as heme, lactoferrin, and transferrin

(Tf) [9–12]. Recently, the crystal structures of the Neisserial Tf-binding proteins A (TbpA, a

TonB-dependent transporter) and B (TbpB, a lipoprotein co-receptor) were each reported in

complex with human Tf, providing molecular insight into how Neisseria are able to steal

iron from Tf and import it across the outer membrane for survival and virulence [10,11].

TbpA, which binds both apo and diferric Tf, consists of a large N-terminal plug domain

tucked inside a 22-stranded β-barrel transmembrane domain, while TbpB, which only bind

to diferric Tf, is anchored to the surface of the cell via an N-terminal lipid anchor and

consists of two structurally similar domains, each containing an eight stranded β-barrel with

an adjacent four stranded β-rich handle domain. Tf binding to TbpA and TbpB was mediated

exclusively along the C-lobe of Tf at non-overlapping binding sites (Figure 2A).

Identification of a conserved lysine residue found on the helix finger in loop 3 of TbpA

provided a clue suggesting that TbpA itself may be hijacking the pH sensor of Tf, which is

typically utilized to mediate iron release at low pH within the human host, to catalytically

trigger iron release for import through the barrel domain of TbpA.

The structure of HmuUV, a heme transporter from Y. pestis

As discussed earlier, iron is essential for survival and therefore pathogenic bacteria have

evolved systems to acquire iron from the host environment. Another such iron source that is

targeted is heme, which is the most abundant source of iron in the human body [13]. While
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numerous studies have described how heme may be captured and imported across the outer

membrane by TonB-dependent transporters [14], less is known about how heme makes its

way across the inner membrane into the cytoplasm. Recently, the crystal structure of the

heme transporter HmuUV from Yersinia pestis was reported and found to belong to the type

II ABC transporters/importers, consisting of two copies of each component HmuU

(transmembrane domain) and HmuV (nucleotide-binding domain) (HmuU2V2) and related

by a twofold symmetry axis [15] (Figure 2B). Each HmuU subunit contained ten

transmembrane helices with HmuV interacting non-covalently via a conserved cytoplasmic

coupling helix. Unlike type I ABC transporters, an outward facing conformation was

observed in the absence of nucleotide [16,17]. A cavity, which is open to the periplasm but

closed to the cytoplasm, was found at the interface between the two HmuU subunits,

revealing the site where HmuT, the periplasmic heme-escort protein, interacts with HmuUV

for heme exchange and subsequent translocation [18]. Mutagenesis of the cavity forming

transmembrane helix 5 of HmuU and functional analysis using a novel in vitro heme

transport assay, allowed further characterization of heme transport and the heme

translocation pathway, with the conclusion that while type I and type II ABC transporters

may be conserved structurally, their mechanisms for translocating substrate may vary

significantly [15].

Structural and mechanistic insight into bile acid transporters

Bile acids serve essential functions in digestion and in the absorption of lipids and fat-

soluble vitamins in the small intestine [19]. Via enterohepatic recirculation, the bile acids

eventually cycle back to the liver for resecretion, a process known to involve two Na+-

dependent transporters, one of which is called the apical sodium-dependent bile acid

transporter (ASBT) [20,21]. Inhibition of ASBT has been shown to increase bile acid

synthesis which leads to an increase in cholesterol consumption, making it an ideal drug

target against elevated cholesterol levels [22]. Recently, the crystal structures of ASBT

homologues from Neisseria meningitidis (ASBTNm) and Yersinia frederiksenii (ASBTYf)

were reported providing valuable structural insight into the transport of bile acids [23,24].

The ASBT structure contains ten transmembrane helices which form two subdomains

termed the panel domain (TM1, 2, 6 and 7) and the core domain (TM3–5, and 8–10) and

both ASBTNm, which contained two sodium ions and taurocholic acid (TCA, bile acid

substrate), and ASBTYf, in apo form, were found in both an inward-open conformation

(Figure 3A). However, an outward-open conformation was also solved of ASBTYf by

mutating a highly conserved glutamate (Glu254) found at one of the sodium binding sites,

allowing a comparison of the two conformational states and identification of a an important

helical crossover region (along TM4 and 9) within the core domain [23,24]. Together,

structural and functional studies led to the conclusion that bile acid transport may be

mediated by a putative dual-accessible binding site along the crossover region, which may

undergo localized conformational changes in response to sodium binding/release [23,24].

The crystal structure of a bacterial INDY homologue from V. cholerae

Tricarboxylates such as citrate and dicarboxylates such as succinate and fumarate serve

many essential roles within the cell including the synthesis of fatty acids and cholesterol and
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the regulation and generation of energy [25,26]. Import of these small molecules relies on

direct import into the cytoplasm by specialized Na+-dependent transporters, all of which

belong to the divalent anion/Na+ symporter (DASS) family and includes the homologous fly

protein INDY, as well as, several bacterial homologs [27,28]. While transport is known to

be Na+ driven with 2–4 Na+ ions co-transported per each substrate molecule, the exact

mechanism for specificity and transport has remained largely unknown. However, the

crystal structure of an INDY homologue from Vibrio cholera (VcINDY) was recently

reported in complex with Na+ and citrate, providing insight into the transport mechanism of

this family of transporters [29]. While VcINDY was found to function as a dicarboxylate

transporter, early experiments showed it could be significantly thermostabilized by the

presence of citrate, which contributed to crystallization and structure determination.

VcINDY is a dimer representing an inward-facing conformation with each subunit

consisting of eleven transmembrane helices and the interface between the subunits being

formed by TM3, TM4a and TM9b (subunit A) and TM4b, TM8 and TM9a (subunit B)

(Figure 3B). Each monomer consists of structurally conserved N- and C-terminal

subdomains which are related by an inverted twofold symmetry parallel to the membrane

plane. One Na+ ion and one citrate molecule was bound to each monomer within a cleft

along the cytoplasmic face. Identification of a putative second Na+ binding site and

subsequent mutagenesis and functional studies provided the necessary insight to postulate a

mechanism for dicarboxylate transport by VcINDY whereby Na+ binding is coupled to

substrate binding (outward-facing conformation) which triggers a conformational switch

driving substrate transport across the membrane (inward-facing conformation) and followed

by Na+ and substrate release into the cytoplasm [29].

The structure of the folate ECF transporter from L. brevis

Energy-coupling factor (ECF) transporters are a new class of ABC transporters that consist

of four components including the membrane spanning components (1) energy coupling

module (EcfT) and (2) substrate-specific binding S protein (EcfS), and (3 and 4) two

nucleotide-binding proteins (EcfA and EcfA’) [30–32]. ECF transporters lack solute-binding

proteins and have different subunit organization than classical ABC transporters [33]. To

better understand this new family of transporters, the crystal structure of a fully assembled

folate ECF-transporter complex from Lactobacillus brevis was recently reported [34]. The

structure lacked nucleotides or substrates and was found in an inward-facing conformation,

providing a first look at the overall organization and interactions of the components within

the complex. The folate-specific binding protein FolT consists of a six helix bundle that sits

nearly horizontal within the membrane and interacts almost exclusively with EcfT, which

contains five transmembrane helices along with three cytoplasmic helices which are directly

coupled to the nucleotide-binding proteins EcfA and EcfA’[34–36] (Figure 4A). Based on

the structure, a working model was proposed where in an outward-facing conformation,

FolT adopts a conformation perpendicular to the membrane where it can bind folate. ATP

hydrolysis then triggers a conformational switch within the EcfA and EcfA’ subunits that is

relayed to FolT and EcfT via the coupling helices, reorienting the FolT domain nearly

horizontal to the membrane and resulting in the inward-facing conformation for folate

release [34].
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The crystal structure of the BcsA/B cellulose transporter complex from R.

sphaeroides

Bacterial biofilms and plant cell walls are composed of cellulose, the most abundant organic

polymer, which consists of a linear chain of β-1,4-linked D- glucose subunits that can range

from a few hundred to many thousands of units long [37,38]. It is known that bacteria

secrete cellulose using machinery found in both the inner membrane (BcsA and BcsB) and

the outer membrane (BcsC), however, the mechanism for synthesis and secretion has

remained unknown [39–41]. While BcsC is predicted to be an 18-stranded βbarrel

membrane protein, BcsA is an α-helical membrane protein that forms a complex with BcsB,

which is anchored to the periplasmic face of the inner membrane via a single C-terminal

transmembrane helix. Recently, the crystal structure of the BcsA/BcsB complex from

Rhodabacter sphaeroides was reported in an intermediate state during synthesis and

translocation containing bound cellulose and UDP [42].

Containing a single copy of each component, the complex measured ~60 Å in width by ~150

Å in height with the interface burying ~4500 Å2 of surface area. BcsA consists of eight

transmembrane helices with a large cytoplasmic domain forming the conserved

glycosyltransferase (GT) domain, while BcsB has an overall dome-shape consisting of

primarily β-strands with its transmembrane helix interacting directly with the membrane

embedded helices of BcsA. Within the interior of the complex was found a cellulose

fragment containing approximately 18 glucose molecules extending from the center of the

GT domain, where a UDP molecule was also found, to the BcsB subunit of the complex

(Figure 4B). The structural analysis of the BcsA/BcsB complex provided the molecular

insight to propose a model for cellulose synthesis and translocation where only one glucose

subunit is added at a time with rotational steric constraints (following glucose transfer)

and/or binding of a new donor UDP-glucose molecule facilitating translocation across the

membrane [42].

Conclusions

Structure determination of small molecule membrane protein transporters has benefited

significantly in the past decade from improved methodologies in sample preparation (new

contructs, thermostability mutagenesis, improved expression systems/protocols),

crystallization (bicelles, lipic cubic phase, fusion tags), data collection (microfocus beams,

FEL sources, rastering and vector collection methods, SONICC, improved detectors), and

structure determination (SAD phasing, software automation, improved algorithms). It is

often the case that crystals of these transporters are being solved at resolutions between 3 – 4

angstroms on a routine basis. Even with these tools available, structure determination of

these membrane protein transporters is still far from being trivial and almost always requires

vast amounts of energy, resources, support, and perseverance. Further, while the structures

being reported are significantly advancing our overall knowledge of the various mechanisms

that these membrane protein transporters use for their function, most of the targets are from

bacterial sources with a clear lack of crystal structures representing targets from higher

eukaryotes. While bacterial homologs can provide clues towards function and mechanism,
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membrane protein transporters from eukaryotic systems are often more complex and merit

their own structure determination in order to fully understand their mechanisms. As

technology and methodologies continue to improve in NMR, crystallography [43] and high

resolution electron microscopy [44,45 ], the anticipation is that structure determination of

more difficult targets from eukaryotes, such as large multi-component complexes, will

provide a more detailed understanding of small molecule transport across membranes.
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Highlights

1. NarK, a nitrate/nitrite exchanger, uses a rocker switch mechanism for transport

2. Translocation mechanisms for type I and type II ABC transporters can vary

3. Na+ binding along the crossover domain of ASBT mediates bile acid transport

4. The VcINDY transporter requires prior Na+ binding to assist substrate binding

5. A large shift of the S component of ECF transporters mediates substrate

transport
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Figure 1. Small molecule transport systems and the structure of NarK
A. The two major classes of membrane transport proteins are carrier proteins (transporters)

and channel proteins. The focus of this review is on the protein transporters which require

energy for function. B. The structure of NarK, a nitrate/nitrite exchanger, is shown in gray

within a membrane bilayer (top). A cutaway view from the periplasmic side is also shown

(bottom) illustrating the interactions of NarK residues with the bound nitrite molecule,

which is shown in red/blue surface. The proposed exchange pathway is indicated by dashed

arrows (nitrate import is in the opposite direction as shown for nitrite export).
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Figure 2. Structural insights into iron transport by TbpA/B and HmuUV in pathogenic bacteria
A. Iron (red sphere) is extracted from transferrin (magenta) by a concerted effort from TbpA

(green), a TonB-dependent transporter, and its lipoprotein co-receptor TbpB (cyan), both

found in the outer membrane. Based on the crystal structures of transferrin with TbpA and

TbpB separately, a model is shown here of the TbpA-TbpB-transferrin triple complex. The

proposed pathway for iron import is indicated by dashed arrows. A view in the membrane is

shown on top while a view from the surface is shown on the bottom. B. Heme can also be

utilized as an iron source which is mediated by the inner membrane protein HmuUV, which

is composed of two membrane integrated HmuU subunits (cyan and green) and two

periplasmic nucleotide exchange subunits called HmuV (magenta and blue). The

periplasmic heme carrier protein, HmuT (gold), delivers heme to HmuUV for import which
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follows the proposed pathway indicated by the dashed arrows. Heme is shown in stick and

iron as a red sphere.
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Figure 3. The transport of bile acids by ASBT and dicarboxylates by an INDY homologue
dicarboxylate transporter
A. Bile acids such as taurocholic acid (spheres) are transported by the ASBT transporter

(top, light blue/magenta/dark blue). The structure led to the suggested mechanism where

taurocholic acid binds ASBT in the outward facing conformation, undergoes a horizontal

positioning along a putative dual-access binding site, and is then imported and released

following a conformational change to the inward facing conformation. The pathway for

import is indicated by dashed arrows. This has been proposed to be dependent on Na+

binding and requires slight changes in both TM4 and TM9. B. VcINDY (top, blue/gold) is a

dicarboxylate transporter that was solved in the presence of citrate (red/gray spheres) and

Na+ (green spheres). The import pathway is indicated by dashed arrows, with a periplasmic

view of the structure shown in the middle panel. The bottom panel is a zoomed view of the

citrate binding pocket along with the observed Na+ site (left, green sphere) and the putative

Na+ binding site (right, green sphere), both of which are important for transport.

Noinaj and Buchanan Page 13

Curr Opin Struct Biol. Author manuscript; available in PMC 2015 August 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 4. Folate transport by the ECF transporter and the structure of the cellulose synthase/
transporter complex
A. The fully assembled folate ECF transporter is shown in the inward facing conformation

with the FolT (magenta), EcfT (gray), EcfA (blue), and EcfA’ (gold) subunits show in

cartoon (top). The substrate-specific subunit, FolT, was found nearly parallel with the

membrane masking the substrate binding site, leading to the proposed mechanism where this

subunit must undergo a dramatic conformational shift to allow folate to bind and be

transported across the membrane (bottom). B. The cellulose transporter is shown here with

BcsA in gray (transmembrane domain), blue (glycosyltransferase domain), and gold (C-

terminal domain) and the BcsB subunit in green. Cellulose is shown as a continuous surface

(red/gray) while UDP is shown in stick. The dashed box indicates the region depicted at the

bottom which is the site of glycosyltransferase activity and cellulose formation. Cellulose,

UDP, and the interacting residues are shown in stick.
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