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Abstract

C4-dicarboxylates play a central role in cellular physiology as key metabolic intermediates. Under aerobic
conditions, they participate in the citric acid cycle, while in anaerobic bacteria, they are important in energy-
conserving fermentation and respiration processes. Ten different families of secondary transporters have been
described to participate in C4-dicarboxylate movement across biological membranes, but only one of these utilizes
an extracytoplasmic solute binding protein to achieve high-affinity uptake. Here, we identify the MatBAC system
from the photosynthetic bacterium Rhodopseudomonas palustris as the first member of the tripartite tricarboxylate
transport family to be involved in C4-dicarboxylate transport. Tryptophan fluorescence spectroscopy showed that
MatC, the periplasmic binding protein from this system, binds to L- and b-malate with K values of 27 and 21 nM,
respectively, the highest reported affinity to date for these C4-dicarboxylates, and to succinate (Ky = 110 nM) and
fumarate (Ky = 400 nM). The 2.1-A crystal structure of MatC with bound malate shows a high level of substrate
coordination, with participation of two water molecules that bridge hydrogen bonds between the ligand proximal
carboxylic group and the main chain of two conserved loops in the protein structure. The substrate coordination in
MatC correlates with the binding data and explains the protein's selectivity for different substrates and respective
binding affinities. Our results reveal a new function in C4-dicarboxylate transport by members of the poorly
characterized tripartite tricarboxylate transport family, which are widely distributed in bacterial genomes but for

which details of structure—function relationships and transport mechanisms have been lacking.
© 2018 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

or anaerobic respiratory pathways in different
bacteria. In facultative anaerobic bacteria such as
Escherichia coli, fumarate acts as an electron
acceptor and is reduced to succinate (fumarate

Introduction

C4-dicarboxylates play essential roles in both
prokaryotic and eukaryotic central metabolism.

Under aerobic conditions, succinate, fumarate and
malate are key intermediates of the complete
oxidative citric acid cycle that yields NADH for
respiration driven proton translocation leading to
ATP synthesis; succinate itself is also a direct
electron donor to the quinone pool through succinate
dehydrogenase [1]. Under anaerobic conditions, C4-
dicarboxylates are used in a variety of fermentative

respiration), which is then excreted [1]. In many
anaerobic bacteria, a proton-motive force can be
generated by decarboxylation of C4-dicarboxylic
acids. For example, in Lactococcus lactis, L-malate
is decarboxylated to lactate [2], while in Pseudomonas
sp., fumarate is converted to pyruvate [3]. Many
environmental bacteria, such as those belonging to
the genera Pseudomonas, Rhodopseudomonas and
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Rhizobium, prefer to use organic acids as their
main carbon source [4—6]. In the latter, the uptake of
C4-dicarboxylates, especially L-malate, is linked to
their ability to perform nitrogen fixation in symbiosis
with different legume crops [7].

Bacteria have evolved several different transport
mechanisms for C4-dicarboxylates, but none of
these appear to be primary transporters (i.e., using
free energy from a chemical energy source, often
ATP hydrolysis). Rather, these transporters use
electrochemical ion-gradients, such as the proton-
motive force, Na* gradient or the concentration
gradient of the organic acids themselves, as in the
case of many antiporter systems [8]. At least 10
different secondary transporter families are currently
known to be involved in C4-dicarboxylate transport.
By far, the best studied systems are the DctA
homologs, belonging to the dicarboxylate/amino
acid:cation symporter (DAACS) family (TC 2.A.23).
DctA homologs are present in most of the bacterial
kingdom but are not found in strictly anaerobic
bacteria. They have been extensively characterized
in E. coli and also in Rhizobium species, where they
are essential for L-malate transport that fuels
symbiotic nitrogen fixation [7,9]. DctA performs
most of the C4-dicarboxylate uptake in bacteria
under aerobic conditions and neutral pH, where
these molecules are largely in di-anionic form and are
transported in an electrogenic fashion. DAACS
members can have a broad substrate range and K,
values varying from 2 to 30 uM [1,9,10]. While in
most bacteria transport by the DAACS family is
dependent on an H™ gradient, in some bacteria such
as Corynebacterium glutamicum, an Na™* gradient
energizes transport [11]. In alder root cells, the
C4-dicarboxylates are provided to the bacteria
through export by the AQDCAT1 protein, a member
of the proton-dependent oligopeptide transporter
(POT/PTR) family (TC 2.A.17) [12].

In aerobic but acidic environments (pH 5-6),
transporters from the sulfate permease (SulP) family
(TC 2.A.53) can efficiently catalyze C4-dicarboxylate
uptake. Conserved from bacteria to humans, these
transporters move the substrates in their mono-
anionic form, with H* as the coupling ion. The DauA
protein, from E. coli, is the best-characterized protein
from this family [1]. Under anaerobic conditions, on
the other hand, proteins from the DcuAB family (TC
2.A.13), such as DcuA and DcuB from E. coli,
catalyze the electroneutral antiport of fumarate and
succinate to allow for fumarate respiration, but are
also capable of electrogenic uptake and efflux and
allow for some substrate flexibility [10]. The sub-
strate K, values for transport in this family range
from 50 to 100 pM [1,13]. Proteins from the DcuC
family (TC 2.A.61) were found to have very similar
function to the DcuAB family and similar affinities,
but are mostly characterized as succinate exporters
under conditions of hexose fermentation [1,10].

Also conserved from bacteria to humans, proteins
belonging to the divalent anion:sodium symporter
(DASS) family (TC 2.A.47) are involved in the uptake
of citrate and dicarboxylic acids [8]. Previously
characterized as citrate transporters in chloroplasts
and mitochondria, members of this family were shown
to be the major uptake system for C4-dicarboxylates in
some free-living bacteria, such as the DccT protein
from C. glutamicum[14,15]. The best-studied systems
are the C4-dicarboxylate:Na* symporter VcINDY
(Vibrio cholerae) [16,17] and the TtdT tartrate-
succinate antiporter from E. coli [1]. Members of this
family can have a very wide range of substrate
affinities, with K, values from 2 to 300 uM for different
C4-dicarboxylates [17].

Other protein families associated with the trans-
port of C4-dicarboxylates have either very low
substrate affinity and thus reduced physiological
relevance, or are associated with very specific
processes and not represented in many bacteria.
SatP, from E. coli, is a member of the acetate uptake
transporter (AceTr) family (TC 2.A.96) and catalyzes
the symport of either succinate or acetate with H™,
under acidic conditions, with a characterized K, of
1.8 mM [1]. In some bacteria, L-malate: H* symport
is performed by members of the 2HCT family (TC 2.
A.24), such as the MaeN (Bacillus subtillis) and
MaeP (Streptococcus bovis) symporters [18]. In
addition, the MleP malate/lactate electroneutral
antiporter is crucial for malolactic fermentation in
L. lactis, and this antiporter activity is also observed
in B. subtillis as the product of MleN activity, which
belongs to the NhaC family (TC 2.A.35) [18].

The transport of substrates from very low external
concentrations, as found in many natural environ-
ments, requires high-affinity, solute binding protein
(SBP)-dependent transporters, involving extracyto-
plasmic (periplasmic in gram-negative bacteria)
SBPs, which tightly bind their ligands and deliver
them to their respective membrane counterparts [19].
They are of three different families: the primary ATP-
binding cassette family (ABC; TC 3.A.1), not found to
date to transport C4-dicarboxylic acids, and two
secondary systems, the tripartite ATP-independent
periplasmic (TRAP) transporters (TC 2.A.56) and
tripartite tricarboxylate transporters (TTT; TC 2.A.80)
[19]. Although the TRAP and TTT systems show
no sequence similarity, they both consist of a large
[12-transmembrane (TM) helix] and small (4-TM helix)
membrane protein in addition to the periplasmic SBP
that endows these systems with high substrate affinity
[19]. The prototype TRAP system, DctPQM of
Rhodobacter capsulatus, was the first periplasmic
binding protein-dependent C4-dicarboxylate uptake
system discovered, with DctP binding to its substrates
with Ky values ranging from 50 nM for L-malate to
250 nM for fumarate, and 6.3 pM for b-malate [20].
DctPQM homologs have subsequently been de-
scribed in many bacteria, but the range of substrates
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taken up by TRAP systems has expanded consider-
ably beyond C4-dicarboxylates [21], as has knowl-
edge regarding the biochemical properties of this
family, which are energized by an electrochemical
sodium-ion gradient [22].

The TTT family, however, remain poorly charac-
terized, and their energy coupling mechanisms are
unclear [19]. Although the prototype system for this
family, the citrate transporter TctCAB from Salmonella
typhimurium, was first characterized 40 years ago
[23], very few substrates for this family are currently
known, but evidence is emerging that these are
not restricted to tricarboxylates, as reviewed by
Rosa et al. [19]. Among the sequenced genomes of
a and B-proteobacteria, genes for the SBP compo-
nents of this family can be hugely overrepresented,
reaching 434 genes in Rhodoplanes sp. Z2-YC6860,
which accounts for 6% of all genes in its genome [24].
This very high representation of orphan SBPs
suggests that their physiological relevance has been
underestimated. In a previous study, we characterized
AdpC, a TTT SBP from the purple non-sulfur
bacterium R. palustris, that binds dicarboxylates
ranging from 6 to 9 carbons in chain length,
particularly adipate and pimelate [25]. R. palustris
contains operons for two complete TTT systems plus
five orphan proteins from the TTT SBP family,
including AdpC. This study presents the biochemical
and structural characterization of MatC, the SBP
component of one of the complete systems (MatBAC).
We show that .- and p-malate bind to MatC with
nanomolar Ky values, the highest affinity described to
date for a C4-dicarboxylate transport protein, and with
somewhat lower affinity to fumarate and succinate.
The high-resolution crystal structure of the malate
bound MatC shows multiple substrate coordination
contacts, which successfully explains the high affinity
and substrate selectivity of MatC. The discovery of a
C4-dicarboxylate transporter in the TTT family ex-
pands the known mechanisms by which bacteria
utilize these substrates and paves the way for future
studies of the transport and energy-coupling mecha-
nisms of TTT systems.

Results

Identification, purification and oligomeric state
of MatC

Two complete (i.e., all three genes operonically
encoded) TTT systems from R. palustris CGA0009
were identified using BLAST analysis, as described
by Rosa et al. [19]. TitBAC1 (of unknown function) is
encoded by genes rpa2321-2319 and TH#BAC2, the
focus of this study, is encoded by genes rpa3496—
3494 (Fig. 1a). Given our characterization of T#C2
as a malate binding protein (see below), we suggest

T#BAC2 be designated as MatBAC (malic acid
fransporter; Fig. 1a) and will use this designation
henceforth. The rpa3494 gene encoding MatC, the
SBP component of the MatBAC system, was cloned,
overexpressed as a C-terminally hexa-histidine
(Hisgx) tagged protein and purified by nickel affinity
chromatography (Fig. 1b). MatC is composed of 335-
amino-acid residues, of which 307 are present in the
32.6-kDa mature protein, after signal peptide cleav-
age. After cloning in pET21a, the mature 307-aa
protein fused with the tag resulted in a 34-kDa
protein. Size exclusion chromatography (Fig. 1c)
showed that MatC was eluted at 16.22 mL of buffer,
which in the calibration curve provided in Fig. 1d
would be equivalent to 39 kDa, suggesting that the
protein is a monomer.

Differential scanning fluorescence assays reveal
MatC binds to C4-dicarboxylates

MatC was screened against a library of 84 com-
pounds comprising organic acids, amino acids, vita-
mins, aromatic compounds, sugars and nitrogenated
compounds, using a differential scanning fluorescence
assay, as described by Rosa et al. [25], which exploits
the enhancement of SYPRO orange fluorescence as it
binds to interior hydrophobic regions of the protein
during thermal denaturation. Of the compounds
screened, large increases in the melting temperature
of MatC were observed in the presence of the C4-
dicarboxylates pL-malate (9 °C), succinate (7 °C) and
fumarate (6 °C), respectively, as shown in Fig. 2a,
indicative of ligand-dependent thermal stabilization.
However, no stabilization was observed with other
C4-carboxylates, such as tartrate, oxaloacetate or
mesaconate, or with acetoacetate, aspartate, croto-
nate or butyrate (Fig. 2b, c). The absence of a thermal
shift in the presence of butyrate suggests that both
carboxylic groups are essential for substrate coordi-
nation. Furthermore, although a hydroxyl group on the
C2 position of the screened compound seems to
improve protein stabilization, the substitution of this
group for a carbonyl or methyl group in oxaloacetate
and mesaconate, respectively, does not result in
stabilization, nor does the addition of another hydroxyl
group on carbon 3, as shown in the presence of
tartrate. The absence of a thermal shiftin the presence
of malonate and glutarate suggests also that MatC
strictly binds substrates with a chain length of four
carbons. Notably, MatC did not show thermal stabi-
lization upon the addition of citrate, found in several
organisms to be a common ligand for the TTT family
[26-29].

Malate binds to MatC with nanomolar affinity
A pronounced quench was observed in protein

intrinsic tryptophan fluorescence when MatC (0.2 pM)
was incubated in the presence of 1 mM bL-malate,
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Fig. 2. Differential scanning fluorescence (DSF) assay of MatC. (a) Thermal shift profile of MatC alone (reference trace)
and in the presence of bL-malate (red trace), succinate (purple trace) or fumarate (green trace). Assays were performed
with 5 uM protein in TF Buffer [Tris—HCI 50 mM (pH 7.4), NaCl 0.1 M], 1x SYPRO orange dye concentration and 60 uM
ligands. (b) MatC thermal stabilization in the presence of selected ligands. Each bar shows the mean and standard
deviation of the thermal shift from three independent assays compared to no ligand. (c) Structure of the ligands used for
DSF assay.

fumarate or succinate, with reductions of ~21%,
~13% and ~9% respectively, in the fluorescence
emission at 335 nm compared to the control (Fig. 3a).
Confirming the results from the differential scanning
fluorescence assay, no quench was observed in the
presence of tartrate, oxaloacetate, mesaconate,
butyrate, acetoacetate, aspartate, crotonate or citrate.

In order to determine binding affinity, ligand titrations
of the tryptophan fluorescence change were per-
formed, as described in Materials and Methods. MatC
was found to bind very tightly to both isomeric forms of
malate, with a Ky value of 21 + 2 nM for b-malate and
27 + 2 nM for L-malate, the highest affinity described
for any C4-dicarboxylate transporter, and apparently

Fig. 1. Purification of the MatC recombinant protein. (a) Genomic localization and organization of the matBAC operon.
(b) Coomassie blue-stained SDS-PAGE gel of MatC purification. Samples were loaded in the following order: molecular
weight ladder (L); cell-free-extract obtained after induction showing the MatC band at ~34 kDa; flow through before
initiating the imidazole elution (FT), showing absence of the MatC band. The remaining lanes show increasing amounts
(4, 8, 16 and 32 pg of protein per lane, as indicated) of pure MatC obtained after the nickel affinity and size exclusion
chromatography (see Materials and Methods). (c) Size exclusion chromatography of MatC. The protein was run in 50 mM
Tris—HCI (pH 8.0) plus 0.5 M NaCl. Elution of protein was observed after 16.22 mL of buffer, which in the corresponding
calibration curve (d) would be equivalent to 39 kDa, near the estimated size for an MatC monomer, of 34 kDa. Calibration
curve was generated using ferritin (440 kDa), aldolase (150 kDa), ovalbumin (44 kDa) and ribonuclease (13.5 kDa), and
Kav was calculated using the standard formula K, = (Ve — Vo)/(Vt — Vo), where Ve is elution volume, Vo is column void
volume and Vt is total column volume.



356

Novel Bacterial C4-Dicarboxylate Transport System

(a)

S 100- — Reference

< — DL-Malate

§ — Fumarate

§ 50 Succinate

2

o

2

(18
c 1 I 1
300 350 400 450

Wavelength (nm)
(b) D-malate L-malate

-
(=
o

% of total quench

Ky=21+2nM

-
(=3
o

Ky =27 =2 nM

05 10 15 20
Concentration (uM)

.°<>
o

Fumarate

% of total quench

Kq =400 + 40 nM

«~ % of total quench

05 10 15 20 25
Concentration (uM)

N
(3]
°<>
o

Succinate

Kq=110+40nM

0¢ T T T
0 5 10 15
Concentration (uM)

cl T T T
0 5 10 15 20

Concentration (uM)

8- % of total quench

Fig. 3. Evidence for binding of C4-dicarboxylates to MatC by changes in intrinsic tryptophan fluorescence. (a) Changes
in the emission spectrum of MatC (0.2 puM) in the presence of different C4-dicarboxylates (1 mM). Excitation was at280 nm
and the emission scanned from 300 to 450 nm. (b) Titration of MatC fluorescence emission with C4-dicarboxylates. Protein
was assayed at 0.2 uM concentration in 3 mL of TF buffer [Tris—HCI 50 mM (pH 7.4), NaCl 0.1 M] at 30 °C with continuous
stirring. Titrations were made in triplicate; data points are means with error bars showing standard deviation (in many cases too
small to be seen). Excitation and emission wavelengths were 280 and 335 nm, respectively. Ky calculations were performed
using the quadratic equation for tight binding as previously described [47].

not distinguishing between the two enantiomeric
forms as previously described for the other transport
families (Fig. 3b) [1,9,10]. Lower affinities were
observed for succinate and fumarate, with Ky values
of 110 + 40 and 400 + 40 nM, respectively (Fig. 3b).
These results suggest that the hydroxyl group on
carbon 2 (Fig. 2¢c) must play an important role in

substrate coordination in the protein-binding pocket.
When size exclusion chromatography was repeated
in the presence of 1 mM pL-malate, the protein also
eluted as a monomer, suggesting that ligand binding
does not cause oligomerization, as has been ob-
served for some binding-proteins of certain TRAP
transporters [30—32].
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matC gene expression is increased in the
presence of C4-dicarboxylates but the phenotype
of a matBA deletion mutant indicates transporter
redundancy

In order to investigate if matC gene expression
is responsive to the presence of C4-dicarboxylates
as growth substrates for R. palustris, reverse
transcription—polymerase chain reaction (RT-PCR)
was used to measure differences in gene expression
under photoheterotrophic growth conditions with
10 mM bL-malate, fumarate or succinate as sole
carbon sources in minimal media. The results
(Fig. 4a) show increased transcription levels at
mid-log phase relative to growth with the C3-
monocarboxylate control substrate pyruvate. Mean
increases in matC expression of 3.3-, 2.1- and 1.6-fold
compared to pyruvate (set at 1-fold) were observed
when malate, succinate or fumarate, respectively,
were used as sole carbon source. These results
support a physiological role for MatC and thus the
MatBAC system during growth on C4-dicarboxylates.
However, bacteria often express multiple transporters
for the same substrate, and so to determine the
relative contribution of the MatBAC system to growth
on C4-dicarboxylates, we constructed a chromosomal
deletion strain lacking the membrane components
from the operons of both of the complete TTT systems
in R. palustris, that is, a tftBA1/matBA strain (Supple-
mentary Fig. 1). The double mutant was made in order
to rule out the possibility thatone TTT SBP (i.e., MatC)
might be able to interact with more than one TM
component, as suggested previously in view of the
common over-representation of the SBP genes
compared to the membrane protein genes for TTT
systems [19]. As shown in Fig. 4b, no difference was
observed in growth between the wild-type and the
double-mutant strain, when using 10 mM bpL-malate,
succinate or fumarate as the sole carbon source in
comparison to the non-C4-dicarboxylate control sub-
strate phenylvalerate (on which R. palustris grows
well). Taken together, the data suggest that MatBAC
is not essential for the uptake of C4-dicarboxylates
under these conditions and that other transporters
contribute (see Discussion).

The 2.1-A resolution structure of MatC

MatC was successfully crystallized in the pres-
ence of a 1 mM racemic mixture of b- and L-malate.
A protein crystal structure was obtained at 2.1-A
resolution with substrate coordinated in the binding
pocket, as shown in Figs. 5a and 6a and Supple-
mentary Fig. 2. The data suffered from some
anisotropy, and completeness was low at the
resolution limit (see Materials and Methods) such
that the electron density more closely resembled that
of a 2.4-A map. At this resolution, it was not possible
to distinguish with confidence between the b- and L-

forms of the ligand. The model was refined with a half
occupancy of D- and L-forms of the ligand to reflect
the observed poor discrimination seen in the binding
studies, and statistics provided in Table 1 are
presented for the racemic mixture. Refinement
using D- and L-malate separately produced essen-
tially identical values. Three copies of MatC were
present in the asymmetric unit, and RMSD values
between the three, based on their alpha carbon
positions, ranged from 0.27 to 0.38 A. The following
structural descriptions will refer to chain A of the
coordinate file. MatC is a monomer comprising of
307 aa in the mature form (without the signal
sequence) and 318 in our His-tagged recombinant
construct, where residues 13 to 306 are defined in
the 2.1-A electron density map. The protein is
composed of nine a-helices, nine B-strands and
three 349 helices (Fig. 5b). The secondary structure
is organized in two globular domains separated by a
hinge, formed by 34 and 39, in a “venus fly-trap™-like
architecture characteristic of periplasmic binding
proteins, revealing MatC as a type Il binding protein
according to the classification of Fukami-Kobayashi
et al. [33] and cluster E-ll according to the
classification proposed by Scheepers et al. [34].
Each domain is composed of a 3-sheet surrounded
by a-helices. Domain 1 comprises residues 1-110
and 237-312, while domain two comprises residues
111-236. In domain 1, the architecture of the sheet
is B2—-B1-B3—P9-L4, and in domain 2, it is
B6—B5-p7—R4—B8. Although the structure shows
two cysteines, Cys190 and Cys155, adjacent in
space, their sulfydryl groups are not directed toward
each other and no electron density suggesting a
disulfide bond is observed, in contrast to those
described for the TTT SBPs BugD, BugE and Bug27
from Bordetella pertussis [29,35,36]. However, in
vivo MatC is predicted to be located in the periplasm,
which might suggest that under the natural periplas-
mic oxidative conditions, this disulfide bond could be
formed by the Dsb system.

p-Malate coordination in MatC crystal structure

Figure 6a shows a LigPlot representation of the
malate molecule coordinated in the protein binding
pocket. For clarity, only the b-malate is shown, but
the alignment of the two forms is such that the
conclusions drawn about binding interactions are the
same. In agreement with previously described
structures for members of the TTT family [29], the
ligand proximal carboxylic group is coordinated by
two spatially conserved water molecules, which form
hydrogen bonded bridges between the ligand and a
“pincer-like” structure composed by two [-loops,
between B1 and al and (6 and a5 (in MatC),
respectively. These hydrogen bonds, as described
for AdpC [25], are mostly made with the main chain
of aliphatic residues, rather than side chains. In the
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Fig. 4. (a) RT-PCR analysis of matC expression after growth with C4-dicarboxylates or pyruvate. The fold-changes
compared to pyruvate (dotted line, set at 1-fold) are shown as means and standard deviation of three biological replicates
after growing cells with 10 mM of substrate. Statistics were performed with Student's t-test, where * P < 0.05, * P < 0.01.
(b) Growth experiments comparing R. palustris wild-type and a marker-free knockout mutant lacking the TttBA1 and
MatBA TM proteins. Growth was performed photoheterotrophically in the presence of 10 mM substrates in biological
triplicates, and absorbance was measured at 660 nm. Error bars represent standard deviation from the mean.

MatC structure, both oxygens 4 and 5, in the  molecule with the main-chain carbonyl oxygen of
proximal carboxylic group of the malate molecule, Ala25 and nitrogen of Asp31. Oxygen 4 is further
alternately make bridging contacts via a water  coordinated by another water molecule, which
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Fig. 5. Structural features of MatC. (a) Overall structure of b-malate-bound MatC. The protein is folded in a typical
Venus-flytrap-like arrangement for periplasmic binding proteins, with a cleft where the substrate is coordinated, separating
two globular domains composed of five stranded B-sheets surrounded by a-helices (the helices and strands for the first
domain are shown in cyan and magenta and for the second domain in red and orange). The two domains are connected by
a hinge formed by strands 4, which is part of both 3-sheets, and 89, characterizing this protein as a member of Cluster E-II
for binding protein classification [34]. Two well-conserved B-loops, between 1 and a1 and 36 and a5, form a “pincer-like”
structure, which coordinate the ligand proximal carboxylic group via bridging by two conserved water molecules (blue dots
in the center of the structure). (b) Protein sequence alignment between MatC and BugD. Residues highlighted in red are
identical in both proteins. Boxed residues are involved in ligand coordination. Secondary structure arrangement is shown
adjacent to the sequences, with the same colors as used in panel a for MatC. a, a-helix; B, B-sheet; h, 3¢ short helix.

interacts with the main-chain nitrogen of Gly175 and
carbonyl oxygen of Ala25 (Fig. 6a). In addition to
water coordination, oxygen 4 on the malate has a
hydrogen bond with the main-chain amino nitrogen
of Thr174, and oxygen 5 with both the main-chain
nitrogen and the side-chain hydroxyl of Thr30. Most
of these residues are conserved among AdpC, BugD
and BugE, maintaining the described conservation
and relevance of this “pincer-like” domain among the
TTT family [35]. A third water molecule is involved in
coordination of oxygen 2 in the distal carboxylic
group, as seen in all previous structures. This water
bridges hydrogen bonds between oxygen 2 and the
nitrogens from the main-chain and side-chain
carboxamide of GIn192, in addition to the side-
chain carboxylic group of Asp191. Oxygen 2 makes
further direct hydrogen bonds with the main-chain
nitrogen and side-chain oxygen of Ser151, where
oxygen 1 contacts the main-chain nitrogen of Val150
and the imidazole nitrogen of His80. The carbon 2
hydroxyl group in malate is coordinated also by a
hydrogen bond with the side-chain oxygen in Thr30
and with the side chain of GIn192, irrespective of
whether itis modeled and refined in the b- or L-forms.
In addition, a few other residues are involved also in
hydrophobic interactions. These are as follows:
Phe24, noted previously as a hydrophobic platform
that interacts with the carbon backbone of the ligand

in all investigated TTT transporter SBPs [25]; Gly28;
Pro29; Ser149; and Gly173.

Comparison of ligand coordination between
MatC and BugD

There is a striking 60% sequence similarity and
39% identity between MatC and BugD, a TTT SBP
from the beta-proteobacterium B. pertussis [35]
(Fig. 6b), which is also reflected in the similarity of
their ligands. The structure of BugD was reported
with what was assumed to be a bound L-aspartate
molecule, liganded fortuitously and retained during
the purification and crystallization process [35].
Aspartate and malate have similar structures and
potential binding interactions that are difficult to
distinguish in electron density maps, with simply an
amine in aspartate replacing the hydroxyl group on
carbon 2 in malate. The substrate coordination
overlaps almost entirely in both the MatC and
BugD protein structures, as shown in Fig. 3b (blue
and magenta dots for MatC and BugD, respectively).
Only two residues involved in hydrogen bond coordi-
nation are not conserved: Val150 and Gly175 (in
MatC), which are both substituted in BugD for alanine
(Fig. 6b) without any effect upon the coordination
as this involves only main-chain atoms for these
residues. There is no evidence for binding of aspartate
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Table 1. Data processing and model refinement statistics

MatC 6HKE

Data collection
Wavelength (&)
Resolution range (A)
Space group
Cell dimensions
a b, c(A)

a, B,y (%)

Total reflections
Unique reflections
Multiplicity
Completeness (%)
Mean /ol

Rmerge

Refinement
Rwork/'qfree
No. atoms

Protein
Ligand
Water
B-factor (A%
Protein
Ligand
Water
RMSD from target
Bond length (A)
Bond angle (°)

Ramachandran plot analysis (%)

Total favored
Total allowed

0.97949
63.54-2.11 (2.17-2.11)
ID212121

80.8, 205.8, 47.6
90, 90, 90
76,223 (4478)
41,492 (2471)
1.8 (1.8)

88.9 (65.3)

12.4 (1.6)

0.046 (0.591)

0.191/0.248

6603
54
113

31.9
26.3
27.0

0.007
1.547

98
100

Outer-shell data in parenthesis.

by MatC, as tested through differential scanning
fluorescence and tryptophan fluorescence assays.

Discussion

In this study, we identified the periplasmic SBP
MatC as part of the MatBAC system, one of the two
complete TTT family systems in R. palustris [19].
Upon screening of MatC against a library of
compounds using differential scanning fluores-
cence, we observed protein thermal stabilization in
the presence of the C4-dicarboxylates malate,

succinate and fumarate. The screening showed
MatC to have a high ligand specificity, only allowing
C4 dicarboxylate binding with restricted substitution
at C2. This degree of specificity is present in some of
the TTT SBPs characterized so far, such as the
terephthalate binding protein ThpC [37] and the
sulfolactate binding protein SicH [38], but is not seen
in others such as AdpC, which binds dicarboxylates
from six to nine carbons in length [25], or in Bug27,
which was reported to bind nicotinate, nicotinamide,
benzoate and citrate [29]. MatC showed no indica-
tion of binding to citrate, the prototype ligand
that gave rise to the family name and binding of
which has been characterized for TTT systems in
many organisms such as S. typhimurium, B. pertussis,
C. glutamicum and L. lactis [23,27,29,39].

Titration of MatC with ligands, using intrinsic
tryptophan fluorescence analysis, revealed a bind-
ing affinity of ~20 nM for both the b- and L-isomers of
malate. This affinity is 2 orders of magnitude higher
than the highest affinity described previously for
DctA homologs and for members of the DAAS family
[9,16], emphasizing the effectiveness of SBP-medi-
ated transport at low environmental ligand concen-
trations. In addition, the Ky values for MatC are
slightly less than half of the 50 nM L-malate affinity
described for the R. capsulatus DctP SBP, belonging
to the TRAP transporter family [20], thus making
MatBAC from R. palustris, the uptake system with
the highest reported affinity for C4-dicarboxylates, to
the best of our knowledge. MatC also showed higher
affinity than the micromolar affinity found for other
binding proteins in the TTT family [23,25,26,29].
Although Sweet et al. [26] demonstrated that
succinate and malate were capable of displacing
citrate binding in S. typhimurium TctC when present
in millimolar concentrations, this is the first high-
affinity, dedicated TTT system described to bind C4-
dicarboxylates.

The RT-PCR analysis of matC suggests an
increase in expression during growth in the presence
of C4-dicarboxylates. However, deletion of both TTT
TM systems did not affect the growth phenotype
of R. palustris in the presence of 10 mM of the C4-
dicarboxylate substrates. C4-dicarboxylic acids are

Fig. 6. Malate co-ordination in the MatC binding pocket. (a) Schematic of the malate binding interactions to MatC.
Traces represent hydrogen bond interactions with the respective distances, and red dashes represent hydrophobic
interactions. Coordination of the a-carboxylic group by two water molecules is a conserved feature among the TTT family,
bridging hydrogen bonds with the main-chain residues. Figure produced using LigPlot+ [56]. (b) Comparison between the
binding interactions for malate coordination in MatC and proposed aspartate coordination in BugD. A malate molecule is
shown in the binding pocket on MatC, with its interactions and the conserved water molecules shown in blue. The identical
distribution of interactions seen for the proposed aspartate binding to BugD is shown in magenta. The side chains of
residues in the binding pocket conserved between MatC and BugD are highlighted in green. Dashed lines represent
hydrogen bonds, and blue spheres represent the water molecules. The difference between the substrate molecules is the
replacement of the hydroxyl group (marked with *) at carbon 2 in malate by an amino group in aspartate. The high structural
similarity strongly suggests that the ligand bound by B. pertussis BugD from the cytoplasm of its E. coli host during its

production may be malate rather than aspartate.
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the most favored and physiologically relevant carbon
sources for soil phototrophic bacteria such as
R. palustris, which are poorly capable of metabolizing
sugars [4,40]. Thus, it is expected that this bacterium
would have evolved to optimize the uptake of C4-
dicarboxylates. In R. palustris CGA009, 16% of the
genome encodes for transport-related proteins [4],
and it is thought to contain redundant transport
systems for many substrates [41]. Indeed, the
genomic analysis of Larimer et al. [4] describes one
DauA homolog (RPA4326), two DctA homologs
(RPA0552 and RPA2448) and eight different TRAP
transporters in strain CGA009, revealing a high
potential for redundant uptake of C4-dicarboxylates
under different environmental conditions. Although
DctA and DauA proteins are conventionally associat-
ed with uptake under aerobic conditions, their activity
does not require oxygen, and it might be that these
homologs are regulated to respond to different
environmental conditions in R. palustris. Furthermore,
as MatBAC is a transporter with a high-affinity
substrate binding-protein, it is likely that it will have
more physiological relevance under low substrate
concentrations, where a higher affinity and higher
specificity would be needed. This is a challenging
condition to access using batch culture growth
experiments.

A structure of MatC was obtained with malate
coordinated in the binding pocket, showing a typical
“Venus fly-trap”-like conformation, with two globular
domains characteristic of many types of periplasmic
binding proteins. Coordination of malate is mediated
by a “pincer-like” structure formed by two 3-loops
between 1 and a1 and 86 and a5, which coordinate
the proximal carboxylate group in the substrate
through hydrogen bonds bridged by two spatially
conserved water molecules. This appears to be a
signature motif among the TTT family, suggesting
that as more substrates are identified, carboxylate
functional groups will prove to be key to the initial
interaction with the SBP [19]. Similarly to AdpC [25],
no positively charged residues are present in the
binding pocket to counteract the negative charges of
the substrate carboxylic groups. In addition to the
dissipation provided by the water molecules bridging
hydrogen bonds with these groups, the charges
might be neutralized in part by the helix dipoles
from the N-termini of a1 and a5 at the proximal
carboxylic group and a4 at the distal carboxylic
group [42].

The additional hydrogen bonding potential provided
by the hydroxyl group at the carbon 2 of malate is likely
to be responsible for the higher affinity of MatC for this
substrate, when compared to succinate and fumarate,
both with no substitution at carbon 2. Moreover, it is
possible to conjecture why the related small carboxylic
acids mesaconate, butyrate, tartarate and oxaloace-
tate did not show any indication of binding in the
fluorescence quenching and differential scanning

fluorescence experiments. Mesaconate has a methyl
group at the carbon 2 position in place of the hydroxyl
found in malate which would not form favorable
bonding interactions. For butyrate, the absence of a
second carboxyl group would remove favorable
coordination effects and decrease the affinity. This
reinforces the hypothesis suggested by Rosa et al.
[25] that not only one but two carboxylic groups might
be generally preferred for binding in this family. The
only exception to this known currently is the binding of
nicotinate, nicotinamide and benzoate by Bug27 [29].
Tartrate has an additional hydroxyl group at carbon 3,
which would be likely to cause steric clashes in the
binding pocket around the side chains of Thr174 and
Ala145. In oxaloacetate, there is an exchange of a
keto oxygen for the hydroxyl at carbon 2 in malate.
Clearly, the keto oxygen is unable to donate a
hydrogen bond to Thr30, but it can still accept
hydrogen bonds and there is little indication that
problems would arise from a steric clash with the
residues in the binding pocket. This is a remarkable
apparent discrimination between these closely related
dicarboxylic acid molecules.

A surprising similarity in substrate coordination was
observed between MatC and B. pertussis L-aspartate
binding protein BugD [35], where most of the residues
and hydrogen bonds involved in coordination are
conserved. Aspartate differs from malate only in the
substitution of the carbon 2 hydroxyl group for an
amino group. However, MatC showed no indication of
binding to aspartate either by DFS or tryptophan
fluorescence assay. While the neutral C2 hydroxyl
group of malate provides further potential for hydrogen
bonding with the main structure, the binding of an
aspartate molecule in the binding pocket would place
a positively charged amino group in that position.
Given their structural similarity, malate and aspartate
would be indistinguishable in an electron density
map, except at very high resolution. With these
considerations, and the fact that the identification of
aspartate binding by BugD was derived from the
fortuitous co-purification of a ligand with the protein,
which was not confirmed by biochemical analysis
[35], itis a possibility that the electron density ascribed
to L-aspartate in the BugD structure actually arises
from L-malate.

In summary, we have identified the first system
from the poorly understood TTT family specific for
C4-dicarboxylate uptake and present the structure of
the cognate ligand-bound periplasmic SBP, which
has a particularly high affinity for malate. Our results
expand the diversity of C4-dicarboxylate transport
mechanisms known in bacteria and provide an
interesting parallel to the TRAP-type Dct systems.
With easily assayable substrates and an SBP
structure, the MatBAC transporter might provide a
good model system to investigate the molecular
biology of the substrate transport and energy-
coupling mechanisms of the TTT family.
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Materials and Methods

Strains and culture conditions

R. palustris CGA009 was used in this study [43].
PYE was used as a rich growth medium, containing
5 g/L peptone, 5 g/L yeast extract and 5 g/L
succinate. RCV medium [44] with 10 mM carbon
substrate added was used as the minimal media for
growth studies. Growth in liquid media was per-
formed anaerobically at 30 °C, with two 9-W warm
white LED lights positioned 20 cm from the culture.
Growth on solid media was performed aerobically in
the dark. E. coli strains were grown aerobically at
37 °C. When used, concentrations of antibiotics for
R. palustris and E. coliwere as follows, respectively:
chloramphenicol 20 and 34 pg/mL, carbenicillin 100
and 50 pg/mL, and gentamycin 100 and 20 pg/mL.

Protein overexpression and purification

R. palustris CGA009 genomic DNA was extracted
using the “GenElute™ Bacterial Genome DNA” kit
(Sigma). matC (without the N-terminal signal) was
amplified by PCR with Accuzyme, using the primers
shown in Table 2. The amplified DNA was cloned in
pET21a (Novagen), at the Nhel-Xhol sites, resulting
in a C-terminal Hisgy tag. The resulting plasmid was

Table 2. Primers used in this study

transformed into E. coli DH5a and subsequently into
the E. coliBL21(DES) expression strain. Sequencing
of the cloned matC gene revealed two amino acid
differences when compared with the CGAO0009
sequence deposited in the Uniprot database,
K134E and K306E (numberings relating to our
construct). These are in surface regions of the
protein that do not affect ligand binding or the overall
structure. Overexpression was performed by growth
to ODggo 0.6 under carbenicillin selection and
subsequent induction with 1 mM IPTG at 37 °C for
3 h. Cells were then harvested by centrifugation
(16,000g, 10 min), resuspended in 20 mL of binding
buffer [20 mM sodium phosphate buffer (pH 7.4),
500 mM sodium chloride, 20 mM imidazole] and
lysed by sonication (MSE soniprep 5 x 20 s at 16-uym
amplitude with cooling by ice). The resulting cell-free
extracts were fractionated using an AKTA system
with a 5-mL HisTrapTM HP crude column (GE
Healthcare, UK), with the recombinant protein eluted
using a 0-to 500-mM imidazole gradient [elution
buffer; 20 mM sodium phosphate buffer (pH 7.4),
500 mM sodium chloride, 500 mM imidazole]. Further
purification was performed by size exclusion chroma-
tography using a 24-mL 1.6 x 60-cm HiLoadSuperdex
200 column equilibrated with 0.5 M NaCl/50 mM Tris
(pH 8.0)/1 mM malate at 1.5 mL/min flow rate in an
AKTA system. A calibration curve was generated using
Ferritin (440 kDa), aldolase (150 kDa), ovalbumin

Gene (locus tag) Sequence 5'-3' Site
Overexpression
matC (RPA3494) Forward ATAGCTAGCGAGCCGGACCGGTT Nhel
Reverse ATATCTCGAGGGGCGTTGTGCCCT Xhol
RT-PCR
matC (RPA3494) Forward GGCCAGCCGATCGAAATC
Reverse GGCGTGAAGTCCTTGTCA
rpoD (RPA1288) Forward CGACTTCCTGCGCAACTATC
Reverse GGTTGGTGTACTTCTTGGCG
Deletion
HtBA1 (RPA2321/20) Upstream forward (UF1) GCGTCTAGAACCAGACCACCG Xbal
Upstream reverse (UR1) AAGGCGACCCTGCGCCGAACTGACAT
Downstream forward (DF1) CGGCGCAGG GTCGCCTTCCACGAGGAC
Downstream reverse (DR1) ATAGGATCCTAAGGCACTTCCGCCACC BamHI
Deletion check
upstream (UCH) TTCTTCTCTCTTGTTGCACGC
Deletion check
downstream (DC1) CGCTGAGATGGCACAGC
matBA (RPA3496/95) Upstream forward (UF2) CCATAGGATCCTCAATCACTGGCTGACCGAG BamHI
Upstream reverse (UR2) CTCGGACTC CGCCTCGTCCATCGGT
Downstream forward (DF2) GACGAGGCGGAGTCCGAGGGGTAATTCCAGC
Downstream reverse (DR2) CCCATATCTAGATGAAGTCCTTGTCAGGCCGAT Xbal

Deletion check
upstream (UC2)
Deletion check
downstream (DC2)

ACCGGGGCACCTTCG

CGTTGAGGTTGTCGGTGTG

Relevant restriction sites used for cloning are underlined.
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(44 kDa) and ribonuclease (13.5 kDa), and K,, was
calculated using the formula K, = (Ve — Vo)/(Vt - Vo).

Differential scanning fluorescence assay

Proteins were screened against a ligand library
composed of 84 compounds of various classes,
listed by Rosa et al. [25]. The screens were
performed in 50-uL volumes arrayed on 96-well
plates, each reaction composed of 5 uyM protein, 1x
SYPRO orange dye (Invitrogen), 60 uM ligand and
TF buffer [50 mM Tris—HCI (pH 7.4) plus 0.1 M
NaCl]. Experiments were performed in an Mx3005P
RT-PCR machine (Stratagene), according to the
method described by Giuliani et al. [45]. Any ligand
inducing a thermal shift higher than 2 °C was further
investigated by fluorescence spectroscopy.

Fluorescence spectroscopy

Intrinsic tryptophan fluorescence was measured
using a Cary Eclipse fluorimeter (Varian Ltd., UK) in a
3-mL final volume containing 0.2 uM of protein in TF
buffer [Tris 50 mM (pH 7.4), NaCl 0.1 M]. Excitation
was at 280 nm with 5-nm slit width, and scans were
performed collecting emission data from 300 to
400 nm with 20-nm slit width. Titrations were performed
under the same conditions, but with a fixed emission
wavelength of 335 nm. Three technical replicates were
used to estimate the Ky, by fitting to the quadratic
equation for tight binding as previously described [46].

RT-PCR

R. palustris cultures were grown in triplicates
photoheterotrophically in RCV minimal media,
with 10 mM of the required carbon source (pyruvate,
pL-malate, succinate, fumarate) to ODggo 0.4. Cells
were harvested and RNA was extracted as de-
scribed by Guccione et al. [47], and diluted to a final
concentration of 20 ng/pL. Gene-specific primers
were designed using primer3 software [48], aiming to
amplify a 100-to 300-bp fragment within the middle
of the gene of interest and with a ~58 °C melting
temperature. Primers used for matC and the control
gene oD are shown in Table 2. Reactions were
carried out in a 25-uL volume in a MicroAmp® 96-well
optical reaction plate (ABI prism) using the Birilliant Il
Ultra-fast SYBR Green RT-PCR kit (Agilent), accord-
ing to the manufacturer's instructions. Each RNA
reaction was done in triplicate; reactions using
genomic DNA for the standard curve were done in
duplicate. PCR amplification was carried out in a
Stratagene MX3005p thermal cycler (Agilent) accord-
ing to the manufacturer's instructions. Data were
collected with the associated MxPRO QPCR software
(Agilent). A standard curve for each gene was
generated using a series of R. palustris genomic
DNA dilutions. Gene expression between cultures

was calculated as relative to RpoD expression. The
data were analyzed as described previously [49].

Construction of unmarked deletion mutants
in R. palustris

Cassettes for gene deletion of {ttBA1 and matBAin
R. palustris were generated by PCR with the primers
shown in Supplementary Fig. 1 and Table 2,
amplifying 500 bp of DNA immediately upstream of
the target genes (UF1-UR1 and UF2-UR2) and
500 bp immediately downstream (DF1-DR1 and
DF2-DR2). An overlapping PCR [50] was performed
to ligate both fragments and the resulting products
were cloned into the suicide vector pJQ200ks + [50]
to form pTTTBA and pMATBA, which were separately
transformed into E. coli DH5a and subsequently into
the conjugation strain E. coli S-17. A double deletion
mutant in R. palustris was generated according to
Quandt and Hynes [50] by first conjugating with E. coli
S-17 (pTTTBA), with transconjugants selected on
gentamycin containing plates for the recombination of
the plasmid into the genome. Individual transconju-
gants were stabbed on RCV plates with and without
gentamycin plus 10% sucrose. Those colonies unable
to grow with gentamycin but able to grow in the
presence of sucrose were screened by PCR using
flanking primers (UC1-DC1 and UC2-DC2; Table 2),
designed to amplify from outside the cloned regions
(see Supplementary Fig. 1), and sequenced (GATC
Biotech) to confirm deletion. One correct correspond-
ing colony was then grown in liquid media, the cells
were conjugated with E. coli S17-1 (pMATBA), and
the selection and screening procedure was repeated.
The primers used for deletion of RPA2320-21
(fttBA1) and RPA3495-96 (matBA) are listed in
Table 2.

Protein crystallography

Protein was concentrated using a Vivaspin column
(GE Healthcare) to 10 mg/mL in TF Buffer [Tris
50 mM (pH 7.4) NaCl 0.1 M]. A range of crystallization
conditions were tested using commercial screens
(Molecular Dimensions) in sitting drop experiments
(200 nL of protein and 200 nL of a crystallization
screen reagent) with the use of a Matrix Hydra Il Plus
One crystallization robot and drops were left for
incubation at 17 °C against 50 pL reservoirs of the
corresponding crystallization screen reagent. When
necessary, optimizations of the conditions for crystal
growth were performed in hanging drop experiments,
mixing 3 pL of protein with 3 pL of crystallization
reagents. Ultimately, MatC was crystalized in Tris
0.1 M (pH 8.5), MgCl, 0.2 M and PEG 8000 20% (W/v).
Crystals were flash cooled in liquid nitrogen after
immersion in a solution of 15% glycerol (v/v) added to
the mother liquor.
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Data collection and structure determination

Data were collected at the Diamond Light Source
(UK) on Beamline station 102. Data processing was
done with XDS and merging with XSCALE [51].
Overall, the data were 100% complete to 3 A (with
an I/sigl >2 for 90% of these) and 90% complete to
2.5 A (Supplementary Fig. 3). Molecular replace-
ment was performed with PHASER software [52],
part of the Collaborative Computational Project,
Number 4 (CCP4) software suite [53], using AdpC
as a model [25]. The generated maps were analyzed
using COOT [54], and models were refined using
REFMACS5 [55] software. Processing and refinement
statistics are shown in Table 1. After the addition of
water molecules, validation was performed with
COOT and MOLPROBITY [56]. The structure factors
and coordinates can be accessed in the PDB with
the accession code 6HKE. Figures were generated
using Pymol (The PyMOL Molecular Graphics
System, Version 1.8 Schrddinger, LLC) and Ligplot+
[57].

Accession Number

PDB ID: 6HKE
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