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(Background: Aromatic binding proteins in R. palustris transport lignin degradation products and have the potential for

Results: The proteins bind aromatic compounds with high affinity and have dynamic elongated structures.
Conclusion: Ligand binding induces local changes of residues that stabilize the compounds through hydrophobic interactions.
Significance: The results provide thermodynamic and structural insights into solute-binding proteins for lignin degradation

J

Rhodopseudomonas palustris metabolizes aromatic com-
pounds derived from lignin degradation products and has the
potential for bioremediation of xenobiotic compounds. We
recently identified four possible solute-binding proteins in R.
palustris that demonstrated binding to aromatic lignin mono-
mers. Characterization of these proteins in the absence and
presence of the aromatic ligands will provide unprecedented
insights into the specificity and mode of aromatic ligand binding
in solute-binding proteins. Here, we report the thermodynamic
and structural properties of the proteins with aromatic ligands
using isothermal titration calorimetry, small/wide angle x-ray
scattering, and theoretical predictions. The proteins exhibit
high affinity for the aromatic substrates with dissociation con-
stants in the low micromolar to nanomolar range. The global
shapes of the proteins are characterized by flexible ellipsoid-like
structures with maximum dimensions in the 80-90-A range.
The data demonstrate that the global shapes remained unal-
tered in the presence of the aromatic ligands. However, local
structural changes were detected in the presence of some
ligands, as judged by the observed features in the wide angle
x-ray scattering regime at g ~0.20-0.40 A~'. The theoretical
models confirmed the elongated nature of the proteins and
showed that they consist of two domains linked by a hinge. Eval-
uation of the protein-binding sites showed that the ligands were
found in the hinge region and that ligand stabilization was pri-
marily driven by hydrophobic interactions. Taken together, this
study shows the capability of identifying solute-binding pro-
teins that interact with lignin degradation products using high
throughput genomic and biophysical approaches, which can be
extended to other organisms.
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Rhodopseudomonas palustris is among the most metaboli-
cally and environmentally versatile bacteria known, and it has
been selected as a prime candidate for both bioremediation and
biofuel studies (1). The microbe converts atmospheric carbon
dioxide into biomass, degrades aromatic pollutants, breaks
down aromatic compounds from lignin degradation products
found in woody tissues, and generates energy by converting N,
into NH, and H, This versatility makes R. palustris suitable for
cleaning up toxic aromatic compounds with a potential for biofuel
production. However, the molecular mechanism underlying the
uptake of aromatic compounds from the environment into R.
palustris is still unclear. Understanding this mechanism is crucial
for the development of innovative biotechnologies involving R.
palustris and related organisms. Regarding this, the genome
sequence of the R. palustris CGA009 strain revealed gene clus-
ters associated with ABC transporter proteins that might be
implicated in the uptake of aromatic compounds from the envi-
ronment into the microbe (1).

In bacteria, ABC transporter proteins are the primary inter-
faces with the environment (2, 3). Bacterial ABC importers and
exporters transport a variety of substrates across the cell mem-
brane. ABC importers in particular are essential for the uptake
of nutrients, including metals, small ions, mono- and oligo-
saccharides, peptides, amino acids, iron-siderophores, poly-
amines, and vitamins. A typical ABC importer generally con-
sists of a periplasmic solute-binding protein, two integral
membrane subunits, and two cytoplasmic ATPases (4, 5). It is
the solute-binding proteins (SBPs)> of the ABC superfamily
that recognize and bind specific substrates in the cell wall and
transfer them to the membrane subunits, and they are therefore
responsible for the uptake of ligands from the environment.

Laboratory studies of growth requirements for environmen-
tally derived R. palustris and other bacterial strains indicate that
these organisms can metabolize a variety of aromatic com-
pounds (6 —8) and that the import of these compounds under

2The abbreviations used are: SBP, solute-binding protein; ITC, isothermal
calorimetry; SAXS/WAXS, small/wide angle x-ray scattering.
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anaerobic conditions likely occurs via ABC-type transporters
implicating the SBPs in the uptake of these aromatic com-
pounds (7, 9, 10). Indeed, based on genome sequence, annota-
tion information, and differential scanning fluorimetry ligand
binding screens, we recently identified four possible SBPs in R.
palustris that showed binding to aromatic lignin monomers
such as benzoate, 4-hydroxybenzoate, and p-coumarate (11).
The results also showed that the proteins RPA0668, RPA0985,
RPA4029, and RPA1789 exhibited aromatic ligand specificity.
For instance, RPA0668 and RPA0985 showed specificity for
both benzoate and 4-hydroxybenzoate, whereas RPA4029 and
RPA1789 were specific for 4-hydroxybenzoate and p-coumar-
ate, respectively. Interestingly, for RPA0668 and RPA1789,
ligand specificity was consistent with gene clusters implicated
in the biodegradation of the aromatic compounds. Although
the compounds bound by this family of proteins have similar
chemical properties, the proteins exhibit less than 40%
sequence identity for any of the possible protein sequence
alignments using the Blast algorithm (12). However, all the
SBPs belong to the type I periplasmic binding fold superfamily
(13), and comparison of the ABC transport protein sequences
suggests that ligand affinity and specificity might be dictated by
similar residues within their binding sites. Despite these find-
ings, further structural studies are required to determine the
properties, selectivity, and mode of aromatic ligand binding in
these SBPs. Ultimately, determining which specific proteins
and metabolic pathways are involved in the uptake of aromatic
compounds could lead to utilization of R. palustris and other
organisms in its genus for bioremediation and bioenergy
objectives.

Here, we report the thermodynamic and structural proper-
ties of RPA0668, RPA0985, RPA4029, and RPA1789 with aro-
matic ligands using isothermal calorimetry (ITC) and small/
wide angle x-ray scattering (SAXS/WAXS), respectively. ITC
was used to validate the binding specificity of the ABC trans-
port proteins to different aromatic compounds. SAXS/WAXS
of the proteins in solution yielded information about the global
three-dimensional fold (SAXS) and the local conformational
changes (WAXS) of the transporters in the presence and
absence of benzoate, 4-hydroxybenzoate, and p-coumarate
(14-17). Structural predictions, however, offered detailed
three-dimensional structures of the proteins based on homol-
ogy, threading, and ab initio methods, which were employed to
generate different theoretical models of the ABC transport pro-
teins from their primary sequences (18). Specifically, the
approach was to compare the experimental SAXS/WAXS scat-
tering profiles of the proteins with the calculated scattering
curves of predicted models to determine the structural features
of the R. palustris SBPs. Overall, the results provide the first
structural insights into aromatic binding proteins and provide a
model for aromatic ligand binding and selectivity, which can be
extended to other organisms.

EXPERIMENTAL PROCEDURES

Protein Expression and Purification—RPA0668, RPA0985,
RPA4029, and RPA1789 were produced as described previously
(11). In brief, the genes were PCR-amplified from genomic
DNA (ATCC, R. palustris CGA009 BAA-98D-5) using a KOD
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HiFi DNA polymerase reaction (Novagen) combined with a
touchdown PCR program designed for the GeneAmp PCR Sys-
tem 9700 thermocycler machine (Applied Biosystems). The
genes were cloned into two different vectors for both periplas-
mic and cytoplasmic expression (pBH31 and pMCSG?7, respec-
tively) and assessed for best solubility. Clones expressing solu-
ble proteins were up-scaled, and His tag was purified using
nickel-nitrilotriacetic acid (Qiagen) affinity chromatography
columns. The purified proteins were dialyzed for buffer
exchange, flash-frozen in liquid nitrogen, and stored at —80 °C
until used.

Aromatic Ligand Stocks—Benzoate, 4-hydroxybenzoate, and
tyrosine were dissolved in 50 mm HEPES, 150 mm NaCl buffer,
pH 7.5. A stock solution of p-coumarate was prepared by dis-
solving the ligand in 100% DMSO and subsequent dilution in
dialysis buffer (50 mm HEPES, 150 mm NaCl buffer, pH 7.5) for
ITC measurements. Although tyrosine is not a direct product of
lignin degradation, it was also used as a ligand for RPA1789 to
compare the SAXS/WAXS results with the crystal structure of
a tyrosine-bound homolog, recently deposited in the Protein
Data Bank (PDB 3UKO). In ITC and SAXS/WAXS, a 10X ratio
of ligand to protein concentration was used.

ITC Measurements—For ITC analysis of ligand binding, pro-
teins were dialyzed for 18 h at 4 °C with exchanges of buffer (50
mwm HEPES, 150 mm NaCl buffer, pH 7.5). Protein and ligand
concentrations were determined spectrophotometrically. Iso-
thermal titration experiments were performed at 25 °C using a
VP-ITC calorimeter (Microcal, Inc.). In a typical experiment,
10-ul aliquots were injected ~35 times at 4-min intervals from
a 280-pul rotating stirrer-syringe to the reaction cell, containing
1.41 ml of ~50 uM protein solution. Calorimetric data analysis
was performed using the Origin 7.0 software provided by the
instrument manufacturer (Microcal, Inc.). The binding
stoichiometry (n), the enthalpy change (AH), and the binding
constant (K,) were directly obtained from the experimental
titration curve.

SAXS/WAXS Data Acquisition and Processing—SAXS/
WAXS data were recorded on the four ABC transport proteins
in the absence and presence of the aromatic ligands. The 50 mm
HEPES, 150 mm NaCl buffer was used as a background. In the
absence of ligand, the scattering data were collected at 1, 2, 5,
and 15 mg/ml. For the ligated protein complexes, the ligands
were added to the proteins at a 10-fold excess to yield final
protein concentrations of ~5.0 and 14 mg/ml. The SAXS and
WAXS data were collected simultaneously at the National Syn-
chrotron Light Source (NSLS) beamline X9 using a PILATUS
300k SAXS detector and a Photonic Science CCD WAXS
detector (19). In all SAXS/WAXS experiments, 15 ul of the
protein and buffer solutions were continuously flowed through
a 1-mm diameter capillary and exposed to the x-ray beam for
30 s. The measurements were carried out in triplicate. Data
processing was performed using an automated Python-based
package developed at X9. Overall, the two-dimensional scatter-
ing patterns recorded on the SAXS/WAXS detectors from pro-
tein solutions were first converted into one-dimensional scat-
tering profiles. The SAXS/WAXS data were then merged,
averaged, and buffer subtracted to obtain relative scattering
intensity (/) as a function of momentum transfer vector, g (¢ =
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FIGURE 1. Isothermal titration calorimetry of RPA0668 with benzoate (A) and 4-hydroxylbenzoate (B). The thermograms (top panel) and binding
isotherms (bottom panel) are shown. The solid lines in the bottom panel are the fits to the experimental data.

(47sinB)/ ), where A is the beam wavelength, and 6 is the scat-
tering angle.

SAXS/WAXS Data Analysis—Data analysis and calculations
were performed using the ATSAS software suite. The dimen-
sions of the protein samples were first evaluated by estimating
directly the radius of gyration (R,) using the Guinier approxi-
mation. The R, is the root mean square distance of an object
from its center of mass. According to the Guinier approxima-
tion, for a monodisperse sample of globular protein, a plot of
Ini(q) versus q* should be linear for g < 1.3/R, as described in
Equation 1,

In(I(g)) = In(l,) — (R3/3) X ¢ (Eq. 1)

Deviations from linearity in the Guinier plots indicate aggre-
gation or interparticle interactions and were also evaluated
to confirm that no aggregation was present in any of the
samples. All Guinier analyses were conducted using Primus
(20).

The shape and maximum dimensions (D,,,,) of each protein
were then determined by the indirect Fourier transformation of
their scattering data I(g), using GNOM (21). This process yields
a pair distribution function P(r) (Equation 2) that describes the
distribution of distances between pairs of elements within the
entire volume of the scattering particle.

P(r) = (1/2wz)fl(q)q X rsin(q X r)dq (Eq.2)

The three-dimensional scattering surfaces of the proteins were
generated using the Dummy Atom Model Minimization
(DAMMIN) method (22). The algorithm represents a protein
as a collection of dummy atoms in a constrained volume with a
maximum diameter defined experimentally by D, ... It employs
simulated annealing to generate the three-dimensional surface,
and it calculates the scattering curve of the surface to evaluate
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its discrepancy (x*) with the experimental data. For each pro-
tein, 10 surfaces were generated and averaged using
DAMAVER (23). The averaged surfaces were then used as the
final SAXS/WAXS three-dimensional structure.

Theoretical Predictions—Theoretical three-dimensional
models of the ABC transport proteins were generated using
SWISS-MODEL, PHYRE, TASSER, and ROBETTA algo-
rithms. SWISS-MODEL (24) and PHYRE (25) predict protein
structures by detecting closed and remote homologs, respec-
tively, whereas I-TASSER (26) and ROBETTA (27) build pro-
tein models by combining remote homologs with ab initio cal-
culations. The quality of the models was assessed by calculating
their SAXS/WAXS scattering profiles using CRYSOL (28). For
each protein, the best model was chosen by evaluating the x*
between the computed scattering of the models and the exper-
imental data. Superposition of the selected theoretical models
with the SAXS/WAXS global surfaces was performed using
SUPCOMB (29). The selected models were then employed for
binding site prediction and ligand docking using BSP-SLIM.
The method identifies ligand-binding sites by matching the
predicted models to holo-structures in the Protein Data Bank
(30). Ligand docking is then performed by pairing local shape
and chemical features between ligand and the binding pockets.
Interactions of the docked ligands with the proteins were also
evaluated using PDBsum. CCP4MG was used for graphical
analysis and figure generation.

RESULTS

Thermodynamic Properties—The affinity of the ABC trans-
port proteins for the aromatic compounds identified by ligand
screening was evaluated by ITC. Fig. 1 shows the ITC results
obtained for RPA0668 with benzoate and 4-hydroxybenzoate.
A previous ligand screening approach using a panel of 25 aro-
matic compounds indicated these ligands conferred the highest
thermal stability. For these two ligands, the isotherms revealed
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TABLE 1
ITC analysis of aromatic compound binding to solute-binding proteins from R. palustris
Protein Comment Ligand N* K, K, AH AS AG
X10°m~ ! M kcal/mol cal/mol/degree cal/mol
RPA 0668 25°C Benzoate 0.16 * 0.12 132+ 6.0 0.84 = 0.38 —23.0* 141 —49.2 +3.82 —8323 * 269
Benzoate 0.985" 1.98 0.51 23.3 —49.5 —8589
25°C 4-Hydroxybenzoate 0.284 = 0.01 0.93 £0.28 1.13 = 0.35 —15.9 £ 3.96 —0.82 £0.43 —8137 £ 191
4-Hydroxybenzoate 0.999” 113 0.88 —13.1 —1.61 —8272
RPA 0985 25°C Benzoate 0.16 *= 0.026 1.95 = 0.10 6.68 * 4.62 —1.59 = 0.40 21.2 2.7 —7148 * 349
37°C Benzoate 0.18 = 0.028 1.64 = 0.07 7.06 £ 3.03 —2.75 *3.96 149 £29 —7353 = 278
RPA 4029 4-Hydroxybenzoate 0.62 * 0.023 103 * 20.9 0.095 = 0.021 —4.854 + 0.14 15.8 = 0.85 —9562 * 115
RPA 1789 25°C p-Coumarate 0.93 * 0.60 1.17 = 0.077 8.61 £ 0.57 2.11 = 3.96 303 %71 —6904 = 509
“ Parameters were derived by assuming one binding site per molecule with the following thermodynamic parameters: n = 0.155, K, = 0.57 um, and AH = —24 kcal/mol.
® Parameters were derived by assuming one binding site per molecule with the following thermodynamic parameters: n = 0.29, K, = 0.88 um, and AH = —13 kcal/mol.
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FIGURE 2. SAXS/WAXS scattering (A) and P(r) functions of the ABC transport proteins (B). Guinier plots of the protein at concentrations of ~2 mg/ml are

shown in A, inset.

normal sigmoidal titration curves (Table 1) with a similar bind-
ing affinity for benzoate and 4-hydroxybenzoate (dissociation
constants (K ) of 0.84 and 1.13 um, respectively). Both interac-
tions are enthalpy driven with an unfavorable entropic contri-
bution. A calculated stoichiometry approximating 0.3 was con-
sistently observed with multiple independent preparations of
purified protein (Table 1). The binding fraction is dependent in
part on the titration ligand as the sample purified protein prep-
aration was utilized for benzoate and 4-hydroxybenzoate. In
part, this is attributable to protein aggregation as some precip-
itate was consistently observed in the reaction cell at the con-
clusion of the experiment. Retained ligands may also contribute
to lower stoichiometry, and some cellular aromatic compounds
may not be removable by the purification and dialysis protocols
in this study.

Two other proteins encoded by the RPA0985 and RPA4029
genes were also suggested to bind benzoate and/or 4-hydroxy-
benzoate based on the thermal stabilization screen. This func-
tional assignment was confirmed by the ITC analysis as these
proteins bound benzoate with observed K, values in low micro-
molar or high nanomolar range (Table 1). The evolved heat
obtained upon ligand titration of the RPA0985 protein was low,
but similar kinetic and thermodynamic profiles were obtained
at 25 and 37 °C (Table 1). Screening profiles obtained for the
RPA1789 protein suggested a preference for propenoid ring
substituents, which was confirmed by the observation of spe-
cific binding for p-coumarate with an observed K, of 8.6 um.
Overall, the ITC results demonstrated that the four ABC trans-
port proteins exhibited high affinity for the aromatic substrates
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TABLE 2
Structural parameters of the ABC transport proteins determined by

Guinier approximation and indirect Fourier transformation of SAXS/
WAXS data

Protein R, (Guinier) R, (Gnom) D,...
A A A
RPA0668 27.15 (=0.01) 27.17 (+0.06) 92
RPA0985 23.82 (+0.04) 22.78 (+0.06) 76
RPA4029 24.46 (+0.49) 23.83 (+0.07) 80
RPA1789 22.86 (*£0.01) 22.90 (*£0.11) 78

with K, values in the submicromolar range, similar to other
SBPs (2, 3).

Structural Characterization—SAXS/WAXS offers relevant
information about the dimension and shape of a protein in
solution and was therefore used here to obtain insight into the
structures of the free and ligand-bound ABC transport pro-
teins. The SAXS/WAXS scattering curves of the proteins in the
absence of aromatic ligands and their respective Guinier plots
are presented in Fig. 2A. The scattering curves of the proteins at
1-5 mg/ml and the linearity of the Guinier plots at these con-
centrations indicated no detectable aggregation (Fig. 24, inset).
The Guinier analysis, which allowed the determination of the
protein radius of gyration, revealed that RPA0668 had the larg-
est dimension with an R, of ~27.15 = 0.01 A, followed by
RPA4029, RPA0985, and RPA1789 with an R, in the 23-24 A
range (Table 2). This was confirmed by the pair distribution
functions, P(r), of the protein. The P(r) function is a real space
representation of the scattering data and provides an approxi-
mation of the shape and dimension of a protein in solution. For
the four proteins, the calculated P(r) functions (Fig. 2B) showed
single peaks with R, values similar to the ones obtained by the
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Guinier analysis (Table 2). In fact, a maximal dimension of ~90
A was obtained for RPA0668, whereas the other three ABC
transport proteins showed D, of ~80 A. In addition, compar-
ison of the protein P(r) functions with the P(r) of typical geo-
metric shapes indicated that the ABC transport proteins were
elongated with ellipsoid-like structures (15).

To corroborate this interpretation and to gain visual insights
into the global architectures of the proteins, the three-dimen-
sional surfaces from the SAXS/WAXS scattering data were
generated. As shown in Fig. 3, the scattering curves of the three-
dimensional surfaces fit the experimental data well, yielding a
X value in the range of 1.1-3.7. Moreover, the surfaces con-
firmed the elongated nature of the proteins and revealed differ-
ences in the ellipsoidal shapes of the proteins.

To examine the global and local structural changes associ-
ated with aromatic ligand binding, the SAXS/WAXS profiles of
the liganded proteins were determined and compared with the
free counterparts. Fig. 4 depicts the SAXS/WAXS scattering
curves and the P(r) functions of RPA0668 in the absence and
in the presence of added benzoate or 4-hydroxybenzoate
ligands. The scattering patterns in the SAXS region (g =0.2) as
well as the P(r) functions were quite similar, reflecting analo-
gous topologies and global protein shapes in the unliganded
and liganded states. Similar results were obtained for RPA0985
with benzoate and 4-hydroxybenzoate and for RPA4029 and
RPA1789 in the presence of 4-hydroxybenzoate and p-couma-
rate, respectively. These results indicate that the global struc-
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ture of the proteins remain unchanged in the presence of added
ligand, implying that ligand binding only induces local changes
in the proteins, which has also been observed in other SBPs
(2,3).

As a complement to SAXS, the WAXS region of the scatter-
ing curve has proven to be sensitive to local changes in protein
structure induced by ligand binding. Therefore, to evaluate
local protein changes in the presence of the aromatic ligands,
we improved the quality of the WAXS region by increasing the
concentration of the proteins to ~15 mg/ml. Fig. 5, A and B,
shows the WAXS regime for RPA0985 and RPA4029 in the
absence and presence of benzoate and 4-hydroxybenzoate. For
both proteins, the WAXS data did not change in the presence of
benzoate as the aromatic ligand. Conversely, the WAXS data
showed significant differences between the 4-hydroxybenzo-
ate-bound and unbound states at g ~0.20-0.40, suggesting
local structural changes in the presence of this ligand. Likewise,
fluctuations in the same WAXS region were observed for
RPA1789 in the presence of tyrosine (Fig. 5C) and p-coumarate
(data not shown). These differences were reproducible and 2—4
times larger than the error in the measurement. Taken
together, these findings suggest that globally the ABC transport
proteins retain their three-dimensional shapes in the presence
of the aromatic ligands, but local movements occur upon ligand
binding.

By comparing the SAXS/WAXS data for RPA4029 and
RPA1789 to the calculated scattering curves based on crystal
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structures from close homologs in the liganded states (Protein
Data Bank codes 3TON and 3SNR), a similar conclusion can be
drawn. As depicted in Fig. 64, the theoretical scattering curve cal-
culated from the crystal structure of a solute-binding protein
(3TON) with 4-hydroxybenzoate, which shares 90% similarity
with RPA4029, correlated poorly with the scattering curve of the
unliganded ABC transport protein (x* of ~11.2). But comparison
of the same theoretical scattering data with the SAXS/WAXS data
for RPA4029 bound to 4-hydroxybenzoate showed a substantial
decrease in the x* (to ~2.5), implying similarities of both proteins
only in the ligated states and local structural fluctuations in the
bound and unbound states. A similar behavior was observed for
RPA1789 and a homolog with 92% similarity (3SNR) (Fig. 6B).
To further refine the structural details of the proteins, in
silico structural models were predicted using four independent
algorithms. A total of 21 models with different possible confor-
mations was generated for each ABC transport protein. To
select the most appropriate model for each protein, their SAXS/
WAXS scattering profiles were calculated and compared with
the experimental scattering curves. The best fit models are dis-
played in Fig. 7A along with the calculated scattering curves
(solid lines in Fig. 7B). The calculated scattering curves of the
models agree well with the SAXS/WAXS experimental data of
the proteins with x* values ranging from 1.5 to 3.7 (Fig. 7B).
This was also confirmed by the residual analysis of the experi-
mental and calculated scattering curves (Fig. 7C). Moreover,
superposition of the best theoretical models with the SAXS/
WAXS global shapes of the proteins yielded a normalized par-
tial discrepancy of ~1, indicating high similarities (Fig. 7A).
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0.9974), bounded RPA4029
= 1.2 (R? = 0.9991) are shown.

----- RPA0668
RPA0985
=== RPA4029

RPA1789

100 +

log I(q)

0.1+

0.01

0.0 04 02 03 04
q(A")

0.0 01 02 03 0.4
q(A")

FIGURE 7. A, superposition of SAXS/WAXS surfaces with the best theoretical
models obtained by I|-Tasser. B, comparison of the calculated scattering
curves of the theoretical models (solid black lines) and the experimental data
of RPA0668 (dotted lines), RPA0985 (solid lines), RPA4029 (dashed lines), and
RPA1789 (dashed-dotted Ilnes) RPA0668 x* = 3.7 (R = 0.9992), RPA0985 x> =
2.5 (R* = 0.9996), RPA4029 x* = 3.3 (R = 0.9996),and RPA1789 > = 1.5 (R* =
0.9998). C, residual plots of the experimental minus the calculated scattering
curves of the theoretical models.
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FIGURE 8. Two-dimensional representation of RPA0668 (A), RPA0985 (B), and RPA4029 docked with 4-hydroxybenzoate (C), and RPA1789 with
p-coumarate (D), generated by PDBsum. The server uses LigPlot to determine protein-ligand interactions. Accordingly, residues involved in hydrophobic
contacts are represented by semicircles with spokes pointing toward the ligand atoms. The contacted atoms are also shown by spokes radiating back to the
ligands. Hydrogen bonds are denoted by green dashed lines, and van der Waals interactions are indicated by solid lines.

TABLE 3

Interaction of aromatic ligands with residues in the predicted binding sites

van der Waals H-bonding

Protein Ligand Hydrophobic Interactions interactions interactions
RPA0668 Benzoate Nine —Val**!, Asn'**, Gly'®, Phe®*° None None

4-Hydroxybenzoate ~Seven —Phe®*°, Asn'®*, Val'®!, Ala'*® None None
RPA0985 4-Hydroxybenzoate Ten —Tyr®, Tyr'??, Phe'**, Thr'*, Ala'*’, Ala'*®, Thr'*’, Pro'**, Asp®”® Four —Tyr'*?, Ala*® None

Benzoate Nine —Pro®, Phe®*Tyr®!, Tyr'*?, Phe'?*, Thr'?®, Ala'*’, Ala**’, Thr*’%, Asp*”> None One —>Tyr'*
RPA4029 4-Hydroxybenzoate Eight —Ser®, Thr”®, Met®®', Tyr'*’, Phe**?, Pro**! None One — Ser®
RPA1789 p-Coumarate Eight =Tyr'®®, GIn®**?, Phe®** One —>GIn®* Two —Tyr'®, GIn**

Overall, the structures of the validated models have an ellipsoi-
dal three-dimensional fold consisting of two domains con-
nected by a hinge region.

Finally, the best models were used for ligand-binding site
predictions and docking to gain further information about the
local structure and mechanism of aromatic ligand binding. For
each protein, five different docked poses were predicted, and
the ones with the highest docking scores were selected. The
best docked structures along with representative aromatic
ligands are depicted in Fig. 8. The results showed that, in the
ABC transport proteins, the substrates bind in the hinge region
formed by the two domains. As summarized in Table 3, in all
cases, the aromatic compounds appear to be stabilized mainly
through hydrophobic interactions. In RPA0985, RPA4029, and
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RPA1789, additional hydrogen bonding and van der Waals
contacts between the hydroxyl and carboxyl groups of the com-
pounds and nearby residues were also detected.

DISCUSSION

In this study, we have determined the structural properties of
novel aromatic binding proteins from R. palustris and find sim-
ilarities with other SBPs. The ITC analysis confirmed the
inferred functional assignment as a binding protein for aro-
matic compounds with observed K, values in a low micromolar
or a high nanomolar range for all four binding proteins. The
variance in thermodynamic parameters for the four SBPs sug-
gests different binding site geometry and coordinating amino

VOLUME 287+NUMBER 28-JULY 6, 2012



Characterization of Aromatic Transporters from R. palustris

acids consistent with the observed sequence variance and
sequence phylogeny for this protein family.

Bacterial SBPs have a conserved structure characterized by
an elongated-ellipsoidal shape with two domains, both of which
display an «/B-fold, connected by a hinge (2, 3). In all SBPs
identified so far, the substrates are localized in the hinge
between the two globular domains. The three-dimensional sur-
faces of the ABC transport proteins, derived from the SAXS/
WAXS scattering data, demonstrated that indeed the proteins
have elongated structures. Furthermore, the data showed that
the proteins have different ellipsoidal shapes, indicating flexi-
bility in their tertiary structures. Consistent with this interpre-
tation is the fact that the theoretical models that best repre-
sented the ABC transport protein structures in solution also
displayed different conformations in the N terminus (Fig. 7).
Generally, SBPs are conformationally flexible, and the dynam-
ics of the N-terminal region in the R. palustris proteins might
reflect the inherent flexibility of the proteins in solution. Con-
sistently, the lack of electron density around the N terminus in
the crystal structures of some His tag-free SBPs, both in the
liganded and unliganded states, confirms the disordered nature
of this end terminal domain (31-33). It is important to empha-
size that the functional relevance of this flexibility in SBPs has
not been described thoroughly and warrants further investiga-
tion. Nevertheless, crystallographic, biochemical, and biophys-
ical studies of several transporters have shown that the N-ter-
minal domain of some SBPs interact with their cognate
membrane proteins, and it is therefore reasonable to suggest
that the flexibility of this terminus might be related to the
mechanism of ligand transport (34).

In addition to the elongated and flexible nature of the ABC
transport proteins in solution, the in silico studies also
showed that they consist of two globular domains linked by
three hinge regions. As with other SBPs, both domains in the
ABC transport proteins are separated by a cleft and have
similar super-secondary structures consisting of a central
core of B-sheet flanked by a-helices. Likewise, evaluation of
the ABC transport protein-computed binding sites showed
that the docked ligands were found in the cleft region and
that ligand stabilization is mostly driven by hydrophobic
interactions.

Further stabilization of the aromatic ligands is achieved by
hydrogen bonding and van der Waals contacts. Importantly,
these interactions correlate well with the thermodynamic prop-
erties of the proteins. For instance, RPA0668 revealed similar
affinity for both benzoate and 4-hydroxybenzoate, in line with
the in silico observation that showed that both ligands were
stabilized by analogous hydrophobic interactions. In RPA0985,
4-hydroxylbenzoate was further stabilized through van der
Waals contacts between the hydroxyl and carboxyl groups of
the ligand and adjacent residues (Table 3), and a 4000-fold
increase in its affinity was also observed. Similarly, the addi-
tional van der Waals and hydrogen bond interactions in
RPA1789 with p-coumarate explain the very high affinity
observed for this aromatic ligand (K = 1.70 X 10® M~ '). Taken
together, the data suggest that ligand specificity is regulated by
specific hydrophobic, van der Waals, and hydrogen bonding
interactions. In fact, RPA4029 docked with 4-hydroxybenzoate
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showed eight hydrophobic contacts and one hydrogen bonding
interaction, although docked benzoate only displayed two
hydrophobic interactions. This explains in part the specificity
of the RPA4029 protein for only 4-hydroxybenzoate.

Evaluation of the WAXS region provided additional insights
into the mode of aromatic ligand binding in the ABC transport
proteins. The observed changes in the 0.20-0.40 g region
clearly show that the proteins undergo local structural rear-
rangement upon ligand binding. This region corresponds to
features having length scales of about 20 -30 A (1/d (spacing) =
q/2). Fluctuations in this WAXS region of some proteins have
been attributed to movement of whole domains from an open-
unbound state to a closed-bound configuration (35). For exam-
ple, in the maltose-binding protein, which is an SBP with the
conserved two-domain structure, changes in this WAXS region
were related to a 35° hinge bending along with an 8° rotational
twisting of the N domain relative to the C domain induced by
ligand binding (36). Similar fluctuations have been detected in
the crystal structures of other bound and unbound SBPs (37,
38). On this basis, we propose that the ABC transport proteins
undergo conformational changes upon aromatic ligand binding
that involve rotation of both domains from an unliganded open
state to a liganded closed conformation. Furthermore, the
results showed that the WAXS region can also be used to assess
ligand specificity of the ABC transport proteins toward the aro-
matic ligands. For RPA0985 and RPA4029 bound to benzoate,
for example, the lack of noticeable changes in the WAXS pat-
tern, as opposed to 4-hydroxybenzoate, indicates that this par-
ticular ligand does not induce closure of the two domains. Sta-
bilization of the closed form, due to ligand binding, increases
ligand affinity and selectivity. Thus, the inability of benzoate to
stabilize the closed configuration in both proteins explains their
specificity for 4-hydroxybenzoate.

In summary, the affinity of the ABC transport proteins for
aromatic ligands was validated by ITC. The global shape of
the ABC transport proteins was determined, and local
changes in their tertiary structures were detected in the pres-
ence of aromatic ligands. As with other transporters, binding
of the aromatic ligands appears to induce movements of the
amino acid residues in the hinge region. Theoretical models
of the proteins were also obtained and validated with their
experimental three-dimensional shapes. These models have
enabled us to evaluate the mode of binding of the aromatic
ligands in the ABC transport proteins. Taken together, the
study has shown the capability of identifying solute-binding
proteins that interact with lignin degradation products using
high throughput genomic and biophysical approaches,
which can be extended to other organisms. This study will
enable the identification of other proteins with similar
ligand-binding profiles and characteristics and enable
refinement of sequence-based methods for extension to
other organisms and systems.
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