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Recently, CxaP, a sugar acid substrate binding protein (SBP) from
Advenella mimigardefordensis strain DPN7T, was identified as part of a
novel sugar uptake strategy. In the present study, the protein was success-
fully crystallized. Although several SBP structures of tripartite ATP-inde-
pendent periplasmic transporters have already been solved, this is the first
structure of an SBP accepting multiple sugar acid ligands. Protein crystals
were obtained with bound p-xylonic acid, p-fuconic acid p-galactonic and
D-gluconic acid, respectively. The protein shows the typical structure of an
SBP of a tripartite ATP-independent periplasmic transporter consisting of
two domains linked by a hinge and spanned by a long a-helix. By analysis
of the structure, the substrate binding site of the protein was identified.
The carboxylic group of the sugar acids interacts with Argl75, whereas the
coordination of the hydroxylic groups at positions C2 and C3 is most
probably realized by Argl54 and Asnl51. Furthermore, it was observed
that 2-keto-3-deoxy-p-gluconic acid is bound in protein crystals that were
crystallized without the addition of any ligand, indicating that this mole-
cule is prebound to the protein and is displaced by the other ligands if they
are available.

Database

Structural data of CxaP complexes are available in the worldwide Protein Data Bank (https://
www.rcsb.org) under the accession codes 7BBR (2-keto-3-deoxy-p-gluconic acid), 7BCR
(p-galactonic acid), 7BCN (p-xylonic acid), 7BCO (p-fuconic acid) and 7BCP (p-gluconic acid).

Introduction

Nutrient uptake is essential for growth of all living
organisms. Versatile strategies have evolved using dif-
ferent types and mechanisms for the uptake of nutri-
ents. The well-studied phosphotransferase system is
often used for carbohydrate uptake in bacteria [l].
Other strategies include permeases of the major

Abbreviations

facilitator superfamily or ATP-binding cassette trans-
porters [2] for a broad range of substrates. Further-
more, a tripartite ATP-independent transport (TRAP)
system mediates the uptake of p-gluconate in Sinorhi-
zobium meliloti [3]. Subsequent to their discovery in
the 1990s [4], several TRAP transport systems have

Ky, dissociation constant; KDG, 2-keto-3-deoxy-p-gluconate; PDB, Protein Data Bank; SBP, substrate binding protein; TRAP, tripartite ATP-

independent periplasmic.
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Crystal structures of the sugar acid-binding protein CxaP

been described accepting various ligands. The only
limitation appears to be the need of a carboxylic acid
in the structure of the ligand [5-8]. TRAP transport
systems consist of three components: the two trans-
membrane components, DctQ and DctM, and the sub-
strate binding protein (SBP), DctP [9]. The transport
of the ligands starts with an interaction of the ligand
with the SBP, which subsequently interacts with the
complex of the transmembrane proteins DctQ and
DctM. The translocation of the ligand is then medi-
ated by DctM, the larger of both membrane proteins,
consisting of twelve transmembrane-spanning helices
that form a barrel structure [6].

Besides the TRAP transporter from S. meliloti,
Bacillus halodurans also possesses an SPB of a TRAP
transporter, which was also shown to accept D-glu-
conate, D-xylonate and D-galactonate as ligands,
although the corresponding transport system has not
been characterized [8]. Recently, a TRAP transporter
involved in the uptake of sugar acids was described in
Advenella mimigardefordensis strain  DPN7T [10] as
part of a novel strategy of carbohydrate uptake in this
Gram-negative bacterium. The deletion of the individ-
uval components of the TRAP transporter led to
restricted growth of the bacterium with the monosac-
charides Dp-glucose, D-galactose, D-fucose and L-arabi-
nose, as well as to poor growth with bD-xylose.
Additionally, intracellular accumulation of '*C-labeled
D-glucose was also shown to be dependent on the iden-
tified TRAP transporter, demonstrating that the same
single transporter is crucial for the uptake of carbohy-
drates [10]. This was unexpected because the substrate
range of so far described TRAP transporters is limited
to organic acids [5,8].

Further investigations of the SBP in A. mimigarde-
fordensis DPN7' revealed that not the sugar mole-
cules, but the corresponding acids are the ligands of
this protein [10]. In silico analyses revealed that the
strain possesses putative membrane-bound quinone
glucose dehydrogenases, and the oxidation of the
respective sugars was observed in the membrane frac-
tion of cells of A. mimigardefordensis. This indicated
that, prior to transport, the carbohydrates are oxidized
to their corresponding sugar acids in the periplasmic
space of the bacterial cell, which explains the restricted
growth of the strain with p-glucose and the lack of
“C-labeled p-glucose accumulation in the deletion
mutants.

Because the protein is not a binding protein for
dicarboxylates, the name DctP 4, could lead to confu-
sion regarding its function. To reflect the substrates of
this particular SBP and thus the function with respect
to the transport of sugar acids in 4. mimigardefordensis
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DPN77, it is renamed CxaP. This new name is used
throughout the present study.

During the screening of ligands of CxaP, it became
obvious that the terminal carboxylic acid group and
the hydroxylic groups at position C2 and C3 are
important for ligand binding. In general, the overall
sequence similarity of TRAP type SBPs is relatively
low. Structurally, however, they appear to be con-
served. DctP proteins, similar to CxaP, usually consist
of two domains linked by a hinge and spanned by a
long o-helix, as is typical for SBPs of TRAP trans-
porters [5,11,12]. Generally, the ligand binding in
TRAP type SBPs involves a salt bridge formed by a
highly conserved arginine and the carboxylic acid of
the ligand [5,13]. This was also identified in CxaP at
position Argl75 [10]. Because a large variety of ligands
are to be bound by CxaP [5,14], it would be of interest
to investigate the binding site of the protein in great
detail by X-ray crystallography in combination with
mutagenesis analysis. The present study shows high-
resolution crystal structures of CxaP in complex with
different ligands and thereby provides information
about the architecture of the binding pocket and coor-
dination of the ligands in the protein. This is the first
crystal structure with sugar acid ligands reported for a
TRAP type SBP.

Results and Discussion

The uptake of carbohydrates in A. mimigardefordensis
strain DPN7" by a novel strategy has been described
previously [10]. It was shown that the monosaccharides
p-glucose, p-fucose, D-galactose, D-xylose and L-arabi-
nose are oxidized in the periplasm and the resulting
corresponding sugar acids are subsequently trans-
ported into the cell by the characterized TRAP trans-
port system [10]. The SBP displayed wide specificity
with similar affinity toward five different ligands,
which is unusual for TRAP type SBPs. Usually, these
transporters exhibit high specificities toward one or
two structurally very similar ligands, as well as modest
affinities, with this being reduced by an approximate
factor of ten toward a few other structurally similar
ligands [13-15].

Heterologous expression and crystallization of
CxaP

For crystallization, the protein was heterologously
expressed. After the exchange of the elution buffer to
sodium phosphate buffer (20 mm, pH 7.2, 100 mm
NaCl), crystallization experiments were performed as
described in the Materials and methods. Crystals were
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obtained with a pure CxaP protein solution and CxaP,
which was supplemented with 10 mm bp-galactonic,
D-gluconic, D-fuconic or D-xylonic acid, respectively,
prior to crystallization at similar conditions (see Mate-
rials and methods).

Crystals of the CxaP protein diffracted to a maxi-
mum resolution of 1.3 A. This high-resolution dataset
was phased using the automated AUTORICKSHAW pipe-
line employing the automated molecular replacement
mode (http://www.embl-hamburg.de/Auto-Rickshaw)
and the CxaP protein sequence as input. After several
rounds of manually model building using coot [16]
and subsequent refinement using REFmAcS (https://
www.ccp4.ac.uk)/pHENIX (https://www.phenix-online.org),
the structure of the full-length CxaP protein was
modeled in terms of the electron density. The CxaP
structure was refined to 1.3 A resolution and the
resulting Ryork and R values were 13.9% and
16.1%, respectively. Interestingly, within the protein, a
ligand was found to be bound later identified as 2-
keto-3-deoxy-D-gluconic acid (see below). This ligand
was not added to the protein and apparently was cop-
urified with the protein during the whole purification
and crystallization procedure. Therefore, we termed
this structure CxaP:2-keto-3-deoxy-p-gluconic acid.
Once the refinement of the 1.3 A structure of the
CxaP:2-keto-3-deoxy-p-gluconic acid protein was fin-
ished, it was used to phase the other datasets obtained
from crystals of the CxaP protein co-crystalized with
p-galactonic acid, p-xylonic acid, p-fuconic acid or
D-gluconic acid. Adding the ligands to the CxaP pro-
tein also yielded high-resolution crystal structures that
were subsequently refined. The CxaP:p-galactonic crys-
tal was solved at 2.0 A (Ryork and Rpe. values were
20.3% and 25.7%, respectively); CxaP:p-xylonic acid
crystal was solved at 1.7 A (Ryork and Ryg. values
were 18.2% and 20.2%, respectively); CxaP:p-fuconic
crystal was solved at 2.0 A (Ryork and Rge. values
were 20.8% and 26.7%, respectively); and CxaP:p-glu-
conate crystal was solved at 2.0 A (Ryork and Ryee
values were 18% and 23.8%, respectively). A sum-
mary of the data collection statistics, refinement
details and model content of these different CxaP
structures is provided in Table 1.

Interestingly, the crystal parameters, especially the
unit cell dimensions and space group, differ between
the crystals (Table 1), resulting in a different symmetry
of the CxaP p-fuconic acid co-crystals. Here, the sym-
metry was found to be P2;, whereas all other datasets
display a P2;2,2; symmetry. All crystals contained a
monomer of CxaP in the asymmetric unit except the
CxaP:p-fuconic acid, where two monomers were
found.

Crystal structures of the sugar acid-binding protein CxaP

Overall structure of CxaP

We compared the individual structures of CxaP with its
substrates and determined rmsd values that range from
0.15 to 0.3 A over 264 Ca atoms, indicating that there
were no large conformational changes present. Because
the monomers of the different DctP crystal structures
are almost identical in overall shape, we describe the
general monomeric fold for the highest resolution struc-
ture, namely CxaP:2-keto-3-deoxy-p-gluconic acid,
which was solved at 1.3 A in detail as outlined below.
CxaP comprises 335 amino acids and, as expected
for a TRAP transporter binding protein, it is com-
posed of two domains, which are colored blue (domain
I, residues 1-143 and 247-260) and light brown (do-
main II, residues 159-236 and 292-335), respectively
(Fig. 1). Each of these domains is composed of a cen-
tral antiparallel five-stranded f-sheet. Furthermore,
domain I contains six a-helices, whereas domain II
harbors eight a-helices and one additional f-strand
(Fig. 1), which flank the central sheet (green in Fig. 1)
on both sites. This strand order is found in many
other SBPs of TRAP transporters, as well as in class
IT ATP-binding cassette-dependent SBPs [11,12]. The
domains are located non-colinearly on the gene
sequence and helix al3 (amino acids 256-291) and -
strands p4 (amino acids 143-158) and B9 (amino acids
237-247) connecting both domains together (Fig. 1).
To identify the structurally closest homologs of the
CxaP protein, we performed a pALI search [17,18], which
revealed a variety SBP of TRAP transporters, of which
the top 10 are listed in Table 2. Interestingly, the Z-scores
are quite high, ranging from 29.9 to 38.4, despite the rela-
tively low sequence identity, which ranges from 15% to
26%. This highlights that SBP from TRAP transporters
adopt highly similar three-dimensional structures, sug-
gesting that the venus fly trap mechanism for capturing
the ligand remains the same. The overall fold of the CxaP
protein places this protein in class I1Ia of SBPs, which is
a subgroup containing mainly SBPs from TRAP trans-
porters [11,12]. Among the 10 homologous structures,
five are bound with a rather linear ligands, similar to the
CxaP protein homolog from Pseudomonas aeruginosa
with bound r-malate [Protein Data Bank (PDB) code:
4NFO0] [8], from Chromohalobacter salexigens with bound
p-alanine-p-alanine (PDB code 4N8G) [8], from Desul-

fovibrio salexigens with bound diglycerolphosphate (PDB

code 4NOK) [8], from Rhodoferax ferrireducens with
bound malonate (PDB code 4MCO) and from C. salexi-
gens with bound (S)-(+)-2-amino-1-propanol (PDB code
4XF5). The others contain a ring-like ligand structure
similar to UehA from Silicibacter pomeroyi DSS-3 [19]
with bound ectoine (PDB code 3XFB), as well as the
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Table 1. Data collection and refinement statistics.

L. Schéfer et al.

2-keto-3-deoxy-p-gluconic

acid p-galactonic acid p-xylonic acid p-fuconic acid p-gluconic acid
PDB code 7BBR 7BCR 7BCN 7BCO 7BCP
Data collection
Wavelength (A) 0.967 0.967 0.967 0.967 0.967
Space group P212121 1D212121 ID2’|2’|2‘| ID2’| /D212121

Cell dimensions

a b c(A) 59.76 61.85 88.25 59.03 62.21 88.64 58.11 62.35 97.64 58.16 92.08 62.37 57.93 62.31 98.19

a, B,y () 90.0 90.0 90.0 90.0 90.0 90.0 90.0 90.0 90.0 90. 90.7. 90.0 90.0 90.0 90.0
Resolution (A) 42.98-1.3 (1.34-1.3) 49.14-2.0 31.17-1.7 31.24-2.0 32.1-2.0

(2.07-2.0) (1.76-1.7) (2.07-2.0) (2.07-2.0)

Renerge” 0.05 (0.58) 0.09 (0.33) 0.05 (0.42) 0.03 (0.29) 0.04 (0.29)
Roim 0.03 (0.33) 0.04 (0.13) 0.03 (0.22) 0.028 (0.21) 0.023 (0.14)
CCipo 99.9 (85.4) 0.99 (0.96) 0.99 (0.86) 0.99 (0.87) 0.99 (0.95)
Mean l/o() 14.9 (3.15) 12.49 (4.22) 14.09 (2.85) 13.57 (2.47) 22.17 (5.99)
Completeness (%) 98.44 (96.78) 99.18 (98.78) 96.55 (97.43) 92.70 (97.64) 95.73 (99.75)
Multiplicity 5.8 (6.1) 7.0 (7.2) 4.1 (4.4) 2.3(2.3) 4.9 (5.1)
Total reflections 599 917 156 928 159 256 95 881 15 539
Ruwork® 0.13 0.20 0.18 0.21 0.18
Riree 0.16 0.26 0.20 0.27 0.24
Number of atoms

Protein 2420 2404 2404 43808 2404

Ligands 12 13 22 24 13

Solvent 562 291 474 370 287

Protein residues 310 310 310 620 310
B-factors

Macromolecules 16.63 28.83 24.57 34.97 28.46

Ligands 10.98 24.10 17.18 27.61 22.09

Solvent 30.74 36.32 35.87 40.74 35.80

Wilson B 19.26 29.62 26.36 35.34 29.21
rmsd

Bond lengths 0.007 0.007 0.006 0.009 0.011

(A)

Bond angles (°)  0.97 0.81 0.82 1.1 1.24
Ramachandran

Favored (%) 98.70 97.08 98.70 97.40 98.38

Outliers (%) 0.00 0.00 0.00 0.00 0.00

Values for the highest resolution shell are shown in parenthesis.
#Rmerge = ZhKIEMhk]) — <(hk)>I/ShkIZilihk), where lihkl) is the intensity of the ith observation of reflection hk/and </(hkl)> is the average
of overall observations of reflection hkl.; ®Riacior = ShKI||Fol — IFc||/ShkAFol for all data excluding the 5% that comprised the Ryee Used for

cross-validation.

DctP homologs from Ruegeria pomeroyi with bound 3,4-
dihydroxybenzoate (PDB code 4PAF), from R. ferrire-
ducens with bound benzoate (PDB code 5IM2) and from
Bordetella bronchiseptica with bound picolinic acid (PDB
code 4YIC) [8,19]. This suggests that although the overall
structure is closely related, the binding site of the ligand
discriminates between a linear and a ring-like ligand.

The ligand binding site of CxaP

In the SBP of TRAP transporters, the ligands are
bound in the cleft flanked by the two domains of the
protein. In the CxaP protein, which was crystallized in

the apo-form, a ligand was bound that could be identi-
fied as 2-keto-3-deoxy-p-gluconate (KDQG) as a result
of the high resolution. This was unexpected and sug-
gests that KDP was copurified after expression in
Escherichia coli and tightly bound to the CxaP protein
(Fig. 2).

KDG is bound in the binding cleft in between and
via interaction with the two domains. Interaction with
the domain I is mediated via the side chains of
Argl75, Argl54, Asn215, and Asnl51 (Fig. 2, shown
in light brown). Other interactions arise from domain
IT and are mediated by the side chains of Ser96 and
Asp78, as well as via the backbone interaction of
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Crystal structures of the sugar acid-binding protein CxaP

Fig. 1. Overall structure of CxaP. (A) A topology diagram of CxaP where domain | is colored in blue, domain Il is colored in beige and the
alpha helix is shown in green. (B) Overall structure of CxaP. The N and C termini are labeled. The structures were generated using pymoL

2.4.0.

Table 2. TopTen of structures found using the DALl server using the CxaP structure as template (http://ekhidna2.biocenter.helsinki.fi/dali/old

style.html).
Alignment of  Percentage

Protein Organism Bound ligand Z-score  rmsd  amino acids (%) seq identity =~ PDB code
UehAs, Silicibacter pomeroyi DSS-3 Ectoine 38.4 1.7 302 23 3XFB
DctPp, Pseudomonas aeruginosa L-malate 37.8 1.7 290 26 4ANFO
DctP s Chromohalobacter salexigens  p-alanine-p-alanine 37.8 1.8 303 26 4AN8G
DctPg, Ruegeria pomeroyi 3,4-Dihydroxybenzoate 37.4 2.0 398 22 4PAF
DctPps Desulfovibrio salexigens Diglycerolphosphate 36.4 2.0 301 18 ANBK
DctPgs Rhodoferax ferrireducens Malonate 35.3 2.0 301 18 4AMCO

Rhodoferax ferrireducens Benzoate 33.6 2.2 301 19 5IM2
DctPgp Bordetella bronchiseptica Picolinic acid 31.3 2.7 305 18 4YIC
DctPchs  Chromohalobacter salexigens — (S)-(+)-2-amino-1-propanol  31.0 2.6 300 12 4XF5
DctPg,,  Bordetella bronchiseptica - 29.9 3.4 297 15 4N4U

Tyr38, Gly39 and Leu40. These amino acids also play
a role in the binding of the ligands (Fig. 3).

The presence of the KDG intermediate of the Ent-
ner-Doudoroff pathway KDG in the binding pocket
was unexpected because the ligand structure differs
from the known sugar acid ligands of CxaP. The
Entner-Doudoroff pathway is used for gluconate

The FEBS Journal 288 (2021) 4905-4917 © 2021 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of
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metabolism in E. coli and KDG is most probably
formed during cultivation for protein expression [20].
This is not the first time that an unexpected mole-
cule was identified in SBP protein crystals. Binding
of glycerol to an o-keto acid-binding SBP of
Rhodobacter sphaeroides has been reported prevously
[15].
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2-keto-3-deoxy-D-gluconate

Fig. 2. Binding site of CxaP 2-keto-3-deoxy-
p-gluconate binding site shown as ball and
sticks. Residues of domain | (Ser96, Asp78,
Gly39, Leu40) are colored in blue and those
of domain Il (Asn151, Asn215, Arg154,
Arg175, Met177) are colored in beige. The
electron density is shown in gray and is
contoured at 1.0 sigma. The structures
were generated using pymoL 2.4.0.

ASN-151

ASN-215
O
ARG-154 §
f.
-3

ARG-175

p-gluconic

ASP-78

B ASN-151 D-xylonic

ASN-215

.
B¢

_ “575ER-06 ¢

ASP-78

ASN-151 p-fuconic

ASN-215

ARG-154

ASP-78

ASN-151

D-galactonate

MET-177

ASP-78

Fig. 3. Substrate binding of CxaP The binding site for p-gluconic (cyan) (A), o-xylonic (green) (B), o-fuconic (orange) (C) and p-galactonic (dark
red) (D) acid are shown as ball and sticks. Residues of domain | (Ser96, Asp78, Gly39, Leu40) are colored in blue and those of domain Il
(Asn151, Asn215, Arg154, Arg175, Met177) are colored in beige. The electron density is shown in gray and is contoured at 1.0 sigma. The

structures were generated using pymoL 2.4.0.

By comparison of the interactions of KDG with the
amino acid residues in the binding pocket of CxaP and
the interactions observed for the other ligands, it is
obvious that KDG shows interactions with amino acid
residues similar to those of sugar acids. Approximate
dissociation constants for the interaction of CxaP and

4910

the sugar acid ligands have been described previously,
with the values appearing to be approximately 10-fold
higher compared to other TRAP transporters
[6,10-12]. Because the protein used for determination
of the dissociation constant (Ky) was synthesized by
E. coli in complex medium and prebound ligands
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potentially have not been removed [10], the observa-
tion of higher Ky values is most probably a result of
prebound KDG in the protein samples. The prebound
KDG is thereby most likely displaced by the sugar
acid ligands. To our knowledge, this is the first report
of an interaction of KDG with an SBP of a TRAP
transporter. By contrast to the known ligands of the
CxaP, KDG possesses a keto group at position C2
and no functional group at position C3. This indicates
that the substrate range of CxaP could include further
ligands, which probably have lower affinities but still
might be accepted by the protein.

It was reported earlier that the selectivity of CxaP is
based on a carboxylic group and a hydroxyl group at
C2 in R-configuration and a hydroxylic group posi-
tioned at C3 in S-configuration [10]. In general, the
architecture of the binding site of CxaP confirmed this
observation (Fig. 2). However, it was observed that
KDG was also accepted as a ligand in the binding
pocket, as discussed further below.

We set out to crystallize CxaP with different bound
ligands and succeeded to crystallize the CxaP in complex
with D-gluconic, p-xylonic, b-fuconic and Dp-galactonic
acid. Crystals were grown under similar conditions as
the wild-type crystals. Datasets were obtained at high
resolution, and the already determined structure of
CxaP in complex with KDG was used as a template to
solve the structures with the different ligands (Table 1).

The carboxylic group of the different sugar acids
interacts with a highly conserved Argl75 (Fig. 3), which
is typical for TRAP SBPs and is present in all known
structures. Furthermore, the Arg residue has been
shown to be crucial for the high selectivity toward car-
boxylic acid ligands [21]. The carboxylic group also
interacts with another arginine residue (Argl54) and an
asparagine (Asn215). These interactions are not exclu-
sively present in CxaP. Similar interactions including
two Arg and an Asn have also been reported for SiaP, a
sialic acid-binding protein from Haemophilus influenzae
[13]. Argl54 and Asn215 additionally interact with the
hydroxylic group at position C2. In addition, in the case
of the C6-ligands, another interaction of Asnl51 at posi-
tion C2 could be observed.

The ligands are stabilized at position C3 by an inter-
action with either Ser96 (Fig. 3). Additionally, all
sugar acid ligands are stabilized by hydrogen bonds
between the backbone of the ligand in position C4 and
Asp78.

Activity and CxaP variants

To confirm the function of the amino acids in the
binding pocket of CxaP, single-exchange mutants were

Crystal structures of the sugar acid-binding protein CxaP

generated via site-directed mutagenesis. All proteins
were purified resulting in pure protein as confirmed by
SDS/PAGE. Especially, the variant Asp78Leu
appeared to be less stable and resulted in significantly
less protein compared to the others. The targeted
amino acids were Gly39, Asp78, Ser96, Argls4,
Argl75, Phel98 and Asn215. Three different mutants
were generated for Gly39. This was changed to ala-
nine, leucine and valine to determine whether the size
of the amino acid at this site has an impact on the
activity of the protein toward differently sized ligands.
Asp78 was changed to leucine and Ser96 was con-
verted to alanine and valine, respectively. The Argl54
residue was mutated to alanine and Argl75 was chan-
ged to lysine. Isoleucine was introduced for Phel98
and Asn215 was changed to leucine. The mutations
were chosen based on sequence alignment using
sequence of different homologous proteins (Fig. 4).
Here, the different CxaP homolog sequences that were
aligned appear to have rather narrow substrate speci-
ficity.

K4 values of wild-type CxaP and the generated vari-
ants were determined to analyze the impact of the dif-
ferent amino acid exchanges on protein and substrate
binding via a fluorescence binding assay. The analyzed
ligands were D-gluconic, p-galactonic, p-fuconic and
D-xylonic acids as ligand for CxaP. All calculated dis-
sociation constants are shown in Table 3. The wild-
type protein binds p-gluconic acid with a Ky value of
8.0 uMm; for p-galactonic acid, the wild-type Ky value
was 6.6 uMm. p-fuconic acid was bound to CxaP with a
Kq value of 1.9 pm and, with p-xylonic acid, a dissoci-
ation constant of 3.9 um could be determined. To
determine the Ky value, the measured fluorescence
decrease (%) is plotted against the used substrate con-
centration (um). Fits for the Ky value determination
for all of the tested ligands were generated using ORI-
GIN (OriginLab, Northampton, MA, USA). In Fig. 5,
the curves for the wild-type CxaP are shown. All of
the calculated Ky values for the CxaP variants were
determined accordingly. In summary, the Ky values
calculated for the wild-type protein CxaP were in the
range 2-8 um for the different ligands which is in line
with previous studies [10]. In most cases, the Ky value
of the generated variants is higher than the Ky of the
wild-type CxaP, indicating a lower affinity (Table 3).
Especially, the variants Argl54Ala, Argl75Lys, and
Phel98lIle led to an increase of the dissociation con-
stant with most ligands or even to a lack of interac-
tion, which can be explain by the important
interactions being observed in the wild-type structures.
For Gly39Val, the K4 values of the different ligands
were two- to six-fold higher compared to the wild-type
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(100%) Advenella mimigardefordensis MKRLKKT - - ~-VASLTAVAL --L KPRIIRFGYGLADDS - ~PTGKASAHF] LSI GEDEQLINSLIS
(45%) Bacillus halodurans MKKLIHIGWVSILSVML TIRAGIGL DYKGLEK VET )LGDDRLMMEALQL
(44%) SMa0252 Sinorhizobium meliloti ===-MRKL-~---LLATTATA-~~~==~~ FGL IRV INEDH- - PVGNGIKAMQACLDQKS! KL LOQATQALRS
(34%) 4N17 Burkholderia ambifaria = = = = = =  ======s—ee——eeeeo] MTHRF AVAL AQARVF FP )ELSKL I YTVDQURT
(34%) 4OVR Xanthobacter autotrophicus PY2 YR PAD-YPTVKAVQOSMSDELNKETNGKISIKVFPNSQLGSEKDTIEQVKL
(33%) 4ovs Sulfurospirillum deleyuanum DSM9646 M TIKV TVFPNSQLYGDX LKL
(32%) 4MHF Polaromonas sp.JS666 TSATRSAALAALLAGLGMGAAQAT THNADDYPT A TKVENK( TIDQVKT
(32%) 4MIO Polaromonas sp.JS666 ISATRSAALAALLAGLGMGAAC THNADDYPT A TKVENKS TIDQVKI
(32%) 4ovQ Roseobacter denitrificans HVDG-YPNT' L £ LGSQPDAIEQVRA
(31%) 4PBQ Haemophilus inluenzae RAAW TIIKL IHP-SHIALQEYFKKTI YEIRLYPNNQLGGEDQIVNGLRN
(30%) 4NBY Bradyrhizobium sp.bTAI1 = =========---oooed -MKALTGIIAAAVLAVSAPL-~~~AT -YPT GSEKDTIEQLKI
(29%) 4PF8 Sulfitobacter sp.NAS-14.1 JWRGWNIHVED-Y I GSQPDATEQLRL
(29%) 4P1L Chromohalobacter salexigens HPPS-Y PDATEQTRS
(29%) 4094 Rhodopseudomonas palustris HaA2 -MOQPIVVKFSHVVADNT - - PKGQAATKFKEL PNSQLF
(28%) 4PCD Roseobacter denitrificans DEMTLKLC NEQON - -AWHLAAVKFGEELSTLTDGRIAVEVFPNESLGKETDLINGMOL
(28%) 4PC9 Roseobacter denitrificans OChll4 QEMTLK AWHLA STLTDGRIAVEVFPNESLGKEIDLINGMOL
(27%) 4oa4 Shewanella loihica PV4 -MAPTEIKFSHVVAENT - -PKG( KFKQLVEERL "PNSQLFGD} SALLL
(26%) 4ovT Ochrobactrum antropi I s ITLELYPSSQLGSKKDVTEQAMM
(25%) 4o8M Actinobacillus succinogenes = —--msoosssssseeo] MKLLSKSTKATLSVGLLGLATNAQAETET —~PII IVFKLFPSSQL EQAKF
(24%) 4N91 Anaerococcus prevotii DSM2054 = = -==========-] -MKSKFKTIFMAVIFALIFTACSKADSESQKTIIRVGHNOSONH- - PTHLGLLAFEEYVEDKLGDKYDIQVYPSELLGSQIDMVOLTOT
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(100%) Advenella mimigardefordensis GSGEITFVSITAPTASLI PEFGVFDLPFLET VLDGP-EGKKLLDKLPAKGL IGLN-YWEN[] ITNSRHEISKLDDIGGIKL INQVALSV
(45%) Bacillus halodurans GSQEVT DFPFLFPSSI DGD-VGQALLQKLEEC A TNSKRPIETLEDFNGI HLEA
(44%) SMa0252 Sinorhizobium meliloti GVQEAVV VGIIPALGVFDLPFLFANAQEAYTVLDGD -FGDMMNEKLEAAGLVNLA - YWENGFR! v NNIFLDT
(34%) 4N17 Burkholderia ambifaria GAI IVPESLIPSFPFLFRDVL GOKIL IALT-FYE I MVDE
(34%) 4OVR Xanthobacter autotrophicus PY2 GALDFIRI TLNTVCPAMTVPVLPFLFRI DGP-IGDEILADCA A-FYL YAT-TPIRKLEDLKGKKI XSDIWVSM
(33%) 4ovs Sulfurospirillum deleyuanum DSM9646 GNAHI VPEMOLFDLPFIFRDKDHLYKVLDGE-VGQIL VALD-Y PILLPEL EAQ
(32%) 4MHF Polaromonas sp.JS666 GALDF ICPLTQVPTMPFLFSSL DGP-VGDEILKSCESAGFIGLA-F IYAK-KPIRTVADAKGLKIRVOOSDLWVAL
(32%) 4MIO Polaromonas sSp.JS666 GALDFT ICPLTQVPTMPFLFSST DGP-VGDEILKSCESAGFIGLA-F IYAK-KPIRTVADAKGLKIRVO( MWVAL
(32%) 4ovQ Roseobacter denitrificans GALE GPIGPL VSLPFIFKDVPHMFRVLDGE-AGKI L DPLA-WY! YNGEKPINTPAL FTGM
(31%) 4PBQ Haemophilus inluenzae RAAW GTIEAGITG-LLLONVDPIFGVWEWPYLFKDNQEAKKVLESP-IANKIGOKMEKYGIKLLA-’ TSSN-KKLEKFDL RLRVPLNSLFVDW
(30%) 4NBY Bradyrhizobium sp.bTAI1l GALDMMRT PI VPETVALCLPFVFRDTQHMRNVLDGP-IGDEILA VGLA-Y IYTVKAPVKSLADLKGLKIRVOC WVGM
(29%) 4PF8 Sulfitobacter sp.NAS-14.1 GIMD! ATNVVSLPFV. MYEIMDGE~PGAALGKALEEKGIVALG-Y YNSVKPINTPEL FVGM
(29%) 4pP1L Chromohalobacter salexigens GAL T SLPFIFKSPDDMYRIMDGE - AEKNLIVLS: NTDHPVET! YVOM
(29%) 4094 Rhodopseudomonas palustris HaA2 GDVQFIAPSLSKFDKFTKQIQVFDLPFLFNDIAAVDRFQAGK-QGOALLRSMESKNFLGLA - YWHNGMKD I SAN-RPLLKPEL QASDILAAD
(28%) 4pPCD Roseobacter denitrificans GTVDMTITG-ESL L IGEQIKQQIIEKAQVRPL TSQ-RPI’ L FVDV
(28%) 4PC9 Roseobacter denitrificans OChl1l4 GTVDMTITG-ESIK L IGEQIKQQT TEKAQVRPTAFFARGPRNLTSQ-RPIT FVDV
(27%) 4o0Ad4 Shewanella loihica PV4 NDVQF LQLFDLPFLFKDMDAVNRFQOSD-AGQQOLL VGLG-YL —SPLVLPEDA( ARQ
(26%) 4ovt Ochrobactrum antropi GLNVVTISDVGFLAEYDPDLGVLYGPFLTDDPAQLFKVYDG KKGIHIVMPNYLYGIRQIISK-KPIRTPEDLKGMK MQIKT
(25%) 408M Actinobacillus succinogenes GANIITI 'GALMDIVPDLGVINAPYISQSFEKKSKLLHSD-WFKDLSDKLDOHDIHIIVPDV. LTK-KPVTKPSI DHSRLFLOT
(24%) 4N91 Anaerococcus prevotii DSM2054 GAINICVASNAILETFNDVWEIFNLPYL DPEIVKPI T-WLDAGSRSFYTKDKPVNSPEDLSGLK IRVOQOSPTNVRM
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(100%) d lla mimi is FKGLGANAT FTALETKTVDGOENPLSTIQTSKFYEVOPYLTLSNHVYTREVE wmv:mns:mmasm::man
(45%) Bacillus halodurans FRAL FTAMOOGTVDGK IYLEGYAEVONHV. LY PFFDGLTEEQQETVREAALEAGDYQORELNREANETYL
(44%) SMa0252 Sinorhizobium meliloti FONL ETKATDAC YVTIDT KYV LFLFSKPIFDSYTPEEQAALRECAVVGRDEERKVIQDLNKKSL
(34%) 4N17 Burkholderia ambifaria I YTGLKTGLVDAAE] IWDTLSPQEQAAIR! YYOK 0
(34%) 40OVR Xanthobacter autotrophicus PY2 MKLL KSGLII DNFHHYEAAKNYSL LI T VC YLWDAMEI SSR
(33%) 4ovs Sulfurospirillum deley DSM9646 LOQGVVI Y YTDLTLSNHGYLGYLV. PKDLKPMVL DDEDML
(32%) 4MHF Polaromonas sp.JS666 YTGLKTGLIDAA] I ILVMSKI I YDKLPKAEQDMI KWDEQEAKSL
(32%) 4MIJ Polaromonas sp.JS666 Y KTGLIDAA] IPSFT I LVMSKI IYDKLPKAEQDMI )KWDEQEAKSL
(32%) 4ovQ Roseobacter denitrificans IAEL YOALKTGVVI .SOHLI TIPECTCINIGTFNAI EAAQESATY( ASR
(31%) 4PBQ Haemophilus inluenzae RAAW AKAMNINE EQKVIDGQENPYMLIKDSGLYEVQKY I IQSNHIF LLOISLKTWNKIPKEDQI IFEKAAKLY( ATKTELEVK
(30%) 4N8Y Bradyrhizobium sp.bTAIl IQSL Y KTGLVI FYNIT s KED( LWDEREQASR
(29%) 4pF8 Sulfitobacter sp.NAS-14.1 I YQSIKTGVVI YYSLTQHLIT] e DGLTPEQQET DLQRKL
(29%) 4P1L Chromohalobacter salexigens IT YOSLKTGVIDGAENNY YEVANYYSLTEHLIL o L )RQAIR YASK
(29%) 4094 Rhodopseudomonas palustris HaA2 FOGLNATPOKL EVYQALQVGTVDG( IFSQKFYEVQOKDITESDHGVIDYMVV SKDLQI LNDEAK
(28%) 4PCD Roseobacter denitrificans WSALGAS! 'SLONGVIDGQ)] LALIR YGYVNG YLTL, LSEDDQNAVMQAAATAQEYERGLLLESLAEDR
(28%) 4PC9 Roseobacter denitrificans OChl14 WSALGASPTPMAFSEVFTSLONGVIDGQENPLALI DGYVN YLTL LSEDDQNAVMQAAATAQEY!] LLESLAEDR
(27%) 40Aa4 Shewanella loihica PV4 FQAVEAIL LQTRAIDGQOENTWSNIYSKKFYEVQSNIT VTSNT IKASLDEAIAYGNEL K
(26%) 40vVT Ochrobactrum antropi GETF LAQGVIDGV] 'ISVLYGOKFQEEAKY LSKVGYLTNVALIVGGEAFFSTLPEDQLKMIHESAYDAGLY SQKLTIEKDNEMI
(25%) 4o08M Actinobacillus succinogenes he DVYPGLSEGI IDGI TVVLFGGKF FVAGTAF TPEQOKTIT' T TE(
(24%) 4N91 Anaerococcus prevotii 4 MDLL JGFGEVYTALOSGI IDGAENNEMSLT CKY MVPDIVIANYSWLEGL
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(100%) d lla mimiga is KYL - I " T -m-lr I; D-gluconate
(45%) Bacillus halodurans SSLEEAG-----MTYTET -AVEPVIDKYAEQIG--TDIVQAVYDATEAAQ--  D-galactonate
(44%) SMa0252 Sinorhizobium meliloti EKIKEAG-—-—- LEVNTLSAEEQARIRE-KSMVVYEKHKAEIG--AEVVDAILAKLEEIRK- ~ D-gluconate
(34%) 4N17 Burkholderia ambifaria QAVTI ANILPAAQ\ VK-AMOPLWIKYEKT-POMKQIVDEIEATKAENLYF ~ D-glucuronate
(34%) 4OVR Xanthobacter autotrophicus PY2 ITID---KAPFQA-AVQPLYDQFVTD-PKLKDMITRIKAAQ-~~~=~ D-galacturonic acid
(33%) 4ovs Sulfurospirillum deleyuanum DSM9646 AKI THTLTPEQKAAWQK-AMEAT YPQFYKTTG-~EDLIKKVQAVK-- -~ succinic acid
(32%) 4MHF Polaromonas sp.JS666 ANVKAAG- ~AEIVEVD---KKSFQA-VMGPVYDKFMTT - PDMKRLVKAVODTKAENLYF p-glucuronate

(32%) 4MIJ Polaromonas sp.JS666 ~AEIVEVD---KKSFQA-VMGPVYDKEMIT-PDMKRLVKAVQDTKAENLYF ~ D-galacturonic acid

(32%) 4ovQ Roseobacter denitrificans ~VVVNEIAD--KAPFQA-; YEAY RPLVELIQATE: D-glucuronate

(31%) 4PBQ Haemophilus inluenzae RAAW L-gulonate

(30%) 4N8Y Bradyrhizobium sp.bTAI1l ~VQVVTVAN--KQEFVD-AMKPVYQKFAGD-EKLSSLVKRIQDTKAENLYF ~ D-galacturonic acid
(29%) 4PpF8 Sulfitobacter sp.NAS-14.1 "VEVNEIAD--KSAFQE-AMVPVYEKY VNLFRNAD- D-galacturonic acid
(29%) 4P1L Chromohalobacter salexigens ~VKINEVDD--KSAFQA-KMOPT YDQFVQEHPELESLVTDIQDAQS - ~~=~ p-glucuronate

(29%) 4094 Rhodopseudomonas palustris HaA2 QKIAS----SGASKIHQLT ~AMKPV! IG--KDLIDAAVASNDTKIN-  succinic acid

(28%) 4PCD Roseobacter denitrificans GYLESKG-—-~-] -MTEVEVDG---AAFQAAAKDAVLANVSEE - -~ IRPIVESLFSE--~~~-— L-galactonic acid
(28%) 4pC9 Roseobacter denitrificans OChl1l4 GYLESKG-----] -MTFVEVDG---AAFQAAAKDAVLANVSEE---IRPT FSE D ic acid
(27%) 40A4d Shewanella loihica PV4 QATID: VTYLTPEQ) KPVWAQFEDKIG-~KDLIDAAVASNE: succinic acid

(26%) 4ovT Ochrobactrum antropi EKMKEAG-—-—-' -VELIDVD---RAPFKA-LAEKVYTQFPEWSPGLYDKIKAELN-——— L-fuconate

(25%) 408M Actinobacillus succinogenes ~VTVNDVD---L VISTGF KNVQEKLSQFAENLYF ~ L-galactonic acid

(24%) 4n91 Anaerococcus prevotii DSM2054 ~VEFIYPD-~-QKPFVD~-AVAPLTKEVLERNDKLAPFYDAIQKYNEEYPAK ~ D-glucuronate
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K4. The K4 values of Argl54Ala were approximately
five-fold higher compared to the wild-type with p-glu-
conic and p-xylonic acid and 10-fold higher using
D-galactonic acid as the ligand. No interaction between
the protein and the ligand was detectable either for
Argl75Lys with p-gluconate and p-xylonic acid or for
Phe198Ile with p-fuconic and p-xylonic acid. The Ky
value of Phel98Ile with p-gluconic acid was approxi-
mately three-fold higher compared to the Ky of the
wild-type with the same ligands (Table 3). In sum-
mary, however, the observed changes of the Ky values
are similar. This is likely a result of the multiple inter-
actions present for binding a sugar acid ligand. A loss
of a single interaction does not lead to a dramatic loss
of affinity. This again highlights that CxaP has a wide
substrate range and the binding site appears to be
optimized with the ability to accommodate several dif-
ferent ligands, although these are of the same nature.
This is striking because CxaP is unique in being able
to bind a variety of ligands with a very similar affinity.
Usually, other proteins of the TRAP transporter fam-
ily are optimized for one specific substrate and can
bind other ligands with a lower affinity.

Function of Gly39

An interesting amino acid in the binding pocket of
CxaP is Gly39. This residue directly interacts with the
hydroxylic groups of p-gluconic acid and KDG and
also with the methyl group of p-fuconic acid, in each
case at position C6. The shorter pentanoic acid D-xy-
lonic acid does not interact with Gly39 at all. This
indicates that the Gly39 determines the size of
accepted ligands with regard to the chain length. This
can also be deduced form the sequence alignment with
protein displaying a narrow substrate spectrum
(Fig. 4). Here, the Gly residue is not conserved
throughout the proteins. Instead, it appears to be
exchanged to other amino acids, such as Asp, Asn,
Tyr, Leu and Val. By intruding any other amino acid,
a side chain would point to within the binding site,
emphasizing that this might alter the substrate speci-
ficity. We confirmed this hypothesis by introducing
three variations at the Gly39 position. Here, glycine
was mutated to alanine (Gly39Ala), leucine

Crystal structures of the sugar acid-binding protein CxaP

(Gly39Leu) or valine (Gly39Val). After expression and
purification, the Ky values for the substrates p-glu-
conic, pD-galactonic, p-fuconic and p-xylonic acid were
measured (Table 3). Especially, the introduction of ala-
nine and leucine appeared to have a stabilizing effect
on D-xylonate. Here, the affinity toward this substrate
increased. The wild-type protein displayed a Ky of
3.9 + 0.5 um. Whereas, in the variant Gly39Ala this
was reduced to 2.4 + 1.5 um. The strongest change,
however, was observed for the Gly39Leu mutation
where this affinity was even further strengthened
resulting in a further drop of the K4 to 1.3 £ 0.1 um.
It appears that the side chains introduced are interact-
ing with the p-xylonic acid substrate giving a stabiliz-
ing effect. A further increase of the side chain appears
to hinder the binding capacity for this substrate as
observed by the lowered Ky for the Gly39Val mutation
and the p-xylonic acid substrate. Here, the K4 drops
even below the Ky measured for the wild-type protein.
A similar effect was observed when galactonic acid
was used as substrate with the corresponding muta-
tions, although to a smaller extent. Because the other
used substrates were already interacting with the back-
bone of Gly39, the introduction of another amino acid
(e.g. side chain) resulted in a sterically unfavored bind-
ing, as observed by lower affinity for the Gly39 muta-
tion toward these substrates.

Conclusions

CxaP was described as the SBP of a TRAP transport
system with a selectivity filter for sugar acids involving
particular characteristics. By analysis of the crystal
structure, the binding of the ligands depending on a
carboxylic group at position C1, as well as the position
of the hydroxylic groups at C2 and C3 in R- and S-
configuration [10], respectively, was confirmed. How-
ever, the substrate range must be expanded by a ligand
with a less similar structure, KDG, which is most
probably accepted by the SBP with modest affinity.
Further analysis of the binding pocket of CxaP is
desirable to confirm these observations.

The present study is the first description of the
structure of a TRAP type SBP accepting sugar acid
ligands with the described structural properties. The

Fig. 4. Multiple sequence alignment of CxaP with different DctP proteins. The identical amino acids are given as a percentage (%). The
ligand of the respective proteins is given in the lower right corner. The red boxes highlight the amino acid residues probably involved in
ligand binding. If available, the PDB code is given in front of the genus. Sequence are derived from the UniProt database (https://www.
uniprot.org) with the accession numbers: SMa0252: Q930R1; 4N17 (PDB entry): Q0B2F6 (uniport entry); 40VR: A7IKQ4; 40VS: D1AZL7;
4MHF: Q128M1; 4MIJ: Q128M; 40VQ: Q160Z9; 4PBQ: HICG_00826; 4N8Y: ABE8D2; 4PF8: A3TOC3; 4P1L: Q1QUN2; 4094: Q2IUTb;
4PCD: Q16BC9; 4PC9: Q16BC9; 40A4: A3QCWS5; 40VT: ABX5V3; 408M: ABVKP1; 4N91: C7RDZ3. The alignment was made with cLusTAL

oMEeGA (https://www.ebi.ac.uk/Tools/msa/clustalo).

The FEBS Journal 288 (2021) 4905-4917 © 2021 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of 4913

Federation of European Biochemical Societies.


https://www.uniprot.org
https://www.uniprot.org
http://www.uniprot.org/uniprot/Q930R1
https://doi.org/10.2210/pdb4N17/pdb
http://www.uniprot.org/uniprot/Q0B2F6
https://doi.org/10.2210/pdb4OVR/pdb
http://www.uniprot.org/uniprot/A7IKQ4
https://doi.org/10.2210/pdb4OVS/pdb
http://www.uniprot.org/uniprot/D1AZL7
https://doi.org/10.2210/pdb4MHF/pdb
http://www.uniprot.org/uniprot/Q128M1
https://doi.org/10.2210/pdb4MIJ/pdb
http://www.uniprot.org/uniprot/Q128M
https://doi.org/10.2210/pdb4OVQ/pdb
http://www.uniprot.org/uniprot/Q160Z9
https://doi.org/10.2210/pdb4PBQ/pdb
http://www.uniprot.org/uniprot/HICG_00826
https://doi.org/10.2210/pdb4N8Y/pdb
http://www.uniprot.org/uniprot/A5E8D2
https://doi.org/10.2210/pdb4PF8/pdb
http://www.uniprot.org/uniprot/A3T0C3
https://doi.org/10.2210/pdb4P1L/pdb
http://www.uniprot.org/uniprot/Q1QUN2
https://doi.org/10.2210/pdb4O94/pdb
http://www.uniprot.org/uniprot/Q2IUT5
https://doi.org/10.2210/pdb4PCD/pdb
http://www.uniprot.org/uniprot/Q16BC9
https://doi.org/10.2210/pdb4PC9/pdb
http://www.uniprot.org/uniprot/Q16BC9
https://doi.org/10.2210/pdb4OA4/pdb
http://www.uniprot.org/uniprot/A3QCW5
https://doi.org/10.2210/pdb4OVT/pdb
http://www.uniprot.org/uniprot/A6X5V3
https://doi.org/10.2210/pdb4O8M/pdb
http://www.uniprot.org/uniprot/A6VKP1
https://doi.org/10.2210/pdb4N91/pdb
http://www.uniprot.org/uniprot/C7RDZ3
https://www.ebi.ac.uk/Tools/msa/clustalo

Crystal structures of the sugar acid-binding protein CxaP

Table 3. Ky values of CxaP wild-type in comparison with the Ky
values of the generated CxaP mutants using different substrates.
All Ky values are given in um and represent data from at least three
independent biological experiments. For some variant and ligand
combinations, substrate binding was not determined (ND).

Mutant  p-gluconic p-galactonic  p-fuconic p-xylonic
WT 80+27 6.6+ 1.3 1.9+ 04 39+05
G39A 147 £ 5.0 44+ 04 22+04 244+15
G39L 171 £ 6.6 52 £ 3.1 3.7+1.9 1.3+£0.1
G39V 16.0 + 8.4 185+ 27 12.6 + 5.6 121 £ 6.1
D78L 15.7 £ 5.1 13.2 4+ 28 7.1 +£1.7 6.9+ 0.7
S96A 1.6+ 05 126 £ 9.2 6.2+10 17.8 £ 6.6
S96V 333+75 95+ 43 143 + 6.3 152+ 115
R154A 426 £ 17.2 ND 48 +0.8 26.4 +£13.4
R175K ND 99+57 21.8 +10.4 ND
F198l 256 +12.7 35+ 05 ND ND
N215L 5.1+ 0.6 6.1+49 38+13 6.9+ 0.3
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Fig. 5. Exemplary fits for the wild-type Ky for each substrate used.
The measured fluorescence decrease was plotted against the
substrate concentration used. The fit was generated using ORIGIN
(OriginLab). The Ky values for the CxaP variants were determined
accordingly. The curves are colored as: p-gluconic acid (blue),
p-galactonic acid (red), p-xylonic acid (green and b-fuconic acid
(orange). The error bars displayed are the SDs calculated from
three (n) independent biological triplicates.
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majority of the SBPs of TRAP transporters occur as
monomers, although stable dimers have also been
reported [15]. CxaP has a monomeric structure. The
interaction of the ligand with a highly conserved argi-
nine residue is essential for the coordination and bind-
ing of the solute in SBPs of TRAP transporters [21]
and has been reported for all characterized TRAP
transporters and confirmed in the obtained crystals of
CxaP. A special feature of CxaP is the glycine residue
in position 39, which allows multiple ligands to bind
to the substrate binding pocket. This is not common
for other proteins of the TRAP transporter family and
was achieved via the function of Gly39 in the binding
pocket of CxaP. Mutational analysis of this amino
acids revealed changes in the affinity toward some of
the ligands.

To our knowledge, the interaction of an SBP of a
TRAP transporter with its sugar acid ligands has only
been reported in such detail three times to date
[3,8,10]. Only amino acid sequences for which experi-
mental data are available have been chosen for the
preparation of the alignment. By comparison of the
amino acid sequences, it is striking that the amino acid
residues, which are directly involved in the coordina-
tion of the ligand, are highly conserved in the
sequences of the p-gluconic acid accepting SBPs. To
our knowledge, the uptake strategy, consisting of oxi-
dation in the periplasm and subsequent import via
CxaP and its corresponding transport system, has only
been described for A. mimigardefordensis DPN7"
[10,22].

Materials and methods

Cultivation of bacterial strains

Cells of E. coli strains (Table 4) were cultivated in lyso-
geny-broth medium at 30 °C or 37 °C supplemented with
addition of ampicillin (Amp, 75 pg-mL~Y), if necessary.
Liquid cultures were incubated in baffled flasks on a rotary
shaker at 130 r.p.m. E. coli Topl0 was used for cloning
procedures and plasmid propagation (Table 4). E. coli
BL21 (DE3) pLysS was used for heterologous expression of
c¢xaP and the respective mutants. Solid medium contained
1.8% (w/v) agar.

Expression and purification of CxaP

Heterologous expression of CxaP was accomplished in E.
coli BL21 (DE3) by applying pET19b:cxaP as described
before [10]. For this, a preculture of 20 mL of LB medium
containing ampicillin in a concentration of 75 ug-mL™'
was grown overnight. A main culture of 100 mL ZYP-
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Table 4. Strains and plasmids used in the present study.

Strain
Plasmid Description Reference
E. coli F mcrAA(mrr-hsdRMS-mcrBC) rpsL  Invitrogen
Top 10 nupG $80lacZAM15 AlacX74 deoR  (Carlsbad, CA,
recATl araD139 Al(ara-leu)7697 USA)
galU galK endA1
E. coli F~ ompT hsdSg(rg™ mg™) gal Novagen
BL21 dem (DE3)/pLysS (Cm") (Madison, WI,
(DE3) USA)
pET-19b pBR22 ori. Ap'. T7lac. Hisg-N- Novagen
terminal tag (Madison, WI,
USA)
pET-19b::  Template for site-directed [10]
dctPam mutagenesis

autoinduction medium was inoculated with 1 mL of this
preculture [23] and grown for 16-20 h on a rotary shaker
at 130 r.p.m. and 30 °C. Cells were harvested by centrifu-
gation (10 min, 4 °C, 7000 g) and washed in 20 mL of
sodium phosphate buffer (20 mm, pH 7.2) containing
20 mM imidazole and 500 mm NaCl. After washing, the
cell pellet was resuspended in 5 mL of sodium phosphate
buffer and then cells were disrupted with three passages
through a French press. Insoluble components of the
lysate were removed by centrifugation for 30 min at
21 000 g and 4 °C. CxaP was purified as described previ-
ously [10]. Prior to the crystallization experiments, the elu-
tion buffer from the purification was exchanged to 20 mm
sodium phosphate buffer containing 100 mm NaCl using
Vivaspin 500 tubes (GE Healthcare, Freiburg, Germany).

Crystal structures of the sugar acid-binding protein CxaP

The protein concentration was determined via a Bradford
assay [24] and the purity of the protein was analyzed via
SDS/PAGE.

Site-directed mutagenesis

Site-directed mutagenesis was used for amino acid substitu-
tions of the respective CxaP variants. For this, a pair of
phosphorylated primers was generated (Table 5) to substi-
tute a certain amino acid DNA triplet via point mutation.
The forward primer introduced the desired mutations into
the nucleotide sequence. The reverse primer was located
adjacently. In a polymerase chain reaction using pET-19b::
cxaP as template, a linear fragment consisting of the com-
plete plasmid sequence was amplified. The polymerase
chain reaction was performed using Phusion polymerase
(Fermentas, St Leon-Rot, Germany) and Phusion High
Fidelity buffer supplemented with 3% (v/v) dimethylsulfox-
ide. Afterward, the parental plasmid was digested using
Dpnl (Thermo Scientific, Darmstadt, Germany) and the lin-
ear fragments were ligated using T4-Ligase (Thermo Scien-
tific). Subsequently, E. coli Topl0 was transformed with
the mutated plasmid. All plasmids were verified by sequenc-
ing. The following protein variants were generated: G39A,
G39L, G39V, D78L, S96A, S96V, R154A, R175K, F1981
and N215L.

Crystallization of CxaP

Protein samples for crystallization were initially screened by
applying a commercial screen (Molecular Dimensions,

Table 5.  Oligonucleotides  used  for
generation of cxap variants.
Oligonucleotide

Amino acid

Sequence (5'- to 3') substitution

G39A_for CTTTGGCTACGCGCTGGCCGATG G39A
G39A_rev CGGATAATGCGCGGCTTGATGTCC
G39L_for CTTTGGCTACGTACTGGCCGATG G39L
G39L_rev CGGATAATGCGCGGCTTGATGTCC
G39V_for CTTTGGCTACGTACTGGCCGATG G39V
G39V_rev CGGATAATGCGCGGCTTGATGTCC
D78L_for GGGACCTCTGGAACAGTTGATC D78L
D78L_rev AGGGCGCCATTGCCGAAAGTC
S96A_for CACATTCGTGGCGACCGCACC S96A
S96A_rev CGGTGCGGTCGCCACGAATGTG
S96V_for CACATTCGTGGTAACCGCACCG S96V
S96V_rev CGGTGCGGTTACCACGAATGTG
R154A_for GAAAATGGCTTCGCGAATATCACCAAC R154A
R154A _rev GTTGGTGATATTCGCGAAGCCATTTTC
R175K_for GCATTAAACTGAAAGTGATGCAG R175K
R175K_rev CGCCAATATCATCCAGTTTGGAG
F198I_for GATTCCAATGCCGATTACGGAAC F198I
F198I_rev CGCATTGGCACCCAGTCCC
N215L_for GATGGTCAGGAACTGCCGCTGTC N215L
N215L_rev TACGGTTTTGGTTTCCAGCGCAGTGAAC

The FEBS Journal 288 (2021) 4905-4917 © 2021 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of 4915

Federation of European Biochemical Societies.



Crystal structures of the sugar acid-binding protein CxaP

Newmarket, UK) in sitting drop 96-well plates at 12 °C by
applying the sitting drop vapor diffusion method. Therefore,
0.1 uL of a CxaP protein solution (18 mg-mL™") was mixed
with 0.1 uL of reservoir solution and equilibrated against
40 pL of reservoir solution. The most promising conditions
were found with a solution containing 0.3 M magnesium
nitrate hexahydrate, 0.1 m Tris (pH 7.0-7.4) or 0.002 M zinc
sulfate heptahydrate, 0.08 m Hepes (pH 7) and 25% Jef-
famine. The crystals of the initial screening obtained in this
condition were shredded and used in microbatch set-ups
(1 uL + 1 pL drops, 300 uL of reservoir solution) as seed
stock in the optimization of the crystallization conditions in
grid screens around the initial conditions, varying the con-
centrations. Thereby, protein crystals were obtained by incu-
bation of CxaP with the 100 um p-fuconic acid, p-xylonic
acid and 1 mM Dp-gluconic acid and p-galactonic acid for 1 h
on ice prior to crystallization. The protein crystals formed
were fished after overlaying the drop with mineral oil and
then flash-frozen in liquid nitrogen.

Data processing and structure determination

Data sets were collected from a single crystal of either
CxaP or CxaP in complex with the different ligands at the
ID29 beamline (European Synchrotron Radiation Facility,
Grenoble, France) at 100 K. Initial images were collected
and a strategy was calculated using the beamline software
[25]. These data sets were processed using the xps package
and scaled with xscaLE [26,27]. Initial phases were obtained
by molecular replacement using the web server autorick-
shaw employing solely the sequence of CxaP as template.
Model building and refinement were performed using coot
[16] and PHENIXREFINE [28] as part of the PHENIX software.
Data refinement statistics and model content are summa-
rized in Table 3. The atomic coordinates and structure fac-
tors have been deposited in the Worldwide PDB (https://
www.wwpdb.org) under the accession codes: CxaP
(DctPam):2-keto-3-deoxy-p-gluconic  acid — PDB  code
7BBR; CxaP (DctPan):p-galactonic acid — PDB code
7BCR; CxaP (DctPay,):p-xylonic acid — PDB code 7BCN;
CxaP (DctPay,):D-fuconic acid — PDB code 7BCO; and
CxaP (DctPay,):D-gluconic acid — PDB code 7BCP. Illustra-
tions of the crystal structures of the CxaP (DctP4,,) protein
were prepared using pymoL (https://pymol.org).

Fluorescence spectroscopy

Fluorescence spectroscopy was used to determine the Ky
values of CxaP and the generated mutants of CxaP with
gluconate, galactonate, fuconate and xylonate. For this,
1 um protein was used per measurement starting with a
substrate concentration of 0.2 um, which was added to the
protein. To achieve the desired substrate concentrations,
four different stock solutions were used for each ligand
containing 0.1, 1, 5 or 50 mm of the respective substrate. In

L. Schéfer et al.

every titration step, 2 uL was used, starting with the 1 mm
stock solution up to the 50 mm stock solution, to cover the
whole concentration range. Fluorescence was measured at
328 nm. After volume correction and normalization, the Ky
values were determined using values for the decrease in flu-
orescence (%) plotted against the substrate concentration
(um). For that, software oriGIN (OriginLab) was used
and the equation Fy+ Funp x0.5% (1/P)x ((P+Kyq+x)
_ ((P—i—Kd +x)>—4x Px x>045) was applied. F, is set as
the lowest value for the fluorescence decrease and F,p,, is
set as the amplitude of values for the fluorescence decrease.
The used protein concentration is indicated by P (1 um).
The Ky value determination was calculated from at least
biological triplicates. As a control, the same experiment

was performed with buffer was added instead of one of the
substrates and used for background correction.
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