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Abstract

Galactarate dehydratase (GarD) is the first enzyme in the galactarate/glucarate path-
way and catalyzes the dehydration of galactarate to 3-keto-5-dehydroxygalactarate.
This protein is known to increase colonization fitness of intestinal pathogens in
antibiotic-treated mice and to promote bacterial survival during stress. The
galactarate/glucarate pathway is widespread in bacteria, but not in humans, and
thus could be a target to develop new inhibitors for use in combination therapy to
combat antibiotic resistance. The structure of almost all the enzymes of the
galactarate/glucarate pathway were solved previously, except for GarD, for which
only the structure of the N-terminal domain was determined previously. Herein, we
report the first crystal structure of full-length GarD solved using a seleno-
methoionine derivative revealing a new protein fold. The protein consists of three
domains, each presenting a novel twist as compared to their distant homologs. GarD
in the crystal structure forms dimers and each monomer consists of three domains.
The N-terminal domain is comprised of a p-clip fold, connected to the second
domain by a long unstructured linker. The second domain serves as a dimerization
interface between two monomers. The C-terminal domain forms an unusual variant
of a Rossmann fold with a crossover and is built around a seven-stranded parallel
B-sheet supported by nine o-helices. A metal binding site in the C-terminal domain
is occupied by Ca®*. The activity of GarD was corroborated by the production of
5-keto-4-deoxy-D-glucarate under reducing conditions and in the presence of iron.
Thus, GarD is an unusual enolase with a novel protein fold never previously seen in
this class of enzymes.
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1 | INTRODUCTION

The recent increase of antibiotic resistant bacteria is a
serious public health problem that requires finding new
therapeutic targets." Bacteria can adapt to almost any
environment through metabolic changes regulated by the
availability of nutrients, metals, and oxygen.>® Patho-
genic bacteria also take advantage of the metabolites pro-
duced within the human host by using metabolic
pathways that are completely distinct, or even absent in
the host.>® These unique pathways in pathogens could
serve as specific targets for new therapeutics.

Several studies recently described the interaction of
pathogens with its host, as well as the metabolic pathways
that facilitate bacterial colonization of specific tissues. The
use of broad-spectrum antibiotics alters the composition of
the microbiota and causes dysbiosis, which disturbs the
redox potential and can promote colonization by opportu-
nistic pathogens due to the availability of substrates and
electron acceptors.>*’*° This process complicates the treat-
ment of infections. For example, the concentration of
glucarate and galactarate in the caecum increases signifi-
cantly after treatment of mice with streptomycin. These
dicarboxylic sugars are produced by nitrosylation of glucose
and galactose induced by the immune system response.'*

The fermentative metabolic glucarate/galactarate path-
way is widespread in bacteria although, depending on the
organism, galactarate or glucarate can be metabolized by dif-
ferent enzymes. In Escherichia coli, galactarate dehydratase
(GarD) and glucarate dehydratase (GudD) are the first
enzymes of this pathway (Figure 1).">'* The enzymes dehy-
drate galactarate (mucic acid) and glucarate (saccharic acid),
respectively, to produce D-5-keto-4-deoxyglucarate (5-KDG),
which is then hydrolyzed by 5-keto-4-dehydroxy-p-glucarate
aldolase (GarL) into pyruvic acid and tartronate
semialdehyde. The pyruvic acid may be used directly for

fermentation, but tartronate semialdehyde is further
reduced by tartronate semialdehyde dehydrogenase into
glycerate. Finally, glycerate kinase (GK) phosphorylates
glycerate to produce 2-phosphoglycerate. Interestingly,
GarD is specific for galactarate, while GudD uses both
glucarate and galactarate as substrates to produce a second-
ary isomer of 5-keto-3-deoxyglucarate from glucarate.'

The deletion of garD or gudD from native E. coli and
Salmonella enterica subsp. enterica serovar Typhimurium
(S. Typhimurium) demonstrated a significant decrease in the
invasiveness to the gut of antibiotic-treated mice, indicating
that the metabolism of these sugars is advantageous for the fit-
ness of bacteria when colonizing the intestine.™* Furthermore,
adaptive laboratory evolution experiments'* have shown that,
in E. coli, the gene garD acquired an E207D mutation when
exposed to ionic stress. Since the activity of the enzyme is
important for growth in the gut of antibiotic-treated mice,
solving its structure could be useful to understand its mecha-
nism of action and probably facilitate development of inhibi-
tors in silico to target the galactarate pathway.

Sequence analysis of GarD suggests that it is composed of
two domains: the N-terminal Sialic Acid Synthetases, Type
I Anti-freeze proteins and bacterial Flagellar Chaperone
(SAF) domain (Pfam family SAF [PF08666])"°> and a C-
terminal D-galactarate dehydratase/altronate hydrolase C
terminus domain (Pfam family GD_AH_C [PF04295])."*'3
Several structures of the SAF domain have been solved,
including one from the GarD protein, but no structure from
the GD_AH_C (PF04295) family have been solved so far.

Here, we report the first crystal structure of full-length
GarD, supporting the sequence analysis and revealing addi-
tional information. As expected, the N-terminus SAF
domain has a p-clip fold. However, the sequence defined
GD_AH_C (PF04295) domain was shown to consist of two
separate structural domains; one domain formed by three
parallel p-strands surrounded by three alpha helices, and
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FIGURE 1 The glucarate/galactarate pathway from E. coli. The name of the substrates and products are shown below each structure: 5-keto-

4-deoxy-D-glucarate (5-KDG), glycerate (Glyc), and 2-phosphoglycerate (2-PG). The corresponding enzymes of each step of the pathway are shown

as cartoon models from structures deposited to PDB: glucarate dehydratase, (GudD, PDB ID:1EC7), 5-keto-4-deoxy-D-glucarate aldolase (GarL,
PDB ID: 1DXE), tartronate semialdehyde dehydrogenase (GarR, PDB ID:1VDP), and glycerate kinase (GarK, PDB ID: 3CWC)
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the C-terminal o/ domain with a topology resembling a
Rossmann fold, but with an unusual helix crossover and a
possibly catalytic metal binding site. GarD homologs are
broadly distributed in bacteria and archaea, with close
homologs found in several pathogenic bacteria known for
their antibiotic resistance. The high degree of conservation
of metal binding motifs suggests that this novel structure
could be exploited for development of drugs to treat intesti-
nal infections.

2 | RESULTS

2.1 | GarDis a protein with a novel fold

GarD is a 523 aa protein with a molecular weight of
56.4 kDa. The crystal structure was determined and refined
at 2.75 A resolution (PDB entry 6U7L). Crystals belong to
monoclinic space group P2; with four polypeptide chains in
the asymmetric unit. These four chains form two
homodimers, predicted by PISA' to be stable in solution
with estimated of 4,400 A® buried surface area (Figure 2c).
This was supported by size exclusion chromatography as
well as clear native gel electrophoresis, where the dimer was
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observed as a main stable oligomeric state in solution with
the estimated molecular weight of 130 kDa (Figure 2d,e).

Each monomer could be divided into three domains.
The N-terminal SAF domain (residues 1-95) has a p-clip
fold formed by seven p-strands. There is a long linker (resi-
dues 96-119) that connects the N-terminal domain with the
second domain, wrapping itself around the third domain.
The second domain (residues 120-278) has three p-strands
surrounded by three long a-helices finished with a p-strand
that follows to the C-terminal from the same chain. Also, this
domain interacts with the C-terminal domain from the sec-
ond chain to create the dimerization surface. The C-terminal
domain (residues 279-523), which represents the core of the
protein, consists of a seven parallel-stranded fp-sheet, sur-
rounded by eight a-helices in a Rossmann-like fold and has a
metal binding site.

Coordinates of chain A were uploaded to the DALI"’
and FATCAT'® servers to search for proteins with similar
structure. No structures matching the full-length proteins
were found. However, when individual domains were
analyzed separately, each found several similar structures
in the Protein Data Bank (PDB). Overall this supports the
observation that GarD has a novel fold, or at least a novel
combination of structural domains.
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FIGURE 2 The crystal structure and oligomerization state of galactarate dehydratase (GarD). (a) Cartoon representation of GarD
monomer: N-terminal domain in blue, linker in orange, second domain in green, and C-terminal domain in magenta. Surface representation
of GarD monomer (b) and dimer (c). (d) Clear native gel electrophoresis of GarD; MW, molecular weight. (e) Size exclusion chromatography
profile of GarD and calibration curve. The peak corresponds to the elution of the dimer and the estimated molecular weight (130 kDa) is
indicated with the arrow. Abs, absorbance, Mr, relative molecular weight
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2.2 | The N-terminal SAF domain of
GarD forms a f-clip fold

The N-terminal SAF domain of GarD was solved previously
by the Midwest Center for Structural Genomics (PDB ID:
3LAZ). The SAF domain is broadly distributed in all king-
doms of life. Structures of several representatives of the SAF
domain have been solved, but the GarD structures represent
a specific subtype of the SAF domain."” In the GarD struc-
ture, 1 and p2 are antiparallel to each other and followed by
a 26-residue long loop (aa 28-35). The B3 strand runs in the
antiparallel direction to f2 forming the first half of the p-clip.
Antiparallel strands 4 and 5 pair with 7 to complete the
B-clip fold. Strand p6 is formed within the 14-residue long
loop between B5 and 7 and it pairs with p3 to generate a
fourth strand in the open half-barrel of the p-clip (Figure 3b).
Contact between the two halves of the fold also occurs via
the highly conserved Gly-His-Lys (sHK) tripeptide sequence

(a)
:
GarD MANIEIRQETPT| IKTH DNVA NGLKAGTRF. PDG
UxaA ...t Q IK HDNVA LAEGTEVSVDNQT

motif of the hexuronate dehydratase SAF family. The motif
is present in the turn just before p3 with Lys-54 in the 3
strand forming hydrogen bonds with Glu-88 between strands
6 and p7. From this motif, His-53 is exposed to the surface,
where it is adjacent to Trp-85 of the aromatic-hydrophobic-
charge (ahc) conserved motif (Trp-Ile-Asp in GarD). A third
conserved basic-Tyr-Gly (bYG) tripeptide motif has Arg-68
and Tyr-69 exposed to the surface (Figure 3d). These residues
from each of these three motifs form half of a deep channel
between the p-clip fold and the core of the protein.

The E. coli GarD SAF domain is closely homologous
to another example of the SAF f-clip domain, the N-
terminal domain of the UxaA altronate dehydratase from
S. flexneri (PDB ID: 3K3S, RMSD = 1.438) (Figure 3d,e),
also solved by the Midwest Center for Structural Geno-
mics. The overlapped structures show the highly con-
served barrel-like motif with a p-clip architecture. The
first triplet motif in the aligned sequence is the sHK motif

bYG ahc

80
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RQD

Y
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FIGURE 3 The N-terminal domain of GarD. (a) Primary sequence alignment of N-terminal domains of GarD from E. coli with UxaA

from S. flexneri. Three B-clip tripeptide motifs are indicated by the boxes, sHK in red, bYG, green and ahc in cyan. Ribbon diagram
representation of p-clips for GarD (b) and UxaA (c). (d) Superposition of tripeptide motifs of GarD and UxaA. Residues are shown as a sticks
overlayed on the surface of GarD (translucent blue). Oxygens in red, nitrogens in dark blue, and carbons in blue (GarD) and yellow (UxaA).
Residue labeling is based on the sequence of GarD, corresponding UxaA residues are shown in parentheses. The asterisk indicates a
proposed metal binding site for UxaA. (e) Ribbon representation of the superposed N-terminal domains of GarD (blue) and UxaA (yellow).
Conserved tripeptide motifs are indicated by arrows with colors matching boxes in panel (a)
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and the residues and their positions in the structure are
identical. Although, in GarD, the side chain of the Lys
from this motif forms hydrogen bond interaction with
the side chain of Glu-88, while in UxaA this interaction
is missing because the position of this glutamate is occu-
pied by an alanine. The second triplet bYG motif from
UxaA (Lys-Tyr-Gly) structurally overlaps with the Arg-
Tyr-Gly tripeptide from GarD. The ahc motif in the two
structures is quite distinct. Unlike UxaA where it is
suggested two histidines in this motif could participate in
the chelation of metals,’” in GarD, both histidines are
substituted. These differences suggest that the ahc motif
in GarD could not be involved in metal binding, how-
ever, it is possible that in GarD, this domain participates
in substrate recognition, as previously described."”

PROTEIN 715
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2.3 | Along linker connects the p-clip
with a second domain

The second domain of GarD is located on the opposite side
of the core from the N-terminus, connected by a long linker
formed by amino acids 93-118 that is wrapped around the
C-terminal core of GarD, opposite the dimer interface
(Figure 2c). The linker forms a small a-helix at residues
98-102, but it is mostly unstructured and is tethered to the
core domain by the sidechains of valine and leucine resi-
dues directed toward the core domain (Figure 2).

The second domain is organized as a three parallel-
stranded p-sheet (10-12), wrapped by helices o2-4
(Figure 4a). Residues 178-185 from the loops between (10
and o3 and 32 residues (aa 213-244) from the second domain

Phosphorylated
D168

FIGURE 4 The second and C-terminal domains of GarD. (a) Ribbon representation of the dimerization domain in with secondary
structure elements labeled. (b) Localization of the second domains (ribbon) and phosphorylated D168 (stick) overlayed on the surface of the
GarD dimer. (c). Ribbon wall eye stereo view of the C-terminal domain showing the catalytic core with the f-strands in magenta and

a-helices in gray. (d) The structure diagram of the C-terminal domain. The central parallel seven-stranded p-sheet is supported by nine
a-helices. Strands and helices are labeled and Ca** is indicated as a green outlined circle. (e) Vacuum electrostatic surface representation of
C-terminal domain. The square indicates the cavity of the Ca** binding site. (f) The metal binding site. Ca** (green sphere), water (cyan
sphere) and residues involved in metal coordination (in sticks) overlayed on the electrostatic surface. Oxygen, nitrogen and carbon atoms are
in red, blue, and gray, respectively. (g) Localization of highly conserved residues on the surface of the C-terminal domain of GarD. GarD,

galactarate dehydratase
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had poor electron density and are not included in this struc-
ture, suggesting some flexibility in this portion of the protein.
In the loop between a2 and P11, Asp-168 was phosphory-
lated in two out of four polypeptide chains. This modified
side chain of the residue is directed outward from the surface
near the interface between the second and core of the C-
terminal domain (Figure 4b). The biological significance of
this phosphorylation in GarD is unknown since no informa-
tion is currently available about the regulation of this protein
by phosphorylation.

2.4 | The catalytic core of the C-terminal
domain has a novel structure, resembling a
Rossmann fold

The C-terminal domain is built around a central parallel
B-sheet, that starts from the p14, coming from the second
domain directly to the core of the C-terminal domain. The
core is formed by seven parallel -strands with the 3-4-2-1-5-6
order, surrounded by nine a-helices (Figure 4c,d). Database
searches with the coordinates of the C-terminal domain of
GarD found a similar arrangement in several proteins,
including the C-terminal CMP-Kdo binding domain of WaaA
from Acinetobacter baumannii (PDB ID: 4BFC), which is clas-
sified by the ECOD" as a subtype of the Rossmann fold. The
arrangement of strands in both structures is identical
(Figure 4d) and more distant similarities can be found to mul-
tiple structures with the Rossmann-fold. This structure seems
to form a catalytic domain, because it has highly conserved
residues (Figure 4g) and a metal binding site formed by the
14 and P15, the loops that connect the f14 and a6, as well as
the loop between a10 and P17 (Figure 4e,f). This arrange-
ment creates a negatively charged cavity in which metal bind-
ing was observed (Figure 4e,f). It is known that iron is the
preferred metal for enzymatic activity of GarD, however, in
this structure we found a metal binding site exposed to
the solvent, which was occupied by Ca**. The calcium
ion is coordinated by side chain oxygens of Gln-278,
Glu-321, Asp-419, main chain carbonyl oxygens of Cys-
228 and Ala-417, and a water molecule (Figure 4f).
However, none of these ligands are the preferred for
iron coordination.?® Thus, this metal binding site was
occupied by calcium because calcium was present in
the crystallization solution.

The structure of the C-terminal domain of GarD was sur-
prising as almost all previously described iron dependent
dehydratases have a TIM barrel fold. In these structures the
metal binding site is exposed to the solvent and is occupied by
Mg>*, Mn>* or iron, which facilitates the substrate-metal
interaction and catalysis.'**'~* This consistency was the basis
for a prediction of GarD as a TIM barrel protein.'® Interest-
ingly, proteins with GarD activity can be encoded by two

classes on nonhomologous genes in a classic example of a
convergent functional evolution or nonhomologous replace-
ment.”> This can be illustrated by a comparison between
the structures and sequences of known TIM-barrel fold
glucarate/galactarate dehydratases from Azospirillum bra-
silense (PDB ID: 3FKK), S. Typhimurium (PDB ID: 2PP0),
Agrobacterium  tumefaciens (PDB ID: 4YR7), and
Oceanobacillus iheyensis (PDB ID: 3HPF) with the structure
of the Rossman-like fold of GarD.

2.5 | Activity of GarD

As the GarD structure was revealed to be different from the
TIM barrel found in other enzymes with the same activity,
we considered that the activity may have been misassigned
in the literature. Although the activity of GarD was previ-
ously described, this assay has been challenging since both
the enzyme and its product are highly sensitive to oxygen.
Furthermore, the detection of the product (5-KDG)
under UV absorbance has strong interference due to the
reactivity of iron with the substrate.”® Thus, we per-
formed the assay in degassed buffer and under reduced
conditions, which improved the detection of the prod-
uct. Here we demonstrated that in absence of iron the
enzyme is inactive, but upon iron addition the enzyme pro-
duced 4 pmol/min of 5-keto-4-D-dehydroxyglucarate per
mg of protein (Figure 5). Furthermore, we showed that the
nonspecific reaction from the substrate and iron is signifi-
cantly lower than the activity of GarD. These data support
that the structure described here corresponds to the iron-
dependent GarD previously reported.'**?

) w IN

Activity (wmol/min-mgprot)

—
1

0.5
FeSO: (mM)

FIGURE 5 Enzymatic activity of GarD. The production of 5-KDG
was measured in presence or absence of FeSO, as indicated. Results
were analyzed by Welch's ¢ test from six independent measurements.
Asterisks indicate p < .0001. GarD, galactarate dehydratase
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2.6 | The gene for GarD is highly (PF04295)) has broad distribution in bacteria and archaea
conserved in diverse antibiotic resistant and even several homologs in protists. A BLAST search
pathogenic bacteria of the National Center for Biotechnology Information

(NCBI) protein database and UniProt revealed that close
The C-terminal p-galactarate dehydratase/altronate homologs of E. coli GarD are encoded by the genome
hydrolase C terminus domain (Pfam family GD_AH_C of many bacteria, including intestinal pathogens such as

Es_c MANIE!RQETPTAFYIKVHDTDN | K . IEHIPQGHKVALLDIPANGEI!RYGEVIGYAVRRI“RG
Ci_r MANIEIRQESPTAFYIKVHDShHIY K . VﬂHIPQGHKVALVDIPALG IVERMGEVRIGYAVRD I PR
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En_c MADIEIRQAAPTAFVIKVHPJDN

g10 a2

220 230 240 250
xLsznLLTGTDDvoAuPvzsAsmvanns&iw
TDD QGIPLESASEVSLQDEKAVGFRSM DDILQV

E TEDVPAIAVESASEVRLQDEQHVGFKSM DDMLRYV

INHLCIT TRVIN]
INMLET T T VESOVNGUABREEIVISN T EEIAL LP(#]Y P N VD

290 300
L G!;S.LSGSDAFSG A
L EAUCY GCCCSDAESG
LIAYGY CCGGSDAF SG|
1 N
L

T!
T
T)
AYGE CCGGSDAF SGYTH
NG CCGGSDAF SGYTE
T

T

T

T

LAAGE CCGGSDAF S G
[LAAYGH CCGGSDAFSG
ILA#4GH CCGGSDAF SG
LISAGI CCGGSDAF SG

VLSPGQR'TKRGLIYA'TPQSLF
VLSPGQRPTKRGLIYAATP'SEF

TPESDF|
'TP:<DF
-TP.SDF
ATPSSDF|
'TPHCEF
'TP’CFF

FIGURE 6 Multiple sequence alignment of GarD from different organisms. (a) Aligned GarD sequences from: E. coli (Es_c), C. rodentium (CL_r),
S. Typhimurium (Sa_e), K. pneumoniae (KI_p), E. cloacae (En_c), Y. enterocolica (Ye_e), A. baumannii (Ac_b), B. subtilis (Ba_s), and P. aeruginosa
(Ps_a). Lines below sequences indicate N-terminal $-clip domain (blue), linker (orange), second dimerization domain (green), and C-terminal core
domain (magenta). The boxes enclose the conserved and similar amino acids, from the lower similarity in light gray to high similarity bold and 100%
identity are white letters shaded in black. The orange box indicates the conserved D168 and yellow boxes indicate the conserved cysteines and histidine
predicted for the proposed iron binding site. Green boxes indicate the calcium binding site. Numbering, sequence and the secondary structure
elements (a-helices and f-strands) are from E. coli GarD. (b, c) Surface representation of the overall structure of GarD. The N-terminal domain, the
linker, the second, C-terminal domain and highly conserved residues are shown on blue, yellow, green, magenta, and black, respectively
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Gram-negative facultative anaerobes Citrobacter rodentium
(95% percent identity), S. Typhimurium (94%), Klebsiella
pneumoniae (93%), Enterobacter cloacae (93%), and Yersinia
enterocolitica (84%). Other pathogens with concern for anti-
microbial resistance,' although not generally associated
with the intestine, also have a garD gene including
Acinetobacter ~ baumannii  (69%) and Pseudomonas
aeruginosa (59%). Notably, many of these bacteria are
considered critical priority for development of new
drugs to treat rising incidence of antimicrobial resis-
tance. The gene was not unique to Gram-negative bacte-
ria, as Gram-positive facultative anaerobe Bacillus
subtilis (68%) was also found to have a gene that encodes
for GarD (Figure 6a). Further, assessment of the loca-
tion of highly conserved residues revealed strong con-
servation the three motifs in the f$-clip and the catalytic
core of the C-terminal domain (Figures 4g and 6b,c).

3 | DISCUSSION
The glucarate/galactarate pathway has been well studied
and characterized, although its role in bacterial patho-
genesis was only recently proposed as promoting coloni-
zation of the gut in antibiotic-treated mice. The
availability of glucarate and galactarate as preferred car-
bon sources in the environment of the inflamed gut
could explain the over-expression of the enzymes from
this metabolic pathway during envelope stress. Under
envelope stress, the BaeSR two component system is
often upregulated and some genes controlled in the
regulon confer resistance against f-lactams, novobiocin,
sodium dodecyl sulfate, and bile salts.?’ It is possible that
the use of an alternative source of carbon could play an
important bioenergetic role and contribute to the prolif-
eration and transmembrane potential energization for
the antibiotic efflux.?®

Here we present the first structure of GarD, which rep-
resents also the first structure from the large altronate/
galactarate superfamily of proteins. This structure reveals a
fB-clip followed by two domains that together form a cata-
lytic core with a new fold. The N-terminal domain seems to
be highly conserved, specific for the GarDs, and is likely
involved in the substrate recognition. The C-terminus forms
a Rossmann-like fold and a solvent-exposed metal binding
site cavity that was occupied by Ca** in our crystallization
conditions. Studies of altronate and mannonate hydratases
suggest that iron-dependent-hydratases have two metal
binding sites, one for iron and one for manganese. Indeed
these enzymes are synergistically activated by manganese
and iron.*” We did attempt to find an alternative metal
binding site in the GarD structure. Three histidines from
the sHK and ahc motifs of the S. flexneri SAF domain could

have potential to bind metal, but two of the histidines are
substituted in GarD and thus not likely to form a metal
binding site. The amino acid sequence was also searched
using METALDETECTOR V2 software, which predicts pos-
sible iron binding sites.”® The software detected four con-
served residues (Cys-144, 179 and 215 and His-175) that
could bind iron. Three of these residues are located in the
second domain, but their positions in the structure of GarD
do not cluster and are not arranged to form a metal binding
site. It is possible that iron binding could involve residues
181-184 and 211-247 missing in the structure, especially
Cys-215, which could bind iron and reduce the flexibility of
these loops. Thus, GarD could undergo conformational
changes upon iron addition that are not obvious from this
structure. Attempts to generate the iron-bound form of
GarD were not successful and may require anaerobic condi-
tions. The protein however has iron-dependent GarD activ-
ity, as previously reported.'>'* Determination of the catalytic
mechanism could also benefit from the structure in presence
of substrate as part of further studies.

Although the iron binding site is still unknown, the
structure of GarD was found to be quite interesting with
the novel arrangement of three domains that includes a
peculiar Rossmann-like fold with a crossover. This struc-
ture of GarD could help for structure prediction of addi-
tional proteins in this family. The impact could also
extend beyond structure studies. Since GarD is the first
enzyme of the metabolism of galactarate and is highly
conserved among intestinal pathogens, the inhibition of
this pathway could be used for synthetic lethality inhibi-
tion to decrease invasiveness of pathogens during
dysbiosis caused by antibiotic treatment.

4 | MATERIALS AND METHODS
41 | Cloning, protein expression, and
purification

The gene garD (also known as b3218 or yhaG) was cloned
from genomic DNA by ligation independent cloning, using
the primers: Fw: 5-TACTTCCAATCCAATGCGATGGCC
AACATCGAAATCAGA-3' and Rv:5- TTATCCACTTCC
AATGTCAGGTCACCGGTGCCGG-3' in the pMCSGS53
vector,” which encodes ampicillin resistance and a
N-terminal 6xHis-tag with a tobacco etch virus (TEV) prote-
ase cleavage site. The plasmid was transformed into kanamy-
cin resistant competent cells E. coli BL21(DE3)(pMagic).*
The bacteria were cultured in M9 SeMET High-Yield Growth
media kit (MD045004, Medicilon) in presence of kanamycin
and ampicillin at 37°C and 220 rpm agitation until
ODgpo = 0.2, then placed at 4°C for 18 hr and the growth
continued at 37°C, 220 rpm. Protein expression was induced
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with 0.5 mM Isopropyl p-d-1-thiogalactopyranoside (IPTG) at
ODg 0f 1.8-2.0 during 14 hr at 25°C and 200 rpm agitation.*
For structure determination, 0.160 g/L of seleno-methionine
(Se-Met) was added right before IPTG induction. For some
protein preparations, the protein was produced unlabeled
and, 30 min before collection, 1 mM of galactarate-Tris pH 7.5
was added to each culture to prevent oxidation, as reported
previously.'* Cells were collected and washed twice with
50 mM TrissHCl pH 7.5, 150mM NaCl, and 1mM
galactarate. Cells were then resuspended in lysis buffer
(10 mM Tris, 0.5 M NaCl, 10% glycerol, 0.5 M arginine-HCI,
1 mM galactarate, 0.1% IGEPAL CA-630 (Sigma). One tablet
Roche cOmplete™ EDTA-Free protease inhibitor cocktail
was added for each 100 ml of buffer. The pellet was stored at
—30°C until purification.

The bacterial suspension was thawed and sonicated
using a pulse of 5 s X 10 s off during 10 min, then the
lysate was centrifuged at 39,000g for 40 min, the superna-
tant was collected, and the protein was purified as previ-
ously reported.** Briefly, the clarified lysate was loaded
onto a His-Trap FF (NiNTA) column using a GE
Healthcare AKTA Purifier system in loading buffer
(10 mM Tris-HCl pH 8.5, 500 mM NaCl, 1 mM Tris
(2-carboxyethyl)phosphine (TCEP). The column was
washed with loading buffer with 25 mM imidazole and
eluted with loading buffer with 500 mM imidazole. The
eluant was loaded into a Superdex 200 26/600 column
and ran within loading buffer.** The protein was col-
lected, and the 6xHis-tag was removed with TEV prote-
ase, followed by NiNTA-affinity chromatography.

4.2 | Size exclusion chromatography and
native gel electrophoresis

Analytical size exclusion chromatography was performed
using a Superdex 200 10/30 column and ran with buffer:
of 10 mM Tris-HCl, pH 7.5, 150 NaCl, and 1 mM TCEP.
The standard calibration curve was obtained using a
combined low molecular weight (LMW), and high molec-
ular weight (HMW) Gel filtration Calibration Kkits
(GE Healthcare). The dimers of GarD were detected by
native gel electrophoresis. The protein was diluted to
4 mg/ml in loading solution of 50 mM NaCl, 50 mM
Imidazole-HCl pH 7 and 0.2 mM aminocaproic acid.®
Samples (1 pl) and commercial standards (NativeMARK,
Life Technologies) were separated in a 10-15% gradient
gel using native gel strips (Phast System, GE Healthcare).
The gel was fixed in solution (40% Ethanol, 10% acetic
acid), stained with Bio-Safe Coomassie G-250 stain (Bio-
Rad) and the background was washed out with water.

4.3 | Crystallization, data collection, and
structure solution

Purified Se-Met derivative of GarD (7.5 mg/ml in 10 mM
Tris-HCI pH 8.3 0.5 M NaCl, 1 mM TCEP) was set up as
2 ul crystallization drops in (1 pl protein:1 pl) reservoir
solution in 96-well plates and equilibrated using commer-
cially available Classics II, PACT, PEG's II and ComPas
Suites. Diffraction quality crystals grew from, 0.2 M CaCl,,
0.1 M Tris pH 8.0, 20% PEG6000 (PACT, Qiagen). For cryo-
protection, crystals of GarD were transferred into a 5 ml
drop of reservoir solution before flash-freezing. The
amount of PEG in the reservoir solution was sufficient to
serve as a cryoprotectant. Data were collected at selenium
absorption peak (4 = 0.97856) on the LS-CAT 21-ID-G
beamline at the Advanced Photon Source (APS) at
Argonne National Laboratory. A total of 600 frames were
indexed, integrated, and scaled using HKL-3000.>° Data
collection and processing statistics are listed in Table 1.
The structure of GarD was solved by the Single
Anomalous Dispersion Method (SAD) using a seleno-
methionine derivative. Total of 39 out of 44 Se sites were
found and 1,851 out of 2,116 residues were automatically
built using Automated Structure Solution in Phenix.*®
The initial solution underwent several rounds of

TABLE 1 Data collection and processing (Se-Met)

Diffraction source Beamline 21-ID-G, APS

Wavelength (A) 0.97856

Temperature (K) 100

Detector MAR mosaic 300 mm
CCD

Space group P2,

a,b,c(A) 58.46, 167.57, 117.07

a,B,r () 90.00, 103.97, 90.00

30.00-2.75 (2.80-2.75)
56,199 (2,851)

Resolution range (A)

No. of unique reflections

Completeness (%) 99.2 (100.0)
Multiplicity 6.1(6.2)
(I/s(D) 16.7 (2.2)
Reim” 0.044 (0.349)
CCy)5° (0.779)
Overall B factor from Wilson plot 59.2

(A%

Notes: Values in parentheses are for the outer shell.
“Estimated Ry m. = Rmergel N/(N — 1)]2, where N is the data multiplicity.
bPearson’s correlation coefficient.>’”
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refinement in REFMAC v.5.5* and manual model build-
ing and corrections using Coot.*” Water molecules were
generated using ARP/WARP,*! Ca®* and Cl~ were added
to the model manually. Translation-libration-screw
(TLS) groups** were created and TLS corrections were
applied during the final stages of refinement.
MolProbity*® was used to monitor the quality of the
model during refinement and for final validation of
the structure. The final model and diffraction data were
deposited in the PDB (https://www.rcsb.org/) with PDB
code 6U7L. The final model consisted of four polypeptide
chains with the lowest RMS deviations for Ca atoms
between chains A and B (0.34 A) and highest RMS devia-
tions between chains A and C (0.51 A). Chains A and C
have missing nine N-terminal residues of the polypeptide
chain and three remaining residues from purification tag,
which were disordered and not included in the final
model. Chains B and D have missing the tag residues and
13 (chain B) or 11 (chain D) residues at the N-terminal
part of the structure. There are three loop regions disor-
dered and not included in the final model. In chain A
181-184, 213-246, and 358-373, in chain B 178-185,
213-244, and 358-376, in chain C 177-185, 213-245, and
358-376, and in chain D 178-184, 215-247, and 358-377.
There are 9 Ca®* and 7 CI™ ions and 150 water molecules
in the final model. Refinement statistics and the quality
of the final model are summarized in Table 2.

44 | Sequence and structural alignment

The protein sequence of GarD (aka, GalacD/YhaG/b3128)
was analyzed using the HMM profiles of Pfam families on
the Pfam server** and also used as template in Smart-Blast
(https://blast.ncbi.nlm.nih.gov/smartblast/smartBlast.cgi).

Other genes were searched manually by organism of
interest on the NCBI (https://www.ncbi.nlm.nih.gov).
The multiple sequence alignment was performed using
the locus of the genes: Citrobacter rodentium (WP_
012908629.1) E. coli, S. Typhimurium (NP_462163.1),
K. pneumoniae (WP_016947461.1), E. cloacae (WP_0631
52498.1), Y. enterocolitica (WP_083161024.1),
A. baumannii (WP_000917361.1), B. subtilis (WP_0764
58362.1), and P. aeruginosa (WP_029886750.1) in
Clustalo (https://www.ebi.ac.uk/Tools/msa/clustalo/)
and the multi-alignment sequence was merged with the
PDB file using ESPript 3.x.*> The PDB coordinates of
GarD were analyzed on the DALI'" CLICK (http://
mspc.bii.a-star.edu.sg/minhn/DNA_protein.html) and
FATCAT'® servers to perform structural and sequence
alignment. Structural alignments were conducted using
Matchmaker in Pymol open source V 2.1.%°

TABLE 2 Structure refinement (Se-Met)

Resolution range (A) 29.23-2.75 (2.82-2.75)

Completeness (%) 98.8 (97.3)
No. of reflections, working set 53,337 (3,849)
No. of reflections, test set 2,734 (210)
Final R0z 0.207 (0.301)

Final Ryee 0.241 (0.340)

No. of non-H atoms

Protein 13,869

Ligand 9 (Ca**), 7 (CI")

Water 150

Total 14,035
RMS deviations

Bonds (A) 0.004

Angles (°) 1.198
Average B factors (A%)

Protein 78.0

Ligand 82.0

Water 56.0
Ramachandran plot*

Favored regions (%) 96.0

Additionally allowed (%) 4.0

Outliers (%) 0.0

Notes: Values in parentheses are for the outer shell.
3Calculated with the program MolProbity.**

4.5 | Enzymatic activity of GarD

The activity of the enzyme was performed with native
protein as previously reported,'*'** with some modifica-
tions: The buffer was degassed, and the reaction was per-
formed under semi-anaerobic conditions at 30°C. One
mg/ml of protein was diluted in 100 mM Tris-HCl
pH 7.0, 90 mM pB-mercaptoethanol, 30 mM galactarate,
and 0.5 mM FeSO, for 10 min. Then the reaction was
stopped with 2% formic acid and the precipitate was
removed by centrifugation at 14,760g for 5 min at 4°C.
The product 5-KDG was detected by the formation of its
semicarbazone®’” by diluting 50 pl of the reaction to
950 pl in a solution of 1% semicarbazide hydrochloride in
1.5% of sodium acetate. The reaction was developed for
15 min and the absorbance of the 5-KDG-semicarbazone
was detected at 250 nm. As the galactarate may form
complexes with FeSO4,26 which have a strong absorbance
at UV wavelength and may cause interference with the
5-KDG-semicarbazone detection, the reaction was
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performed in presence and in absence of FeSO, and or
enzyme as control. In order to eliminate nonspecific
interference, the absorbance of the control without
enzyme was subtracted to the absorbance in presence of
the enzyme, then the concentration of the semicarbazone
was calculated using an extinction molar coefficient of
7,500 M~'.The results were plotted as the enzymatic
activity in presence or in absence of iron and the statisti-
cal analysis was performed with Welch's ¢ test in Graph
Pad Prism version 8.1.
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