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Abstract

The LarA superfamily consists of nickel-dependent enzymes catalyzing
racemization/epimerization reactions using a variety of a-hydroxy acids. The first-characterized
LarA, a lactate racemase from Lactobacillus plantarum, led to the discovery of the nickel-pincer
nucleotide (NPN) cofactor that is utilized by family members with alternative substrates, including
malate racemase from Thermoanaerobacterium thermosaccharolyticum (Mar2). In this work, a
higher resolution crystal structure of Mar2 was obtained with better data quality that revealed new
structural and dynamic characteristics of the protein. A model of the Mar2 structure with bound
cofactor and substrate was generated to uncover the common and the unique features among
two distinct subgroups in the LarA superfamily. In addition, structure-guided mutational studies
were used to examine the importance of residues that are modeled to interact with NPN and to
explore which residues were critical for conferring specificity for malate. In particular, substitution
of two residues involved in substrate binding in Mar2 to match the corresponding residues in LarA
led to the acquisition of low levels of lactate racemase activity. Of additional interest, the substrate
spectrum was expanded to include tartrate, an analog of malate. These new findings will help to
better understand structure-function relationships of many other LarA homologs that are broadly
distributed in bacterial and archaeal species.
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Introduction

The lactate racemase protein (LarA) binds the recently discovered nickel-pincer nucleotide (NPN)
cofactor and catalyzes the stereo inversion of D- and L- lactic acid (Desguin et al. 2014, 2015).
The NPN cofactor is sequentially synthesized by the LarB, LarE, and LarC accessory proteins
from the precursor nicotinic acid adenine dinucleotide (NaAD) by consecutive
carboxylation/hydrolysis, sulfur insertion, and metal transfer reactions, respectively (Desguin et
al. 2014, 2015, 2018, 2017, 2016; Fellner et al. 2017; Hausinger et al. 2018). LarA homologues
(LarAHs) in the LarA superfamily have been demonstrated to perform racemization or
epimerization reactions using a variety of a-hydroxycarboxylic acids (Desguin et al. 2020). Among
the 13 LarAH subgroups that have been identified through genomic context analysis and

biochemical characterization, representatives from two groups exhibit malate racemase activity.

Malate racemase was previously reported in the cell-free extracts of Rhodobacter capsulatus that
had been supplemented with D-malate (Martinez-Luque et al. 2001), but the enzyme responsible
was not characterized. Within the LarA superfamily, Mar1 from Desulfitobacterium hafniense and
Mar2 from Thermoanaerobacterium thermosaccharolyticum were shown to catalyze racemization
of L-malate (Desguin et al. 2020). Mar1 exhibited a high Ku for L-malate in an in vitro assay (55
+ 6 mM), consistent with its natural substrate likely being a compound similar to, but distinct from,
L-malate. In contrast, Mar2 exhibited a Ku of only 0.38 £ 0.04 mM, supporting the notion that L-

malate is likely to be the physiological substrate of this new NPN-dependent enzyme.

The previous study of Mar2 noted that when its gene was co-expressed in Lactococcus lactis with
those encoding the NPN synthesizing enzymes from Lactobacillus plantarum (an expression
system that produces fully functional LpLarA (Desguin et al. 2014) when using L. plantarum larA),
negligible levels of nickel were detected after treating the purified protein sample with the
chromophoric chelator 4-(2-pyridylazo)-resorcinol (Desguin et al. 2020). The absence of nickel
was further evidenced by the lack of electron density for the NPN cofactor in the Mar2 crystal
structure determined at 2.38 A (PDB ID: 6D6Z) (Desguin et al. 2020). As a result, it was necessary
to add in vitro synthesized NPN cofactor to the apoprotein to reconstitute malate racemase
activity. Compared to a rotational shift that was observed between the open and closed states of
LpLarA (PDB ID: 5HUQ), a more aggressive rotation of the C-terminal domain of Mar2 relative to
the N-terminal domain enabled it to adopt an extended conformation (Desguin et al. 2015, 2020).
To better understand the interactions among Mar2, the NPN cofactor, and the substrate, we
advanced the structural studies in this work and report a new structure of Mar2 at an improved

resolution at 2.25 A. Based on the more complete structural model, we discuss potential



implications of cofactor and substrate binding to Mar2. In addition, we extended the structural
information by characterizing selected enzyme variants. We confirm the importance of NPN-
binding residues and highlight residues that confer specificity for malate. Finally, we expand the
substrate spectrum of Mar2 by reporting that it also exhibits epimerization activity for tartrate, a

malate analog. These findings are likely to shed light on the mechanistic study of other LarAHs.

Materials and methods
Expression and purification

L. lactis NZ3900 cells bearing the pGIR211 plasmid containing T. thermosaccharolyticum mar2
and L. plantarum larBCDE were grown overnight on M17 broth (BD Difco) supplemented with
0.5% w/v glucose and 10 yg/mL of chloramphenicol without shaking at 30 °C (Desguin et al.
2020). The culture was diluted to 1% with 4 L of the same medium having 5 pg/mL of
chloramphenicol and incubated at 30 °C until reaching ODsgo = 0.4, at which point 1 mM NiCl;
and 5 pg/L nisin A (to induce expression) were added, followed by incubation at 28 °C with shaking
at 40 rpm. After 4 h, the culture was cooled to 4 °C and the cells were collected by centrifugation

at 6,000 g for 10 min. The pellet was stored at -80 °C until further use.

The cell pellet was thawed and resuspended in 80 mL of lysis buffer containing 100 mM Tris (pH
7.5), 300 mM NaCl, 0.5 mM Na>S03, 1 mM phenylmethylsulfonyl fluoride, 10 pg/ml of lysozyme,
and 2 pg/ml of DNase. Cell lysis was performed by sonicating the sample for 15 min and the
supernatant was separated by centrifuging the lysate at 18,500 g for 1 h. Clarified supernatant
was loaded onto 2 ml of Strep-Tactin Sepharose (IBA) resin equilibrated with 10 ml of wash buffer
(WB) composed of 100 mM Tris (pH 7.5), 300 mM NacCl, and 0.05 mM Na.SOs. After loading, the
resin was washed with 20 ml of WB followed by elution with 15 ml of WB containing 5 mM
desthiobiotin (Sigma-Aldrich).

Crystallization and structure solution

To prepare the protein for crystallization, the pooled fractions from Strep-Tactin affinity
chromatography were further purified by gel filtration chromatography using a Superdex 200
Increase 10/300 GL column that was equilibrated with 50 mM Tris (pH 7.5), 125 mM NacCl, and
0.05 mM Na.SOs. The eluted fractions from a monomeric peak were concentrated with Amicon

ultra-15 centrifugal filter units.



In attempts to obtain the substrate-bound crystals of Mar2, the protein was concentrated to 10
mg/mL, mixed with 3.8 mM L-malate, and incubated at 4° C overnight. In some cases, nicotinic
acid mononucleotide (NaMN) was added. Crystallization screening was performed via the sitting
drop vapor diffusion method using a Mosquito® robot (SPT Labtech Inc.). Plate-shaped crystals
appeared after 24 h in several conditions. Crystals suitable for diffraction were reproduced by
hanging drop vapor diffusion using an optimized condition containing 100 mM HEPES (pH 8.0),
200 mM NaCl, and 30% PEG 3350. The crystals were cryo protected in a solution containing 100
mM HEPES (pH 8.0), 200 mM NaCl, and 35% PEG 3350, then flash frozen in liquid nitrogen.

Diffraction data for the Mar2 crystals were collected at the Life Sciences Collaborative Access
Team (LS-CAT) beamline 21-ID-F at the Advanced Photon Source, Argonne National Laboratory.
The data were indexed with IMOSFLM (Battye et al. 2011) and scaled with SCALA (Evans 2006)
from the CCP4 program suite. The initial phases were obtained by performing molecular
replacement in PHENIX (Liebschner et al. 2019) using the model 6D6Z. Model building was
performed using COOT (Emsley et al. 2010) and refinement was carried out in phenix.refine
(Liebschner et al. 2019). The maps were generated using Phenix and structure images were
generated using Pymol v 2.4.1 (Schrodinger) (DeLano 2002). The structure coordinates were
deposited in the PDB with accession ID 7S91.

Generation of a structural model of Mar2 with bound NPN and substrate

To generate a structural model of Mar2 in the closed conformation, the N- and C-domains of Mar2
were separately superimposed onto the corresponding domains of LplLarA in the closed
conformation (PDB ID: 5HUQ, chain B) using COOT (Emsley et al. 2010). The coordinates for
the NPN cofactor were imported from LpLarA into the Mar2 structure, after which D- and L-malate
were built at the position occupied by sulfate in the structure of LpLarA. Minor clashes generated
from the modeling were removed by manually adjusting the side chain rotamers of the clashed

residues.
Site-directed mutagenesis and racemization/epimerization activity measurement

pGIR319 was constructed by PCR amplification of mar2, digestion with restriction enzymes Ncol
and Nhel, and ligation into a similarly digested plasmid pGIR076 (Fellner et al. 2017). Site-
directed mutations were generated by using the QuikChange kit (Agilent) and confirmed by DNA
sequencing (Table 81). TOP10 E. coli cells were induced to express Mar2 when the ODggo
reached 0.5 with 0.2 % L-arabinose and the cells were harvested 4 h later. Cell lysates were

obtained by mixing a cell suspension (100-fold concentrated) with glass beads and homogenizing



with a cell disruptor, followed by centrifugation at 20,000 g for 15 min at 4 °C. 5 L of cell lysate
was incubated with 2.5 pL of in vitro synthesized NPN (Desguin et al. 2016) and 30 mM D-malate
in 50 L final volume for 10 min at 45 °C. The reactions with purified enzymes were performed
with 25 pL of in vitro synthesized NPN (Desguin et al. 2016) and 200 mM D-lactate in 50 yL final
volume for 30 min at 35 °C. The reactions were then stopped by incubation at 90 °C for 5 min,
and L-malate or L-lactate was assayed spectrophotometrically with the corresponding Megazyme

assay Kkits.

To detect tartrate epimerization activity, variable amounts of L- and D-tartrate (5 mM to 400 mM),
5 UM of in vitro synthesized NPN and 1 yM of purified Mar2 were incubated for 15 min at 37 °C
in a 100 yl final volume in a reaction buffer containing 50 mM potassium phosphate, pH 6.0. After
heat-inactivation for 10 min at 90 °C, 100 pl of water was added, and the sample was loaded onto
a polyvinyl alcohol-coated capillary (55 cm in length, internal diameter of 50 um, from Agilent) and
run for 20 min on a Capel 105 M from Lumex Instrument at 20 °C using -25 kV. The background
electrolyte was 10 mM benzoic acid/L-histidine, pH 5.0, with 5 mM vancomycin as chiral

separator. Reaction products were detected at 230 nm.

Results and discussion
Overall structure of Mar2

The structure of Mar2 solved previously at 2.38 A did not contain the cofactor even though the
enzyme was co-expressed with the NPN synthesizing enzymes in L. lactis (Desguin et al. 2020).
To better understand the structure-function relationships of Mar2, we attempted to co-crystallize
the protein with the cofactor analogue NaMN and the identified substrate L-malate, added
separately and simultaneously. Despite our extensive efforts, Mar2 failed to bind either NaMN or
L-malate in any of the identified crystallization conditions. During these efforts to obtain structures
of the complexes, we identified several new crystallization conditions. One such condition
contained 0.1 M D/L-malate as the crystallization buffer, yet no malate-bound structure was
obtained. This was the case even when racemic D/L-malate was replaced with L-malate at higher
concentration (>0.1 M). Although no substrate-bound structure was obtained, an alternative
crystallization condition allowed us to solve the structure at an improved resolution of 2.25 A and
with better data quality (Fig. 1 and Table 1).

Similar to the previously solved structure of Mar2 (6D6Z) (Desguin et al. 2020), the new protein

crystals are in space group 1222 with one protein molecule per asymmetric unit. The two Mar2



structures are highly superimposable with a Ca RMSD of 0.35 A, but the improved resolution
allowed us to model more residues (331-332, 346-351) that were missed in the previous structure.
The new structure also revealed blocks of electron density at the supposed catalytic site that could
not be interpreted as either NPN cofactor or malate (Fig. S1). Given that the protein was eluted
from the Strep-Tactin resin using desthiobiotin (DTB), we attempted to model a DTB molecule
near K181, corresponding to the lysine residue in LpLarA (K184) that covalently associates with
the NPN cofactor. Our analysis of the corresponding difference and polder maps indicated the

density does not match DTB; thus, we left the protein active site unoccupied.

Structural features revealed by the new Mar2 structure

Comparison between the new and old Mar2 structures reveals two significant structural
differences (Fig. 2a). The first variance involves the loop containing residues 69-77 that adopts
distinct conformations in the two structures (Fig. 2b) (Desguin et al. 2020). In LpLarA, the
corresponding loop is critical for cofactor association as the ribose and phosphate moieties of the
NPN cofactor are stabilized by a network of hydrogen bonds, particularly from residues Asp72,
Thr74, and Arg75 (Desguin et al. 2015, 2020). Accordingly, this loop is referred to hereafter as
the cofactor-binding loop. The structural difference can be primarily attributed to cis-trans
isomerization of Pro75; it is in a cis configuration in 6D6Z (Desguin et al. 2020), whereas a frans
configuration is observed in the new structure. Notably, the corresponding residue in LpLarA
(Pro76) is in the trans configuration. As a result, the fold of the cofactor-binding loop in the new
Mar2 structure is similar to its counterpart in LpLarA and likely adopts a conformation that similarly
allows for cofactor binding. In contrast, the cis configuration of Pro75 in 6D6Z makes the loop
potentially clash with the incoming cofactor. As indicated by analysis of B-factors (Fig. 2c¢), the
cofactor-binding loop exhibits the highest degree of disorder in the N-terminal domain for both
structures, indicative of significant local dynamics that are likely to influence cofactor association
with Mar2. The observed conformational flexibility could be attributed to differences in the amino
acid composition of the loop and the local environment, possibly leading to the lack of the cofactor.

Related to these differences, the overall sequence identity between LpLarA and Mar2 is only 31%.

The second difference between the two Mar2 structures involves an a-helix, extended in the new
structure, that is critically involved in substrate binding (Fig. 2d). The previous sequence and
structural analysis had predicted the most probable substrate-binding residues (Tyr172, Lys173,
GIn293 and Lys351) in Mar2 (Desguin et al. 2020); however, Lys351 was missing from the
previous model due to the lack of electron density for the region 331-351. With the higher

resolution and better data quality for the new structure, we were able to narrow the gap and now



the missing substrate-binding residue K351 is shown in an extended a-helix, allowing us to
generate a structural model with bound malate together with the modeled NPN cofactor in the
active site (see the next section). In addition, the improved electron density map helped to correct

a register shift mistake for residues 352-360, which were mislabeled by +1 in residue number.

Model of the Mar2 structure with bound NPN cofactor and D- or L-malate

As observed in the structures of LpLarA (PDB IDs: 5HUQ and 6C1W), the active site in the closed
conformation is sandwiched by the N- and C-terminal domains to provide the binding site for both
the NPN cofactor and the substrate (Desguin et al. 2015; Rankin et al. 2018). Accordingly, the
corresponding domains in Mar2 that are apart in the cofactor-unbound state must approach each
other upon the binding of cofactor, leading to a closed conformation to enable catalysis (Desguin
et al. 2015). Using the closed conformation of LpLarA (5HUQ, chain B) as template, Mar2 in the
putative active conformation was generated by rotating the C-terminal domain relative to the N-
terminal domain to reach the best structural superimposition with the C-terminal domain of
LpLarA. The NPN cofactor and the substrate D- or L-malate were sequentially modeled into the

active site to better understand substrate binding and catalysis (Fig. 3).

In the model structure of the Mar2 complex, the NPN cofactor occupies nearly the same cavity as
what was observed in LpLarA. The residues thought to be critical for the binding of the cofactor,
including Lys181 that is topologically equivalent to Lys184 forming a thioamide bond with the NPN
in LpLarA, His197 coordinating the nickel ion, Pro185 stacking with the pyridinium ring via an
aromatic-proline interaction, Asp71 and Thr73 that hydrogen bond with the ribose, and Arg74 and
Ser177 associating with the phosphate, are conserved and structurally aligned with the
corresponding residues in LpLarA (Fig. 3a and 3b). Asn167 in Mar2 also appears to be involved
in binding the phosphate of the cofactor, whereas the topologically equivalent residue in LpLarA
(Phe170) does not. The two catalytic histidine residues, His108/His174 in LplLarA and
His108/His171 in Mar2, are structurally aligned, although the distance between the histidine pair
in Mar2 is longer by 2.5 A (10.6 A vs 8.1 A) presumably due to the absence of the cofactor and/or
the substrate. Given that the large majority of the key residues in LpLarA for cofactor binding and
catalysis are conserved and structurally aligned with the corresponding residues in Mar2, we
postulate that Mar2 utilizes the same mechanism to catalyze racemization reactions to

interconvert D- and L-malate.

To model D- or L-malate on top of the modeled NPN cofactor, the C1 carboxyl group of malate
was placed in a position close to the sulfate in LpLarA so that Arg74, GIn291, and Lys294 were
able to interact with it (Fig. 3a and 3b). The counterparts of these residues in LpLarA (Arg75,
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GIn295, and Lys298) directly participate in sulfate binding. The C2 atom was positioned exactly
above C4 of the pyridinium ring in the cofactor to facilitate the hydride transfer reaction according
to the proposed mechanism of LpLarA (Rankin et al. 2018). The 2-OH of D-malate was modeled
to directly interact with His171 (His174 in LpLarA), whereas the 2-OH of L-malate appears to best
interact with Tyr290 (Tyr294 in LpLarA). However, it is possible that the hydroxyl group of L-
malate also forms a hydrogen bond with His108 (also His108 in LpLarA) in the cofactor-bound
state when the two catalytic histidine residues approach each other. Four unique residues
conserved only in Mar2 and its close homologs (Fig. 3¢) include Tyr172 and Lys173, from the N-
terminal domain, and GIn293 and Lys351, from the C-terminal domain, that form a polar and
positively-charged patch facing the C4 carboxyl group of malate. The corresponding residues in
LpLarA are hydrophobic or small polar residues (Phe175, Phe176, V297, and Thr359) that are
probably involved in recognizing the methyl group of lactic acid, the substrate of that enzyme.
Another residue potentially interacting with the C4 carboxyl group is His350, which replaces
Trp358 in LpLarA. The current model also shows that the nickel ion from the NPN cofactor
appears to be close enough to form an ionic bond with the C4 carboxylic acid (~3.5 A) to further
increase substrate-binding affinity. The putative anion-aromatic interaction between the C1
carboxylic acid and the pyridinium of the cofactor and the potential C4 carboxylic acid-nickel
interaction may explain why a substrate bound structure could not be obtained in the absence of

the cofactor.
Structure-guided mutagenesis and activity measurement of the variants

Next, based on the structure model, we generated site-directed substitutions on selected residues
to explore the reaction mechanism. Alanine substitutions were generated for Asp71 and His197,
which are modeled to interact with the NPN cofactor, and for His108 which is believed to be a
catalytic residue (Fig. 4a). The corresponding residues in LpLarA (Asp72, His108, and His200)
have been shown to be required for activity (Desguin et al. 2015). As expected, none of the three
variants showed detectable activity, supporting the notion that Mar2 catalyzes racemization using
the same mechanism as LpLarA. Three lysine residues in the active site of Mar2 were substituted
to examine their roles in reaction. Lys294 has been modeled to form a salt bridge with the C1
carboxylic acid of malate (Fig. 3a), and this conserved residue in LpLarA (Lys298) interacts with
the bound sulfate (Fig. 3b). Consistent with the proposed role of Lys294 in substrate binding, the
K294A variant showed no activity. Lys173 and Lys351 are less conserved in the LarA family (Fig.
3c) but were postulated to be involved in conferring substrate specificity (Desguin et al. 2020). To

test this hypothesis, the lysine residues were substituted with the corresponding amino acids in



known lactate racemases (LpLarA or LarA from Thermoanaerobacterium thermosaccharolyticum,
TiLarA), and the resulting variants (K173F, K351T, K351E, and their combinations) were
examined for malate racemase (Mar) activity. While the Mar activity of the K173F variant was
modestly reduced, the K351T and K351E variants completely lost activity. Accordingly, the
positive charge of Lys351 appears to be indispensable, whereas Lys173 only plays a minor role
in malate racemization (Fig. 4a). Of great interest, when the K173F and K351T (or K351E)
substitutions were combined, a small but substantial lactate racemase (Lar) activity was detected
for the purified enzymes (Fig. 4b), supporting the notion that these residues are involved in
determining substrate specificity. Although the lactate racemization activities of the double
variants are quite low, likely due to the disruption of the active site caused by the substitutions,

this result demonstrates that the substrate specificity of Mar2 can be modulated as desired.
Expansion of the substrate specificity of Mar2

Given the structural similarity between malate and tartrate, we tested whether the latter can be
processed by Mar2. Using D- or L-tartrate as substrate, we were able to detect meso-tartrate after
incubation with the purified Mar2, indicative of epimerization of either chiral center by Mar2 (Fig.
5a). Kinetics study showed that the D- and L- enantiomers were processed with similar values of
keat, but the enzyme slightly prefers the latter as indicated by the smaller Kv and therefore larger
specificity constant (kea/Kwv) (Fig. 5b). As the ke./Ku values for tartrate (0.74 and 0.42 s'-mM-" for
L- and D-tartrate, respectively) are two orders of magnitude smaller than those for malate (185 s
'mM) (Desguin et al. 2020), it is unlikely that tartrate is a natural substrate of Mar2.
Nevertheless, the expanded substrate specificity demonstrates that the active site of Mar2 is
flexible enough to accommodate structurally similar chemicals as substrates. Indeed, in the
structure model of Mar2/malate complex (Fig. 3a), the residues surrounding C3 of malate, which
would be associated with the hydroxyl group in tartrate, are either polar or charged. With a minor
structural rearrangement to avoid steric clash, it would be possible to allow tartrate binding and

processing in the same manner as malate in the active site.

Conclusions

In the present study, we conducted structural characterization of Mar2 from T.
thermosaccharolyticum by solving its structure with a higher resolution and better data quality.
The conformational flexibility of the cofactor-binding loop is deemed to be a crucial factor affecting

the NPN association with the enzyme even when the binding pocket is widely open and fully



accessible. The significant local dynamics caused by the cis-frans isomerization of Pro75 may
account for the lack of the NPN in the protein during coexpression of the gene for Mar2 with those
encoding the cofactor-producing enzymes. The dynamics may also result in the inability to load
the NPN analog (NaMN) into the protein during crystallographic experiments. The structural
model of the Mar2-NPN-malate complex highlights both the common and the unique features in
substrate recognition for distinct subgroups in the LarA superfamily, which, when combined with
mutational studies, indicates that Mar2 and LplLarA share the same reaction mechanism while
the active site residues unique to each subgroup are likely involved in determining substrate
specificity. The demonstrated expandability and tunability of the substrate spectrum may inspire
protein engineering of LarA homologs for potential applications, e.g. producing high value a-

hydroxyl acids.
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Table 1. Crystallographic statistics

Data collection Mar2
Beamline LS-CAT 21-ID-F
Wavelength (A) 0.97872
Space group 1222
Unit cell a, b, ¢ (A); a, B,y (°) 72 100 132; 90, 90, 90
“Resolution (A) 29.38 —2.25 (2.37 - 2.25)
Unique reflections 23,233 (3,344)
*Redundancy 4.0 (4.1)
*Completeness (%) 99.9 (100)
/ol 7.3 (1.7)
DR erge 0.114 (0.844)
““Rpim 0.063 (0.475)
4CCyp 0.994 (0.549)
Refinement

Protein atoms 3,050

Cl 2

H,O molecules 88
*Rort/Riiee 0.206/0.239
B-factors (A?) 41.6

Protein atoms 41.6

Cl 53.30

H>0 molecules 38.5
R.m.s. deviation in bond lengths (A) 0.008
R.m.s. deviation in bond angles (°) 1.05
Ramachandran plot (%) favored 96.7
Ramachandran plot (%) outliers 0
Rotamer outliers 0
PDB ID 7591

aHighest resolution shell is shown in parentheses.

PRmerge = X nit 3 |li(hKD-<I(hkl)>| | Ynw 3 I{hkl), where [ is the intensity of reflection.

°Roim= nia [1/(N-1)]"23; |l hkl)-<I(hkl)>| | 3 n ¥ li(hkl), where N is the redundancy of the dataset.
dCCi12 is the correlation coefficient of the half datasets.

®Rwork = Y hi | |Fobs| = |Featel | 1 > nia |Fobs|, where Fops and Fearc is the observed and the calculated structure
factor, respectively. Ree is the cross-validation R factor for the test set of reflections (5% of the total) omitted
in model refinement.
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Figure legends

N

Fig. 1 Structure of the malate racemase Mar2. The protein is shown in cartoon mode with bound
chloride shown as orange spheres. The dashed line indicates a region of missing residues (333-
345). The putative active site is highlighted in the red circle.
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Cofactor binding loop

Fig. 2 Structural comparison of the Mar2 structures. (a) The Mar2 structure solved in this work
(blue) was superimposed with the previously solved structure (PDB ID: 6D6Z, cyan). Structural
differences observed in the cofactor-binding loop (left) and the a-helix involved in substrate
binding (right) are indicated in red circles. (b) Cis-trans isomerization of Pro75 in the cofactor-
binding loop (residues 69-77). Left. The loop from the current Mar2 structure and 6D6Z are
represented with blue and cyan sticks, respectively. Trans (new) and cis (6D6Z) conformations of
Pro75 are indicated with arrows. Right: the cofactor-binding loop of LpLarA (orange) that interacts
with the NPN cofactor (stick mode in green) are depicted by red dotted lines. (¢) Mar2 structures
colored by the B-factor of Ca atoms. For clarity, only the residues in the N-terminal domain
(residues 41-265) are shown in cartoon mode. Blue and red indicate low and high B-factor,
respectively. (d) Comparison of the a-helix involved in substrate binding through Lys351. The o-
helix (residue 347-360) in the new Mar2 structure (blue) contains the predicted substrate binding
Lys351 (indicated by the arrow), which was not modeled in 6D6Z (cyan) due to poor electron
density map. A register shift mistake, as revealed by the mis-assigned Lys360 (underlined in
6D62), is corrected in the new structure model.
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Fig. 3 Structural model of the Mar2 active site with bound NPN cofactor and D/L-malate. (a)
Stereo view of the active site of Mar2. The NPN cofactor (green), D- or L-malate (yellow and cyan,
respectively), and the residues involved in cofactor or substrate binding are depicted in stick
mode. Only the sidechains are shown for clarity, some of which were manually adjusted to avoid
clashes. The residues in the N-terminal region are shown in blue, and those in the C-terminal
domain are in pink. (b) The active site of LpLarA with bound sulfate (5HUQ, chain B). The residues
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topologically equivalent to those shown in (A) are labeled and depicted in stick mode. (¢) Multiple
sequence alignment of Mar2 with LpLarA and their close homologs. Sequences aligned are as
follows: Mar2, homologs with sequence identity between 60-70% from Calderihabitans maritimus,
Thermoanaerosceptrum fracticalcis, and Clostridium luticellarii, LpLarA, and its close homolog
Isosphaera pallida. The residues predicted to be involved in the binding of cofactor and D/L-
malate are indicated with triangles (green) and circles (pink), respectively. The two catalytic
histidine residues are denoted with squares (blue), whereas the proline residue undergoing cis-
trans isomerization is indicated by a star (red). Sequence alignment was performed with Clustal
omega (Madeira et al. 2019) and the figure was generated with ESPriprt 3.0 (Robert et al. 2014).
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Fig. 4 Substitution of selected residues at the active site of Mar2. (a) Mar activity of the Mar2
variants in cell-free extracts (n=6-7). (b) Lar activity of the purified Mar2 variants (n=4). Activity is
presented as percentage of the wild type Mar2 for Mar activity or TtLarA for Lar activity. The error
bars represent S.D. Student’s t-tests were conducted to examine whether the difference between
the samples with and without added NPN were statistically significant.
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Fig. 5 Tartrate epimerization by Mar2. (a) Mar2 catalyzed interconversion of D-/meso-/L-tartrate.
(b) Kinetics of tartrate epimerization by Mar2. The kinetic parameters were obtained by curve
fitting using the Michaelis-Menten equation in Origin. The error bars indicate S.D. (n=3).
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