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ABSTRACT: The LarA family consists of diverse racemases/epimerases that interconvert
the diastereomers of a-hydroxyacids by using a nickel-pincer nucleotide (NPN) cofactor.
The hidden redox reaction catalyzed by the NPN cofactor makes LarA enzymes attractive
engineering targets for various applications. However, how a LarA enzyme binds its
natural substrate and recognizes different @-hydroxyacids has not been elucidated. Here,
we report three high-resolution structures of the enzyme—substrate complexes of a broad-
spectrum LarA enzyme from Isosphaera pallida (LarA;,). The substrate binding mode
reveals a near-optimal orientation and distance between the hydride donor and acceptor,
consistent with an updated proton-coupled hydride transfer mechanism. The
experimentally solved structures, together with the structural models of other LarA
enzymes, lead to the identification of the residues/structural elements that are critically
involved in the interactions with different a-hydroxyacids. Collectively, this work provides
a structural basis for the catalysis and substrate specificity of the LarA enzymes.
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H INTRODUCTION to account for different results, including different calculated
free energies and even reaction mechanisms.'®?°™>* Thus, the
lack of an experimentally resolved enzyme—substrate complex
structure is a major obstacle to the mechanistic study of LarA
enzymes. In our early efforts to resolve the structure of the
LarALp—lactate complex, the low substrate affinity, as indicated
by the large Ky, values (10—50 mM), and the occupation of
by three Lar enzymes® including LarB (a nicotinic acid the active site by. sulfite, a reversible competitive inhibitor ar%d
adenine dinucleotide carboxylase/hydrolase),”~ LarE (an a reductant required to protect the NPN cofactor from rapid

1o .49 .
adenosine §'-triphosphate-dependent sulfur transferase),s_u oxidative degradation, prevented us from solving the

and LarC (a cytidine S'-triphosphate-dependent cyclometal- structure.o-f LarALp_m the Iact.ate—bound state.
lase).>!* In LarA,, but not all family members, the NPN Our bioinformatics study in 2020 showed that the LarA
. P

. . ) family consists of distinct subgroups with different substrate
cofactor is covalently tethered to a universally conserved lysine e 24 .
residue via a thioamide bond.* specificities.” Sequence analysis of 354 LarA homologues

Accumulating evidence has supported a proton-coupled (Lar. s) led to t_helldentlﬁcatlon of 25 subgroups, and
hydride transfer (PCHT) mechanism for the LarA-catalyzed functional characterization of selected LarAHs revealed that a
racemization reaction.'*™!” According to this hidden redox Vanet},’ ?f a-hydroxyacids can be ,P rocessed l.)y LarAHs,
reaction mechanism, the hydrogen atom on Ca of lactate is establishing LarA as a racemase/epimerase family. A more

. ecent study revealed additional LarAHs exhibiting various

transferred as a hydride to the NPN cofactor, and then, after a i udy Teved o . XbItng variou

. . . substrate spectra.” Exchanging the residues in the active sites
rotation of the acetyl group of the pyruvate intermediate, the .

. o between LarA;, and a LarAH from Thermoanaerobacterium
hydride returns to Ca to complete racemization. In our P .

: . : . o thermosaccharolyticum, which processes malate but not lactate,
previous studies, a strong hydrogen/deuterium primary kinetic
isotope effect,' the detection of pyruvate in the reaction
mixture,'® the reactivity of the NPN cofactor with electron Received:  December 17, 2024
donors, including sulfite and hydride,lg’19 and mutagenesis Revised:  January 27, 2025
studies’ are all consistent with the proposed catalytic Accepted:  January 28, 2025
mechanism. To elucidate a detailed catalytic mechanism,
computational studies have been performed but only on the
putative enzyme—substrate complex models, which are likely

The founding member of the LarA family, LarA from
Lactiplantibacillus (formerly Lactobacillus) plantarum (LarAy,,)
that interconverts D/L-lactate,"”> was established as a nickel-
dependent enzyme in 2014° and as a nickel-pincer nucleotide
(NPN) cofactor-dependent enzyme in 2015." The NPN
cofactor is synthesized by the sequential reactions catalyzed

© XXXX The Authors. Published b
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Figure 1. Characterization of the purified LarAy,. (A) ESI-MS of LarAy,. (B) UV—visible spectrum of LarAy,. The inset shows the appearance of the

purified protein.
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Figure 2. Relative k,/Ky values of LarA;, for racemization/epimerization of a-hydroxyacids. The k,./Ky value for lactate was set to 100%. For
racemization reactions, the chiral carbons of enantiomers are depicted achiral for simplification. For epimerization reactions, both epimers are
depicted, with diastereomers of the same molecule boxed together. Black asterisks indicate stereoinversion sites, and gray asterisks indicate other
stereocenters in the molecule. The error bars indicate standard deviations (n = 3).

led to a swapped substrate preference,” but the structural basis
of the substrate specificity has not been established.

In this work, we report the high-resolution crystal structures
of LarA from Isosphaera pallida (LarAIp) in complex with three
short-chain aliphatic p-a-hydroxyacids. The structures are not
only consistent with an updated PCHT mechanism but also
provide a structural basis of the substrate specificity of a-
hydroxyacid racemases/epimerases, paving the way for the
identification of the LarAHs catalyzing novel reactions and the
rational engineering of LarAHs for potential applications.
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B RESULTS

LarA,, is an NPN Cofactor-Dependent Enzyme with a
Broad Substrate Spectrum. In our previous screen of
LarAHs, LarA;, (the former LarAH2 or SAR, an abbreviation
for short-chain aliphatic @-hydroxyacid racemase) stood out as
a promising target for structural studies because of its high
affinity for substrates (the Ky, values are 0.15 and 0.56 mM for
L-lactate and D-lactate, respectively) and its broader substrate
spectrum than LarAL‘,,.24 To prepare the samples in the NPN-
bound state for structural studies, the gene encoding LarA,
was inserted into an expression vector to allow coexpression in

https://doi.org/10.1021/acscatal.4c07804
ACS Catal. 2025, 15, 2857—-2866
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Cyan: LarA

Figure 3. Structure of LarAy, as purified. (A) Overall structure of LarAy, (left) and the zoom-in view of the active site (right). The blue meshes are
the electron densities of the NPN cofactor and His199 (2F, — F, ¢ = 1). (B) Structural comparison of LarA;, (cyan, chain B) and LarA;, (pink;

PDB: 6C1W; chain B).

Lactococcus lactis with other Lar proteins (LarB, LarC, and
LarE) required for the biosynthesis of the NPN cofactor.

A mass spectrometry experiment showed that the purified
LarA;, has a molecular weight of 47853.5 Da, which
corresponds to the protein (47403 Da, after loss of the first
methionine) plus 450.5 Da, indicating a covalently tethered
NPN cofactor (Figure 1). The ultraviolet (UV)-—visible
spectrum of the yellow protein showed a broad absorption at
440 nm, which is also present in LarA;,. However, the
spectrum of LarA;, lacks the absorptions at 380 and 550 nm
seen in LarALp,lg’1 suggesting that the NPN cofactor in LarAy,
is in a different functional state than in LarA;,. Compared to
LarAp,, LarAy, is more stable to oxygen in that sulfite is not
required to retain functional activity after purification, and the
active enzyme can be maintained for days.

Extending the early study of this enzyme,** we thoroughly
screened an array of a-hydroxyacids and found that LarA,,
exhibits a broader substrate spectrum than initially reported. As
shown in Figure 2 and Table S1, LarA;, can process 14 tested
compounds with the highest k,./Ky values for L-lactate and 2-
hydroxybutyrate (2HB), followed by L-glycerate, 2,4-dihydrox-
ybutyrate, 2-hydroxyvalerate, and 2-hydroxyisovalerate
(2HIV). For the compounds with a bulky substituent on Ce,
LarAy, can still process them but with much lower activity. For
the Ca substituents with similar size, a polar group reduces the
reactivity. The broad substrate spectrum of LarA;, indicates a
larger active site with greater plasticity than that for LarA,,.

The Structure of LarA,, As Purified Reveals a
Naturally Bound Substrate. We then crystallized LarA;, as
purified and solved the structure at 1.74 A (Table S2). Two
protein molecules are present in one asymmetric unit, but the
very small interface (386.2 A%) does not support a
physiological dimer. LarA;, shares 34.1% identical residues
with LarA;, (Figure S1) and exhibits the same fold (Figure
3A). The well-resolved electron density map at the active site
clearly indicated an NPN cofactor tethered to Lys183 through
a thioamide bond. Ni is coordinated by two sulfur atoms and
C4 of the pyridinium ring of the NPN cofactor, and the fourth
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ligand is the Ne of His199, completing a nearly ideal square-
planar coordination. The NPN cofactor in LarA;, occupies the
same position and exhibits the identical conformation to that
in LarA;, except that the phosphate group of the NPN
cofactor adopts a slightly different orientation. Another
difference is that the imidazole ring of the side chain of
His199 is nearly coplanar with the pyridinium ring of the NPN
cofactor in LarA;, whereas in LarA;, (PDB: SHUQ and
6C1W) the two planes are angled by about S0°. The
significance of this difference is unclear. The structure of
LarAy, can be better superimposed with the structure of LarA,
in the closed state (PDB: 6C1W; chain B, Ca root-mean-
square deviation (RMSD) of 1.10 A, Figure 3B) than in the
open state (PDB: SHUQ; chain A, Ca RMSD of 2.0 A). The
N-terminal domains of the two proteins are more similar than
the C-terminal domains with the Ca RMSD values being 0.80
and 141 A, respectively, consistent with greater sequence
identity for the N-terminal NPN cofactor-binding domain
(residues 1—269, 36.2%) than that for the C-terminal domain
(residues 269—430, 30.3%) (Figure S1).

On top of the pyridinium ring, a density corresponding to a
small molecule was resolved in the structure of LarAy, (Figure
4A and Figure S2). The high quality of the electron density
allowed us to assign it as D-lactate (a natural substrate of
LarAIp) for the best fit of the density. This assignment was later
confirmed in a ligand exchange experiment, which is described
in a later section. p-Lactate is bound at the active site through
polar interactions with multiple highly conserved residues
(Figure 4B, top row). The carboxylic acid group is multi-
coordinated with Arg73, GIn295, Lys298, and two catalytic
histidine residues His107 and His173, which, together with C2
(or Car) and the 2-OH group, forms a plane nearly parallel to
the pyridinium ring of the NPN cofactor. The rotation of the
acetyl group of p-lactate is restricted by the hydrogen bonds
between the 2-OH group and residues His107 and Tyr294.
Because of these structural constraints, D-lactate is locked in a
single conformation with Ha (the hydrogen atom on Ca,
modeled based on the geometry of the ligand) pointing toward

https://doi.org/10.1021/acscatal.4c07804
ACS Catal. 2025, 15, 2857—-2866
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Figure 4. Binding of p-lactate in LarAy, (A) 2F, — F. map (6= 1) of
p-lactate (green) in the active site of LarAy, as purified. (B) Stereo
view of the active sites of LarA, and LarA;,. Top: LarA;, with bound
p-lactate. NPN is shown in pink, p-lactate in green, and protein in
cyan. The yellow dashed lines indicate polar interactions with p-
lactate, and the red dashed lines indicate that the distances between
the hydrogen atom on Ca (Ha) and C4 or Ni are 2.8 and 2.9 A,
respectively. The underlined residues are involved in the interactions
with the 2-methyl group (Ca substituent). Bottom: LarAp, with
bound sulfate (PDB: 6C1W; chain B).

C4 and Ni of the NPN cofactor with distances of 2.8 and 2.9
A, respectively (Figure 4B), allowing a hydride transfer from
Ca to the NPN cofactor. Ha is almost identically distant from
C4 and Nij, raising a possibility that the hydride can be
transferred to Ni rather than C4, as previously proposed for a
dual hydride site version of the PCHT mechanism.'® These
substrate-contacting residues are also conserved in LarA;, and
involved in interactions with sulfate at the active site of the
enzyme (Figure 4B, bottom row).

Costructures of LarA,, with Additional p-Substrates.
Given that LarA;, has a broader substrate spectrum than
LarA;, while the active sites of the two enzymes are very
similar (Figure 4B), we wondered how LarA;, recognizes
nonlactate substrates. To obtain the enzyme—substrate
complexes, we incubated LarA;, as purified, which is in the
D-lactate-bound state, with other known substrates in excess at
4 °C for up to 1 week before crystallization. However, we
ended up with only the same D-lactate-bound enzymes in the
solved structures, indicating that ligand exchange did not
happen. Crystal soaking with ligands did not work either,
probably because LarA;, was crystallized in the closed
conformation where the substrate binding site is not accessible
from the water channels in the crystals.

To address this problem, we applied a heating—cooling
treatment to promote ligand exchange. L pallida was isolated
from a hot spring,”’ and we had previously shown that the
enzyme exhibited high activity at 45 °C.** In this work, we
further examined the temperature-dependent activity and
found that the enzyme exhibited maximal activity at S5—60
°C while barely showing any activity at room temperature
(Figure S3A), explaining why ligand exchange failed when
performed at room temperature or 4 °C. We then examined
the heat stability of LarA,;, by heating the purified protein at 5SS
°C for 30 min, and the profile in size-exclusion chromatog-
raphy showed that the protein after the heat treatment was
monodispersed with a narrow and symmetrical peak (Figure
S3B), indicating that LarA;, is heat-stable under these
conditions. Based on these results, we applied a heating—
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cooling treatment to promote ligand exchange for LarA,. In
the heating step, the purified protein was incubated with a non-
D-lactate substrate at approximately 3 mM at 55 °C for 15 min.
In this step, the increased dynamics of the protein at the
elevated temperature leads to the opening of the active site to
the solvent, allowing the release of bound p-lactate and the
binding of the alternative substrate to the active site. In the
cooling step, the temperature was changed rapidly to 4 °C in a
thermal cycler, followed by incubation on ice to lock the
conformation in the most stable state. Using this protocol, we
have successfully solved the crystal structures of LarA;, bound
with two additional aliphatic a-hydroxyacids, D-2HB and D-
2HIV, at a resolution of 1.38 and 1.65 A, respectively (Figure
SA,B, Figure S4, and Table S2). It should be noted that p/L-
2HB was used in the ligand exchange experiment, but only the
D-enantiomer was found to be bound in the active site.

l‘l74%

C

D-lactate
D-2HB
D-2HIV

Conformation B

Q357

Conformation A

D-2HB
B

D-2HIV

Figure S. Binding of additional a-hydroxyacids at the active site of
LarAy, (A) 2F, — F. map (6 = 1, blue mesh) of D-2HB. The relatively
poor density of the terminal methyl group suggests that it is more
dynamic than the rest of the ligand. (B) 2F, — F. map (o = 1) of D-
2HIV. (C) Structural comparison of the residues contacting the Ca
substituents of the different substrates. The red arrow indicates the
structural change of Q357 in response to the replacement of p-lactate
with 2HB and 2HIV. The NPN cofactor is shown in pink, and Ni is
shown as a green sphere.

The D-2HB- and D-2HIV-bound structures can be well
superimposed on the p-lactate-bound structure with RMSDs of
0.18 and 0.13 A, respectively. The two D-substrates adopt the
same orientation as D-lactate and interact with the same set of
residues in the active site. Importantly, the aliphatic
substituents on Ca of all three substrates point to the same
space defined by Leul74, Met17S, Trp356, and GIn357. Close
inspection of these structures revealed that the side chain of
GIn357 adopts two conformations (conformations A and B)
with similar occupancy in the 2HB- and 2HIV-bound
structures, whereas other substrate-contacting residues do
not respond to different substrates (Figure SC). In both
structures, the amide group in the side chain of GIn357 in
conformation A moves away from the substrate by
approximately 0.4 A, and conformation B leaves more space
to accommodate the substrates with a larger Ca substituent.
This result indicates that GIn357 exclusively confers plasticity
on the active site. The geometry and the hydrophobic nature of
the substrate binding pocket defined by these residues, as well
as the flexibility of GIn357, explained the negative correlation
between the size and polarity of the Ca substituents and the
reactivity of the substrates (Figure 2). In contrast, the bulky

https://doi.org/10.1021/acscatal.4c07804
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Figure 6. Structural models of the enzyme—substrate complexes for the LarA family members with known substrates. A total of 25 groups of LarA
enzymes were identified in a bioinformatics analysis (ref 24), among which eight groups (G1, G2, GS, G6, G7a, G10, G19, and G20) were shown
to process at least one a-hydroxyacid. The structures of the enzyme—substrate complexes for representative group members in GS, G6, G73, G10,
G19, and G20 were generated using the AlphaFold-predicted models and the p-substrate binding mode revealed in this work. p-Lactate was
modeled into the structure of LarAy, (PDB: 6C1W; chain B) after the removal of the bound sulfate from the active site. G1, lactate racemase; G2,
short-chain aliphatic a-hydroxyacid racemase; GS, malate racemase (Mar); G6, malate racemase 2 (Mar2); G7a, hydroxyglutarate racemase (Hgr);
G10, phenyllactic acid racemase (Plr); G19, gluconate 2-epimerase 1 (GntE1); G20, gluconate 2-epimerase 2 (GntE2). The substrates are shown
in yellow, the NPN cofactors in pink, and Ni in dark green. Only the residues involved in direct interaction with the substrates are shown in stick
mode. The residues from the N-terminal domain are in green, and those from the C-terminal domain are in cyan. The two central a-helices are

shown in cartoon mode.

and rigid Phe175 and Phe176 in LarA;, (Figure 4B), which are
topologically equivalent to Leul74 and Met17S in LarAy, lead
to a smaller and less flexible substrate binding pocket. As a
result, LarA;, shows a narrower substrate range, whereas
LarAj, has a broad substrate spectrum with a preference
toward those compounds with a small and hydrophobic Ca
substituent.

Heating—Cooling Treatment with L-Substrates. En-
couraged by the success of solving the costructures with p-
substrates, we tried to solve the structures of LarA;, complexed
with L-substrates using the same heating—cooling treatment.
Unexpectedly, although the samples treated with L-lactate, L-
2HB, and 1-2HIV were readily crystallized and the structures
were solved at resolutions of 1.44, 1.50, and 1.49 A (data not
shown), respectively, the densities were only consistent with
the D-substrates, which must be derived from the added -
substrates. One possible explanation for observing only the p-
enantiomer at the active site, rather than a mixture of
enantiomers/anomers as seen in some racemases/epi-
merases/mutarotases,” " is that the conformation of LarA,
in the L-substrate-bound state is different from that in the p-
substrate-bound state and that the L-substrate-bound LarA,,
was not crystallized in our crystallization trials. Indeed, it is not
uncommon that a racemase/epimerase adopts different
conformations when bound with different enantiomers.**
Alternatively, the p-substrate—enzyme complex has an energy
level that is significantly lower than the L-substrate—enzyme
complex, leading to a preferential binding of the p-enantiomer,
as described for alanine racemase.* Although the Ky value for
the L-substrate (0.15 mM) is lower than that for the b-
substrate (0.56 mM), Ky, is the sum of K; and k_,/k; for an
enzyme following the steady-state Michaelis—Menten kinetics;
thus, the smaller k., value for the v- substrate than that for the
D-substrate, as reported prev10us1y, may be compensated for
by the greater Ky (and, thus, a lower binding affinity) for the 1-
enantiomer (Figure S5). A similar case was reported in the
crystal structure of a variant of a mandelate racemase, where
the enantiomer with a smaller K,; was found to be converted
into the enantiomer with a larger Ky.>® To reduce the binding
of the D-substrates and thus increase the chance of
crystallization with the L-substrates, Tyr294, which forms a
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hydrogen bond with the 2-OH of the p-substrates (Figures 4B
and S), was substituted with alanine. Unfortunately, while the
gene encoding the Y294A variant was overexpressed in L. lactis,
the purified protein did not show any color and the
electrospray ionization—mass spectrometry (ESI-MS) results
indicated that the protein did not have a tethered NPN
cofactor (Figure S6), indicating that Tyr294 plays a role in
maintaining the stability of the NPN cofactor. Although we
cannot provide structural information on the L-substrate-
bound enzyme at this point, the ligand exchange experiment
crystallographically confirmed the conversion of three L-a-
hydroxyacids into the corresponding D-enantiomers, and the
resolved L-lactate-derived D-lactate in the active site also
unambiguously confirmed the identity of the ligand in LarA;,
as purified (Figure 4A). In addition, the heating—cooling
treatment improved the resolution for the p-lactate-bound
structure from 1.74 tol.44 A, likely due to the removal of
unstable or poorly folded protein from the sample by the
heating treatment.’”

Implications of the Diverse Substrate Specificities of
LarAHs. The activities and specificities of at least eight
subgroups of LarAHs,”" including the subgroup containing
LarAy, have been experimentally confirmed. Using the binding
model for the D-substrates and the AlphaFold-predicted
structures, we built structural models of enzyme—substrate
complexes for the representative members from these
subgroups (Figure 6). Analysis of these structural models
revealed a general model by which LarA enzymes bind
different substrates: (1) The N-terminal domain contains three
highly conserved residues, including an arginine residue
(Arg7S in LarAIP) and two catalytic histidine residues
(His107 and His173), that bind the carboxylic acid group
present in all known LarA enzyme substrates. (2) The two
residues immediately following the second catalytic histidine
residue (Leul74 and Metl75) interact directly with the Ca
substituents of the substrates. (3) Additional interactions with
substrates come from the residues in the two central a-helices
in the C-terminal domain. Some of these residues interact with
the carboxylic acid group and 2-OH of the substrates, and the
others, together with Leul74 and Met17S (or their equivalents
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Figure 7. Updated PCHT mechanism of lactate racemization. Two hydride transfer pathways are proposed. The hydride from the p-substrate can
be transferred to C4 of the pyridinium ring (black arrow, upper pathway) or to Ni (red arrow, lower pathway). After rotation of the acetyl group of
the pyruvate (blue curved arrows) to expose the alternative side of the ketone to the reduced NPN cofactor, the hydride returns to the intermediate
to complete racemization. The 2-OH of the product (or L-substrate) is proposed to be stabilized by an unidentified hydrogen donor (capital D in
blue), which is equivalent to Y294, in an unresolved conformation of the enzyme.

in other LarA enzymes) from the N-terminal domain, define a
pocket for recognition of the Ca substituents of the substrates.

B DISCUSSION

According to the proposed PCHT mechanism, the NPN
cofactor receives a hydride from the substrate and then returns
it to the intermediate in one reaction cycle, i.e., a hidden redox
mechanism, making LarA enzymes attractive targets for
continuous production of desired chemicals as there is no
need to supply cofactors during the reactions. An enzyme—
substrate complex structure is invaluable in mechanistic
studies, including computational studies that rely on a high-
quality starting model. This critical missing gap in knowledge is
filled by the structures of three D-substrate-bound complexes
reported in this work. Our data strongly support the PCHT
mechanism and also provide key information about the
determinants of the substrate specificity of LarA enzymes.
The structures reported in this work provide compelling
evidence supporting the proposed PCHT mechanism—the 2-
OH group of the substrate is H-bonded with the catalytic
His107 to allow deprotonation of the former; also, Ha faces
the NPN cofactor and is within the distance from it as required
for a hydride transfer.”**” Given the nearly identical distance
from Ha to C4 or Nij, it is possible that the hydride is
transferred to Ni or moves back and forth between C4 and Ni.
Since a Ni hydride can be formed in a cationic Ni-phosphine
ligand complex with a square pyramidal geometry,” we
propose a hypothetical alternative hydride transfer pathway by
which the hydride is transferred to Ni with the formed Ni—H
bond perpendicular to the distorted square planar (Figure 7).
Although transient, the formation of such a Ni hydride
complex would allow better rotation of the acetyl group of
pyruvate and may also provide an explanation for the selection
of Ni for use in the cofactor. Since the energy barriers for
hydride transfer to C4 of the NPN cofactor have been well
studied using various computational approaches,””>"***"* it
would be interesting to perform similar calculations for the
putative hydride transfer to Ni, and comparing these results
may provide insights into the reaction path. Our previous
computational study has suggested that hydride can be
transferred to Ni when the coordinating histidine residue
(H200 in LarALp) leaves the metal center,'® and whether
hydride can alternatively be added to the square planar to form
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a square pyramidal Ni complex needs to be computationally
evaluated and is warranted for future studies.

The solved enzyme—substrate complex structures allowed us
to identify multiple residues involved in direct interactions
with the substrates. Using the experimentally solved structures
and the AlphaFold-predicted structures, we generated addi-
tional structural models of the enzyme—substrate complex for
the LarA enzymes with confirmed substrates. The compiled
structural information leads to a general model for binding of
the substrate to the enzymes. In this model, the N-terminal
NPN cofactor-binding domain provides the key contacting
residues for the shared carboxylic acid group among the
substrates, whereas the C-terminal domain, using the residues
on the two central helices, critically contributes to the
recognition of different Ca substituents of the substrates
(Figure 6). In general, the residues involved in binding the
carboxylic acid group, including R73, H107, H173, Q295, and
K298 in LarA;, (Figure 4B), are more conserved than those
interacting w1th the Ca substituents of the substrates (Figure
S1). This result is consistent with our previous bioinformatics
analysis of 354 LarAHs, showing that the C- termmal domain is
more variable than the N-terminal domain.”* Given that the
LarA family consists of more than 10,000 members according
to the InterPro database (LarA_like family, IPR048068), we
envision that many additional racemization/epimerization
reactions catalyzed by LarA enzymes are certain to be
discovered.

B CONCLUSIONS

In this work, we report the first structures of the enzyme—
substrate complex for LarA;, providing new evidence
supporting the proposed PCHT mechanism, which is likely
shared in the entire LarA family and is the structural basis for
substrate specificity. How LarAy, or other LarA enzymes bind
L-substrates and whether there is a transiently formed high-
energy nickel hydride are subjects for future studies.

B MATERIALS AND METHODS

Cloning, Mutagenesis, and Protein Production/
Purification. Cloning of the larAH2 gene encoding LarAIP
(Uniprot ID: E8QWZ4) has been described previously.”* A
vector (pGIR210_LarAH31) for producing LarA;, with a C-
terminal Strep-II tag in L. lactis NZ3900 cells was generated by
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inserting the larAH2 gene from the pBADHisA plasmid
expressing LarAH2 (processed with restriction enzymes Ncol
and Nhel) into the plasmid pGIR210 processed with
restriction enzymes Pcil and Nhel.”*

To generate the Y294A variant, the pGIR210 plasmid
bearing the wild-type LarA;, gene was methylated with Dam
methylase (New England Biolabs) using S-adenosyl methio-
nine. The methylated template was amplified with the Y294A
primers (purchased from Integrated DNA Technologies Inc.,
Table S3) using Phusion High-Fidelity DNA Polymerase
(New England Biolabs). The polymerase chain reaction (PCR)
amplicon was digested with Dpnl and desalted for 15 min by
drop dialysis using a mixed cellulose ester membrane (0.025
um size, Merck Millipore Ltd.) and then used for trans-
formation into the L. lactis NZ3900 competent cells by
electroporation. Mutation was confirmed by DNA sequencing.

To produce the wild-type and Y294A variant LarA;, the
transformed L. lactis NZ3900 cells were grown for 14—16 h at
30 °C in M17 medium supplemented with 0.5% glucose and
containing 7.5 pg/mL chloramphenicol. The cultures were
then diluted 100 times with the same medium and incubated at
30 °C with gentle shaking. When the optical density at 600 nm
reached 0.3—0.4, S ug/L nisin A and 1 mM NiCl, were added
and the induction was performed for 3—4 h at 30 °C. The
culture was left overnight at 4 °C before the cells were
harvested by centrifugation at 4000g for 15 min. The cells were
resuspended in lysis solution containing 100 mM Tris—HCI,
pH 7.5, 150 mM NaCl, 2 ug/mL deoxyribonuclease I, and 10
pug/mL lysozyme and then stirred at 4 °C for 1 h. After the
addition of 1 mM phenylmethylsulfonyl fluoride, cell lysis was
performed twice at 16,000 psi using a French press. The
supernatant collected after centrifugation at 18,000g for 70 min
was loaded onto StrepTactin XT resin (IBA, Gottingen,
Germany), which was pre-equilibrated with 100 mM Tris—
HCl, pH 7.5, containing 150 mM NaCl. The resin was
extensively washed with the same solution, and the Strep-
tagged LarA;, samples were eluted with SO mM biotin in the
same buffer. The concentrated protein samples were further
purified by size-exclusion chromatography on a Superdex 200
Increase 10/30 GL column. The fractions corresponding to the
protein in the monomeric state were pooled, and the
concentration was determined by a NanoDrop spectropho-
tometer using an extinction coefficient of 35,410 M~ cm™".

UV-Vis Spectroscopy. The UV-visible (UV—vis)
spectrum (250—700 nm) of purified LarA;, at a concentration
of 7.5 mg/mL in a solution containing 20 mM Tris—HCI, pH
7.4, and 125 mM NaCl was recorded at room temperature on a
Shimadzu UV-2600 spectrophotometer (Kyoto, Japan) with a
2 nm slit width and 10 mm path length.

Mass Spectrometry. Purified protein (wild-type LarAy, or
the Y294A variant) at concentrations of 0.4—1 mg/mL in a
solution containing S0 mM Tris—HC], pH 7.4, and 125 mM
NaCl was used in the MS experiments. Mass spectra were
collected on a Xevo G2-XS QTof (Waters) connected to a
Thermo Hypersil Gold CN guard desalting column (1.0 X 10
mm) after 10 uL of protein sample was injected at a flow rate
of 0.1 mL/min. The solvents 0.1% formic acid in water
(solvent A) and acetonitrile (solvent B) were mixed in a
98%:2% ratio, and the percentage of solvent B was gradually
increased up to 75%. All data were collected in positive ion
mode. Molecular mass spectra were produced with the
MaxEnt] algorithm, and the data were plotted using OriginPro
8.
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Enzymatic Assays. The general protocol for assaying
LarAy, purified from Escherichia coli in the apoprotein state was
as follows. In vitro-synthesized NPN (1 yM), 30 mM substrate,
and 0.2 uM purified LarA;, were mixed in 100 mM Tris—HC],
pH 8.0, in a 50 uL final volume for 20 min at 30 °C. For Ky
measurements, reactions were performed with variable
concentrations of substrate, 1 yM in vitro-synthesized NPN,
0.1 uM purified LarAH, and 100 mM Tris—HCI, pH 8.0, in a
50 uL final volume for 20 min at 30 °C.

All reactions were then stopped by incubation at 90 °C for
10 min, and the products were assayed spectrophotometrically
or by capillary electrophoresis.*’ p-Lactate and r-lactate were
assayed spectrophotometrically at 340 nm with an Infinite 200
PRO plate reader (Tecan) using a p/L-Lactic Acid Assay Kit
from Megazyme. All other racemization and C2-epimerization
reactions shown in Figure 2 were assayed by capillary
electrophoresis.” Briefly, reaction mixtures were loaded onto
a polyacrylamide-coated capillary of 54/46 cm in total/
effective length with an internal diameter of 50 ym from
Agilent and run on a Capel 105 M from Lumex Instrument at
20 °C using —25 kV. Using a modified partial filling-counter
current method with indirect UV detection, high resolution
was achieved with vancomycin as a chiral selector added to the
background electrolyte composed of 10 mM benzoic acid/L-
histidine at pH S. Products were detected at 230 nm.

The relative k /Ky values were determined by the ratios of
the reaction rates of two substrates that were mixed at the
same initial concentration in the reaction solution and
processed by the enzyme simultaneously.”” One substrate
was used as the reference, and the k.. /Ky value of another
substrate was reported as the percentage of the reference
substrate. The reaction rates were determined either
spectrophotometrically or by capillary electrophoresis,”’ as
described above.

The activity of LarA;, produced in L. lactis was measured in
a solution containing 60 mM MOPS, pH 7.4, and 3 mM
sodium lactate at the indicated temperatures. The reactions
were initiated by adding the enzyme (0.5 yM) to a pre-
equilibrated reaction mix for 10 min and then terminated by
heating at 90 °C for 10 min. Precipitated protein was separated
by centrifugation, and the quantity of p-lactate formed by
racemization activity was measured by using the D/L-lactate
assay kit (Megazyme Inc.), as described previously."

Ligand Exchange by the Heating—Cooling Treat-
ment. Ligand exchange by a heating—cooling treatment was
performed in a thermal cycler (T100, Bio-Rad) with a two-step
heating—cooling procedure. To study the heat stability of
LarAy, 4 uM enzyme was mixed with 3 mM sodium L-lactate
(Alfa Aesar, stocks prepared in gel filtration buffer containing
20 mM Tris—HCI, pH 7.5, and 125 mM NaCl) in PCR tubes
on ice and then transferred immediately to the thermal cycler
preheated to 45—65 °C. The samples were heat-treated for 30
min and then rapidly cooled to 4 °C. Samples were then
centrifuged at 12,000 rpm at 4 °C for 10 min to remove the
precipitated protein. The supernatants were concentrated and
then loaded onto a Superdex 200 Increase 10/300 GL column
to check the protein oligomeric state as an indicator of protein
stability. The gel filtration profiles at 45—65 °C indicated S5
°C as the optimum temperature. To prepare samples for
crystallization, ligand exchange (at ~3 mM) was performed at
55 °C for 15 min, followed by rapid cooling to 4 °C as
described above, except that different ligands were included
during the heating—cooling procedure. The monomeric

https://doi.org/10.1021/acscatal.4c07804
ACS Catal. 2025, 15, 2857—-2866


https://pubs.acs.org/doi/suppl/10.1021/acscatal.4c07804/suppl_file/cs4c07804_si_001.pdf
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.4c07804?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Catalysis

pubs.acs.org/acscatalysis

Research Article

species collected from gel filtration were concentrated and
applied to crystallization.

Crystallization, Data Collection, Processing, and
Structure Determination. The purified monomeric LarA,
was concentrated to 19 mg/mL in a buffer containing 50 mM
Tris—HCI, pH 7.4, and 125—300 mM NaCl using a 30 kDa
cutoff Amicon ultracentrifugal filter. Crystallization screening
was performed using commercial kits by hanging vapor
diffusion at 21 °C. Crystals of LarA;, grew with a reservoir
solution containing 0.1 M imidazole/2-morpholinoethanesul-
fonic acid (MES) monohydrate, pH 6.5, 20% poly(ethylene
glycol) methyl ether 500 (PEG S00 MME), 10% PEG 20,000,
and 120 mM each of ethylene glycols (diethylene glycol,
triethylene glycol, tetraethylene glycol, and pentaethylene
glycol). The p/L-2HB crystals grew with 0.1 M Bis-Tris, pH
6.0, and 25% PEG 5000, and p-2HIV crystals grew with a
reservoir solution containing 0.1 M imidazole/MES mono-
hydrate, pH 6.5, 20% PEG 500 MME, 10% PEG 20,000, and
120 mM each of monosaccharides (p-glucose, D-mannose, D-
galactose, L-fucose, D-xylose, and N-acetyl-D-glucosamine).
Crystals typically appeared within 1—2 days and reached
maximum size within 3—4 weeks. All crystals were directly
flash-frozen in liquid nitrogen.

Diffraction data were collected on the 21-ID-D beamline at
Life Sciences Collaborative Access Team (LS-CAT) of the
Advanced Photon Source in the Argonne National Laboratory
and on 17-ID-2 (FMX) beamlines at the National Synchrotron
Light Source II at Brookhaven National Laboratory. The data
set for the crystals of LarA;, as purified was indexed and scaled
using HKL2000,** whereas all other data sets were indexed,
integrated, and scaled using XDS* via Fast DP. To conduct
molecular replacement with Phenix.phaser, the AlphaFold-
predicted structure of LarAy, was divided into the N-terminal
domain and C-terminal domain. The phases were solved
initially by performing molecular replacement using each
domain separately before they were combined into a single
chain for refinement conducted using Phenix.refine. Model
building was performed in Coot."” Phenix*® was used to
generate the mF, — DF, and 2mF, — DF, maps, and PyMOL
was used to generate images. The atomic coordinates were
deposited in the PDB. The crystallographic statistics are listed
in Table S2.

Generation of the Structural Models for the
Enzyme—Substrate Complexes. To examine the perform-
ance of AlphaFold"” in predicting LarAHs, the predicted
structure of LarA;, (https://alphafold.ebi.ac.uk/entry/
E8QWZ4) was compared to the experimentally solved
structure. Although the RMSD between the full-length LarA;,
and the predicted structures is 1.86 A, separate alignment of N-
and C-terminal domains showed much smaller RMSD values
(0.36 and 0.38 A, respectively), indicating that the large RMSD
for the full-length protein is due to different orientations
between the two domains. After the N- and C-terminal
domains were separately aligned with the experimentally
solved structure and then fused into a single protein, the
resulting model aligned very well with the experimentally
solved structure with an RMSD of 0.36 A. We treated the
AlphaFold models of the LarA enzymes in groups 1/5/6/7a/
10** in the same way—divided into the N- and C-domains,
aligned separately with the corresponding domains of LarAy,
and linked to regenerate the full-length protein in the active
state, with the NPN cofactor and the corresponding substrate
manually modeled later. For the LarA enzymes in groups 19

and 20, as their C-terminal domain cannot be well aligned with
that of LarA;, the AlphaFold models were used for ligand
modeling without adjustment. To add the NPN cofactor, the
N-terminal domains of LarAHs were aligned with the
corresponding region of LarA;, and then the NPN cofactor
was directly copied to the LarAH structural models. To add
the corresponding substrates to the active site, the binding
mode of D-lactate in LarA;, was used to guide the docking of
other o-hydroxyacids. Minor adjustments of side-chain
rotamers and conformations of the ligands were conducted
to avoid clashes.

B ASSOCIATED CONTENT

Data Availability Statement

The atomic coordinates and structure factors generated in this
study have been deposited in the PDB with the accession
codes 9EIA (LarAIP with bound p-lactate as purified), 9EID
(LarAIp with bound D-2HB), and 9EIF (LarAIP with bound D-
2HIV). The AlphaFold-predicted structures were retrieved
from the AlphaFold protein structure database (https://
alphafold.ebi.ac.uk/).
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