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ABSTRACT

The nickel-pincer nucleotide (NPN) is a novel metallocofactor required for lactate
racemase and similar activities. The name pincer derives from the metal ion being tri-coordinated
in a planar orientation. These complexes are common in synthetic organic chemistry; however,
the NPN cofactor is the first nickel pincer complex to be identified in Nature. Since its discovery
in 2015, much work has been done to improve our understanding of the function and
biosynthesis of this cofactor. Three enzymes, LarB, LarE, and LarC are involved in the
biosynthesis of this cofactor. LarB adds a second carboxyl group to the pyridinium ring of the
precursor nicotinic acid adenine dinucleotide (NaAD) and hydrolyzes the phosphoanhydride
bond to form the product, pyridinum-3,5-biscarboxylic acid mononucleotide. LarE adds two
molecules of sulfur which results in pyridinium-3,5-bisthiocarboxylic acid mononucleotide
(P2TMN). Finally, LarC completes the synthesis of the mature NPN cofactor by inserting the
nickel ion.

Previously, LarC was shown to be a CTP dependent enzyme, but the function of this
cofactor was not clear. Through mass spectrometry analysis and activity assay, I discovered a
reaction intermediate, CMP-P2TMN, which provides insight on the role of CTP in the reaction. I
speculate that the function of this adduct is to position the substrate correctly for the metal ion
insertion. Working toward a better understanding of this process, I have obtained a preliminary
cryo-electron microscopic protein structure of LarC from Moorella thermoacetica.

The NPN biosynthetic pathway and lar4 genes are found in almost a quarter of the analyzed
prokaryotic genomes. The current process used to screen the functionality of these predicted
homologs uses an in vitro method that is time consuming and error prone. I developed an

efficient alternative method to confirm the roles of biosynthesis protein homologs and to



generate active NPN-containing proteins by implementing a co-expression system in genetically

tractable Escherichia coli
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CHAPTER 1

INTRODUCTION: THE NICKEL-PINCER NUCLEOTIDE COFACTOR AND ITS

BIOSYNTHETIC PATHWAY

This chapter includes portions that were adapted from text originally published in:
Nevarez J.*, Turmo, A.*, Hu J., and Hausinger, R. P. (2020) Biological pincer complexes,
ChemCatChem, 4;12(17): 4242-4254. *These authors contributed equally to the minireview.

Copyright © 2020 John Wiley & Sons, Inc. — Reproduced with permission.



Introduction
A novel organometallic cofactor was identified in the lactate racemase from
Lactiplantibacillus (formerly Lactobacillus) plantarum and shown to be necessary for

interconverting the L- and D- stereoisomers of lactic acid (Figure 1-1).! The lactate racemase

\)OL i reaction was first observed in biology in 1936
: o o . .
: LarA ﬁ)}\ from Clostridunum acetobutylicum and C.
OH OH
p-Lactate L-Lactate beijerincki.? Racemization is a critical part of

cell functionality since different isomers
provide unique biological roles. ** For L.
plantarum, D-lactate is essential for growth
and is a component of its peptidoglycan

component of the cell wall, where it provides

resistance to vancomycin antibiotics. >

Figure 1-1 Lactate racemase, LarA.(Top) The

interconversion of lactic acid stereoisomers by LarA. Possibly due to this mandatory requirement, L.
(Bottom) Crystal structure of LarA;, (PDB:5SHUQ) with
an insert highlighting the active site with the NPN
cofactor. NPN in black stick; key residues in blue stick;
nickel as a green sphere.

plantarum possesses both L- and D-lactate
dehydrogenase and lactate racemase to ensure
this organism can obtain the stereospecific D-lactate through multiple means.

The nickel-pincer nucleotide (NPN) cofactor is one of two types of metal pincer complexes
found in Nature, where the other type is the calcium- or lanthanide-pyrroloquinoline quinone
complex. ” More commonly found in synthetic inorganic chemistry, ®° pincers are characterized
as planar ligands that tri-coordinate a metal ion; in the case of the NPN cofactor a nickel is
coordinated by a carbon and two sulfur atoms (a so called SCS-type pincer) present in

pyridinium-3,5-bisthiocarboxylic acid mononucleotide (P2TMN). Recently it was shown that the



NPN cofactor is utilized by additional enzymes that catalyze racemase or epimerase reactions
other than lactate racemization, e.g., enzymes were identified with specificity for malate, 2-
hydroxyglutarate, phenyllactate, D-gluconate/D-mannonate, and other 2-hydroxyacid substrates.
19 This finding expands the repertoire of the cofactor’s functionality and opens the possibility of

additional reactions that are still to be uncovered.

Characterization of lactate racemase and the role of NPN cofactor
Lactate racemase activity had been detected in several organisms since its discovery in
1936, 2 however the properties of the enzyme and its reaction mechanism had remained
enigmatic until recently. Transcriptional and biochemical studies using L. plantarum revealed
two adjacent and oppositely transcribed

DI/L lactate

operons (larR(MN)QO and larABCDE) that

J

&

D-lactate T l L-lactate DAL lactate

are associated with this activity (Figure

Ni

10,11 : Snts
larQ jarQ o larMN g farR farA larB JarC farD farE 1-2)' ’ LarR 1Isa transcrlp tlonal regl’ﬂa’tory

pLarB @ @ D-factate protein that increases expression of both
[ > g L-lactate /

/ operons when L-lactate is bound. > LarMN,

Figure 1-2 Overview of L. plantarum lar operons and
gene functions. LarQ, and LarO are three components of an

L&

ATP-binding cassette type transporter that are most closely related to nickel uptake systems.
LarA is the protein responsible for lactate racemase activity. LarB is a homolog of PurE or
carboxyaminoimidazole ribonucleotide mutase, but with an N-terminal extension. LarC is not
related to any protein of known function. LarD is an aquaporin-type membrane protein that
functions as a permease of both L- and D-lactate. '* Finally, LarE is a member of the diverse

group of PP-loop ATPases. Significantly, lactate racemase activity requires the products of /arB,



larC, and larE in addition to the presence of LarA, '* suggesting that the auxiliary components
are needed to activate the enzyme.

Structural studies played a large role in characterizing the properties of lactate racemase.
The report describing biochemical studies of LarA from L. plantarum (LarAp,) also had included
the crystal structure of cofactor-free (apoprotein) LarA from Thermoanaerobacterium
thermosaccharolyticum (LarAr). '> More significantly, the structure of the LarA;, holoenzyme
was solved and identified the composition of the cofactor, confirming mass spectrometric-based
conclusions. ! In LarA,, a thioacid of the cofactor is covalently linked to Lys184 as a thioamide
(Figure 1-1),! whereas the cofactor binds non-covalently to LarAz, even though a corresponding
lysyl residue is present. '® The cofactor dissociates from LarAr during purification or
crystallization, thus explaining why the apoprotein structure was obtained. The apoprotein of
LarA7 has been exploited for monitoring NPN cofactor biosynthesis; mixing of the protein with
NPN cofactor rapidly confers lactate racemase activity. !> Likewise, the LarA;, holoenzyme
has been useful for defining properties of the enzyme mechanism.

LarA,, catalyzes lactate racemization by using a proton-coupled hydride-transfer (PCHT)

mechanism, possibly with two hydride binding sites on the cofactor (Scheme 1-1).!3

'OOQ CHg ™ O0C CHj ‘00C. CHs
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Scheme 1-1 LarA activity using a proton-coupled hydride-transfer mechanism. Adopted from'>.

Depending on whether L- or D-lactate binds, either His108 or His174 is thought to be
appropriately positioned to serve as a general base to abstract the proton on the hydroxyl group.

The C2 hydrogen atom transfers as a hydride to NPN as pyruvate is formed as a reaction
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intermediate. It is plausible that the hydride binds to either of two distinct positions on the
cofactor, C4 of the pyridinium ring or as a nickel-hydride (requiring dissociation of His200),
which would account for the complexity of the NPN structure as opposed to the enzyme simply
using NAD" (Figure 1-3). The hydride then returns to pyruvate by attacking either face, thus
accounting for substrate racemization, as the corresponding His residue functions as a general
acid. Evidence in support of this mechanism is derived from the direct identification of pyruvate
during the quenched reaction, the demonstration of a substrate kinetic isotope effect when using
substrate with 2H at the C2 position, a change in visible absorption of the chromophore

consistent with NPN reduction, and computational studies. '*

Biosynthesis pathway of the NPN cofactor

The three auxiliary genes that co-localize and are co-regulated with /larA4 in L. plantarum (larB,
larC, and larE) '® were proposed to be involved in NPN cofactor biosynthesis. ! Subsequent
investigations revealed the pathway by which the corresponding gene products function in the
biosynthesis of the novel SCS-type nickel-pincer complex.

In L. plantarum (and probably all other species containing the cofactor) the NPN structure is
derived from nicotinic acid adenine dinucleotide (NaAD) with LarB;, catalyzing the first steps:
carboxylation on C5 of the pyridinium ring followed by hydrolysis of the phosphoanhydride with
release of AMP to form pyridinium-3,5-dicarboxylic acid mononucleotide (P2CMN). '-15 No
external energy source is required for the carboxylation reaction, although it had been speculated
that the energy released from the hydrolysis of NaAD was used for the carboxylation reaction. !!
A more recent investigation demonstrated that the two reactions are independent of each other
and suggested that hydrolysis prevents the carboxylated NaAD product from binding to the

enzyme and undergoing the reverse reaction, decarboxylation. !> That publication also solved



three structures of LarB;, in complex with a substrate analog, product AMP, and inhibitor zinc.
Additional studies showed that LarB uses CO., not bicarbonate, for carboxylation, that a
transient cysteinyl-pyridinium adduct is formed as a reaction intermediate (thus increasing the
nucleophilicity of C5), and that hydrolysis occurs by water attack on the more distal phosphate
(as shown by '80-labeled water becoming incorporated into AMP, not P2CMN). 3

In the second stage of the NPN biosynthetic pathway in L. plantarum, two molecules of LarE;,
each sacrifice a cysteinyl side chain sulfur atom, forming dehydroalanine residues (Dha), while
sequentially converting the P2CMN carboxyl groups into thiocarboxylates to form pyridinium-3-
carboxy-5-thiocarboxylic acid mononucleotide (PCTMN) and P2TMN. '!7 On the basis of
structural and mechanistic studies, each sulfur transfer reaction involves (i) ATP-dependent
activation of a substrate carboxyl group by adenylylation with the release of pyrophosphate, (ii)
cysteinyl residue attack on the activated substrate to form a thioester with the release of AMP, (iii)
deprotonation of the cysteinyl Ca position, and (iv) sulfur transfer to form the product thioacid
while generating Dha. This type of sacrificial sulfur transfer reaction is known to occur in only
one other enzyme, thiamine thiazole synthase from Saccharomyces cerevisiae. '* The Dha-
containing form of LarE;, is capable of being recycled in vitro by incubation with the persulfide
of coenzyme A (CoA) followed by addition of a reductant. '* In this recovery reaction, the highly
nucleophilic persulfide adds to the Dha residue yielding a CoA-LarE;, mixed disulfide that
subsequently undergoes reduction. It is unclear whether Dha recycling is physiologically relevant;
however, CoA binds to and stabilizes LarE;, "' In addition to the LarE;, adducts with P2CMN
and PCTMN formed during the sulfur transfer reactions, there is evidence for a LarE;, adduct of

NPN, suggesting that nickel can insert into P2TMN while it is covalently bound to LarE;,. '* This



result explains why large amounts of isolated L. plantarum LarE, when purified from cells that co-
produce LarB and LarC, can activate LarA apoenzyme. '°

Homology models of some LarE homologs had indicated a tri-cysteine motif that could
possibly bind an iron-sulfur cluster. !’ Bioinformatics studies have shown that the majority of LarE
homologs contain these three conserved cysteine residues, where the third is shifted in position by
one residue from the single cysteine of LarE;,. This observation led to the hypothesis that an iron-
sulfur cluster with a non-core sulfide could transfer the extra sulfur atom to substrate, thus
potentially avoiding the energetically costly need to repair inactive protein containing a Dha
residue. Recent biochemical studies have confirmed the presence of such a process using the
homolog of LarE from Thermotoga maritima (LarEz,). The active form of this protein contains
an oxygen-labile [4Fe-4S] cluster that appears capable of accepting a fifth sulfide from cysteine
desulfurase (when it is provided with L-cysteine) and then catalytically transferring that sulfide to
P2CMN. No mass change corresponding to Dha formation was detected for LarE7,. Because one
iron atom of the [4Fe-4S] cluster is not coordinated by a cysteine residue, that open site is thought
to be where the non-core sulfide is coordinated. !°

In the terminal step of NPN cofactor biosynthesis, LarC catalyzes the remarkable reaction of
installing nickel into the organic ligand by forming new nickel-carbon and nickel-sulfur sigma
bonds. 2 This capability makes LarC the first enzyme identified to catalyze a cyclometalation
reaction, a term used by inorganic chemists to reflect the formation of a metal-containing ring that
includes carbon-metal and nucleophile-metal bonds. 2>*> The molecular mechanism of the LarC

enzymatic reaction is unknown; however, a plausible nickel insertion mechanism is shown in



Scheme 1-2%. Activity assays demonstrated that

0 & | o 0 Z | 0

\'Y \'V LarC from L. plantarum (LarCp,) is a cytidine
R R

rx‘ “ 4 triphosphate (CTP)-dependent enzyme. '? Efforts to
) "y E‘Ho %" obtain the structure of LarCy, yielded crystals of

O (6]
z | | N | only the C-terminal domain, apparently derived by
‘\\<:P Hf“;/{/ proteolysis from trace levels of protease in the
o)if%jio sample. Fortuitously, x-ray crystallographic
| N | analysis of this domain in complex with CTP and

R

Scheme 1-2 Hypothetical nickel insertion manganese revealed a novel nucleotide-binding

mechanism of LarC. Adapted from?’.

site. Substitution of the CTP-binding residues by
site-directed mutagenesis confirmed the importance of these residues in catalysis. Additional
mutagenesis studies of residues in the N-terminal domain confirmed the importance of a His-rich
region that is suspected to bind nickel and of several conserved carboxylate residues that may bind
P2TMN or otherwise facilitate catalysis. ' LarCy, hydrolyzes CTP to form CMP, but the role of
this reaction was not defined. Of added interest, LarC;, appears to function stoichiometrically

rather than catalytically; thus, LarCy,, is a single-turnover enzyme. 12

Prevalence of lar genes

Characterization of the NPN biosynthesis pathway has focused on enzymes from L.
plantarum; however, an analysis of over 1,000 bacterial and archaeal genomes indicates about 9%
contain genes that may encode homologs of LarA and the NPN biosynthetic proteins. '
Investigating selected homologs might lead to the discovery of alternative enzymes with enhanced

stability or with distinct catalytic properties for generating the NPN cofactor. Furthermore, genome

analyses have identified natural fusions of some of the biosynthetic enzymes, possibly allowing



for channeling of the pathway in Nature. An additional ~15% of the same list of genomes lack a
homolog of the /arA gene, but contain homologs to larB, larC, and larE. This finding suggests that
the NPN cofactor is synthesized for purposes other than lactate racemization. Furthermore, some
organisms have multiple paralogs of /arA4, again consistent with alternative roles for the cofactor.
16

Recent biochemical studies have determined the functions of seven out of 13 potential
subgroups of lard. ' The reactions that were characterized so far all involve racemization or
epimerization of 2-hydroxyacid substrates, however, there are possibilities of the NPN cofactor
participating in other reactions. For example, a recent bioinformatics analysis reveals that genomes
of cyanobacteria are especially noteworthy because they almost uniformly contain the NPN
biosynthesis genes, but they lack any LarA homologs. 2* This consistent result suggests that these
phototrophs might contain a non-LarA like enzyme that utilizes NPN cofactor.

This thesis seeks to fill some of the gaps in our knowledge of NPN biosynthesis and utilization.
Chapter 2 focuses on LarC from Moorella thermoacetica (LarCy), describing its purification and
some of its properties, and testing a hypothesis for why LarC is a single-turnover enzyme. Most
importantly, it establishes the function of CTP in the enzyme reaction mechanism. Chapter 3
extends our understanding of LarCy by using cryo-electron microscopy to examine the structure
of the intact protein and expanding our knowledge of the protein by using site-directed
mutagenesis studies. Chapter 4 describes my efforts to create an expression system to allow the
generation of NPN-containing enzymes in Escherichia coli. The goal of this undertaking is to be
able to better examine the functions of LarA analogs and non-LarA NPN-binding proteins as well
as to characterize the activities of LarB, LarC, and LarE homologs. Finally, Chapter 5 provides a

summary of my results and offers a perspective of yet unanswered questions related to these topics.
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CHAPTER 2

CHARACTERIZATION OF THE NICKEL-INSERTING CYCLOMETALLASE LARC FROM
MOORELLA THERMOACETICA AND IDENTIFICATION OF A CYTIDINYLYLATED

REACTION INTERMEDIATE

This chapter was adapted from text originally published in:

Turmo, A., Hu, J., and Hausinger, R.P. (2022) Characterization of the nickel-inserting
cyclometallase LarC from Moorella thermoacetica and identification of a cytidinylylated
reaction intermediate, Metallomics 14, 2022, mfac014
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Introduction

The nickel-pincer nucleotide (NPN) is a recently discovered cofactor of lactate racemase that

also functions in other racemase and epimerase reactions.'? This complex, with nickel

coordinated to pyridinium-3,5-bisthiocarboxylic acid mononucleotide (P2TMN), is covalently

tethered by one thiocarboxylic acid to a lysyl residue in some, but not all, NPN-containing

proteins. The biosynthesis of NPN is best characterized in Lactobacillus plantarum (Figure 2-1).

NPN Cofactor
S—Ni=——3

L AN
0.7.0 x>,

NaAD P W"
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NH,
- 0
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Mn-CMP + PP;
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Mn-CTP

o 2 Mg-AMP + 2 PP;
W“ 2 MgrATP ' J\(\]/K

2 LarE
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Figure 2-1 Biosynthesis and structure of the nickel-
pincer nucleotide (NPN) cofactor. LarB catalyzes both
pyridinium ring C5 carboxylation of nicotinic acid
adenine dinucleotide (NaAD) and the hydrolysis of the
phosphoanhydride, releasing AMP, to produce
pyridinium-3,5-biscarboxylic acid (P2CMN). LarE uses
ATP to activate the pyridinium ring carboxyl groups of
P2CMN by adenylylation, and then transfers a cysteinyl
sulfur atom to this substrate to release AMP and produce
dehydroalanine. Two molecules of LarE are needed to
produce each molecule of pyridinium-3,5-
bisthiocarboxylic acid mononucleotide (P2TMN). LarC
transfers a protein-bound nickel ion into P2TMN in a
CTP-driven reaction producing the NPN cofactor. The
metallacycle generated by this reaction is highlighted by
bold lines.

O,

HO OH

P2CMN

The pathway initiates from nicotinic acid
adenine dinucleotide (NaAD),? with LarB
catalyzing the addition of a second carboxyl
group to the pyridinium ring and hydrolyzing
the phosphoanhydride bond to form
pyridinium-3,5-biscarboxylic acid
mononucleotide (P2CMN).* Two molecules of
LarE sequentially catalyze ATP-dependent
sacrificial sulfur insertion reactions, resulting
in P2TMN.> Finally, LarC completes the
synthesis of the mature NPN cofactor by
generating nickel—carbon and nickel-sulfur ¢
bonds in a CTP-dependent reaction.’
Inorganic chemists use the term
cyclometallation to describe metal insertion

reactions that form a metallacycle in which the

metal becomes coordinated to carbon and an electrophilic atom.® LarC creates such a



metallacycle (indicated by the thicker lines in Figure 2-1) and represents the first cyclometallase
identified in nature.’

The sequences of LarC proteins are not homologous to other proteins of known function.’
LarC of L. plantarum (LarCp,) is among the ~8% of LarC homologs that are encoded by two
open reading frames, /arC1 and larC2, and separated by a programmed ribosomal frameshift
(PRF).” The PRF can be eliminated by gene fusion without compromising the activity of the
enzyme. The N-terminal sequence (LarC1) contains a His-rich region that is presumed to bind
nickel, and ~90% of LarCy,, as purified from nickel-enriched growth medium is loaded with this
metal ion.” The full-length protein undergoes apparent proteolysis during crystallization, with
only the C-terminal portion (LarC2) being crystallizable. The crystal structure of this protein
fragment, a hexamer containing two domains, was solved at a resolution of 2.0 A [protein
database (PDB) ID: 6BWO].” A full-length LarC protein structure has not yet been reported.

The reaction mechanism of this enzyme remains unclear, but several intriguing aspects of
catalysis have been uncovered using LarCy,.” Nickel incorporation into P2TMN requires the
hydrolysis of CTP, forming CMP and presumably pyrophosphate (PP;). Also required is the
presence of Mg?* or Mn**, with a preference for the latter metal. Of great interest, the structure
of LarC2+Mn+*CTP was solved by soaking the protein fragment with this metal ion and
nucleotide (PDB ID: 6BWQ).” Surprisingly, LarCy, appears to be a single-turnover enzyme, with
a single molecule of CTP undergoing hydrolysis for each molecule of NPN synthesized. Site-
directed mutagenesis of the fused version of /arC was used to replace several C-terminal domain
residues involved in CTP binding, generally resulting in severe diminishment of LarC activity.
Mutagenesis of larC was also used to delete the His-rich region or to substitute several acidic

residues in the LarC1 region, demonstrating the importance of these components for the enzyme
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activity. The combined results led to a proposal that LarC utilizes a carboxylate-associated
mechanism for transferring nickel into P2TMN in a CTP-dependent manner.’

In this study, I characterized a LarC homolog from Moorella thermoacetica (LarCu)
encoded by a gene lacking an internal stop signal and not subject to a PRF. I demonstrated that
LarCy 1s more resistant to proteolysis when compared to LarC;,, and I characterized selected
properties of the protein. For example, I ruled out the hypothesis that enzyme inhibition by its
product PP; accounts for its apparent single-turnover activity. Of greatest interest, I identified a
cytidinylylated (CMPylated)-substrate intermediate that is formed during the reaction of LarCyy;.
Selected variants with substitutions at the predicted CTP-binding site retained substantial
activity, but they exhibited greatly reduced levels of the intermediate. In contrast, use of LarCy
from cells grown on medium without supplemental nickel led to enhanced amounts of the
intermediate. On the basis of these results, I propose a functional role for CTP in the

unprecedented nickel-insertase reaction during NPN biosynthesis.

Methods

Materials
Carbenicillin, kanamycin, chloramphenicol, and B-D-1-thiogalactopyranoside were purchased
from Gold Bio (St. Louis, MO, USA). Desthiobiotin and NaAD were acquired from Sigma (St.
Louis, MO, USA). All other chemicals used were reagent grade or better.

Genes, plasmids, and cloning
The gene encoding LarCys, flanked by Ndel and Xhol restriction sites, was chemically
synthesized (Integrated DNA Technologies, Coralville, IA, USA). The DNA fragment was

110

inserted into the vector pLWO01 " resulting in the production of LarCy; with an N-terminal Hise-

tag followed by a tobacco etch virus protease cleavage site. Site-directed mutagenesis of /arCu
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was carried out using the gap-repair method,'! and the constructs were verified by Sanger
sequencing (Azenta, South Plainfield, NJ, USA). The constructs were transformed into
competent Escherichia coli BL21 (DE3) cells for gene expression and protein purification

studies.!? The strains, plasmids, and primers used in this study are provided in Table 2-1.

Table 2-1 Strains, plasmids and primers.

pET:LarBLp

Km'; pET28a with a LarB;,, purification (Strain057-BL21)
0.77-kb insert
containing larB
translationally fused to
DNA encoding the
Strepll-tag

Strain, plasmid or primer | Characteristic(s) or sequence Source or
reference
Strains
Lc. Lactis
NZ3900 MG1363 derivative 12
E. coli
DH5a F— @80lacZA M15 A (lacZYA-argF) U169 recAl endAl hsdR17 | ThermoFisher
(K= mK+) phoA supE44 - thi—1 gyrA96 reldl
BL21 (DE3) fhuA2 [lon] ompT gal (A DE3) [dem] AhsdS NEB
A DE3 = A sBamHIo AEcoRI-B int::(lacl::PlacUV5::T7 genel)
i21 Anind
ArcticExpress Contains Cpn60 and Cpnl0 from Oleispira antarctica Agilent
Plasmids
pLWO01 Amp" 10
pLWOI1:LarCMT Amp'; LarC s purification This study
4

pBAD:LarELp

Amp’; construct- L. LarE,,, purification (Strain036-Arctic)
plantarum LarE
overexpression with
strep tag (C-term)

pGIR082 Cm'’; pNZ8048 with a LarAy purification o

1.31-kb insert after

PnisA containing larATt

translationally fused to

DNA encoding the

Strepll-tag
pET:LarCMT D256A Amp'; LarCy, D256A variant purification This study
pET:LarCMT E261A Amp'; LarCy: E261A variant purification This study
pET:LarCMT E364A Amp'; LarCy: E364A variant purification This study
pET:LarCMT D256A Amp'; LarCy; D256A E261A variant This study
E261A purification
Primers
LarC-MT Ndel fw GATCCATATGAAGATCGCCTATTTTGAT Subcloning
LarC-MT Xhol rv GTCACTCGAGATTAAAATGCTTTCAGTGCACGTGC Subcloning
LarC-MT E261A fw GATGATATGAACCCGGCGTTTTTTCCGGCACTGCTGGA | Gap Repair

AGAAACC
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Table 2-1, (cont’d)

LarC-MT E261A rv CGCCGGGTTCATATCATCAATGGTGGTTTCAATAACCA | Gap Repair
GG

LarC-MT D256A_fw GGTTATTGAAACCACCATTGCGGATATGAACCCGGAAT | Gap Repair
TTTTTCCGGC

LarC-MT D256A rv CGCAATGGTGGTTTCAATAACCAGGCTGCTTTCTTCACC | Gap Repair

LarC-MT E364A fw GGTTATTACCAATATTGCACCGGCGTATGAAAGCTGTC | Gap Repair
G

LarC-MT E364A rv CGCCGGTGCAATATTGGTAATAACCTGACCGGTCGGAT | Gap Repair
CACGATACAGACC

LarC-MT D256A GCGGATATGAACCCGGegTTTTTTCCGGCACTGC Gap Repair

E261A fw

LarC-MT D256A cgCCGGGTTCATATCCGCAATGGTGGTTTC Gap Repair

E261A v

Gene overexpression and protein purification

I grew E. coli BL21 (DE3) strains containing plasmids with wild-type and mutant larCh:
in an autoinduction medium'# amended with 100 mg/L carbenicillin. The cultures were grown at
20°C while agitating at 220 RPM and, except where indicated, ]| mM NiCl, was added after 4 h
of growth. Cells were harvested after ~20 h by centrifugation at 8000 rpm, resuspended in an
equal volume of 100 mM Tris, pH 8.0, buffer containing 300 mM NaCl, and stored at —80°C
until needed.

Thawed cells were lysed by use of a French pressure apparatus operating at 16,000 psi
and 4 °C. The debris was removed by centrifugation (45 min at 115,955 xg) at 4 °C. His-tagged
LarCy and its variants were purified using a His60 Ni Superflow resin by following the
manufacturer’s protocol (Takara Bio, San Jose, CA, USA). For native molecular weight
determination, the sample was subjected to size exclusion chromatography (SEC) in 100 mM
Tris-HCI buffer, pH 8.0, containing 300 mM NaCl on a Superdex 200 Increase 10/300 GL

column (GE Healthcare, Chicago, IL, USA) while monitoring with miniDAWN TREOS multi-
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angle light scattering (MALS) and TRex refractive index detectors (Wyatt, Santa Barbara, CA,
USA). The data were analyzed with the ASTRA software (Wyatt).

Overexpression and purification of two other NPN biosynthesis proteins, LarB;, [from E.
coli BL21 (DE2) cells] and LarE;, (expressed in E. coli ArcticExpress cells), were carried out as
previously described.*> The lactate racemase apoprotein from Thermoanaerobacterium
thermosaccharolyticum, LarAr, was obtained from Lactococcus lactis NZ3900 cells containing
pGIR082, following the previously reported purification protocol.’

The protein concentrations were determined either by the absorbance at 280 nm (€280 =
23,740 M~! cm™! using the ExPASy protein parameter tool) or the Bradford protein assay reagent
(Bio-Rad, Hercules, CA, USA) using bovine serum albumin as the standard.

LarC activity assay
The LarCy substrate, P2ZTMN, was synthesized by incubating NaAD (0.2 mM) with LarB, (10
uM) and NaHCO; (50 mM), to generate P2CMN, along with LarE;, (200 uM), ATP (2 mM),
and MgCl, (20 mM) at room temperature for 1 h in 100 mM Tris-HCI buffer, pH 7.0.”
Conversion of P2TMN to NPN was achieved by incubation of an aliquot of the mixture
mentioned earlier with an equal volume of CTP (0.2 mM), MgCl (10 mM) , B-mercaptoethanol
(B-ME, 10 mM), and LarCy or LarCyp, (2.5 uM) in 100 mM 2-(N-morpholino)ethanesulfonic
acid, pH 6.0, at room temperature for 30 min. Synthesis was terminated by heat treatment at 95
°C for 10 min. A 5-ul aliquot of the resulting NPN was mixed with LarAz; apoprotein (0.8 uM)
and L-lactate (45 mM) in 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (100 mM), pH 7.0,
for 5 min at 50°C, and the reaction was terminated by incubation in 95°C for 10 min. The lactate
racemase activity was measured using a commercial kit (Neogen, Lansing, MI, USA) as

previously described.” Variations to these parameters were performed in specific experiments
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that are described in the “Results and discussion” section. In some cases, P2TMN was purified
by chromatography on a Q-Sepharose column (5 mL column volume) in 30 mM Tris-HCI buffer,
pH 8, with elution using a NaCl gradient (to 1 M) and detection at 254 nm, analogous to a
previously described procedure.’

To assess whether the apparent single-turnover reactivity of LarCy is due to inhibition by
PP, I tested the effect of adding 10 mM PP; (Avantor, Radnor, PA, USA) and of providing 2
units of pyrophosphatase (PPase; Sigma) to the LarC assay reaction.

Mass spectrometric (MS) analysis

The intact LarCy protein mass was determined using a Waters G2-XS Q-TOF (time of
flight) mass spectrometer by injecting 10 pl of sample onto a Thermo Hypersil Gold CN guard
column (1.0 x 10 mm) for desalting. A gradient of water + 0.1% formic acid (solvent A) and
acetonitrile (solvent B) was run as follows at a flow rate of 0.1 ml/min: initial conditions were
98% A/2% B, hold at 2% B until 5 min with the flow diverted to waste for the first 3 min, ramp
to 75% B at 10 min and hold at 75% B until 12 min, return to 2% B at 12.01 min and hold until
15 min. Mass spectra were obtained using electrospray ionization in positive ion mode with a
source temperature of 100 °C, cone voltage of 35 V, desolvation temperature of 350 °C,
desolvation gas flow of 600 L/h, cone gas flow of 50 L/h, and capillary voltage of 3.0 kV. Data
were acquired using a 0.5 s TOF MS scan across an m/z range of 200—2000 and the spectra were
deconvoluted in Masslynx using the Max Ent I algorithm.

LarCy reaction samples were analysed using a Waters G2-XS Q-TOF mass spectrometer
interfaced with a Waters Acquity UPLC. The 10-ul samples were injected onto a Waters Acquity
UPLC BEH-C18 column (2.1 x 100 mm) that was held at 40 °C. Compounds were separated by

ion-pairing chromatography using a binary gradient as follows: initial conditions were 100%
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mobile phase A (10 mM tributylamine and 15 mM acetic acid in a 97:3 water/methanol (v/v)
mixture) and 0% mobile phase B (methanol), hold at 100% A for 1 min, linear ramp to 99% B at
7 min, hold at 99% B to 8 min, return to 100% A at 8.01 min and hold until 10 min. The flow
rate was 0.3 mL/min. Mass spectra were obtained by electrospray ionization operating in
negative ion mode with a capillary voltage of 2.0 kV, source temperature of 100 °C, cone voltage
at 35V, desolvation temperature of 350 °C, desolvation gas flow of 600 L/h and cone gas flow
of 50 L/h. Data were acquired using a data-independent MS® method (scans with fast switching
between no collision energy and using a collision energy ramp of 20—-80 V) across an m/z range
of 50—1500. Daughter ion spectra were acquired for m/z = 715.02 using an MS/MS method with
selection in the quadrupole and fragmentation using a collision energy ramp of 10-60 V.
Lockmass correction was performed in MassLynx software using leucine enkephalin as the

reference compound.

Results and discussion

larA  larB  larC  laD  jarE Characterization of M. thermoacetica LarC

L plantarum Y- I :>

larB larA larA largE larC

M. thermoacetica I | D> ‘- | exhibits four widely dispersed sites of /ar

Figure 2-2 Comparison of the organization of genes genes, with an isolated /arB, two widely
related to NPN biosynthesis and use in Lactobacillus

plantarum versus Morella thermoacetica. In L.
plantarum, the single lactate racemase gene larA4 is
clustered with larB, larC, and larE that encode enzymes
for NPN biosynthesis. A non-essential lactate permease is  and larE grouped with /arC; this
encoded by larD. In M. thermoacetica, the lar genes are
distributed at four sites in the genome, with only /arE and
larC grouped together and with two copies of lar4-like
genes of unknown function. The GeneBank accession .
numbers for the L. plantarum genes are WP_011100883.1 plantarum, where a single copy of larA
(lard), WP_011100884.1 (larB), WP_003641713.1

(larD), and WP_003641716.1 (larE), whereas those for

M. thermoacetica are WP_011392116.1 (larB), . . .

WP 071541324.1 (lard 1), WP_231114104.1 (lar42), ~ immediately adjacent to the three NPN

WP_011393988.1 (larE), and WP_011393989.1 (larC).

The genome of M. thermoacetica

separated lar4A homologs of undefined roles,

organization contrasts with the situation in L.
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biosynthetic genes (Figure 2-2). LarCy, and LarCy, exhibit 38% sequence identity with only the

latter protein containing a PRF (Figure 2-3).

Mt-LarcC MKIAYFDCFSGISGDMCLGALTACGLSQDELTSGLKELGLEGWELREVREVEQHSTAATDV a0

Lp-LarC MOTLYLDAFSGISGDMFLGALLDLGLDFEQLKTELAKLEVHGYELTQOREAQSSIYGTSE &0
kp Kk kkkkkkkd kkkd, k, gyk,p X gk g EakE o ok k% K

Mt-LarcC AVOVTGESQ===——————m—— e PHRHLADILGLINNSSLPAPVKEKSAAVFKNL 100

Lp-LarcC DVOVAGGKDHGEFVEHHHHOHEAGHHHDHEARHNLADIEALIDGSDLSDTVKHHAKATIFMET 120

bk d ook . ke ok bk ok ko & & A A .. b oe &

Mt-LarcC ARAEGQVHGIDASQVHFHEVGAVDAIIDIVGSILGLHLLGIEKVISSPLPAGSGWVDCRH 60

Lp-LarcC AQAEAAVHHMP LAEVHFHEVGALDSIVDIVGCCIGLELMQIDTIMASPLSDGSGFINVAH 180
* ek F & . I E P R EE R " .k k- * = PR EE LI *

Mt-LarcC GKLPVPAPATLYLLOGYPVY=---GTEDKAELVTPTGAALITTLADSFGPFPAMNL-TRVG 216

Lp-LarcC GOMPVPVPAVMOMRVGSAIPIQORLDVHATELITPTGMGLVKTLVREFGEFLPENAVPTRVG 240
J::I-l‘."l‘: : & H : ::-l.\:l--l,-l- '.1:‘4.--;.‘ ‘-'-\l-:.l : & A & ok

Mt-LarcC FGAGKTELFHFNLLRLALGEINS--GQ--LEGEES SL‘JTETTTIDHI‘]PIFFF‘ALI..EETHA 272

Lp-LarcC YGFGKRDTGGFNALRAVLFEKKKLSQQIVNRTADAVLMIEANLDDQTGEGLGYVMNQLLT 300
:l ¥ & . * * & ..l & L * . ' t:th:-:ﬁ'l . A "o . .

Mt-LarC AGAVDAFFTPVOMKKGRPGILFTALCPENKLPAVAAATFTHSSTLGLRFRRDQRLVCQRR 332

Lp-LarcC AGAYDVFFTPIQMKKDRPATKLTVLGNVNDEDLLTKLILQETTTIGVRYQTWQRT IMORH 360
* ok k K hodok ke kok Ak * & .k * * . . * - o sk ok ahkeos ok e ko

Mt-LarC MAEVVTPYGTVPVKLGLYRDPTGQVITN IAFI'l’ ESCRQIAKSAGVEVKEVYAARLAAARA 392

Lp-LarC FLTVATPYGDVOVEVATYQDI—-—--—- EKEMPEYADCAQLAQQFHIPFRTVYQAALVAVDY 415

Mt-LarC LKAF- 396

Lp-LarcC LDEEA 420

Figure 2-3 Comparison of the LarC sequences from M. thermoacetica (Mt-LarC) and L. plantarum (Lp-
LarC). The sequences exhibit 38% identity with 163 identical positions. This alignment was created using Clustal-
Omega." His residues are highlighted in cyan and residues that were substituted by mutation of the corresponding
codons are highlighted in pink. A more extensive alignment of LarC sequences that highlighted CTP-binding
residues was published previously.”

The endogenous His-rich region is shorter in LarCy, compared to LarCy,, and it has a
smaller overall abundance of His (10 versus 23 residues), especially in the N-terminus. Only five
His residues are conserved between the two proteins. Homogeneity of the Hisg-tagged protein
was established by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (Figure 2-4A) and

confirmed by ESI-MS, which yielded m/z = 44,202.5 (Figure 2-4B), consistent with the
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calculated mass of the nickel-free, full-length protein subunit (average M; = 44,204.83).1° SEC
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Figure 2-4 Homogeneity and size analyses of His¢-tagged LarCu:. (A) Sodium dodecyl sulfate polyacrylamide
gel electrophoretic analysis of LarC,. Lanes: (I) Precision Plus Protein Standard — Dual Color (Bio-Rad, Hercules,
CA), (II) pooled elution fraction from the Ni-NTA column, (III-XV) fractions from the size exclusion chromatogram
shown in panel (C). (B) Subunit mass determined by electrospray ionization-mass spectrometry. The expected
monoisotopic weight is 44176.84 Da, and the expected average mass is 44204.83 Da. (C) Size exclusion
chromatography while monitoring the absorbance at 280 nm. The inset depicts the elution positions for standards of
the indicated sizes. The predominant peak of the sample corresponds approximately to M, =321 kDa. (D) SEC-
MALS determination of molecular mass. The differential refractive and MALS-determined molecular mass
determination are indicated.

comparison to standards provided an approximate M; = 321 kDa (Figure 2-4C), whereas SEC-
MALS analysis indicated a 6- or 7-mer oligomeric state of LarCyy in solution (M; = 287,500)
(Figure 2-4D).

The activity of LarCy; was assessed by an indirect assay that measured the lactate
racemase activity of NPN-activated LarAz apoprotein.” The LarCa substrate was generated
from NaAD by the combined actions of LarB and LarE in the presence of COy/bicarbonate and

MgeATP. Transformation of P2TMN into the NPN cofactor was achieved by LarCy in the
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presence of Mn*CTP. Incubation of the resulting NPN with LarAz was followed by

measurement of lactate racemase activity. The general enzymatic properties of LarCy; were

similar to those of LarCy,, but the activity of the M. thermoacetica enzyme (see following text)

exhibited only approximately 3% of the L. plantarum enzyme activity’ when assayed using the

reported standard conditions for the latter enzyme.

Relationship of PP;to the reactivity of LarCy;
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Figure 2-5 Pyrophosphate (PPi) affects the activity of
LarCra. The nickel-inserting activity of LarCy, was
assayed by an indirect assay that involved the activation
of LarAr; apoprotein by enzymatically produced NPN and
subsequent measurement of the conversion of L-lactate
into D-lactate. The LarCy, substrate, pyridinium-3,5-
bisthiocarboxylic acid mononucleotide (P2TMN), was
generated by the combined action of LarB;, and LarE;,
acting on NaAD. Shown are the control reaction along
with the effects of including 10 mM PP;, both PP; and
pyrophosphatase (PPase), and only PPase (n =2
biological replicates using separate enzyme preparations).

To assess whether the enzyme reaction
product PP; leads to the low activity of LarCu
and to investigate whether such inhibition
accounts for the previously described apparent
single-turnover reactivity of the enzyme,’ |
examined the effects of adding PP; or
introducing pyrophosphatase (PPase) to the
assay (Figure 2-5). PP; was demonstrated to be
a potent inhibitor of LarCy activity, but full
activity was restored by the introduction of 2
units of PPase. Inclusion of PPase in a sample
lacking PP;, however, did not lead to greater
levels of activity. Thus, while PP;inhibits

LarCys, it does not account for the apparent

single-turnover reactivity of this enzyme. As previously proposed,’ it is more likely that the

stoichiometric nickel-insertion reaction is attributed to transfer of the inaccessible metal ion

within the protein that cannot be replaced by adding nickel ions to the assay solution.
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Identification of a P2TMN-CMP reaction intermediate
Time-dependent MS analysis of metabolites associated with the LarCy reaction revealed the
expected decrease in P2TMN levels as NPN was synthesized (demonstrated by incorporating the

cofactor into LarA7 and measuring the lactase racemase activity, Figure 2-6A).
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Figure 2-6. LarCy, forms a reaction intermediate. (A) The LarC,, reaction time course reveals a decrease in the
concentration of pyridinium-3,5-bisthiocarboxylic acid mononucleotide (P2TMN; solid gray bars), an increase in
NPN synthesis (monitored by the ability to activate LarAy; to generate lactate racemase activity, line), and an
increase in another metabolite (striped gray bars). The relative abundance of P2ZTMN and the novel metabolite are
based on the intensities of the mass spectrometric (MS) peaks relative to that of P2ZTMN in the zero-time sample,
which did not contain the other metabolite. (B) MS analysis of the intermediate species provides m/z = 715.02 and
the relative intensities of the isotopic species indicate the presence of two sulfur atoms, consistent with a P2TMN-
CMP linkage. These representative data are from a single experiment, but a replicate with another enzyme
preparation showed the same trends.

The concentrations of synthesized P2ZTMN are not known because a standard is not available, so
only the relative abundances are indicated for the representative data shown. Although NPN was
able to be detected, the very weak intensity of the feature associated with the cofactor prevented
its quantification using these conditions. Notably, an unidentified species (m/z = 715.02) was
shown to be generated by LarCy, as P2ZTMN was consumed (Figure 2-6A and B). The relative
abundance of this new metabolite was based on comparison of its peak intensities to that of
P2TMN at zero time; no metabolite was detected at the initial time point. Significantly, the novel
species was not formed in the absence of CTP. The mass of this species is consistent with that of
P2TMN linked to CMP. MS—-MS fragmentation analysis of this species supported a structure in

which the substrate forms a phosphoanhydride bond with the nucleotide (Figure 2-7), i.e., a
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CMPylated P2TMN. In particular, a species with an m/z of 402.01 is consistent with a

phosphoanhydride-containing molecule. The proposed formation and decay of this species
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Figure 2-7 The mass spectrometric (MS)/MS fragmentation spectrum of the LarCa intermediate. It is
consistent with cytidinylylated (CMPylated) pyridinium-3,5-bisthiocarboxylic acid mononucleotide (P2TMN).
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(Figure 2-8) is reminiscent of an intermediate formed by molybdenum insertase (Cnx1) during
the synthesis of the molybdenum cofactor (Moco, Figure 2-9).

In that pathway, molybdopterin is thought to be adenylylated to properly position its dithiolene
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Figure 2-8 Two-step reaction of LarC. CTP-dependent CMPylation of pyridinium-3,5-bisthiocarboxylic acid
mononucleotide (P2TMN), with release of PPi, is proposed to position the pyridinium ring in a proper orientation to
allow nickel ion transfer accompanied by phosphoanhydride hydrolysis by LarCMt.

moiety near the molybdenum-binding site, followed by molybdate insertion and
phosphoanhydride hydrolysis to release AMP and the Moco.!”?° I speculate that a similar
process occurs during NPN cofactor biosynthesis, i.e. P2TMN undergoes CMPylation to assist in
orienting the pyridinium ring near the buried nickel-binding site followed by metal insertion and
phosphoanhydride cleavage; however, additional studies (such as structure determination of the
LarCa*CMP-P2TMN complex) are required to verify this hypothesis. Of additional interest, the

Moco-forming enzyme is inhibited by PP;,'” as shown above for LarCay.
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Figure 2-9 ATP-dependent AMPylation of MPT, with release of PPi. The adenylylated intermediate is proposed
to position the dithiolene moiety in a proper orientation to allow molybdate insertion accompanied by
phosphoanhydride hydrolysis by Arabidopsis thaliana Cnxl1.
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LarCyy variant activities

The D256A, E261A, E364A, and

D284 D256A/E261A variants of LarCy; were
CTP

created and characterized for two reasons.
First, the three side chains correspond to
residues (Asp284, Glu289, and Glu387,
Figure 2-3) that coordinate the manganese

within the LarC;, CTP-binding domain (PDB

ID: 6BWQ).” D256A and E364A variants of
Figure 2-10 Residues predicted to be at the CTP-
binding site of LarCu: that may participate in ATP
hydrolysis. Acidic residues associated with the Mn-CTP
in LarCyy, are based on the LarC2-Mn-CTP structure of . .
LarC;, (PDB ID: 6BWQ). The LarC;,, residues importance for activity, based on the
corresponding to D256 and E364 (D284 and E387,

respectively) were previously substituted by Ala, resulting significant effects of D284 A and D387A
in proteins with approximately 10% and 0% of wild-type
activity.

LarCys were created to confirm their

variants of LarCr, (~10% active and inactive,
respectively).” No variant of Glu289 was examined for LarCy, because that position is not
conserved (e.g. Gln was noted in some LarC sequences). Second, these residues were targets for
mutagenesis because their predicted positions in LarCy; (Figure 2-10) were appropriate for
facilitating hydrolysis of the intermediate. Thus, I wondered whether their substitution by alanine

might increase the production of CMPylated-P2TMN.
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The activities of the LarCy variants were compared to A)

that of the wild-type enzyme, and to two of the

LarAp,
Relative Activity (%)

corresponding LarCy, variants, by using the indirect

50 -

lactate racemase-based assay (Figure 2-11A). I found =

the D256A variant of LarCy exhibited about 50% of o Lo Tom | oo Jomema] wrow
B) 125

the wild-type enzyme activity, compared to the 90%
activity loss for the D284 A variant of LarCy,. The

E261A variant of LarCy retained even greater levels

P2TMN
Relative Abundance (%)

of activity. Surprisingly, the E364A variant of LarCy

| ome | s | e [ssesa] weo

exhibited near wild-type activity levels, whereas the qQ -

corresponding E387A variant of LarCy, was inactive.

The basis of this difference is unclear, but may relate

P2TMN-CMP
Relative Abundance (%)

to protein folding issues, functional redundancy by »
another residue in close proximity, or other effects. i Lo I o] } 2w } %[ m L:[.’AI o] w
. . Figure 2-11 LarCy, variant analysis and effect
The E261A variant of LarCyy was slightly more of nickel limitation. Relative levels of (A)
lactate racemase activity, (B) remaining
active than the D256A variant. The reductions in pyridinium-3,5-bisthiocarboxylic acid

mononucleotide (P2TMN) substrate, and (C)
CMP-P2TMN intermediate after 30 or 60 min of
incubation of LarCy, samples with P2TMN and
Mn+CTP. Samples included wild-type LarCys, and
approximately additive for the D256A/E261A double its D256A, E261A, E364A, and D256A/E261A
variants that were purified from cultures
variant. MS analysis of the metabolites associated supplemented with 1 mM NiCl; as well as wild-
type LarCy, that was isolated from cells grown in
. . . L. medium without supplemental nickel ions. The
with these reactions revealed substantial reduction in  gamples were incubated with enzymatically
produced P2TMN for the times indicated, the
the amount of P2TMN for the wild-type enzyme, relative abundance levels of P2TMN and CMP-
P2TMN were quantified by comparing the
intensities of these mass spectrometric (MS)
peaks to that of P2TMN at zero time (n = 2,
technical replicates), and the products were
enzymes, and less utilization of the substrate by the mixed with LarAr apoprotein and the resulting
lactate racemase activities were determined (n =

1.

activity by the D256A and E261A variants were

clear decreases of P2TMN for the more active variant

29



double variant (Figure 2-11B), as expected. Notably, all of the variant proteins showed
insignificant levels of the intermediate m/z = 715.02 species (Figure 2-11C). These results
suggest that the decreases in variant enzyme activities are primarily associated with reduced rates
of synthesis of the CMP-P2TMN intermediate while not affecting the hydrolysis of this species.
Also shown in Figure 2-11are the activity and metabolite level results obtained using LarCyy, that
was purified from cells grown in medium without supplemental nickel addition. This form of the
enzyme was active, demonstrating the ability of the enzyme to sequester trace levels of nickel
ions from the medium during growth. Accordingly, the relative levels of P2ZTMN exhibited
substantial decreases over time. Significantly, the relative level of the CMP-P2TMN
intermediate was greater than that associated with enzyme purified from cells grown with excess
nickel ions. These results suggest, but still require further verification, that the intermediate is
generated prior to nickel insertion, and that limited nickel levels increase the amount of the
intermediate.

Conclusions
The gene encoding LarCy; was expressed, the protein was purified, and several of its properties
were determined. The enzyme converts P2ZTMN to NPN, but is inhibited by the product of the
reaction, PP;. This PP; inhibition does not account for the apparent single-turnover reaction
kinetics of the enzyme. I identified a novel intermediate in which the precursor, P2ZTMN is
CMPylated. Substitution of residues that are predicted to be positioned at the Mn*CTP-binding
site resulted in only partial reduction of LarCy activity, but a significant reduction in the
formation of CMP-P2TMN, indicating the rate-determining step of NPN synthesis is associated
with formation of the intermediate. By contrast, enhanced levels of CMP-P2TMN are produced

when nickel ions are limiting, consistent with the metal ion binding to the CMPylated
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intermediate. My discovery of the CMP-P2TMN reaction intermediate provides insight into the

mechanism of the nickel insertion reaction and clarifies the role of CTP in this reaction.
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CHAPTER 3

PRELIMINARY STRUCTURAL STUDY OF MOORELLA THERMOACETICA LARC
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Introduction

The structure of the C-terminal domain of LarC (LarC2) from L. plantarum was solved
previously, revealing a novel CTP binding pocket.! Mutagenesis analysis suggested that the N-
terminal portion of the protein is responsible for binding of nickel and the substrate, P2TMN.!
Support for a possible carboxylate-assisted mechanism of nickel transfer/cyclometallation was
shown through residue substitution experiments. Specifically, the replacement of highly
conserved acidic residues resulted in the loss of LarC activity, leading to the speculation that
these carboxylate residues are involved in enzyme function.'

Due to its susceptibility to proteolysis during extended incubation of the protein while
attempting crystallization, the full-length structure of L. plantarum LarC (LarCy,) protein has yet
to be solved. The protein cleavage occurs in the region where a programmed ribosomal
frameshift (PRF) allows the ribosome to bypass a stop codon to yield a larger fusion protein that
is needed for activity. A PRF is present at this position in 8% of the LarC homologs and results
in two isoforms of this protein, but most genomes encoding LarC produce only the longer form
of the protein and lack the “slip site” to introduce the internal stop codon during transcription.?
An engineered transcriptional fusion version of L. plantarum larC was created to remove the
PRF sequence and avoid synthesis of the non-functional truncated species; however, the
engineered fusion protein did not eliminate the proteolysis issue. A separate attempt to obtain the
structure of the truncated N-terminal domain of LarC (LarC1) was unsuccessful due to
aggregation of the purified protein.

I used two approaches to attempt to solve the full-length structure of LarC. One tactic
was to introduce residue modification at the proteolysis sites of LarCy, in hopes of preventing

the cleavage reaction. The other effort was to study homologs of LarC that don’t have a PRF and
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are less susceptible to proteolysis. For both approaches, I could attempt crystallography of the
protein, but I also investigated the use of cryo-electron microscopy (cryo-EM) for structure
determination. In addition to these experimental efforts, I used computational tools to create and
investigate a full-length structural model of LarC with a special interest in identifying plausible

substrate-binding sites.

Methods
Gene, plasmids, and cloning
Bacterial strains, plasmids and primers used for this study are listed in Table 3-1. The
primers used were purchased from IDT (Newark, NJ, USA). Site-directed mutagenesis was done
following the in vivo assembly method.>* Subcloning was performed using the Ndel and Xhol
cut sites as mentioned in the Chapter 2 methods section.?? The bacterial cell transformations
were performed using chemically competent E. coli DH5a or BL21 (DE3) cells following a

standard protocol.®

Table 3-1 Strains, plasmids and primers

Strain, plasmid or Characteristic(s) or sequence Source or
primer reference
Strains
E. coli
DHS5a F— @80lacZA M15 A (lacZYA-argF) U169 recAl endAl hsdR17 ThermoFisher
(1K= mK+) phoA supE44 \- thi—1 gyrA96 reld 1l
BL21 (DE3) fhuA?2 [lon] ompT gal (2 DE3) [dem] AhsdS NEB
ADE3 = A sBamHIlo AEcoRI-B int::(lacl::PlacUV5::T7 genel) i2l
Anin3
Plasmids
pET22b:fused LarCLp 7
pET22b:fused LarCLp | Amp'; S277A, Q278A, Q279A, R283A This study
alanine substitution for larC fused Lp
pLWO01 Amp" 8
pLWOI1:LarCMT Amp'; LarC s purification This study
Primers
LP LarC2 A fw CGTAAATGCAACGGCTGATGCTGTCTTA Gap Repair
LP LarC2 A rv ATGGCGGCAGCTAGTTTCTTTTTTTCGAATAATACGG Gap Repair
LarC-MT Ndel fw GATCCATATGAAGATCGCCTATTTTGAT Subcloning
LarC-MT Xhol rv GTCACTCGAGATTAAAATGCTTTCAGTGCACGTGC Subcloning
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Gene overexpression and protein purification

E. coli BL21 (DE3) strains were used to overexpress the recombinant proteins in
autoinduction medium.’ Cultures were grown at room temperature with shaking at 220 rpm.
NiCl (1 mM final concentration) was added to the medium 4 h after growth and the cultures
were grown an additional 20 — 24 h. Harvested cells were pelleted and resuspended in 35 mL of
100 mM Tris, pH 8.0, buffer containing 300 mM NaCl (TBS 100/300 pH 8.0) and stored in -80
°C until further use.

To lyse the cells, ] mM DTT, 1 mM lysozyme, cOmplete™ EDTA-free protease inhibitor
cocktail (Roche, Basel, Switzerland) and 1 unit of benzonase were added and the mixture was
incubated on ice for 30 min. The cells were passed through a French press apparatus twice at
16,000 psi. The lysate was centrifuged at 115,955 x g for 45 min at 4 °C. The His-tagged protein
in the supernatant solution was purified using gravity His60 Ni Superflow resin following the
manufacture’s protocol (Takara Bio, San Jose, CA, USA).

Further preparation of the sample prior to analysis by cryo-EM included chromatography
of the Ni-nitrilotriacetic acid (NTA) fraction on a Superdex 200 Increase 10/300 GL column (GE
Healthcare, Chicago, IL, USA) in TBS 100/300 buffer at pH 8.0. The eluted fractions were
concentrated using an Amicon concentrator (Sigma-Aldrich, St. Louis, MO, USA) with a 10-kDa
molecular weight cutoff filter. Final protein concentrations were determined by using the
Bradford protein assay reagent (Bio-Rad, Hercules, CA) with bovine serum albumin as the
standard.

Methods for cryo-EM specimen preparation and data collection
The peak fractions containing LarCy; from the gel filtration column were collected and

concentrated to 1.1 mg/mL. Cryo-EM grids were frozen using a Vitrobot Mark IV (Thermo
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Fisher Scientific, Waltham, MA, USA) as follows: 3.5 ul of protein samples was applied to a
glow-discharged Quantifoil Cu 1.2/1.3 holey carbon 200 mesh grid (Quantifoil, GroB16bichau,
Thiiringen, Germany), and the grid was blotted for 3.5 s prior to plunge freezing in liquid ethane.
The cryo-EM images were collected on the Talos Arctica microscope (Thermo Fisher Scientific,
Waltham, MA, USA) operated at 200 kV and equipped with a Falcon 3EC direct electron
detector camera. 1,586 movies were collected in counting mode using EPU software at a nominal
magnification of 92,000 x (corresponding to a calibrated pixel size of 1.12 A/pixel), with a
defocus range of -0.8 — 2.5 um. The total exposure dose of 35 e/A? was fractionated into 42
frames.
Image processing

The cryo-EM movies were corrected for beam-induced motion by performing patch
motion-correction in cryoSPARC (Structura Biotechnology Inc., Toronto, Canada). Contrast
transfer function (CTF) parameters were determined by patch CTF estimation also in
cryoSPARC. After removing micrographs of poor quality (bad CTF estimation, ice
contamination, etc.), 1,253,520 particles were initially picked using blob picking followed by 2D
classification in cryoSPARC. Particles belonging to bad 2D classes were discarded, and the
remaining 1,148,996 particles were used to calculate an initial 3D map using ab initio
reconstruction in cryoSPARC. Using the initial 3D map as a reference map, 3D classification
was performed in Relion 3.0'° to isolate a particle population (421,288 particles) showing the
highest resolution features. Final 3D refinement was performed in cryoSPARC, yielding a cryo-

EM map of ~6 A.
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Alpha-Fold and HADDOCK
The AlphaFold predictions were obtained from the AlphaFold Protein Structure
Database.!! The ligand used for HADDOCK'? analysis was downloaded from the RCSB Protein
Data Bank (rcsb.org).!® The specific ligand used was the dithiodinicotinic acid mononucleotide

from PDB: SHUQ, ligand 4EY.

Results and Discussion
LarCy alanine variants
In an effort to reduce the amount of proteolysis during extended incubations of wild-type
LarC;, protein, I substituted residues that were previously identified by mass spectrometry' to
form the cleavage site by replacing the corresponding codons to encode alanine. More
specifically, I switched residues LSQQIVNRT (positions 266 to 272) to LAAIVNAT. I purified
the fused LarCy, variant and its alanine derivatives by using the standard NTA-resin approach. I
stored the proteins at 4 °C for 2 weeks and assessed the amount of proteolysis by subjecting the
samples to sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Unfortunately, I detected
no diminishment in protein degradation for the variant forms of LarC;, (data not shown).
Because this approach was not successful, I refocused my efforts to follow the lead of studying
LarC homologs.
Analysis of LarC homologs
The genes encoding ten LarC homologs from various microorganisms were purchased,
and Dexin Sui, a former lab member of Prof. Hu’s laboratory constructed vectors for their
expression in E. coli. I replicated several of his initial characterization efforts to identify the most
tractable LarC system. The gene from Synechocystis was poorly expressed under all conditions

tested, whereas that from Clostridiodes difficile produced high levels of the desired protein, but it

39



was cleaved near the carboxyl terminus. The genes from most other sources also were discarded
for various reasons. The most suitable homolog was that from Moorella thermoacetica which
showed a promisingly high expression level. Unfortunately, I noticed that after the SEC
purification there was a concentration dependent aggregation of the protein when present in
concentrations greater than 1 mg/mL. I attempted the crystallization of the protein, but these low
concentration samples failed to provide promising results.
Preliminary Cryo-EM of LarCy

Combining my observations that (i) the protein
formed a possible octamer according to gel filtration
analysis (Chapter 2, Figure 2-4) and (i1) that solubility
required the maintenance of low concentrations of
samples, I chose to pursue the path of using cryo-EM to

solve the structure of this enzyme. In collaboration with

the laboratory of Professor Kelly Kim at MSU, we were Figure 3-1 Low resolution cryo-EM
density map of LarCMt.

able to obtain preliminary data that provided interesting
insights. Although the resolution of the structure is only ~9 A, we could conclude from the
density map compared to the predicted AlphaFold structure that that the protein forms a dimer
using these cryoEM conditions (Figure 3-1). This finding supports the notion of a concentration
dependence on the oligomeric state of this enzyme.

The ~100 kDa size of the protein dimer is quite small for analysis by cryo-EM.
Furthermore, there is an issue with the protein taking a preferred orientation on the grid,

hindering the ability to obtain a set of images of protein in different views to get a better-quality

image. Moving forward, different additives were used successfully to be used to address this
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issue. In particular, Dr. Kim and her colleague Dr. Robert Wolfe found that the addition of
0.05% n-dodecyl-B-D-maltoside (DDM) overcame the preferred orientation problem. He has
further optimized the purification methods, resulting in the ability to obtain samples at 3.3
mg/mL. New structural data were obtained using cryo-EM resulting in a greatly improved
structure prediction at a resolution of ~9 A of what now appears to be a hexamer in agreement
with what was observed for the LarC2 crystal structure. Dr. Wolfe will be continuing the
structural analysis of this protein.
LarCy; structural prediction
The vast improvement in structural —
prediction using artificial intelligence has
resulted in the development of the

AlphaFold protein structure database.!!!*

Using this resource, I retrieved the high

N-term

confidence structural model of LarC from
Figure 3-2 AlphaFold structure prediction of

Moorella thermoacetica. From this model LarChue. The color indicates the model confidence
level; from navy being very high confidence to orange

being very low confidence. Figure taken from EMBL-

we can see the two distinct domains of this EBI AlphaFold protein structure database.

enzyme covering the N-terminal and C-terminal regions along with a low confidence linking
connector (Figure 3-2). Notably the N-terminal domain with the histidine-rich region that is
predicted to hold the nickel has a lower confidence level in the AlphaFold model, perhaps the
flexibility is needed to accommodate the movement required to insert the nickel to the substrate

to create the mature NPN cofactor.
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Using the model obtained with AlphaFold, I docked the ligand the dithiodinicotinic acid
mononucleotide (P2TMN missing an oxygen on one of the thiocarboxylate)'> using the

HADDOCK server in their easy mode.!? I restricted

Alac1(A)

the docking site to fit the N-terminal domain AspI28(A)

Val62(A)

E 4 —,f Val60(A)
T = 4ev502(B)
i %ullﬁ.\l

c (AspIS(A)

F Glyl93(A)

E Gl Gly14(A)
Yo7 A
2 BT

iﬁ:\;

containing the histidine-rich region that is predicted .

to coordinate the nickel. Figure 3-3 shows the
Aspl24(A)

predicted ligand binding pocket of the docking
result generated using LigPlot.'® Residues Val62,

Asp 128, Asp124, Thr190, and Thr192 are shown Thriona) ~: ; *

““Thr190(A)

to have hydrogen bonds with the ligand. Notably, ,%

previous mutagenesis work showed that converting
Figure 3-3 LarC residues interaction with
bound ligand, 4YE. LigPlot of residues
proximate to the docking result. Green dash
indicated hydrogen bonds.

residue Asp124 to alanine resulted in diminishment
of the enzyme activity.! This finding might indicate
there is some significance to the docking result, however there are several issues that argue
against this docking result having much weight. First, I do not know the specific active site of
LarC, resulting in a broad area of the protein surface being included for the potential binding site
during docking analysis. Secondly, the site of the predicted cofactor binding is quite far from the
binding site of the substrate, CTP, requiring major conformational changes to allow for creating
the CMP-P2TMN adduct reaction intermediate. Furthermore, the planar portion of the ligand

into which the nickel is inserted faces out toward the solvent and not towards a buried nickel-
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binding site that is presumed to involve the histidine-rich
region. Finally, a cluster of histidine residues, a possible
nickel binding site, is not located near the predicted
position for the thiocarboxylate of the ligand (Figure 3-
~4). Multiple alternative docking programs are available

that could be utilized to examine whether a consensus

P2TMN docking site occurs, but all such programs are

Figure 3-4 Histidine-rich region on the
AlphaFold model of LarCuy:. The histidines
of interest are shown in red sticks with the
residue numbers. The docked ligand, 4YE, is
shown in black stick. portion of the enzyme instead of an experimentally

limited by working with only a model of the LarC1

determined structure.

Overall, the most promising way to determine the substrate binding site will be to co-

crystallize the protein with P2TMN or to determine the structure of the complex via cryo-EM.
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CHAPTER 4

EXPANDING THE METHOD TO STUDY THE LAR GENES IN ESCHERICHIA COLI
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Introduction

Bioinformatic analysis of over 1,000 eubacterial and archaeal genomes indicated that
homologs of LarA and the nickel-pincer nucleotide (NPN) biosynthesis pathway enzymes are
present in approximately 9% of this population.! Recent biochemical studies of seven out of 13
potential /arA homologs showed that they often carry out a reaction distinct from lactate
racemase (Lar); namely racemization or epimerization of other 2-hydroxyacid substrates such as
malate, 2-hydroxyglutarate, and the sugar D-gluconate.? Moreover, ~15% of the genomes
analyzed contain homologs of /arB, larE and larC, but lack a lar4 gene homolog, suggesting that
some microorganisms synthesize the NPN cofactor using the usual pathway, but then incorporate
the molecule into a non-LarA NPN-binding protein.! Given the widespread appearance and
diverse functionality of the LarA homologs and the likely presence of non-LarA NPN cofactor-
binding proteins, it is important to develop a process allowing for the routine generation of
cofactor-containing (active) forms of these enzymes to further characterize their properties. In
addition, such a system could be used to confirm the reactivities and characterize the attributes of
LarB-, LarE-, and LarC-like proteins. Such a capability will allow scientists to better analyze the
NPN superfamily and to obtain a better understanding of the full potential of the NPN cofactor.

In previous studies, two general approaches were used to assess the function of /ar-like
genes. In one case, the set of Lactiplantibacillus plantarum lar genes under the control of a nisin-
inducible promoter were transformed into Lactococcus lactis lacking the lar genes. Homologs of
larA from other microorganisms were substituted for the corresponding L. plantarum gene within
this Gram-positive host resulting in a few active enzymes, but this method was not generally
successful.! Furthermore, efforts to substitute a gene encoding an NPN biosynthesis enzyme with

a corresponding homolog have been hindered by plasmid instability and other confounding issues
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(unpublished observations). In parallel with the L. lactis expression studies, individual homologs
of lar genes were separately expressed in and purified from Escherichia coli for biochemical
analysis.?” Significantly, only the substrate of LarB (NaAD) is commercially available, whereas

NPN cofactor synthesis S—NI—S

LarB LarE Ni-LarCLp
ATP, NaHCOQOs, MgClz, BME, CTP, Tris-HCI, at pH 7.0
Incubate 1 h at RT, inactivate at 80 °C for 10 min NPN Cofactor
Lactate racemase activity assay

) W)
NaAD ——> P2CMN =————> P2TMN ————> °~.'.'°§ii~‘
(o]
H

© D-lactate assay kit 2 Apo-LarA 4+ NPN cofactor

p-alanine + D-GPT < D-LDH P
e pyruvate D-lactate| —/—— Holo-LarA_,

NAD* Na L-lactate, HEPES, pH 7.0

NADH Incubate for 5 min at 55 °C,
Incubate for 5 min, read measurement at 340 nm inactivate at 95 °C for 10 min

D-glutamate

Figure 4-1Workflow of in vitro Lar assay. LarB, LarE, LarC, and LarA apoprotein were separately expressed and
purified for use in an in vitro assay. NaAD; nicotinic acid adenine dinucleotide, P2CMN; pyridinium-3,5-
biscarboxylic acid mononucleotide, P2ZTMN; pyridinium-3-5-bisthiocarboxylic acid mononucleotide, RT; room
temperature, NPN; nickel-pincer cofactor, D-LDH; D-lactate dehydrogenase, D-GPT; glutamate-pyruvate
transaminase, NAD" & NADH; nicotinamide adenine dinucleotide.

the substrates of LarE (P2CMN) or LarC (P2TMN) and the cofactor itself (NPN) must currently
be generated via biosynthesis. The E. coli-produced proteins have allowed for testing of enzyme
activities by a time-consuming and error-prone process (Figure 4-1) involving the sequential
chemical transformations of NaAD with L. planatarum LarB, LarE, and LarC (or their homologs),
as monitored by incorporating the cofactor into the LarA apoprotein from T.
thermosaccharolyticum and subsequent assaying of Lar activity.!

Here, I describe my successful co-expression of the four lar genes of L. plantarum within
E. coli using the Duet expression vector system® and the production of Lar activity in this
genetically tractable and easily manipulated host microorganism. I show that genes encoding
homologs of the NPN biosynthetic enzymes can be swapped for the corresponding genes in this

system to test their biosynthetic functionality. In addition, I show the ability to exchange genes
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encoding LarA homologs with the initial L. plantarum larA gene, allowing for synthesis of the
holoprotein forms of these LarA-like proteins that can be further characterized. This new approach
avoids the problems of the L. lactis expression system and the need to purify from E. coli each of
the individual enzymes separately for the NPN biosynthesis requirement. I also describe a
fluorescent staining procedure to identify proteins with covalently bound P2TMN via the reactivity

of its thiocarboxylic acid.

Methods
Gene, plasmids, and cloning
Bacterial strains, plasmids, and primers used for this study are listed in Table 4-1. The
plasmids were created through the in vivo subcloning assembly method.”* PCR amplifications
were performed using Q5 high-fidelity DNA polymerase following the manufacture’s protocol
(NEB, Ipswich, MA). The primers used were purchased from IDT (Newark, NJ, USA). The
transformations were performed using a standard chemical method in E. col/i DH50 and BL21

(DE3) cells for plasmid amplification and protein expression purposes, respectively.’

Table 4-1 Strains, plasmids and primers.

Strain, plasmid or primer | Characteristic(s) or sequence Source or
reference

Strains

Lc. Lactis

NZ3900 MG1363 derivative 10

E. coli

DH5a F— @80lacZA M15 A (lacZYA-argF) U169 recAl endAl hsdR17 | ThermoFisher
(rK— mK+) phoAd supE44 \- thi—1 gyr496 reldl

BL21 (DE3) fhuA?2 [lon] ompT gal (A DE3) [dem] AhsdS NEB
ADE3 = A sBamHIo AEcoRI-B int::(lacl::PlacUVS5::T7 genel)
i21 Anind

Plasmids

pETDuet Amp” Novagen

pRSFDuet Kan” Novagen

pATO035 Amp” LarA;, and LarBy, expression; LarA;, | This study

purification

pATO038 Kan” LarE;, and LarC;, expression This study

pATO039 Kan” LarE;, and LarCy; expression This study

pAT040 Kan” LarE;, and LarCs. expression This study
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Table 4-1, (cont’d)

pGIR112 Overexpression of LarA fused with | !
Strep-tag at the C-terminus in the
whole larABCI1C2DE operon

Primers The orientation is 5° to 3’ in all cases.

LarALp-Strep fw CTTTAAGAAGGAGATATACCATGTCCGTTGCAATTGAT | Subcloning
TTACCATATGACAA

LarALp-Strep_rv CCGCAAGCTTGTCGACCTACTTCTCAAATTGTGGATGAC | Subcloning
TCCAGC

pETDuet MCS1_fw CATCCACAATTTGAGAAGTAGCTTAAGTCGAACAGAAA | Subcloning
GTAATCGTATTGTAC

pETDuet MCS1 rv CATATGGTAAATCAATTGCAACGGACATGGTATATCTC | Subcloning
CTTCTTAAAG

LarBLp fw GTTAAGTATAAGAAGGAGATATACATATGGCAACCACA | Subcloning
GCAGAAATATTACAACAAGTG

LarBLp rv CCAGACTCGAGGGTACCTTACATTTGATTGACCATACT Subcloning
AGCTGAGTAGG

pETDuet MCS2_fw GTATGGTCAATCAAATGTAAGGTACCCTCGAGTCTGGT | Subcloning
AAAG

pETDuet MCS2 rv CTGCTGTGGTTGCCATATGTATATCTCCTTCTTATACTT Subcloning
AACTAATATAC

LarELp fw CTTTAATAAGGAGATATACCATGGCAACATTAGCAACA | Subcloning
AAAAAAGCAACGTTAGTA

LarELp rv CTGTTCGACTTAAGCTAGGCGAAAGTGGCCAATTG Subcloning

pRSFDuet MCS1_fw CCACTTTCGCCTAGCTTAAGTCGAACAGAAAGTAATCG | Subcloning
TATTGTACA

pRSFDuet MCS1 rv GCTAATGTTGCCATGGTATATCTCCTTATTAAAGTTAAA | Subcloning
CAAAATTATTTC

LarCLp fw GTATAAGAAGGAGATATACATATGGGTGCTCAAACACT | Subcloning
TTATTTAGACGCTTTTTC

LarCLp rv CCAGACTCGAGGGTACCTTACGCCTCCTCATCTAATTGA | Subcloning
TCTACCG

pRSFDuet MCS2 fw GATGAGGAGGCGTAAGGTACCCTCGAGTCTGGTAAAG Subcloning

pRSFDuet MCS2 rv GCGTCTAAATAAAGTGTTTGAGCACCCATATGTATATCT | Subcloning
CCTTCTTATACTTAAC

LarCSc fw GAAGGAGATATACATATGGGTCTGATCGCC Subcloning

LarCSc rv GACTCGAGGGTACCTTAGCTTTCCGG Subcloning

pRSFDuet MCS2 Sc fw | CTGAGTCCGGAAAGCTAAGGTACCCTCGAG Subcloning

pRSFDuet MCS2 Sc rv | CAAAATAGGCGATCAGACCCATATGTATATCTCC Subcloning

LarCMt_fw GAAGGAGATATACATATGAAGATCGCCTATTTTGATTG | Subcloning
CTTTAGC

LarCMt_rv GACTCGAGGGTACCTTAAAATGCTTTCAGTGCACGTGC | Subcloning
CGC

pRSFDuet MCS2 Mt fw | GCACTGAAAGCATTTTAAGGTACCCTCGAGTCTGG Subcloning

pRSFDuet MCS2 Mt rv | CAAAATAGGCGATCTTCATATGTATATCTCCTTCTTATA | Subcloning
CTTAAC

Gene overexpression and protein purification of LarA or its homologs
E. coli BL21 (DE3) strains containing the modified pETDuet and/or pRSFDuet plasmids

were grown with the appropriate antibiotics in autoinduction medium.'! The cultures were grown
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at room temperature while shaking at 220 RPM. When indicated, 1 mM of NiCl> and/or 1 mM of
nicotinic acid (final concentrations) were added after 4 h of growth. Cells were harvested after
~24 h. Cell pellets were resuspended in 100 mM Tris, pH 7.5, buffer containing 150 mM NaCl
and stored at -80 °C until use. Once the cells were thawed, final concentrations of 0.5 mM
Na>S03, 1 mM phenylmethylsulphonyl fluoride (PMSF), one tablet of cOmplete™ EDTA-free
protease inhibitor cocktail (Roche, Basel, Switzerland), 1 mM lysozyme, 1 mM dithiothreitol
(DTT), and 1 unit of benzonase were added. The cells were lysed by two passes through a
French pressure cell at 16,000 psi. Strep-tagged LarA were purified using StrepTactin XT resin
(IBA, Gottingen, Germany) with buffers that included 0.05 mM Na>SO3 for NPN cofactor
stabilization and the proteins were eluted with 50 mM biotin.!? Protein concentrations were
determined by the Bradford protein assay reagent (Bio-Rad, Hercules, CA) using bovine serum
albumin as the standard.
Lissamine rhodamine B sulfonyl azide (LRSA) labeling for detection of P2TMN bound LarA

To assess whether LarA homologs covalently incorporated the NPN cofactor, I desired a

reagent that would react with the thiocarboxylate of protein bound P2TMN and selected for

study LRSA. This reagent reacts with thiocarboxylic acids according to the reaction shown in

I N\

HN—Lys
\
LarA

Dark in RT, pH 6.0 for 20 min
HN—Lys

\
LarA-COSH LarA

Scheme 4-1 LRSA reaction. The “click reaction” between LRSA and the LarA thiocarboxylate. RT; room
temperature, LRSA; lissamine thodamine B sulfonyl azide. The highlighted region is where the click chemistry
occurs.
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Scheme 4-1. Synthesis of the LRSA reagent was carried out as previously described.!® The
protocol for LRSA labeling of P2ZTMN-bound proteins was based on and modified from the
procedure for labeling proteins that terminate in a thiocarboxylic acid at their carboxyl end.'*!*
For this analysis, 0.5 g of cells were resuspended in 0.7 mL of 100 mM Tris-buffered saline
containing 150 mM NaCl at pH 7.5 and transferred to a 2 mL tube to be lysed with a bead beater.

The lysates were centrifuged, and the supernatant solutions were collected. The samples
were roughly normalized based on the overall protein content using the absorbance at 280 nm,
and buffer exchanged into 50 mM potassium phosphate, 300 mM NaCl, and 6 M urea, at pH 6.1.
To each of the samples 10 pL of 15 mM LRSA in dimethyl sulfoxide was added and the vials
were left to react in the dark at room temperature for 20 min. The protein portions of the samples
were precipitated using the chloroform-methanol method? and resuspended in the phosphate
urea buffer stated above. Each sample (20 pl) was mixed with 5 pl of 5-fold concentrated
sodium dodecyl sulfate (SDS)-loading buffer and 20 pl was loaded onto a 12% acrylamide gel,
subjected to SDS-polyacrylamide gel electrophoresis (PAGE), and used for imaging the proteins
with bound LRSA followed by staining with Coomassie brilliant blue. The rhodamine-bound gel
bands were excited at 530 nm while monitoring the emission at 580 nm and documented using
the ChemiDoc MP imaging system (BioRad, Hercules, CA, USA).

LarA UV-visible spectra

The absorbance (200 — 800 nm) of the purified LarA proteins was measured using a

quartz cuvette with a Shimadzu UV-2600 spectrophotometer at room temperature. Sample

volumes were 1 mL.
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Nickel content analysis
Quantification of the LarA;, nickel content was carried out by using an Agilent 710
Series (Santa Clara, CA, USA) inductively coupled plasma optical emission spectrometer (ICP-
OES). The samples were prepared by adjusting to 35% w/v HNO3 and heating at 95 °C for one h
to mineralize the components. A final concentration of 0.1 ppm Yttrium (Sigma-Aldrich, St.
Louis, MO, USA) was added to all samples as an internal standard. A nickel standard curve and
a buffer control were used to account for background nickel contamination. Data were collected
and analyzed using the ICP Expert II software.
Mass spectrometric analysis of NPN-binding to LarA
The LarA;, was analyzed by using a Waters G2-XS Q-TOF (time of flight) mass
spectrometer by injecting 10 ul of sample onto a Thermo Hypersil Gold CN guard column (1.0 x
10 mm) for desalting. A gradient was run using 0.1% formic acid in water (solvent A) and
acetonitrile (solvent B) as follows at a flow rate of 0.1 ml/min: initial conditions were 98% A/2%
B, hold at 2% B to 5 min with the flow diverted to waste for the first 3 min, ramp to 75% B at 10
min and hold at 75% B to 12 min, return to 2% B at 12.01 min and hold to 15 min. Mass spectra
were obtained using electrospray ionization in positive ion mode with a source temperature of
100 °C, cone voltage of 35 V, desolvation temperature of 350 °C, desolvation gas flow of 600
L/h, cone gas flow of 50 L/h, and capillary voltage of 3.0 kV. Data were acquired using a 0.5 s
TOF MS scan across an m/z range of 200-2000. The spectra were deconvoluted in Masslynx
using the maximum entropy (MaxEnt) I algorithm.
LarA activity assay
The purified Strep-tagged LarA protein from L. plantarum (LarAy,) was buffer

exchanged to remove the Na;SO3 and biotin from the buffer using a PD-10 desalting column
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(Marlborough, MA, USA). To assess the Lar activity, a LarA;, sample (1 pmol) was mixed with
sodium L-lactate (5-400 mM) in 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES,
100 mM) buffer, pH 7.0, for 1-12 min at 35 °C, then boiled for 10 min at 95 °C to inactivate the
enzyme. The precipitated protein was removed by centrifugation at 17,000 x g for 10 min and the
supernatant was collected. The amount of D-lactate in the sample, produced by the lactate
racemase activity of LarA, was measured using a commercial kit (Neogen, Lansing, MI) as

previously described.!

Results and Discussion

Construction of the Duet system plasmids for synthesis of active LarA in E. coli

J‘arA@

larE, To co-express the genes

s

c
o}
<

N
encoding the NPN biosynthesis

& .a,\e'\

lae, Y]
lac, y%

pETDuet
pAT035

pRSFDuet

PAT038 pathway proteins (LarB, LarE, and

LarC) along with that encoding lactate

racemase (LarA), I chose to use the

ampR kanR
Replicon: ColE1 (pBR322) Replicon: CloDF13 Duet EX ression svstem ovagen
(~40) (>100) p y (N gen,

Figure 4.-2 Plasmid desigr.l fo.r lar genes expression in E. coli. The Merck KGaA, Darmstadt, Germany).6
number in the parentheses indicates the copy number.

The system includes four plasmids that have compatible replication origins and different
antibiotic resistance cassettes. Each of the plasmids contains two multiple cloning sites, allowing
for up to eight genes to be co-expressed in one culture of E. coli. Among the four plasmids, I
chose pETDuet and pRSFDuet to express the Lar-related genes from L. plantarum (Figure 4-2).
The genes encoding LarE;, and LarC;, were selected for expression using the pRSFDuet plasmid
(pATO038), a high copy number vector, since these proteins are thought to catalyze single

turnover reactions, whereas /lar4 and larB from L. plantarum were expressed from the pETDuet
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plasmid (pATO035). Importantly, the gene encoding LarA;, was cloned with a sequence for a
Strep-tag on its C-terminus for easy purification prior to analyzing activity and testing for the
presence of covalently bound NPN. These plasmids were designed to allow homologous genes to
be substituted for the L. plantarum genes to test for the biosynthetic abilities and functionality of
the corresponding proteins.
Testing for the presence of protein bound NPN by LRSA labeling, chromophore absorbance, nickel
content, and mass spectrometry
Cell-free lysates derived from the E. coli Duet system expressing the L. plantarum genes
were tested for the presence of NPN-bound LarAz, by four approaches.
First, the presence of protein bound cofactor was qualitatively investigated by reacting the
P2TMN thiocarboxylic acid adduct with LSRA, resolving the proteins by SDS-PAGE, and
visualizing the labeled protein bands by fluorescence imaging (Figure 4-3). I compared the
intensity of labeling for cell lysates derived from the E. coli Duet system with both pAT035 and
A)

B) pATO038 that were grown

1 2 3 45L 6

1 2345L 6

without additive, with 1
mM nicotinic acid, with 1
mM NiCl,, and with both 1
mM nicotinic acid and 1

mM NiCl,. Nickel addition

Fluorescence image Coomassie stain is known to assist
Figure 4-3 LRSA labeling of crude E. coli lysates. LRSA-labeled protein samples
were subjected to denaturing gel electrophoresis, imaged for (A) fluorescence (with production of NPN in L.
excitation and emission wavelengths of 530 nm and 580 nm), and (B) stained with
Coomassie brilliant blue. Lane 1: lysate of culture expressing pAT035 and pAT038 . N
with 1 mM nicotinic acid supplemented; lane 2: lysate of culture with 1 mM NiCl,; lactis” and is likely to do
lane 3: lysate of culture with 1 mM nicotinic acid and NiCly; lane 4: lysate of
culture expressing pAT035 alone with 1 mM nicotinic acid and NiCl,; lane 5: L. so in E. coli as well.
lactis lysate with 1 mM NiCl, supplemented during growth; lane L: protein ladder;
lane 6: culture with no additive.
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Nicotinic acid is an upstream precursor of the substrate required for the NPN biosynthesis
pathway, NaAD,'® and the supplementation was necessary for LarA activation in the L. lactis
cells expressing the lar operon genes.!” In addition, I examined a sample from E. coli containing
only pATO035 as a negative control. Furthermore, I investigated cell extracts of L. lactis
(pGIR112) expressing the lar genes as a positive control.!
As shown in the fluorescence image of Figure 4-3A, a band corresponding in size to Strep-
tagged LarAz, (47.5 kDa) was fluorescently labeled when using samples derived from E. coli
(pATO035/pAT038) or L. lactis (pGIR112) grown in the presence of nickel ions. In the absence of
added nickel ions, the LarA band was not labeled, presumably due to a requirement for complete
NPN cofactor biosynthesis prior to covalent attachment to LarA in the E. coli cells. No band was
labeled for E. coli (pAT035) that produced LarA and LarB but was incapable of NPN cofactor
biosynthesis because it lacked LarE and LarC. Analysis of the SDS-PAGE gel by Coomassie
staining (Figure 4-3B) revealed approximately equal loading of proteins in each lane and
revealed the presence of LarCy, (46.5 kDa), LarE;, (30.5 kDa), and LarB;, (25.3 kDa). Of
additional interest, the relative intensities of several bands were altered in the L. lactis lysate

010+ which has a different expression system.
Although these results indicate that NPN-

bound LarAy, is generated in the E. coli

A absorbance
o
o
(3]
1

cells, it does not allow for precise

quantification of the labeling.
0.00

A second approach to monitor NPN

T T T 1
300 400 500 600 700

Wavelength (nm)
Figure 4-4 UV-Vis spectroscopic difference of LarAi, cofactor binding to LarAy, in E. coli was to
holoprotein and apoprotein from E. coli expression
system. Both samples contained SOHM sulfite. The test for the presence Of the Chromophore ln

concentrations of the samples were adjusted to have an
absorbance of 1.0 at 280 nm.
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the purified sample. The UV-vis difference spectrum of the enzyme versus the apoprotein
(Figure 4-4) revealed electronic transitions at 375 nm and 440 nm along with a shoulder at 550
nm that are not present in the apoenzyme sample, in agreement with prior findings for the
enzyme purified from L. lactis.'®!” The intensities of these absorptions divided by the protein
concentration was less than that reported previously for LarA;, isolated from L. lactis suggesting
somewhat less incorporation of the cofactor.’

As an additional method to quantify the NPN cofactor content I quantified the metal
content in the purified protein sample. ICP-OES result indicated ~20% nickel loading (Figure 4-

5) which agrees with what was previously seen with LarAy, purified from L. lactis.’

%07 Finally, as a fourth method to assess the content of NPN cofactor in
40 - LarA;,, I subjected the apoprotein and holoprotein samples to mass
£ spectrometry. Figure 4-6 shows that each sample is nearly
*g 30 -
O homogeneous and the m/z values are consistent with the masses
2
2 20- expected for the proteins missing their N-terminal methionine
=S
o residues, with an additional mass difference of 450.9 Da in the
holoprotein. This result is consistent with the NPN cofactor being
0 T
LarALp covalently bound to lysine 184, as previously reported.!”
Figure 4-5 Nickel content
analysis of LarAyz,. The Demonstration of Lar activity in E. coli

samples were measured using
ICP-OES. The protein
concentration was determined
using Bradford. Each point

The above experiments demonstrate that the NPN-cofactor

represents an average of had become covalently bound to LarA;, at high levels in the E. coli
triplicates of one biological
replicate (n=3). expression system. To further examine the utility of this system for

analysis of function for LarA homologs, I tested the activity of the LarA;, holoprotein. I detected

lactate racemase activity in all lysate samples from Figure 4-3 except for the negative control
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0 200 400
Initial substrate concentration (mM) bound NPN cofactor due to

Figure 4-7 LarAy, purified from E. coli kinetic. Michaelis-Menten
curve of the lactate racemase specific activity (ko»s) of LarAy, in the L- to
D-lactate direction. The curve was fitted using the OriginLab app Enzyme

Kinetics ver. 1.10. Each point represents an average of quadruplicates .
from one representative experiment. be detected by the labeling.

insufficient amounts of nickel to

The kinetic information of the purified LarAz, is provided in Figure 4-7. Compared to the
kinetics of LarAy, purified from L. lactis, the Ki is increased by ~1.5-fold and kcac 1s decreased
by 10-fold. The reduction in the kinetics parameters shouldn’t be a hindrance to assess
functionality of selected /ar gene homologs since qualitative activity assays are done at much
higher protein concentrations (e.g., 1 pmol of enzyme was used for the kinetics assay vs. the 0.8
uM of protein used for qualitative activity assays).”
Testing homologous biosynthesis pathway genes

To test the versatility of this system, I examined whether homologs of genes in the NPN
biosynthesis pathway could substitute for genes encoding the L. plantarum enzymes. For
example, | swapped /arCy, with larC from M. thermoacetica which 1 had shown to encode an
enzyme with nickel insertase activity in previous work.!® In parallel, I constructed a plasmid with

the larCy, swapped with the homolog from Synechococcus sp. PCC 6803, which has not yet
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been tested for its ability to insert nickel into P2ZTMN and create a mature NPN cofactor. Mass
spectrometric analysis of the LarA;, resulting from both constructs demonstrated the presence of
covalently bound NPN (data not shown). Furthermore, the Lar activity was detected for both
enzymes (data not shown). These findings demonstrate that this E. coli expression system can be
used to test the function of potential biosynthesis pathway enzymes identified only as being
sequence homologs.

This methodology already has been implemented by other researchers in the laboratory to
demonstrate the covalent attachment of NPN to LarA of Megasphaera elsdenii and the

generation of Lar activity when using the gene encoding LarE of Latilactobacillus sakei.
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Conclusions from my studies
In this thesis, I have reported new discoveries pertaining to the nickel insertase or

cyclometallase protein, LarC, that functions in the biosynthesis pathway of the nickel-pincer
nucleotide (NPN) cofactor and I have expanded the set of methods that can be used to study the
activity of homologs of LarA and the NPN biosynthetic enzymes. Of particular interest, I
discovered that the LarC reaction possesses an intermediate, cytidinylylated P2TMN, that
explains the previously unknown purpose of CTP in the reaction (Chapter 2). I also obtained
preliminary structural information for the full-length LarC protein from Moorella thermoacetica
by cryo-electron microscopy and I generated in silico structural models of this LarC structure
allowing for identification of possible binding sites of the substrates (Chapter 3). Finally, I
developed a /ar expression system for use in Escherichia coli utilizing the well-established Duet
expression vectors (Chapter 4). I coupled this system with several other experimental
approaches, allowing me to expand our knowledge of the NPN cofactor biosynthesis pathway by
testing the functionality of Lar-related protein homologs. Below is a summary of each of the
chapters along with suggestions for potential studies that could extend the work to address yet

answered questions related to LarC and the other lar operon expressed enzymes.

Additional studies related to the LarC reaction intermediate
In chapter 2, I addressed the question of CTP’s role in the nickel inserting activity of LarC. My
investigation resulted in the mass spectrometric identification of an intermediate of the reaction,
P2TMN-CMP, that becomes metalated and is hydrolyzed to release NPN. Moving forward,
studies should be conducted to further elucidate the function of this intermediate in the overall
nickel inserting mechanism. I speculated that the function is probably analogous to how

molybdenum insertase installs its metal to produce the mature Moco cofactor. In that system, the
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enzyme was shown to form the AMP adduct of molybdopterin (MPT), the AMP-MPT
intermediate was shown to correctly position the modified substrate to facilitate molybdenum
insertion, and the AMP was subsequently removed by hydrolysis.! Notably, the AMP-MPT
hydrolysis reaction was not utilized as an energy source thus providing an excellent parallel to
what I suggest happens during the LarC reaction.’

To test whether this hypothesis applies to LarC, additional variants could be made to
identify residues that are critical for CMP adduct formation and release during the reaction. In
addition, it should be established whether elimination of nickel from the growth medium
generates higher levels of the intermediate as my preliminary experiments suggest. Finally,
emphasis should be placed on solving several structures of the enzyme, ideally with bound

P2TMN, bound nickel, and, most importantly, the bound CMP-P2TMN intermediate.

Follow-up efforts to obtain structural insights on LarCj

Chapter 3 described my preliminary low-resolution structural data for M. thermoacetica
LarC using cryo-electron microscopy that was carried out in collaboration with Prof. Kelly Kim.
Prior studies had solved the structure of the C-terminal portion of L. plantarum LarC, but
crystallization of the N-terminal or full-length structure was not possible due to protein
aggregation and proteolysis.> Moving forward, Dr. Kim’s lab has already solved the preferred
orientation problem by including DDM in the buffer and obtained evidence for a hexameric
structure of the full-length enzyme. It seems like that cryo-electron microscopy studies will be
able to achieve the full-length structure of this protein. Additional avenues to consider would be
to create a truncated version of LarCyy, for attempts to crystallographically resolve the N-terminal
structure if a full-length structure is not feasible. The truncation would likely be located at the

flexible linker region predicted by using the AlphaFold modeling. The L. plantarum and M.
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thermoacetica homologs have differences in the length and abundance of His residues in the His-
rich region within the N-terminal domain, but either structure would provide keen insights to
better understand the enzyme. Additional future studies could include efforts to structurally
characterize other homologs of LarC. For example, I obtained preliminary mass spectrometric
data indicating the truncated C. difficile LarC homolog was soluble. An attempt at purification
using a Ni-NTA column could be made to purify and solve the structure of the N-terminal
domain.
Future studies using the E. coli system to study /ar gene homologs

My efforts have demonstrated that active lactate racemase can be generated in significant
quantities by expressing the appropriate set of /ar gene constructs in E. coli, rather than using the
less tractable L. lactis system (Chapter 4). | showed that expression of L. plantarum genes leads
to the production of LarA that stains with a fluorescent reagent specific for thiocarboxylic acids,
exhibits an NPN-based chromophore, has the expected nickel content, and possesses the
appropriate mass for the protein linked to an NPN adduct. Using this experimental toolbox, I
have confirmed that homologs of LarC from M. thermoacetica and Synechococcus are able to
replace the function of the L. plantarum LarC to create NPN. Ongoing studies are examining the
NPN cofactor biosynthetic ability of a LarE homolog from Latilactobacillus sakei and the
phenyllactate racemase activity of a LarA homolog of Megasphaera elsdenii. This system can
also be used to examine the function of NPN-binding non-LarA proteins that are likely to be
present in organisms that contain /arB-, larE-, larC-like genes for the NPN biosynthesis
pathway, but lack a homolog of larA. A gene suspected to encode such an NPN-binding protein
can easily be swapped with the gene encoding LarA;,, in the Duet system and the NPN cofactor-

bound enzyme could be purified and characterized.
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It is also worth mentioning that use of the Duet Expression system can be further
expanded by using additional compatible plasmids with so-far unused overexpression sites.
Indeed, four additional genes could be co-expressed with the present four-gene system. For
example, another plasmid could encode iscS or other isc genes to facilitate the synthesis of LarE
protein homologs that contain a [4Fe-4S] cluster or that need to synthesize and recycle a [4Fe-
58] cluster.* The Duet system potentially could be improved by utilizing an E. coli strain lacking
a nickel exporter (e.g., rcnA) or a strain with altered nickel homeostasis (such as one with a
defective NikR).> Additional engineering of the strain could boost the production of NaAD in the
cell by increasing expression of genes in the Preiss-Handler pathway (i.e., genes encoding

nicotinic acid phosphoribosyl transferase and nicotinate-nucleotide adenylyltransferase. ©

Concluding remarks
Since the discovery of the NPN cofactor in 20157 there have been many breakthroughs to
understand this novel biological pincer complex. My contributions have already expanded our
understanding of an important step for synthesis of this biological pincer complex. It is very
likely that further use of my lar gene Duet plasmid system will greatly expand our knowledge of

the function and importance of these genes in other organisms.
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