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Abstract

Pyruvate carboxylase (PC) is a biotin-dependent enzyme that catalyzes the MgATP-dependent carboxylation of
pyruvate to oxaloacetate, an important anaplerotic reaction in central metabolism. During catalysis,
carboxybiotin is translocated to the carboxyltransferase domain where the carboxyl group is transferred to the
acceptor substrate, pyruvate. Many studies on the carboxyltransferase domain of PC have demonstrated an
enhanced oxaloacetate decarboxylation activity in the presence of oxamate and it has been shown that oxamate
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accepts a carboxyl group from carboxybiotin during oxaloacetate decarboxylation. The X-ray crystal structure of
the carboxyltransferase domain from Rhizobium etli PC reveals that oxamate is positioned in the active site in an
identical manner to the substrate, pyruvate, and kinetic data are consistent with the oxamate-stimulated
decarboxylation of oxaloacetate proceeding through a simple ping-pong bi bi mechanism in the absence of the
biotin carboxylase domain. Additionally, analysis of truncated PC enzymes indicates that the BCCP domain
devoid of biotin does not contribute directly to the enzymatic reaction and conclusively demonstrates a biotin-
independent oxaloacetate decarboxylation activity in PC. These findings advance the description of catalysis in
PC and can be extended to the study of related biotin-dependent enzymes.
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Introduction

Pyruvate carboxylase (PC; EC 6.4.1.1)* catalyzes the bicarbonate- and MgATP-dependent carboxylation of
pyruvate to oxaloacetate. PC is an important anaplerotic enzyme and has been proposed to play a role in
microbial virulence [1], [2], type-Il diabetes [3], [4], [5], Alzheimer’s disease [6], and cancer [7], [8].

In eukaryotes and most prokaryotes, the multifunctional PC enzyme exists as a homotetramer with each
monomer being composed of four functional domains: the biotin carboxylase (BC) domain, the
carboxyltransferase (CT) domain, the biotin carboxyl carrier protein (BCCP) domain and the central allosteric
domain (also termed the PC tetramerization, or PT, domain). In the first partial reaction, the N-terminal BC
domain catalyzes the MgATP- and bicarbonate-dependent carboxylation of biotin. Carboxybiotin then physically
translocates to the CT domain where the carboxyl moiety is transferred from biotin to pyruvate, thus forming
oxaloacetate.

Kinetic isotope effect studies suggest that pyruvate carboxylation in the CT domain occurs in a stepwise manner
(Scheme 1) [9], [10]. Carboxybiotin, tethered to BCCP, enters the active site after pyruvate binds [11] and is
decarboxylated to generate a biotin enolate intermediate [12]. A proton is subsequently shuttled from pyruvate
to the biotin enolate via a conserved threonine residue, forming an enolpyruvate intermediate. Finally, the
liberated CO; is transferred to pyruvate, generating oxaloacetate [10].
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Scheme 1. Proposed catalytic reaction mechanism for the pyruvate carboxylation reaction in the CT domain of
PC.



The overall PC-catalyzed reaction thermodynamically favors the carboxylation of pyruvate. However, the
enzyme can also catalyze the decarboxylation of oxaloacetate in the absence of other substrates. In this respect,
PC also serves as a paradigm for two other biotin dependent enzymes that catalyze the decarboxylation of
oxaloacetate: the oxaloacetate decarboxylase complex and transcarboxylase (reviewed in [13]). Thus, studies of
oxaloacetate decarboxylation in PC are generally applicable to a range of biotin-dependent enzymes.

The addition of oxamate has been shown to enhance the enzyme-catalyzed rate of oxaloacetate decarboxylation
in PC [14], [15]. This has enabled many isolated kinetic studies on the CT domain [10], [11], [12], [16]. Until
recently, however, the mechanism by which oxamate accelerates the decarboxylation of oxaloacetate in PC was
unknown. Marlier et al. partially resolved this issue by providing 13C NMR evidence that oxamate serves as an
alternate substrate in the CT domain reaction [17]. However, the initial velocity patterns were inconsistent with
a simple ping-pong mechanism, leaving several aspects of the oxamate stimulation mechanism unresolved.

The description of oxaloacetate decarboxylation in PC is also plagued by contradictory literature reports
concerning whether the biotin cofactor is essential for the decarboxylation reaction [11], [14], [16], [18], [19].
This is a crucial mechanistic question as it has significant implications on the stringency of the active site
geometry and on the mode of carboxyl transfer. A major cause of these inconsistencies has been the variety of
enzyme isolates and assay methods used to perform the studies.

Recent X-ray crystal structures of full-length PC [20], [21] have enabled new studies on the individual catalytic
domains of the enzyme [11], [22], [23]. Such studies serve to complement those of the full-length enzyme by
simplifying the overall system, contributing to a more complete description of the PC reaction mechanism. Here,
we clarify both the oxamate-dependent and biotin-dependent oxaloacetate decarboxylation mechanisms

of Rhizobium etli PC, using several truncated constructs to structurally and kinetically isolate the CT domain. We
report that oxamate is positioned in the pyruvate binding site, consistent with oxamate serving as a carboxyl
group acceptor in this reaction. Our kinetic data further suggest that, in the absence of a biotin carboxylase
domain, the oxamate-stimulated decarboxylation of oxaloacetate proceeds through a simple ping-pong bi bi
mechanism with double competitive substrate inhibition. Additionally, we present kinetic data in strong support
of a biotin-independent decarboxylation of oxaloacetate and demonstrate that the BCCP domain requires a
covalently attached biotin cofactor in order to accelerate the CT domain reaction.

Materials and methods

General

IPTG, D-biotin, ampicillin, kanamycin, chloramphenicol, dithiothreitol (DTT), Tris buffer, epoxysuccinyl-I-
leucylamido(4-guanido) butane (E-64), and pepstatin A were purchased from Research Products International
Corp. (Mount Prospect, IL). Lactate dehydrogenase was purchased from Roche Diagnostics (Indianapolis,

IN). Acetyl-CoA was purchased from Crystal Chem, Inc. (Downers Grove, IL). Granulated LB broth (Miller’s
modification) was purchased from EMD Millipore Chemicals, Inc. All other materials were purchased from
Sigma—Aldrich. PC from Rhizobium etli (RePC) was previously subcloned into a modified pET-17b vector [20].
ABC RePC [24] and ABCABCCP RePC [11] were previously subcloned into a modified pET-28a vector.

BCCP domain cloning and site-directed mutagenesis

It was determined that Gly1069 represents the N-terminal end of the BCCP domain, based on the X-ray crystal
structure of RePC (pdb i.d. 2QF7). However, when the BCCP domain from RePC is subcloned into the pET-28a
expression vector with a N-terminal (His)s tag and expressed in Escherichia coli, it does not effectively bind the
Ni?*-NTA resin during purification. Therefore, the BCCP domain construct from RePC (ReBCCP) was N-terminally
extended to begin at Gly1056. Construction of ReBCCP in the pET-28a expression plasmid was as follows:

~350 bp fragment was PCR amplified from the wild-type RePC pET-17b template using the primers 5'-CCG CAT



GCA TGG CCA GCC GCG CCG TAT C-3' (forward) and 5’-GCA GCG GCT AGC TCA TCC GCC GTA A-3' (reverse). The
PCR amplified fragment was digested with Nhel/Nsil and ligated into a Pstl/Nhel digested modified pET-28a-
(His)s-TEV expression vector [24]. The K1119Q mutation was generated for the RePC, ABC RePC, and ReBCCP
constructs using the QuikChange site-directed mutagenesis protocol (Agilent Technologies; Santa Clara, CA)
using primers designed to incorporate the mutation. Primers were synthesized by Integrated DNA Technologies
(Coralville, 1A) and the correct gene sequence of all PC constructs was confirmed by complete gene sequencing
by Functional Biosciences, Inc. (Madison, WI).

Protein expression and purification

ReBCCP and the K1119Q mutant form of ReBCCP were expressed and purified in a similar manner. ReBCCP in a
pPET-28a-(His)s-TEV plasmid was co-expressed in E. coli BL21Star(DE3) with E. coli biotin protein ligase A (BirA) on
vector pCY216 [25]. The K1119Q form of ReBCCP was not co-expressed with BirA. Both K1119Q and wild-

type ReBCCP were expressed in LB broth (Miller’s modification) containing 50 mg/L kanamycin and 30 mg/L
chloramphenicol (when co-expressing BirA). Cultures were grown at 37 °C to an optical density (600 nm) of 0.4—
0.5, supplemented with D-biotin to a final concentration of 4 mg/L, and induced with IPTG and |-arabinose to

1 mM and 25 mM, respectively. Following induction, cultures were grown at 30 °C for 17-19 h prior to
harvesting.

The ReBCCP proteins were purified to homogeneity using Ni**-affinity and anion exchange chromatography.
Harvested cells were re-suspended in a buffer containing 50 mM Tris—HCI (pH 7.8), 5 mM imidazole, 200 mM
NaCl, 0.5 mM EGTA, 5 mM 2-mercaptoethanol, 1 mM phenylmethylsulfonyl fluoride (PMSF), 1 uM pepstatin A,
and 5 uM E-64. Cells were disrupted by sonication on ice and the cell lysate was cleared by centrifugation at

10 °C prior to loading onto a 10 mL Ni**-NTA Profinity resin column (Bio-Rad Life Sciences; Hercules, CA). The
protein was eluted from the column in 50 mM Tris—HCI (pH 7.8), 200 mM NacCl, 0.5 mM EGTA, 5 mM 2-
mercaptoethanol, with a gradient from 20 mM to 250 mM imidazole. Purified protein was pooled and incubated
in 50 mM Tris—HCI (pH 7.8), 200 mM NaCl, 0.5 mM EGTA, 5 mM 2-mercaptoethanol with His-tagged
recombinant TEV (rTEV) protease at 4 °C (40:1 molar ratio of ReBCCP to rTEV protease). After (His)s tag cleavage,
the ReBCCP sample was reapplied to a Ni?*-affinity column to remove the cleaved (His)s tag and His-tagged-rTEV
protease. Purified protein samples were pooled and dialyzed overnight in a buffer containing

20 mM triethanolamine (pH 8.0), 50 mM NaCl, 1 mM EGTA, and 2 mM DTT at 4 °C. Protein was flowed over a

10 mL column volume of Q-sepharose Fast Flow resin (GE Healthcare). Due to the high prevalence of positively
charged residues at the N-terminal portion (theoretical pl for ReBCCP is 8.33), ReBCCP flows through the column
while remaining impurities bind to the resin. The flow-through was pooled and dialyzed against a storage buffer
consisting of 30 mM Tris—HCI (pH 7.8), 50 mM NaCl, and 2 mM DTT. An Amicon stirred cell with a

3500 molecular weight cutoff filter was used to concentrate the ReBCCP preparations to a range of 2-3 mg/mL.
Concentrated protein was flash frozen in liquid nitrogen and stored at —80 °C. ReBCCP protein concentration was
determined spectrophotometrically using the calculated molar extinction coefficient of 1490 Mcm™ at

280 nm [26].

Preparation and purification of the wild-type and mutant forms of RePC, ABC RePC and ABCABCCP RePC were
performed as previously described [11], [24]. All forms of RePC and ReBCCP that do not contain the K1119Q
mutation were >95% biotinylated, as shown by SDS—PAGE analysis of an avidin-gel shift assay (Fig. S1) [12].

Kinetic assays for oxaloacetate decarboxylation in the presence and absence of oxamate
The PC-catalyzed rate of oxaloacetate decarboxylation was determined by measuring the reduction of pyruvate
to lactate using lactate dehydrogenase [12], [14]. Reactions were performed in 0.1 M Tris—HCI (pH 7.8), 0.24 mM
NADH and lactate dehydrogenase (10 U). Acetyl-CoA at 0.25 mM was included for all reactions catalyzed by
either wild-type or K1119Q RePC. Oxaloacetate was fixed at 1 mM for all oxaloacetate decarboxylation reactions



performed in the presence of 5 mM biotin, 5 mM biocytin or 1000x molar excess ReBCCP over the enzyme
concentration. For reactions performed in the presence of oxamate, the oxaloacetate and oxamate
concentrations were fixed at 0.2 mM and 0.5 mM, respectively, unless specified. While 0.5 mM oxamate is
slightly inhibitory toward the coupling enzyme, the concentration of lactate dehydrogenase in the assay was
sufficiently high so as to not be rate limiting in the coupled assay in the presence of 0.5 mM oxamate (data not
shown). In all cases, oxaloacetate was added prior to initiation of the reaction with enzyme (400-900 pg). The
half-life for the spontaneous decarboxylation of oxaloacetate is 2—6 h at room temperature [27]. Therefore,
oxaloacetate solutions were prepared fresh, kept on ice for the duration of the kinetic experiments and added
immediately prior to the initiation of the reaction. Additionally, non-enzymatic reactions were measured in
parallel for every initial velocity measurement, allowing the enzyme independent rate of oxaloacetate
decarboxylation to be subtracted from the enzyme-catalyzed rate. All reactions were conducted ina 1 mL
reaction volume at 30 °C.

Data for the double reciprocal plot of velocity versus oxaloacetate concentrations for ABC RePC at fixed
concentrations of oxamate were fit to the reciprocal of [Eqg. (1)] using least-squares nonlinear regression,
where A is the concentration of oxaloacetate, B is the concentration of oxamate, KmA is the Michaelis
constant for oxaloacetate, KmB is the Michaelis constant for oxamate, KiA is the kinetic inhibition constant for
oxaloacetate, and KiB is the kinetic inhibition constant for oxamate. This equation is derived from a ping-pong
kinetic scheme with double competitive substrate inhibition, as outlined in Scheme 2. Each data set was
individually fit to the reciprocal of Eqg. (1) using the least-squares error method with KaleidaGraph 4.1 software
(Synergy Software, Reading, PA):
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Scheme 2. Kinetic scheme for the interaction of oxamate with PC in the oxaloacetate decarboxylation reaction.
Abbreviations are as follows: E, free enzyme; Ox, oxamate; OAA, oxaloacetate; E-CO2, carboxylated enzyme; Pyr,
pyruvate; kdecarbox, rate of abortive enzyme decarboxylation; KiB, inhibition constant for oxamate; KiA,
inhibition constant for oxaloacetate.

Pyruvate carboxylation assay for ABCABCCP RePC

Pyruvate carboxylation activity was determined spectrophotometrically by measuring the conversion of
oxaloacetate to malate using malate dehydrogenase. Briefly, reaction assays were initiated by the addition of
ABCABCCP RePC (975 ug) or RePC wt (350-700 pg) in a 1 mL reaction volume at 30 °C. Each reaction was
performed in 50 mM NaHCOs, 25 mM pyruvate, 0.24 mM NADH, and malate dehydrogenase (30 U). Reactions
were conducted in both 0.1 M Tris—HCI (pH 7.8) and 0.1 M Tricine—NaOH (pH 7.8) to evaluate the effects of
various buffer systems on catalysis. For each velocity measurement, a non-enzymatic reaction rate was
measured in parallel but no non-enzymatic rate was observed.



Protein crystallization

ABCABCCP RePC was crystallized using the batch crystallization method under oil as previously described [11].
Crystallization conditions were similar for all crystals. For the ABCABCCP RePC structure containing pyruvate and
biocytin, a protein solution consisting of 10 mg/mL ABCABCCP RePC and 40 mM pyruvate was mixed at a 1:1
ratio with a precipitant solution comprised of 11% (w/v) PEG 8000, 100 mM BisTris (pH 6.0), and 345 mM
tetramethylammonium chloride (TMACI). For the ABCABCCP RePC structure containing oxamate and biotin, a
protein solution consisting of 10 mg/mL ABCABCCP RePC, 50 mM oxamate, and 10 mM 1'N-acetyl-d-

biotin [28] was mixed at a 1:1 ratio with a precipitant solution comprised of 14% (w/v) PEG 8000, 110 mM 3-
morpholinopropane-1-sulfonic acid (pH 6.0), 165 mM TMACI, 2% (v/v) glycerol, and 85 mM 1'N-acetyl-d-biotin.
A seed stock was created using the seed bead kit from Hampton Research (Aliso Viejo, CA). Briefly, a single
apoprotein ABCABCCP RePC crystal was pulverized in 500 pL of precipitant solution and 0.5 uL of this pulverized
seed solution was added to the crystallization drop immediately following the mixing of the protein and
precipitant solutions. The drop was covered with paraffin oil and octahedral crystals formed within 2—3 days.
After 5-7 days, the crystals were harvested. Crystals of ABCABCCP RePC co-crystallized with pyruvate were
transferred and soaked in a synthetic mother liquor solution containing 10% (w/v) PEG 8000, 80 mM BisTris (pH
6.0), 200 MM TMACI, 20 mM pyruvate and 80 mM biocytin for 20 h at room temperature. Crystals were then
serially transferred in 5% (v/v) glycerol increments from the synthetic mother liquor solution to

a cryoprotectant solution consisting of 11% (w/v) PEG 8000, 90 mM BisTris (pH 6.0), 200 mM TMACI, 20 mM
pyruvate, 80 mM biocytin, and 20% (v/v) glycerol and flash cooled in liquid nitrogen. Crystals of ABCABCCP RePC
co-crystallized with oxamate and biotin were transferred in an identical manner, excepting that 50 mM oxamate
and 50 mM 1'N-acetyl-d-biotin replaced the 80 mM biocytin and 20 mM pyruvate. The cryo-protected crystals
were immediately flash cooled in liquid nitrogen.

Data collection, structure determination, and refinement

X-ray diffraction data were collected at the Advanced Photon Source (APS, Argonne, IL), beamline LS-CAT 21-ID-
D and 21-ID-F on Rayonix MarMosaic 300 CCD and 225 CCD detectors, respectively. The wavelength was tuned
to 1.127 A for the structure with pyruvate and biocytin (collected on 21-1D-D) and 0.979 A for the structure with
oxamate and biotin (collected on 21-ID-F). Diffraction images were processed with the HKL2000 suite [29]. The
structures were solved by molecular replacement using the structure of ABCABCCP RePC (pdb i.d. 4JX4) as the
search model with the program Phaser [30]. Following molecular replacement, translation/libration/screw (TLS)
refinements were performed using REFMAC [31], [32], [33]. Each monomer was treated as a rigid TLS group. All
four monomers in the asymmetric unit were restrained using non-crystallographic symmetry for all models
during the entire refinement process. The models were extended by several rounds of manual model building
with COOT [34] and successive refinements with REFMAC. Water molecules were added to the models in COOT
with subsequent manual verification. Data collection and processing statistics are summarized in Table 1.

Table 1. Data collection and refinement statistics.

ABCABCCP RePC + oxamate + biotin | ABCABCCP RePC + pyruvate + biocytin
pdb i.d. code 4L0C 4Me6V
Space group P21212, P212124
Cell dimensions
a, b, c(A) 84,157, 245 85, 158, 245
a,8,y(°) 90, 90, 90 90, 90, 90
Resolution range, A 50.0-2.26 50.0-2.40
(2.30-2.26)? (2.44-2.40)?
Redundancy 7.1(6.8) 7.2(7.1)
Completeness (%) 98.3 (94.7) 99.8 (99.8)




Unique reflections 145868 128103

Rmerge (%) 8.4 (44.4) 6.9 (40.5)

Average I/al 20.6 (3.4) 25.7 (5.2)

Refinement:

Resolution range, A 43.75-2.26 49.66-2.40
(2.32-2.26) (2.46-2.40)

Reryst 0.176 (0.227) 0.184 (0.245)

Réree 0.216 (0.293) 0.223(0.301)

No. protein atoms 17924 17894

No. water molecules | 535 361

Wilson B-value (A?) 34.4 45.4

Average B-factors (A?)

Protein 52.8 65.1

Ligands 57.4 65.5

Solvent 41.5 51.1

Ramachandran (%)

Most favored 92.2 92.7

Additionally allowed 7.3 7.0

Generously allowed 0.5 0.3

Disallowed 0.0 0.0

r.m.s. deviations

Bond lengths (A) 0.018 0.011

Bond angles (°) 1.836 1.385

@Values in parentheses are for the highest resolution bin.

Results

Effects of biotin, biocytin and BCCP on oxaloacetate decarboxylation

The role of biotin in the biotin-dependent carboxylases has largely been studied for the biotin carboxylation
reaction of the BC domain [35], [36], [37], [38], [39]. The role of biotin in the carboxyl transfer reactions of
various biotin-dependent carboxylases, however, has not been extensively characterized outside of the
carboxyltransferase subunit of E. coli acetyl-CoA carboxylase [40], [41], [42]. Structural studies of Staphylococcus
aureus PC reveal that the BCCP domain physically interacts with the CT domain in order to facilitate biotin
binding in the CT domain active site [21], [43], but it is not known whether the BCCP—CT domain interaction is
required in order for biotin to participate in the carboxyltransferase reaction. To better study the contribution of
BCCP-biotin and its individual components to the carboxyltransferase activity in PC, structure-guided truncations
of the RePC holoenzyme were generated to enable a thorough investigation of the role of biotin in the CT
domain reaction (Fig. 1). The rate of oxaloacetate decarboxylation was measured in the presence of free biotin,
biocytin and ReBCCP-biotin for various truncated and full-length constructs of RePC.



1 464 497 1015 1067 1154

RePC BC CcT BCCP
465 1154
ABC RePC cT BCCP
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ReBCCP BCCP

Fig. 1. Primary sequence of Rhizobium etli pyruvate carboxylase (RePC) and the truncated constructs utilized in
this study. The amino acid numbers designate the boundaries for the various functional domains of RePC.

All of the RePC constructs examined in the present study maintain an intrinsic rate of oxaloacetate
decarboxylation, irrespective of whether or not the enzyme is biotinylated (Table 2). At 1 mM oxaloacetate,

wt RePC catalyzes the decarboxylation of oxaloacetate to pyruvate ~2-fold faster than ABC RePC or

ABCABCCP RePC. Mutating Lys1119, the site of biotinylation in RePC, slightly reduces oxaloacetate
decarboxylation compared to the biotinylated forms but the same trend holds, with the full length K1119Q RePC
catalyzing oxaloacetate decarboxylation ~2-fold faster than the ABC K1119Q RePC. For each of the constructs
examined in the present study, the addition of 5 mM free biotin or biocytin enhances the rate 2-fold and 4-fold,
respectively, over the intrinsic rate of oxaloacetate decarboxylation. Addition of a 1000-fold molar excess of
biotinylated-ReBCCP greatly enhances the rate of oxaloacetate decarboxylation, up to 110-fold in the case of
ABCABCCP RePC. None of the RePC variants exhibit a rate enhancement for oxaloacetate decarboxylation in the
presence of the non-biotinylated K1119Q ReBCCP (Fig. S2). Further, addition of biocytin to the reaction mixture
containing non-biotinylated K1119Q ReBCCP does not enhance the rate of oxaloacetate decarboxylation (Fig.
S2). Finally, when an essential arginine residue (Arg621) responsible for binding pyruvate/oxaloacetate in the CT
domain active site is mutated (R621A ABCABCCP), the enzyme-catalyzed biotin-independent oxaloacetate
decarboxylation activity is completely eliminated (Table S1), demonstrating that the enzyme activity is specific
and originates in the CT domain active site.

Table 2. Effects of free biotin, biocytin and ReBCCP on the decarboxylation of oxaloacetate by pyruvate
carboxylase and pyruvate carboxylase variants.?

1mM +5 mM +5 mM +1000x molar
oxaloacetate, k.t (min | biotin, ket (Min~ | biocytin, kea: (min~ | excess ReBCCP®, kca: (min
) Y Y) )

RePC wt 1.23+0.01 2210.1 4.0+£0.1 76.0+0.4

K1119Q RePC 1.05£0.02 1.90£0.02 3.95+0.05 94.4+45

ABC RePC 0.51+0.02 0.87 £0.03 1.62+£0.04 39.1+£0.8

K1119Q 0.37+£0.01 0.75+0.01 1.43+0.03 35.3+0.9

ABC RePC

ABCABCCP ReP | 0.46 £0.01 0.88 £ 0.01 2.56+0.01 50.9+39

C




@Reaction conditions: 100 mM Tris—HCI (pH 7.8), 30 °C, 1 mM oxaloacetate, 0.25 mM acetyl-CoA (RePC wt and
K1119Q RePC only), 0.24 mM NADH. Specific activities were determined in triplicate and the reported errors are
standard deviations of the means.

PReBCCP was assayed as a substrate at 1000-fold molar excess over the enzyme concentration. This ranged from
60 to 70 uM, depending on the enzyme concentration.

Given that ABCABCCP RePC decarboxylates oxaloacetate in the absence of biotin, it is expected that this
construct can also catalyze the carboxylation of pyruvate. The pyruvate carboxylation activities for

ABCABCCP RePC were unaffected by changes in buffer composition (Table S1), indicating that this is not a buffer-
catalyzed reaction. Pyruvate carboxylation was not observed when either the enzyme or pyruvate was omitted
from the reaction mixture, demonstrating that the observed rates, while slow, are enzyme-catalyzed. The
MgATP-independent pyruvate carboxylation activity for wt RePC was determined to be 0.044 + 0.001 min™2.

Effects of oxamate on the oxaloacetate decarboxylation reaction

Oxamate stimulates the PC-catalyzed rate of oxaloacetate decarboxylation [14]. Recently, Marlier et

al. [17] provided *C NMR evidence demonstrating that oxamate accepts the carboxyl group from oxaloacetate
and proposed that biotin facilitates the carboxyl group transfer between these substrates. However, the steady-
state kinetics were inconsistent with a simple ping-pong mechanism, suggesting that biotin decarboxylation was
occurring through two competing pathways at low concentrations of oxamate. To clearly determine whether
oxamate binds in the CT domain active site, ABCABCCP RePC was co-crystallized with oxamate. The structure
reveals that the binding orientation for oxamate is identical to that observed for pyruvate (Fig. 2). The carboxyl
group of oxamate forms a salt bridge interaction with the guanidinium group of Arg621 while the carbonyl
oxygen is within hydrogen bonding distance of the side chains of Arg548 and GIn552. The binding of oxamate in
the active site promotes the interaction between Tyr628 and Asp590, which forms a biotin binding pocket in the
active site [11].

A

o

T882 T882

oxamate pyruvate

Fig. 2. Representative simulated annealing omit maps for oxamate (A) and pyruvate (B) in the active site of
ABCABCCP RePC. The electron density maps are contoured to 3.00. Oxamate and pyruvate are colored green
and yellow, respectively. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

To further investigate the reaction pathway for the oxamate-stimulated decarboxylation of oxaloacetate, the
oxamate independent and dependent rates of oxaloacetate decarboxylation were measured for various
engineered constructs of RePC (Table 3). As observed previously [17], the wild-type rate of oxaloacetate
decarboxylation is enhanced 3-fold in the presence of 0.5 mM oxamate. A mutation at the site of biotinylation
in RePC, K1119Q, eliminates the oxamate-dependent rate enhancement for oxaloacetate decarboxylation.
When the BC domain is truncated from the enzyme (ABC RePC), the decarboxylation of oxaloacetate is
enhanced 20-fold in the presence of oxamate and there is no rate enhancement in the K1119Q mutation of
ABC RePC. Truncating both the BC and BCCP domains also eliminates the oxamate-induced rate enhancement.



These results are consistent with the proposal that oxamate binds in the CT domain and serves to accept the
carboxyl group from carboxybiotin.

Table 3. Oxaloacetate decarboxylation activities in the presence and absence of oxamate for pyruvate
carboxylase and pyruvate carboxylase variants.?

0.2 mM oxaloacetate, ket (min) | +0.5 mM oxamate, kca: (min™?)
RePC wt 1.29+£0.02 3.810.2
K1119Q RePC 0.83 £0.02 0.83+£0.03
ABC RePC 0.53+0.01 10.2+0.3
K1119Q ABC RePC | 0.33 £ 0.01 0.35+0.03
ABCABCCP RePC 0.45+0.01 0.38 £0.03

2Reaction conditions: 100 mM Tris—HCI (pH 7.8), 30 °C, 0.2 mM oxaloacetate, 0.25 mM acetyl-CoA (RePC wt and
K1119Q RePC only), 0.24 mM NADH. Specific activities were determined in triplicate and the reported errors are
standard deviations of the means. Acetyl-CoA does not affect the catalytic rate of oxaloacetate decarboxylation
when the BC domain is removed (data not shown).

Double reciprocal plots obtained at varying oxaloacetate concentrations and fixed concentrations of oxamate
are consistent with a simple Ping Pong Bi Bi kinetic mechanism that is subject to double competitive substrate
inhibition (Fig. 3). Such a pattern is expected when both substrates form a dead-end complex with an
inappropriate enzyme form (Scheme 2) [44].

14

0.8 | % % d 8  #0
[oxaloacetate] (uM)

[E]/v. (min)

0 0.1 0.2 0.3 04 05 0.6
1/[oxaloacetate] (uM'")
Fig. 3. A double reciprocal plot of initial velocity versus substrate concentration for the ABC RePC

catalyzed decarboxylation of oxaloacetate at fixed concentrations of oxamate (0.1 mM, circles; 0.3 mM,
triangles; 1.0 mM, squares; 5.0 mM, diamonds). Solid lines are the calculated individual fits of the data to the
reciprocal of [Eq. (1)]. INSET: The initial velocity normalized for enzyme concentration (v;/[E]r) as a function of
low concentrations of oxaloacetate. Unlike the full-length enzyme [17], the curves do not display any
sigmoidicity. The oxamate concentrations are designated in the same way as for the double reciprocal plot and
the curve fits are calculated from [Eq. (1)].

Biotin and biocytin binding in ABCABCCP RePC

The ABCABCCP RePC was co-crystallized in the presence of pyruvate or oxamate and soaked with free 1'N-
acetyl-d-biotin or biocytin prior to data collection. As previously reported, ABCABCCP RePC crystallizes in the
space group P2,2,2; with the four monomers of the asymmetric unit arranging as a tetramer [45]. Electron
density corresponding to free biotin or biocytin was not observed in the active site of the CT domain. Instead, in



both structures, biotin or biocytin were both observed bound in the well characterized biotin exo-binding site, at
the interface between the central spanning a-helix of the allosteric domain and the CT domain (Fig.

S3) [21], [46]. There is no evidence for acetylation at the 1'N position of biotin in the electron density (Fig. S3),
suggesting that the acetyl group was hydrolyzed. Consequently, the ligand in the exo binding site corresponds to
the unmodified biotin. The observed electron density for the ureido ring of free biotin and biocytin is clearly
defined in all four exo-binding sites of the asymmetric unit, with monomer A exhibiting the lowest temperature
factors for both ligands.

Electron density corresponding to biocytin is also observed in the funnel leading to the active site of the CT
domain (Fig. 4; Fig. S4). However, the N-1 of biocytin is displaced 15.9 A away from the active site metal, ~7 A
from the biotin binding position observed in the active site of the Homo sapiens PC (pdb i.d. 3BG3) and S.
aureus PC crystal structures (pdb i.d. 3BG5). Biocytin maintains contacts in a ridge leading to the entrance of the
active site with its most significant interactions occurring with a-helix 10 (Gly842—-Leu857) of the CT domain.
Notably, the position of a-helix 10 has been shown to be perturbed when BCCP binds with the CT domain of
PC[21].

.St VAY, .4
Fig. 4. Free biocytin (magenta, CPK coloring), co-crystallized with pyruvate (orange, CPK coloring), is bound in the
funnel of the carboxyltransferase (CT) domain (cyan) leading to the active site. The BCCP domain
and biotin (green) are shown from a structural superposition of the CT domain of HsPC (pdb i.d. 3BG3). The
interaction between the BCCP and CT domain results in the inward rotation of a-helix 10, which threads away
from the active site (yellow). The binding of biocytin in the funnel does not induce this same rotation in a-helix
10. (For interpretation of the references to color in this figure legend, the reader is referred to the web version
of this article.)

Discussion

Contribution of the BCCP domain to the biotin-catalyzed carboxyl transfer reaction of PC
All of the PC variants examined in the present study exhibited a clear rate enhancement for

oxaloacetate decarboxylation in the presence of free biotin, biocytin and BCCP-biotin. A similar biotin-
dependent rate enhancement has been reported for Bacillus thermodenitrificans PC [18]. The rate enhancement
is dependent on the degree to which the biotin side-chain mimics the biotinylated enzyme. Biotin, which has

a valeric acid substituent extending from the tetrahydrothiophene ring, is least effective at enhancing the rate.
From the crystal structures of BCCP-biotin bound in the CT domain active site of Homo sapiens PC (HsPC; pdb

i.d. 3BG3) and S. aureus PC (SaPC; pdb i.d. 3BG5) [21], it is likely that the positioning of free biotin is impeded by
a charge repulsion between the side chain of Asp590 (conserved in all PC enzymes) and the valeric acid
carboxylate of biotin, making free biotin a less effective substrate compared to biocytin and ReBCCP-biotin. A



similar trend has been observed in the E. coli carboxyltransferase subunit of acetyl-CoA carboxylase, where
biocytin affords a Vmex increase that is three orders of magnitude greater than biotin [42]. In an apparently
contradictory result, Adina-Zada et al. reported that free biotin did not enhance the rate of oxaloacetate
decarboxylation in the K1112A mutant of B. thermodenitrificans PC (equivalent to the K1119Q mutant

in RePC) [19]. However, in those studies, oxaloacetate decarboxylation was assayed in the presence of oxamate,
which requires a tethered biotin cofactor for activity (see below).

The rate of oxaloacetate decarboxylation is enhanced 60- to 110-fold in the presence of the bona fide substrate,
BCCP-biotin. In an earlier study, BCCP-biotin was also reported to be more effective than free biotin in
enhancing the rate of oxaloacetate decarboxylation in PC from B. thermodenitrificans [18]. Similarly, in E.

coli carboxyltransferase, a 2000-fold increase over biotin was observed when the biotinylated C-terminal BCCP
domain was used as a substrate in place of free biotin [42]. The most likely interpretation of these data is that
the BCCP—CT domain interaction contributes to the proper positioning of biotin in the active site. However, the
crystal structures of HsPC (pdb i.d. 3BG3) and SaPC (pdb i.d. 3BG5) reveal a rotation in a-helix 10 of the CT
domain that accompanies the BCCP—-CT domain interaction [21]. The a-helix 10 extends into the CT active site,
raising the possibility that the BCCP—CT domain interaction directly influences catalysis in the CT domain through
alterations in this a-helix. In the present study, the K1119Q BCCP domain, which lacks a tethered biotin, is
unable to enhance oxaloacetate decarboxylation and addition of free biocytin in the presence of the K1119Q
BCCP domain does not rescue this activity. Together, these results indicate that the BCCP—CT domain interaction
does not directly enhance catalysis and serves only to properly position the carboxybiotin cofactor in the active
site.

It is noteworthy that removing the BC domain from RePC reduces the rate of oxaloacetate decarboxylation to
40% that of full length RePC, irrespective of whether the enzyme is biotinylated (Table 1). In solution, RePC is a
tetramer while ABC RePC is a dimer [24]. The reduced activity observed in RePC enzymes lacking a BC domain
indicates that either the BC domain itself or enzyme tetramerization influences the biotin-independent CT
domain activity. The BC domain homodimer from E. coli acetyl-CoA carboxylase has been shown to exhibit
synergism amongst the dimer active sites [47]. The current study, however, offers direct evidence for
communication between the BC and CT domains in PC, even in the absence of a biotin cofactor. Parallel studies
have revealed that the CT domain can influence the BC domain activity [12], indicating that an as yet
undetermined communication network is likely to exist between the individual catalytic domains of PC.

Oxamate induced oxaloacetate decarboxylation proceeds through a ping-pong bi bi

kinetic mechanism

Oxamate stimulates the rate of oxaloacetate decarboxylation in PC enzymes isolated from chicken liver

and RePC. Recently, it was demonstrated that CO; is transferred from oxaloacetate to oxamate, with biotin most
likely serving as a conduit [17]. However, the reported initial velocity kinetics displayed sigmoidicity, suggesting
an alternate route of decarboxylation for carboxybiotin and leaving some aspects of the mechanism unresolved.

This study offers several new lines of evidence in support of a ping-pong mechanism for the oxamate-induced
oxaloacetate decarboxylation reaction in the CT domain. The structure of RePC co-crystallized with oxamate
clearly shows oxamate bound in the pyruvate binding site (Fig. 2), and the active site is observed in the closed
conformation that is correlated with ligand binding in the CT domain active site [11]. The structure, therefore, is
consistent with oxamate serving as the terminal carboxyl group acceptor in a ping pong-like reaction
mechanism [17]. Furthermore, the RePC constructs in the current study display kinetic features that are fully
consistent with a biotin-dependent CO, transfer from oxaloacetate to oxamate: in all constructs where the site
of biotinylation is mutated (K1119Q) or the BCCP domain is absent, oxamate no longer accelerates the rate of
oxaloacetate decarboxylation. Additionally, in the presence of a tethered biotin cofactor, the steady-state



kinetics are fully consistent with a ping-pong mechanism with double competitive substrate inhibition, indicating
that both pyruvate and oxamate share the same binding site (Fig. 3).

Marlier et al. observed that, in wild-type RePC, carboxybiotin can decarboxylate through an alternate pathway
(Kdecarbox; Scheme 2) [17]. In the current study, oxamate induced decarboxylation kinetics were measured in

ABC RePC, where decarboxylation in the BC domain is not a possibility. The double reciprocal plot of velocity
against oxaloacetate concentration for ABC RePC, at fixed concentrations of oxamate, show a pattern that is
consistent with a simple ping pong bi bi mechanism with double competitive substrate inhibition (Fig. 3). Unlike
with wild-type RePC, no sigmoidicity is observed in the velocity vs. [S] plots of ABC RePC, indicating that no
alternate pathway for carboxybiotin decarboxylation is present in ABC RePC. Thus, the most likely alternative
route for decarboxylation of carboxybiotin in wild-type PC is through enzyme-mediated decarboxylation in the
BC domain active site [48]. Following CO; transfer from oxaloacetate to biotin in the wild-type enzyme,
carboxybiotin has two possible fates (Scheme 2): (1) pyruvate exits the active site, allowing oxamate to bind and
accept CO, from carboxybiotin or (2) carboxybiotin translocates to the BC domain where it decarboxylates
without forming the carbamylated oxamate. This second pathway for carboxybiotin abortive decarboxylation
explains the sigmoidicity observed by Marlier et al. in the wild-type RePC kinetics [17] and provides evidence
that carboxybiotin can access and decarboxylate in the BC domain of the wild-type enzyme, even in the absence
of BC domain substrates.

A biotin-independent mechanism for oxaloacetate decarboxylation

This study clearly and unambiguously demonstrates that biotin is not required for oxaloacetate decarboxylation
by PC. All of the engineered RePC variants that lack a tethered biotin (K1119Q RePC, K1119Q ABC RePC and
ABCABCCP RePC) retained oxaloacetate decarboxylation activity (Table 2).

To this point, there have been mixed reports regarding the absolute requirement for biotin on the oxaloacetate
decarboxylation reaction in PC. A biotin-independent oxaloacetate decarboxylation activity was first described
for chicken liver PC following incubation with avidin [49]. This finding was corroborated by the report of a
concentration dependent biotin-independent rate of oxaloacetate decarboxylation for chicken liver PC
incubated with avidin [14] and has also been observed in B. thermodenitrificans PC in the absence of a BCCP
domain [18]. However, mutations at the biotinylation site in both B. thermodenitrificans PC and RePC completely
eliminated the oxamate-induced oxaloacetate decarboxylation activity, leading to the contradictory claim that
biotin is required for oxaloacetate decarboxylation in PC [12], [19]. To address this discrepancy, we measured
the oxamate independent rate of oxaloacetate decarboxylation by RePC under assay conditions identical to
those previously reported [19] (Fig. S5). Our results unequivocally show a biotin-independent oxaloacetate
decarboxylation activity for the K1119Q and ABCABCCP RePC mutant in the absence of oxamate. The
oxaloacetate decarboxylation activity of ABCABCCP RePC is completely eliminated by the R621A mutation,
demonstrating that the activity is enzyme-catalyzed (Table S1).

We attribute the inconsistent reports of biotin-independent oxaloacetate decarboxylation in PC to the inclusion
of oxamate in certain studies. While oxamate accelerates the biotin-dependent rate of oxaloacetate
decarboxylation by serving as the carboxyl group acceptor from carboxybiotin, it does not participate in the
biotin independent oxaloacetate decarboxylation. The present study reveals that oxamate occupies an identical
binding site as pyruvate (Fig. 2) and, at high concentrations, competes with oxaloacetate (Fig. 3). Therefore, the
addition of oxamate to biotin-deficient mutants (e.g. K1119Q) competes with oxaloacetate for the enzyme
active site and reduces the reaction rate, leading investigators to report that PC is unable to catalyze
oxaloacetate decarboxylation in the absence of biotin.

The biotin-independent oxaloacetate decarboxylation is expected to proceed via a similar mechanism to that
proposed for the biotin-dependent decarboxylation reaction, where a concerted proton transfer between



oxaloacetate and biotin facilitates carboxyl transfer [12]. When biotin is not present, another substrate must
serve as the proton donor and, subsequently, serve as the nucleophile to attack the liberated CO,. Two possible
candidates may serve as proton donors in the absence of biotin: the reaction buffer or water. Given that the
biotin-independent reaction proceeds in a variety of distinct buffer systems [14], [16], [49], the more likely
proton donor is water (Scheme 3). The crystal structure of ABCABCCP RePC with pyruvate (pdb i.d. 4JX5)
contains several ordered water molecules in the active site (Fig. S6). Of particular interest is a water molecule
occupying a site 2.9 A from Thr882, at a location near to that occupied by the N-1 of tethered biotin in the
crystal structure of HsPC and SaPC [21]. Similar to the ureido oxygen of biotin, this water molecule forms a
hydrogen-bonding network with the side chain of Ser885 (3.0 A), the backbone amide of Thr882 (2.9 A) and a
second water molecule (2.5 A). The pK, of water (15.7) is similar to the pK, for the N-1 of biotin (~17; [50]),
making it an equivalent proton donor, provided that the hydrogen-bonding network in the active site can
stabilize the hydroxide ion in a similar manner to the biotin enolate. The stabilized hydroxide will subsequently
react with the liberated CO, to form bicarbonate, completing the reaction cycle. A similar biotin-independent
mechanism has been proposed for the non-homologous oxaloacetate decarboxylase PA4872 from Pseudomonas
putida, where a water molecule is thought to serve as the acid that donates a proton to the pyruvate

enolate [51].

Thrggy C o Thesss
S —
H,0 HO” ™~ oxaloacetate ¢ H/O\ P:{( Q)\
) S 8
N
£ e B8 —_— B
NHz--0 G CH, NG )
HN—¢/ S s HN— .
Mn™ /Z < H mnlz
\NH (o) a n n NH o) CO n n
(o] 2 o
i, N 2 NH; HaN-
. HaN < 2 \ HN—4
Ardez1 N Argga NH (
Glnsse Glnss,
Ardsee Argsas

/ |
Thrggy

bicarbonate
© HO

Jr—OH
o
pyruvate

NH; O CH,

HZN“?JH 0>_\< Mn?"7zn”"

) NH; HoN
( HNA

\ 7
Argg2q gNH )
Nss2

Argssg

Scheme 3. Proposed chemical mechanism for the biotin-independent decarboxylation of oxaloacetate in the CT
domain of PC.

The biotin-independent mechanism in Scheme 3 predicts that the isolated CT domain (ABCABCCP RePC) will
catalyze the formation of oxaloacetate from pyruvate and bicarbonate. Indeed, ABCABCCP RePC catalyzes
pyruvate carboxylation at a reduced rate (keat ~ 0.1 min™t) in the absence of biotin and in the presence of
bicarbonate and pyruvate. While this is 3—4 orders of magnitude slower than the pyruvate carboxylation
reaction catalyzed by wt RePC in the presence of ATP and HCOs", the activity is consistent with water serving as a
proton donor in the biotin-independent oxaloacetate decarboxylation reaction and reveals that the CT domain
active site of PC can independently fix CO,, albeit at a very slow rate.

Exogenous biotin binding sites in PC

Both free biotin and biocytin enhance the rate of oxaloacetate decarboxylation in the CT domain of RePC, with
biocytin enhancing the rate 2-fold compared to biotin. To better describe the origin of these rate enhancements,
ABCABCCP RePC was co-crystallized with either pyruvate or oxamate and soaked with either free biotin or



biocytin prior to data collection. While biotin and biocytin were not observed in the active site, these structures
revealed that exogenous biotin binds to the enzyme at specific subsites.

Electron density corresponding to both biotin and biocytin was observed in the exo-binding site. Several prior
structures have revealed that the biotin cofactor, when tethered to the BCCP domain, binds at this exo site at
the interface of the allosteric and CT domains [21], [46]. While the function of the exo-binding site is unknown,
an intriguing hypothesis is that this site, which appears to be unique to bacterial PC enzymes [21], serves to
increase the local concentration of free biotin. The binding of free biotin in the exo-binding site may promote
the biotinylation of the BCCP domain by biotin protein ligase, affording a degree of posttranslational control to
the enzyme.

Electron density corresponding to biocytin was also observed in the funnel leading into the CT domain active site
(Fig. 4). The funnel exhibits a largely positive surface charge distribution. While we cannot rule out that this
additional binding position is simply an artifact of crystallization, the apparent affinity of the cofactor for this site
suggests that the funnel may assist in directing the negatively charged carboxybiotin into the active site.
Therefore, this structure may represent a snapshot of the path traversed by carboxybiotin as it gains access to
the active site.

It is clear from this study that the oxamate induced rate enhancement observed for the biotin-dependent
decarboxylation of oxaloacetate results from oxamate serving as a carboxyl group acceptor and that, in the
absence of biotin and oxamate, the CT domain retains oxaloacetate decarboxylation activity. This establishes
oxaloacetate decarboxylation assays in the presence and absence of oxamate as an effective means to dissect
the role of biotin in the PC-catalyzed reaction. Such assays have already been applied to investigate specific
residues in substrate binding and enolate stabilization in the CT domain reaction of PC [11]. It is anticipated that
investigations of the homologous biotin-dependent enzymes, transcarboxylase and the oxaloacetate
decarboxylase complex, will also substantially benefit from the application of these assays. Interestingly, the
rate of oxaloacetate decarboxylation in the isolated a-subunit of the oxaloacetate decarboxylase complex is
approximately 20-fold higher than it is in the equivalent ABC construct of RePC [52]. This suggests that, while all
three homologous biotin-dependent enzymes are structured to stabilize the pyruvate and biotin enolate
intermediates, the oxaloacetate decarboxylase complex is predisposed to catalyze the decarboxylation reaction.
A description of the molecular basis for these distinct differences between homologous enzymes awaits further
structural and kinetic studies.

Accession codes

The atomic coordinates for (ABCABCCP RePC + pyruvate + biocytin) and (ABCABCCP RePC + oxamate + biotin)
have been deposited in the Protein Data Bank as entry 4M6V and 4LOC, respectively.
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