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ABSTRACT. Cobyric acid synthetase (CbiP) froBalmonella typhimuriuntatalyzes the glutamine and
ATP-dependent amidation of carboxylatesd, e, and g within adenosyl cobyrinic acic,c-diamide.

After each round of catalysis the partially amidated intermediates are released into solution and the four
carboxylates are amidated in the sequential order @fb, andg for the wild type enzyme. In the presence

of [y-1804]-ATP and adenosyl cobyrinia,c-diamide the enzyme will catalyze the positional isotope
exchange of th@y-bridge oxygen with the tw@-nonbridge oxygens. These results support the proposal
that ATP is used to activate the carboxylate groups via the formation of a phosphorylated intermediate.
ChiP catalyzes the hydrolysis of glutamine in the absence of ATP or adenosyl cobyring&cadidmide,

but the rate of glutamine hydrolysis is enhanced by a factor of 60 in the presence of these two substrates
together. This result suggests that the formation of the phosphorylated intermediate is coupled to the
activation of the site utilized for the hydrolysis of glutamine. However, the rate of glutamine hydrolysis
is approximately 2.5 times the rate of ADP formation, indicating that the two active sites are partially
uncoupled from one another and that some of the ammonia from glutamine hydrolysis leaks into the bulk
solution. The mutation of D146 to either alanine or asparagine results in a protein that is able to catalyze
the formation of cobyric acid. However, the strict amidation order observed with the wild type CbiP is
partially randomized with carboxylate being amidated last. With the D146N mutant, the predominant
pathway occurs in the sequergie, g, andb. It is proposed that this residue enforces the amidation order

in the wild type enzyme via chargeharge repulsion between the side chain carboxylate and the
carboxylates of the substrate.

The biosynthetic pathway for the assembly of vitamipa B groupsb, d, e, andg of adenosyl cobyrinic acid,c-diamide
is rather complex. There are many enzymes in this pathway (Ado-col}) to produce cobyric acid4j. The homologous
that catalyze multiple methylation, decarboxylation, or ami- enzymes irS. typhimuriunare CbiA and CbiP, respectively
dation reactions on key reaction intermediates. For example,(1). The multiple reactions catalyzed by cobyric acid
in the aerobic pathway fronfPseudomonas denitrificans synthetase (ChiP) are presented in Scheme 1.
S-adenosylk-methionine:uroporphyrinogen Il methyl trans- Cobyrinic acida,c-diamide synthetase (CbiA) frors.
ferase (SUMT) catalyzes the methylation of C2 and C7 of typhimurium catalyzes the ATP-dependent amidation of
uroporphyrinogen Ill while the fusion protein CobL catalyzes carboxylatesa andc. Carboxylatec is amidated first, and
the methylation of C5 and C15 of dihydro-precorrin. ( then this partially amidated product is released into solution
The corresponding enzymes in the anaerobic pathway fromprior to rebinding and formation of the final product,
Salmonella typhimuriunare G/sG and ChiE, respectively  cobyrinic acida,c-diamide @, 5). The reaction mechanism
(1). Uroporphyrinogen Il decarboxylase catalyzes the or- is dissociative and sequential. Cobyric acid synthetase from
dered decarboxylation of the four acetate side chains of theS. typhimuriuncatalyzes the ATP-dependent amidation of
substrate in the heme biosynthetic pathw2)y [n addition, carboxylate group$, d, e, andg to produce cobyric acid
CobB and CobQ in the aerobic pathway frémdenitrificans via a reaction mechanism that is also dissociative and
are responsible for the amidation of six different carboxylate sequential. Three partially amidated intermediate species have
groups on the periphery of the corrin ring system. CobB been identified, and the order of the amidation reactions have
catalyzes the amidation of carboxylate growpand c of been established wittH—!>N NMR spectroscopy®). The
hydrogenobyrinic acid to produce hydrogenobyrinic &g specific sequence begins with the amidation of carboxylate

diamide @). CobQ catalyzes the amidation of carboxylate € followed in turn by the amidation of carboxylate groups
d, b, andg. These results demonstrate that the substrate,

adenosyl cobyrinic acid,c-diamide, binds productively in
only one of four possible orientations. Following the ami-
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Scheme 1 Amersham Biosciences. Oxygen-18-labeled potassium phos-
HooC H,NOC phate was prepared using the method of Risley and Van Etten
R o) e (12). The synthesis of}-1%0,]-ATP was accomplished using
My Ny @ ChIP HNOCTNANAN R NG the method of Werhli et al. from ADP-morpholidate and
2 COOH ——— (@ "\ CONH,

H3P®0, (13). The two stock solutions ofyF80,-ATP
showed ~90 and 93%180 incorporation by3!P NMR
o i spectroscopy. All other materials and enzymes were pur-
¢ (I o i
LB bk \ &k chased from Sigma.
Cloning and Site-Directed Mutagenesis of cbiechiP

dation of carboxylate, the partially amidated intermediate 9en€ was subcloned into pET30 using the p278Q plasmid

must dissociate from the active site and rebind in a different @S @ template. ThebiP gene was PCR-amplified such that
orientation for the amidation of carboxylate Amidation the forward primer 5SGGGAATCCCATATGACGCAG-

of carboxylate groupb andg requires similar reorientations GCAGTTATGTTGC-3 and reverse primer &GGGAAT-
within the active site after dissociation and rebinding to the TCTATCATCATACCGGCTCCTGATG-3added\dd and

active site. The structural or molecular basis for the strict ECOR sites, respectively. The resultant PCR product was
regioselectivity as the four carboxylates are amidated is Purified, cut withNdd and EcoR, and then ligated to the
currently unknown. Having a single enzyme catalyze four €xpression vector pET30 (Novagen). MutantchiP were
separate reactions on a single substrate is biochemically moréonstructed using the QuikChange site-directed mutagenesis
economical than the evolution of a different enzyme for each kit from Stratagene. The entire coding region was sequenced
amidation reaction. An ordered dissociative mechanism alsot0 confirm the absence of additional mutations for all
minimizes the number of intermediates that are liberated into COnstructions.
solution. Cloning of Cobyrinic Acid a,c-Diamide Adenosyl Trans-
On the basis of amino acid sequence alignments, CbiP isferase (cobA) from S. typhimuriunThe cobA gene (gi:
composed of separate glutaminase and synthetase domain399274) was PCR-amplified using the genomic DNA from
(7). The N-terminal synthetase domain is proposed as theS. typhimuriumAR8519 strain as a template. The forward
ATP and adenosyl cobyrinic acalc-diamide binding site. primer was 5CGGAATTCATATGAGTGATGAACGT-
The amino acid sequence of the synthetase domain of CbiPTATCAGCAGC-3 and the reverse primer wasGCGC-
shows similarity to MinD proteins and dethiobiotin syn- GAAGCTTTTAATAATCAATTCCCATCTGGGC-3. The
thetase 7, 8). Ammonia is predicted to be formed within PCR product was purified, cut, and ligated in pET30 as
the C-terminal glutaminase domain and translocated to thedescribed above.
N-terminal domain where it reacts with an activated inter-  gypression and Purification of CbiP and CobAhe

mediate to form the carquamlde product. Similar glutami- PET30 plasmid carrying the desired construction was used
nase domains are found in carbamoyl phosphate synthetase, transform theE. coli BL21(DE3) strain (Novagen), and
and GMP synthetas®,(10). In these enzymes an active Site e transformed cells were selected on LB agar with§0
histidine activates a cysteine re3|due_for nuclfaoph|llc_ attack kanamycin. Protein expression was induced by addition
on the cqrboxamlde moiety of glutamine forming a thioester ;¢ 1 9 mM IPTG to a cell culture at mid-log phase. The
intermediate and ammonia. o cultures were incubated for an additional 10 h at room
We have expressed and purified the cobyric acid syn- temperature, collected by centrifugation, frozen in liquid
thetase fromS. typhlmurlumgnd determined the kmet!c nitrogen, and then stored at80 °C. The cell paste was
constapts pf the overall reaction as well as the hydrolysis Of_thawed into a solution containing 0.1 M Tris-HCI, pH 7.5,
glutamine in the absence of the other substrates. Mutagenesig o mm dithiothreitol (DTT), 0.1 mg/mL PMSF, 1aM
studies have identified a single amino acid residue that forcesleupeptin, 1QuM pepstatin, 1.Qeg/mL RNAase and 1.9/
the enzyme to catalyze the partially random synthesis of 1, pNAase. Cells were lysed on ice by sonication, and the
amidated intermediates. mixture was clarified by centrifugation. Ammonium sulfate
was added to 30% or 50% of saturation for the purification
MATERIALS AND METHODS of ChiP or CobA, respectively. The solution was incubated
Materials. The plasmid p278Q containing tlobiP gene at 4°C for 15 min and the protein pellet was collected by
(gi: 16763390) was kindly provided by Dr. Charles Roessner centrifugation. The pellet was resuspended in buffer and
from Texas A&M University S. typhimuriunAR8519 strain loaded onto a Superdex 200 column. The fractions containing
was a gift from Dr. Evelyne Deery from Queen Mary the protein were pooled on the basis of SDS-PAGE and
University of London 11). The restriction enzyme$\dd loaded onto a Resource Q ion exchange column and eluted
andEcoR, and platinumPfx DNA polymerase were obtained  with a linear gradient of NaCl (60.5 M). After concentration
from New England Biolabs and Invitrogen, respectively. of the protein by ammonium sulfate precipitation, the protein
Oligonucleotide synthesis and DNA sequencing were per- solution was loaded onto a Superdex 200 column. The
formed by the Gene Technologies Laboratory, Texas A&M fractions containing the protein were pooled and stored at
University. Nitrogen-15-labeled ammonium chloride af@- —80 °C in the same buffer containing 10% glycerol. The
labeled water were purchased from Cambridge Isotope concentration of protein was calculated using an extinction
Laboratories.’®>N-Glutamine was purchased from Sigma- coefficient at 280 nm of 0.75 and 1.08 Au chfor a 1 mg/
Aldrich. The Microsorb 100 C18 &m reverse-phase chro- mL solution of purified protein for CbiP and CobA,
matography column was obtained from Varian, Inc. All other respectively. The extinction coefficients were estimated by
chromatography columns and resins were purchased fromthe method of Gill and von Hippelld) using the protein

Glutamine

ATP H,NOC
9




Mechanism of Cobyric Acid Synthetase

calculator program (www.scripps.edu/cgi-bin/cdputnam/
protcalc).

Synthesis of Adenosyl Cobyrinic Acid a,c-Diamidibe
substrate for the ChiP reaction, adenosyl cobyrinic agie
diamide, was synthesized from vitamin.Bn three steps.
First, (CN)-cobyrinic acid was obtained by methanolysis
of vitamin By, (15). In the second step, cobyrinic acict-
diamide was synthesized enzymatically from cobyrinic acid
using cobyrinic acida,c-diamide synthetase (ChiA). A
solution containing 8@M cobyrinic acid, 50 mM Tris-HCI,
pH 7.7, 20 mM KCI, 1.0 mM DTT, 1.0 mM ATP, 4.0 mM
MgCl,, and 4.0 mM glutamine was incubated with 1.0 mg
of CbiA for 12 h at 30°C. The product of the ChiA reaction
was degassed fd h bybubbling argon through the solution.
To this solution were added 1.0 mM ATP, 2.0 mM MgClI
0.5 mM NADPH, 50uM flavin mononucleotide (FMN), 10
units of ferredoxin-NADP reductase, and 1.0 mg of CobA.
The reaction mixture was incubated for 12 h at’80in the
dark and then loaded onto a HiTrap Q HP column (Amer-
sham) equilibrated with 20 mM Tris-HCI, pH 7.5. The
adenosyl cobyrinic acid,c-diamide product was eluted with
a linear gradient of NaCl (80.5 M) and quantified using
the extinction coefficients: 21 000 M cm! at 303 nm,
8500 Mt cm™t at 375 nm and 9000 M cm™* at 456 nm
(4).

Assay of Glutamine UtilizationThe glutaminase activity
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gradient protocol was utilized: 0to 2% B in 5 min, 2 to 5%
B in 5 min, 5 to 20% B in 10 min, followed by 10 min of
isocratic elution at 20% B, 20 to 50% B in 5 min, 50 to
100% in 5 min, and 100 to 0% B in 5 min. The elution of
the cobyric acid and derivatives was monitored by following
the absorbance at 303 nm)(

Synthesis of Adenosyl Cobyric Acid Intermediated-:
enosyl cobyrinic acid,c-diamide (10QuM) was incubated
with 25 mM Tris-HCI, pH 7.5, 25 mMN]-NH4CI, 4 mM
MgClz, 2 mM ATP, 1 mM DTT, and 20Q«g/mL wild-type
ChbiP at 30°C in the dark for various lengths of time in a
volume of 1.0 mL. The reactions were quenched by lowering
the pH to 5. The wild-type ChiP samples were prepared for
NMR analysis by adding 5L of D,0 and transferring the
solution b a 5 mm NMRtube. The analysis of the D146N
CbiP mutant enzyme was achieved by incubating 35
adenosyl cobyrinic acid,c-diamide, 20 mM Tris-HCI, pH
7.5, 1.0 mM [°N]-glutamine, 1 mM DTT, 4 mM ATP, 8
mM MgCl,, and 56-200 ug/mL D146N CbiP in a volume
of 1.5 mL. The reactions were quenched by reducing the
pH to 5, and the unreacted glutamine was hydrolyzed by
adding 10 units of glutaminase for a perioidloh at 30°C
in the dark. The sample was concentrated and diluted to 650
uL with the addition of 60QuL H,O containing 5 units of
glutaminase and 58L of D0.

Positional Isotope Exchange Reactiombe PIX reactions

was quantified by determination of the glutamate produced catalyzed by CbiP were measured usitfg NMR spectros-

by coupling the reaction to glutamate dehydrogend& (
The assay was carried out in a mixture (280 containing
0.1 M Tris-HCI, pH 7.5, 1.0 mM dithiothreitol, 4.0 mM
MgCl,, 10 units of glutamate dehydrogenase, 1.0 mM
3-acetylpyridine adenine nucleotide, glutamine 40 mM),
and 3-50ug of protein at 3C°C. The glutamate concentra-
tion was calculated using an extinction coefficient for the
reduced form of 3-acetylpyridine adenine nucleotide of 8.3
mM~tcmt at 363 nm §).

Assay for ATP UtilizationThe consumption of ATP was

copy with [y-1%04)-ATP. The assays contained 100 mM Tris-
HCI, pH 7.5, 1.0 mM DTT, 2.0 mM MgG| 1.0 mM
[y-*804)-ATP, 2.0uM adenosyl cobyrinic acid,c-diamide,
and 2.0uM cobyric acid synthetase in a volume of 1.0 mL.
The reaction mixture was incubated #h at 30°C. Control
assays were conducted that omitted the adenosyl cobyrinic
acid a,c-diamide or cobyric acid synthetase.

NMR Acquisition Parameter&d—1°N heteronuclear single
guantum correlation (HSQC) spectra were obtained according
to the parameters outlined by Kay et d8). All chemical

measured using a pyruvate kinase/lactate dehydrogenasshift values are reported relative tNHz. The acquisition

coupled assay by monitoring the loss of NADH spectropho-

tometrically at 340 nm¥6). The activity was measured at
30°C in a solution containing 0.1 M Tris-HCI, pH 7.5, 1.0
mM DTT, 4.0 mM MgC}, 1.0 mM phosphoenolpyruvate,
0.44 mM NADH, 28ug/mL pyruvate kinase, 28g/mL lactic
dehydrogenase and-80 ug of purified CbiP. When one

time was 80 ms with a relaxation delay of 1.1 s. The sweep
width in the proton dimension was set at 7000 and 1000 Hz
in the nitrogen dimension.

Data Analysis.The kinetic parameters.,: and KeafKm,
were determined by fitting the experimental data to eq 1
wherev is the initial velocity, kes is the turnover number,

substrate was varied, the other substrates (ATP, glutamineKn is the Michaelis constantf; is the total enzyme

and adenosy! cobyrinic acajc-diamide) were held constant
at 4.0 mM, 20 mM and 1M, respectively.

Synthesis of Cobyric Acidlrhe production of adenosyl
cobyric acid was quantified by HPLG3,(17). A solution
containing 0.1 M Tris-HCI, pH 7.5, 1.0 mM DTT, 4.0 mM
MgCl;, 2.0 mM ATP, 20 mM glutamine or 100 mM
ammonium chloride, 2&M adenosy! cobyrinic acid,c-
diamide, and wild type or mutant ChiP was incubated at
30 °C in the dark. At various times, a 7Q0. fraction was

concentration, and is the substrate concentration. The PIX
rates were fit to eq 2, whereé = fraction of equilibrium
value at timet and A = concentration of ATP.

VI, = (Ko (K + A)
—(A)In(1 — F)

(1)
)

Uex

RESULTS

removed, and the reaction was quenched by heating at Expression and Purification of CbiRCobyric acid syn-

80°C for 10 min. A 0.5 mL sample of the quenched reaction thetase was expressed and purified to homogeneity. Purified
mixture was loaded onto a Microsorb 100 C18 column CbiP eluted as a symmetric peak during chromatography and
(Varian) equilibrated in 0.1 M potassium phosphate, pH 6.5, migrated as a single band during SDS-PAGE with an
and 10 mM KCN (buffer A). The products were eluted at a electrophoretic mobility equivalent to 55 kDa. This value
flow rate of 1 mL/min at room temperature in a mobile phase agrees with the calculated mass of 55 055 Da derived from
using buffer A and 0.1 M potassium phosphate, pH 8.0, 10 of the DNA sequence of thebiP gene. The identity of the
mM KCN, and 50% acetonitrile (buffer B). The following  purified protein was confirmed by sequencing the first five
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Table 1: Kinetic Parameters of Wild Type and Mutants of GbiP

ATP Ado-cob glutamine ammonia
protein Keat(s™) Kn(@M) kol Kn(M™1s™) Kn@M) kalKmn(M™tst) Kn(MM) kealKn(M71s™Y) Kn(MM) KeadKm(M~1s™)
wtP 0.108+ 0.005 41+ 6 3000+ 400 3.5+0.5 29000+ 1000 1.2+0.3 108+ 7 29+ 5 3.5+04
D146A 0.013+0.001 101+ 14 104+ 9 5.2+ 0.2 2300+ 150 4.0+0.6 5.0+ 0.8 36+ 4 0.25+ 0.02
D146N  0.024+0.003  83+2 330+ 30 3.9+ 05 5100+800 1.4+0.2 14+ 2 33+5 0.9+0.1
D165A  0.033+0.003  30+5 1700+ 200 3.5+0.6 11000+ 1000 2.6+0.2 5.5+ 0.3 33+2 0.80+ 0.03
D167A 0.08+ 0.01 31+ 6 3300+ 500 5.8+0.8 7100+550 1.8+0.4 50+ 10 26+ 4 3.1+ 04
E234A - <0.05 - <0.05 - <0.05 - <0.05
D235A - <0.05 - <0.05 - <0.05 - <0.05
N264A° 0.005+0.001  39+5 130+ 20 43+0.7 930+ 150 - <0.05 28+ 5 0.20+ 0.03
D267A° 0.0086+ 0.0007 48t 6 250+ 30 7.7+0.8 730+ 80 - <0.05 30+ 4 0.27+ 0.02

a Catalytic activity was determined by measurement of the initial rate of ADP formation at a fixed concentration of 4 mM AMPALS-cob,
or 20 mM GIn.? The Ado-cob parameters were obtained using ammonia as the nitrogen $ollteeATP and Ado-cob parameters were obtained
using ammonia as the nitrogen source.

025 glutamine by a factor of 60. The value kf;calculated from
. the production of glutamate in the presence of all the
020 L v - substrates is 2.5 times higher than the rate constant obtained

by monitoring the rate of ADP formation or by HPLC
analysis of the cobyric acid product. This result demonstrates

= or that the hydrolysis of glutamine and carboxamide bond
) v synthesis are partially uncoupled from one another. The
> o0} kinetic constants for the hydrolysis of glutamine in the
2 presence and absence of ATP and adenosyl cobyrinic acid
0.05 v a,c-diamide are presented in Table 2.

Positional Isotope Exchange Reactiomhe proposed

0.00 , , , , reaction mechanism for the amidation of adenosyl cobyrinic
o 10 20 30 40 acid a,c-diamide involves the formation of phosphorylated
substrate intermediates as presented in Scheme 2. To test
Ficure 1: Saturation curves for the hydrolysis of glutamine by Whethe_r this '”ter”_‘ed'a.‘te can form prior to the dellvery of
CbiP in the presence and absence of other substratpébsence ~ ammonia to the active site, ChiP was incubated vyithD,]-

of any other substrates®] presence of 4 mM ATPX) presence  ATP in the presence and absence of the adenosyl cobyrinic
of 15 uM adenosyl cobyrini@,c-diamide; ) presence of 4 mM acid a,c-diamide substrate. If the ATP is functionally able

ATP and 1%«M adenosyl cobyrini@,c-diamide. The data were fit g phosphorylate the substrate and form ADP, theriiBe
using eq 1. label at thepy-bridging position will become torsionally
equivalent with the twg-nonbridging'®0O-atoms of ADP.
®Re-formation and dissociation of ATP from the active site
will then generate ATP with'®O at either of the two
B-nonbridge positions. The positional isotope exchange
reaction is outlined in Scheme 3. This methodology was first
developed by Midelfort and Rose for interrogation of the

Glutamine [mM]

amino acid residues at the N-terminus. The sequence of th
purified protein, TQAVM, corresponds with the predicted
sequence for the first five amino acids of CbiP.

Initial Velocity Studies The kinetic parameters for the
substrates (ATP, adenosyl cobyrinic ac#ic-diamide,
glutamine, and ammonia) were obtained by measuring the . . ' .
initial rate of ADP formation at a fixed concentration of the formation of ay-glutamyl phosphate intermediate in the

other two substrates. The calculated values from fits of the glutamine synth.etase reac“‘?ml' ) )
data to eq 1 are presented in Table 1. THg for the The PIX reaction was monitored by measuring the relative

utilization of ATP is similar when either glutamine or fraction of }he {-1°04]-ATP species by'P N'Y'R Spectros-
ammonia is used as the nitrogen source. HoweverKihe ~ COPY- The®'P NMR spectrum of the initiah|-'%04]-ATP is
for glutamine is significantly lower than it is for ammonia Shown in Figure 2A. The doublet, labelddn Figure 2A,

which indicates that glutamine is the preferred nitrogen represents the-P species with four®O atoms. The doublet-
source. labeled3 in Figure 2A represents theP species with three

The majority of the characterized glutamine amidotrans- O atoms and oné®O atom. When the labeled ATP,

ferases are able to hydrolyze glutamine in the absence of2denosyl cobyrinic acia,c-diamide, and CbiP were incu-
the other substratest,(19—21). Figure 1 illustrates the bated together for 2 h, the fraction of the'®O, species
glutaminase activity of CbiP in the presence or absence ofdécreased from 0.66 to 0.53 as depicted in Figure 2B. The
ATP and/or adenosyl cobyrinic acidc-diamide. Cbip ~ decrease in the relative amount of thé%0, species is 28%
hydrolyzes glutamine in the absence of the other two of the value at isotopic equml_)num. The caIcuIated PIX rate
substrates, although the catalytic efficiency is measurably from a fit of the data to eq 2 is 0.023"s Incubation of the
lower. The incubation of the enzyme with either ATP or labeled ATP with adenosyl cobyrinic acaic-diamide or
adenosyl cobyrinic acid,c-diamide alone has essentially no _cobync acid synthetase alone did not result in any positional
effect on the rate of glutamine hydrolysis. However, the iSOtope exchange.

presence of ATP and adenosyl cobyrinic aajd-diamide Site-Directed Mutagenesi®Ve have previously demon-
together dramatically increasks/Kr for the hydrolysis of strated that the four carboxylates of adenosyl cobyrinic acid
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Table 2: Kinetic Parameters for the Hydrolysis of Glutamine by €biP

none ATP+ Ado-cob
protein Km (MM) Keat (571 KealKm (M1 s7h) Ka (mM) Keat (S71) KealKm (M7t s71)
wild type 120+ 14 0.32+ 0.01 2.7+£0.1 1.8+ 0.2 0.29+0.01 160+ 16
D146A 1064 22 0.15+ 0.01 1.4+0.1 4.2+ 0.3 0.10+ 0.01 24+ 2.0
D146N 109+ 12 0.13+ 0.01 1.2+ 0.1 1.6+ 0.2 0.11+0.01 69+ 4.0
D165A 98+ 24 0.11+ 0.02 1.6+ 0.2 2.8+0.3 0.19+ 0.01 71+ 9.0
D167A 79+ 15 0.25+ 0.01 3.2+ 0.1 1.6+ 0.2 0.20+0.01 125+ 10
E234A 77+ 12 0.046+ 0.008 0.6+ 0.1 54+1.0 0.010+ 0.001 1.8+ 0.3
D235A 70+ 5 0.175+ 0.007 2.5+ 0.1 18+ 4 0.020+ 0.002 1.1+ 0.2
N264A 110+ 16 0.10+ 0.01 0.9+0.1 16+ 3 0.13£0.01 8.1+ 1.2
D267A 35+ 3 0.018+ 0.004 0.5+ 0.1 17+ 2 0.029+ 0.001 1.7+0.2

aKinetic parameters for the hydrolysis of glutamine in the absence or presence of 4.0 mM ATP aktAdo-cob.

Scheme 2
HaNOC
HoOC
COOH COOH j\ noo j\
0”“ o_g-_o COOH 07 NH,
Scheme 3 permits the amidation of carboxyladesia a rotation o~90°.
°o o @ " 5 B If there was a negatively charged amino acid residue within
Ado—0-P-0-P-O-P-0 + o)'k Ado_o_'pl'-_ca.'%_g the active site that was spatially distant from the site of the
& o & 0° R o ¥o amidation reaction, then charge repulsion may effectively
o dictate how the initial substrate must bind within the active
rotation H ©O-P-0" “R site. Once carboxylate has been amidated, the constraints
6 to binding in an orientation that allows carboxylat¢o be
0 o amidated are relieved. The subsequent amidation of car-
4 ° 0 :
Ado—O—P O—P O—P—O + o)l\ Ado—O—P—0—P—0 boxylate d enables carboxylatd to be amidated and
o B o o eventually carboxylatg is amidated. The structural mis-

alignment of carboxylategy may allow the process to be
initiated at carboxylate. If this scenario is correct then there

| should be a highly conserved glutamate or aspartate in the
pathway is unknown, and no crystal structure is currently activglsite t_hat fungtions as the gatekeeper for dictating the
available for cobyric acid synthetase. However, a structural SPECific regiochemical pathway.

model for the synthetase domain of CbiP has been proposed A sequence alignment of 34 bacterial cobyric acid syn-
by Galperin and Grishin based upon the amino acid sequencdhetases shows seven residues that are universally conserved
identity to dethiobiotin synthetasé)( A modification of this as either a glutamate or aspartate within the synthetase
homology model is presented in Figure 3. The carboxylate domain of CbhiP. These residues are Glu-54, Glu-132, Glu-
groupshb, d, e and f are facing to one side of the ring, 139, Asp-146, Glu-234, Asp-235, and Asp267. In addition
carboxylatesa andc project out from the opposite face of to these residues, Asp-165 and Asp-167 are essentially
the corrin ring system, while thgcarboxylate is roughly in ~ conserved except for a single example in each case of an
the plane of the molecule (see Scheme 1). This structureasparagine substitution. Glu-54 and Glu-132 are not in the

a,c-diamide are amidated in a specific order beginning with
carboxylatee and proceeding in turn td, b, and finallyg
(6). The structural basis for this specific regiochemica

suggests that carboxylatesd, ande could bind to the same
location within the active site by a simple Qéotation of
the corrinoid ring about an axis perpendicular to the ring.
The spacing between carboxyldtand the carboxylatels,

homology model of the active site nor do they appear to be
in position to interact with MgADP or adenosyl cobyrinic
acida,c-diamide. Glu-234 and Asp-235 may coordinate the
3'-hydroxyl group of the ribose moiety of ADP and the metal

d, ande is different than is the spacing among these three ion, respectively, but a direct interaction with adenosyl

carboxylates, and this explains in part why carboxyfate

cobyrinic acida,c-diamide is not obvious from the model.

not amidated by CbiP. The asymmetry imposed by the spatial Asp-165 and Asp-167 are apparently not in the active site
orientation of carboxylatg is proposed as the key for why  nor do they appear to be in proximity to interact with MgATP
the series of amidation reactions is initiated with residue  or adenosyl cobyrinic acid,c-diamide. Asp-146 and Glu-
With the wild type enzyme, carboxylatkis not amidated 139 are located on a loop that is close to the adenosyl
until after carboxylate is amidated. Therefore, the enzymatic cobyrinic acida,c-diamide substrate and could interact with
transformation of the anionic carboxyla#o a neutral amide  the substrate upon binding. Glu-139 has previously been
may enable the substrate to now bind in an orientation that postulated to function as an axial ligand to the cobalt of the
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A 4 4 264 was mutated to an alanine and the asparagine mutant of
Asp-146 was also constructed.

Synthesis of Cobyric Acid by ChiP Mutant$e relative
catalytic activity of the CbiP mutants was quantified by
measuring the rate of formation of the cobyric acid product
via HPLC using both glutamine and ammonia as nitrogen
sources. The alanine substitutions of Glu-234 and Asp-235
3 3 have dramatic effects on the enzymatic activity. The amidated
products could not be detected when glutamine was used as
the substrate, and a significant drop in catalytic activity was
observed when the reaction was initiated with ammonia as
the nitrogen source. The mutants D146A, D146N, D165A,
and D167A have a more moderate effect on the catalytic
activity that is independent of the nitrogen source. The mutant
D267A has lost a substantial amount of activity with either
ammonia or glutamine as the nitrogen source. The kinetic
B parameters for the substrates ATP, adenosyl cobyrinic acid

4 4 a,c-diamide, glutamine and ammonia are presented in Tables
1 and 2.

Effect of CbiP Mutations on the Amidation Ordérhe
3 3 time course of the reaction catalyzed by wild type CbiP
shows three partially amidated intermediates which ac-
cumulate and then decrease as the reaction progredses (
This distribution pattern for the product and the partially
amidated intermediates is the result of the sequential and
dissociative mechanism catalyzed by ChiP. The enzyme
catalyzes one amidation reaction during each catalytic cycle.
—————————————— The intermediate is released from the active site and then
-5.00 -5.05 -5.10 515 -520 -525 rebinds to the enzyme in a different orientation for the next
ppm amidation reaction. For the mutants, only small differences
FIGURE 2: 3'P NMR spectra for the action of ChiP witly{°0,]- in the kinetic parameters were observed with the exception
'(“BT)P- (s/i\%yrgégﬁgﬁggir}f[e1335118%];5A;5eir"iﬁ@iﬁgﬁgﬁﬁtﬂf ggiig- of E234A and D235A, as shown in Tables 1 and 2. The
andy2yM adenosyl-cobyrinicgcid,c-diamide for 2 h. Additional HPLC chromgtqgrgms .for'the.mutants D165.A’ Dl67.A’ and
details are provided in the text. D267A exhibit similar distributions of the partially amidated
intermediates as obtained for the wild-type CbiP (Figure 4).
However, the chromatograms for the two D146 mutants are
substantially different from that observed for the wild type
enzyme. At early incubation times with the D146N mutant,
an additional peak is observed with a retention time that is
similar to that observed for the first partially amidated
intermediate with the wild type enzyme. For the D146A
mutant, a third peak is observed with a retention time slightly
longer than the original triamide intermediate speéiés.
comparison of the HPLC assays for the wild type, D146N,
and D146A mutants is shown in Figure 5. The exact masses
of the corrinoid intermediates contained in these peaks were
measured with a PE Sciex APJ Qstar Pulsar mass spectrom-
eter. A mass of 935.5 amu was obtained for the peak labeled
ain Figure 5. The mass is consistent with the conversion of
a single carboxyl group to an amide. Therefore, this

-5.00 -5.05 -5.10 -5.15 -5.20 -5.25
ppm

) 2|n the text and in the legends to the figures the substrate, product
Ficure 3: Homology model of ChiP based on the crystal structure and partially amidated intermediates in the reaction catalyzed by ChiP
of dethiobiotin synthetase (PDB code: 1DAk)(The side chain are designated by the total number of carboxamide groups. Thus, the
carboxylate for D146 is shown in a stick format. The position of substrate, adenosyl cobyriragc-diamide, is referred to as the diamide,
the Ado-cob is modeled in the active site based upon the binding while the final product, cobyric acid, is referred to as the hexamide.
inhibitors to the active site of dethiobiotin synthetaéi ( The three partially amidated intermediates are denoted as the triamide,
. . . . . tetramide, and pentamide, respectively. For the partially amidated
substrate 7). To investigate if any of these amino acids intermediates, the sites of amidation are labeled by the ‘appropriate
function in the determination of the observed regiochemical lowercase letters, as in the example;tetramide. In the discussion of

; ; _ _the partially amidated intermediates Vil NMR spectroscopy the
pathway, the alanine mutants of the residues Asp-146, Asp specific amide whose chemical shift is being noted will be boldfaced,

165, Asp-167, GIu-23A_,, Asp-235, and Asp-267 were CON- s in the examplejeg-pentamide, for the resonance of the pentamide
structed and characterized. In this study the conserved Asn-that resonates at 111.3 ppm.
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Ficure 4: HPLC traces for the production of cobyric acid catalyzed
by the wild type and D167A mutant of CbiP. (A) HPLC separation FIGURE 5 HPLC traces showing the variation in the identity of
of the three partially amidated intermediates catalyzed by the wild the reaction intermediate catalyzed by the wild type CbiP and two
type CbiP. (B) HPLC separation of the three partially amidated mutants, D146N and D146A. The lab@s3, 4, and5 are the same
intermediates and cobyric acid catalyzed by the D167A. The peak as found in the legend to Figure 4. The labalandb represent
labeled a< is the adenosyl cobyrinic acigc-diamide substrate.  the d-triamide andg-triamide intermediates, respectively.

Peaks labeled a8, 4, and 5 are the triamide, tetramide, and
pentamide intermediates; peéiks the final product, cobyric acid.

Retention time (min)

at 108.6 ppm is in the range of reported values for
intermediates amidated at carboxyldteut differs from the
compound is a triamide intermediate that is different than chemical shift of carboxamidé of the de-tetramide inter-
the triamide intermediate formed by the wild type enzyme mediate species observed in the wild-type ChiP reaction
since the retention time is different. An identical mass was which resonates at 108.2 pp®).(Therefore, the resonance
found for the peak labeled ab in Figure 5 in the at 108.6 ppm must represent theriamide intermediate
chromatogram for the D146A mutant. These results dem- formed by the D146N mutant which is amidated at the
onstrate that the peaks labeledas3, andb in the time carboxylate. This NMR spectrum confirms the formation of
courses of the mutant enzymes are triamide intermediatesmultiple triamide species catalyzed by the D146N mutant.
This observation demonstrates that mutation of D146 to Formation of two different triamide species at carboxylates
either alanine or asparagine perturbs the order of the eandd suggests that either multiple species will be observed
amidation reaction and causes some randomization. for the tetramide and pentamide intermediates or, alterna-
The identity of the partially amidated intermediates present tively, the two triamide species will be amidated so that a
in the reaction catalyzed by the D146N mutant was inves- common tetramide or pentamide intermediate is produced.
tigated by utilizing*®N-glutamine as the nitrogen source. At A sample prepared at a later incubation time is shown in
various times, samples of the reaction mixture catalyzed by Figure 6B. Multiple peaks for the tetramide or pentamide
the D146N mutant were prepared and the corresponding 2Dintermediates are not observed. However, another peak (
IH—15N HSQC NMR spectra were obtained. The first sample in Figure 6B with a retention time longer than tlegtriamide
was quenched early in the reaction cycle, and two triamide intermediate is evident. The lack of multiple peaks in the
species were identified by HPLC as shown in Figure 6A. HPLC for the tetramide and pentamide species suggests that
The NMR spectrum confirms the presence of two distinct the two triamide species converge to a common tetramide
triamide species as illustrated in Figure 7A. Tk¢ chemical species or that the retention times for the multiple tetramide
shift values of these two species are 108.6 and 109.3 ppmspecies are essentially identical. The NMR spectrum of this
for the upfield and downfield resonances, respectively. The sample is shown in Figure 7B. The spectrum shows five
previous NMR experiments with the wild-type ChiP estab- resonances in the regions normally observed for the car-
lished a chemical shift of 109.2 ppm for tledriamide 6). boxamidedd, e, andg. The resonances at 108.6 and 108.3
Thus, the resonance at 109.3 ppm must represent theppm are in the range where tldecarboxamides resonate.
e-triamide species labeled 83n Figure 6A. The resonance The peak at 108.6 ppm has been assigned ad-thamide
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FIGURE 6: HPLC traces for the formation of reaction intermediates || peepde Tamide el

by the D146N mutant of CbiP. (A) Sample was incubated with 50

109.4

ug/mL of D146N for 60 min. Thed-triamide @) and e-triamide bf‘:gr:m’i::r/ ! 3
(3) species are formed in a ratio of approximately 1:1. (B) Sample N Tataantite 109.8 ;“
incubated with 20Qug/mL of D146N for 30 min showing the A
triamide @, 3, andb), tetraamide4) and pentamide5) species in - bdeg Hexamide ——§ e
the ratio of approximately 74:9:17. 110.6

. . . . _ -G Triamide..__ 1110
species from the previous NMR spectrum in Figure 7A. The ~—"dg and eg Tetramide ~-
resonance at 108.3 ppm is identical to the resonance observed &"\":"'9 "*““"'“""'// }U 1.4
for the de-tetramide species in the wild-type CbiP reaction 2deg Hoxamide _
(6) and would also include thd carboxamide of theleg D 0——tdegHexamide—f) 107
pentamide intermediate. The chemical shift range of-109 10
110 ppm is the region where tleecarboxamides resonate. 0 : . 0 L1090
The resonance at 109.3 ppm was observed in the NMR S G fas B
spectrum shown in Figure 7A. This resonance has previously bt &
been assigned to thetriamide species. The resonance at Gl
109.2 ppm is thee amide of thede-tetramide anddeg- 0—bes Hexamide——f Er102™
pentamide intermediate species. The chemical shift range for Faia

the g amides is between 111 and 112 ppm. Thus, the
resonance(s) at 111.3 ppm in Figure 7B potentially represents ]
the g-triamide, dg- and eg-tetramides, andleg-pentamide ——bdeg Hoamise—) F111a
intermediates that are amidated at positipiThe absence ]
of any observable resonances in the region for species
amidated at positionb establishes that the pentamide
intermediate is exclusively amidated at positiohs, andg FIGURE 7: *H—1N HSQC 2D NMR spectra for cobyric acid and

and that carboxylatd is amidated last in the reaction the various intermediates catalyzed by the D146N mutant of
catalyzed by the D146N mutant. CbiP in the presence o#N-glutamine. (A) Thed- and e

. . . . triamide intermediates in a ratio of approximately 1:1 (see
The small chemical shift change among the amides in the igyre 6A). (B) The NMR spectrum for the reaction mixture

different intermediate species is caused by amidation of thewhen the ratio of the total triamide, tetramide, and pentamide
adjacent carboxylic acid. In the reaction catalyzed by wild- intermediates are approximately 74:9:17 (see Figure). 6B

type ChiP, the chemical shift of thetriamide species  Co, L0 BN oReer T e e e and cobyic acid are
changes from 109.2 to 109.1 ppm in tietetramide species approximately 47231810, (D) NMR spectrum of the

(6). There is a small chemical shift change for carboxamide product, cobyric acid. Additional details are provided in the
d in the detetramide species compared with tloele- text.

F111.0

978 7T 06 15 T4 T3 12 117068 68 6.7 b6 6.5
H (ppm)
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pentamide intermediate. Changes in chemical shift for resonance positions for the carboxamide®, b, andg at
carboxamidesl or e were not observed upon amidation of 108.2, 109.1, 110.1, and 111.3 ppm, respectivé)y (
carboxylateg in the bdegcobyric acid product, relative to
the chemical shifts in thbdepentamide intermediate. This DISCUSSION
result suggests that amidation of carboxylgteas no effect
on the chemical shift value for either carboxamitier e.
Therefore, the resonance at 108.3 ppm represeegts
tetramide anddegpentamide species. Likewise, the reso-
nance at 109.2 ppm represents tleetetramide andleg-
pentamide species.

Integration of the chromatogram in Figure 6B for the sum

of the triamide, tetramide, and pentamide intermediates glvessynthetase (CobQ frorR. denitrificansand CbiP froms.

the percentages of these species as 74, 9, and 17%t himur tal th idati f carboxvlat
respectively. From these percentages, the approximate conYP imurium catalyzes the amidation of carboxylate groups

tributions of these intermediates to the NMR spectrum can g d, & andg on adein?csyl ctc;]l_)yrllntl)c ai'd'c'ﬁ'am'dﬁ 0. that
be calculated. The triamide, tetramide, and pentamide revious experiments from this iaboratory have shown tha

intermediates will therefore contribute approximately 52, 13, thg fg ur c(:jark_JoxyCIFtes f’“t‘? amldatedémcthebspelmtﬂc order of
and 36%, respectively, to the total NMR integration. The f’. ' I:[.an tg Im a !ZS?C('ja |\{?hproqes ) Car olxya € group
peak volumes for each of the five NMR signals at 108.3, IS ulimately amidated with aminopropana.

108.6, 109.2, 109.3, and 111.3 ppm are 20, 21, 20, 19, and Glutamine HydrolysisChbiP is capable of hydrolyzing
20% of the total integration. glutamine in the absence of adenosyl cobyrinic aaich

The resonance at 111.3 ppm contains all of the signalsdiamide and ATP. However, the presence of ATP and
for any species amidated at positign This potentially adgnosyl cobyrinic a_cmi,c—dlamldg enhances the catalytic
includes theg-triamide, dg- and eg-tetramide, anddeg- efflCler_my for glutamlne_hydroly5|s by a factor of 60. The
pentamide species. It has previously been concluded thatformation of glutamate is 2.5 times higher than the rate of

amidation at positiory has no affect on th&N chemical ADP formation, and thus the hydrolysis of glutamine is
shift observed for carboxamidesor e (6). Thus thedg- partially uncoupled from the amidation of the carboxylic acid

and eg-tetramide species will appear together with the 9roups. This observation is not uncommon for some of the
resonance for the-triamide (108.6 ppm) and thetriamide olther amidotransferase enzymes that utilize glutamlne as a
(109.3 ppm), respectively. Similarly, the resonances for the dlregt precursor for the generation of ammonia. Prewou_sl_y,
degpentamide intermediate will contribute to the signal at Partially uncoupled reactions were observed for cobyrinic
108.3 ppm with thede-tetramide signal and at 109.2 ppm aC|da,c-Q|am|de synthetase (ChiA) f.ro& typhimuriunand
with the de-tetramide. Thedeg-pentamide species also @asparagine synthetase B fra coli (5, 23). In contrast,
contributes to the resonance observed at 111.3 ppm. Sincdully coupled reactions were observed for carbamoyl phos-
thedegpentamide intermediate contribute86% of the total ~ Phate synthetase and glutamine phosphoribosylpyrophosphate
NMR signal, then 12% each of this intermediate is contribut- @Midotransferase fror. coli (24, 25).
ing to the NMR resonances at 108.3, 109.2, and 111.3 ppm. Substrate Actiation by ATP A phosphorylated carboxy-
The NMR resonances at 108.3 and 109.2 are also contributedate intermediate is proposed as the functional group attacked
by thede- andde-tetramide species and thus each of these by the ammonia during amide bond formation (Scheme 3).
intermediates will contribute to~8% of the total NMR  Experimental support for the phosphorylated intermediate
integration (20% - 12%). Therefore, based on the NMR data, in the CbiP reaction has been obtained by the observation
the contribution of thedetetramide species is16% (8%  Of a positional isotope exchange withip-{%0,]-ATP. This
+ 8%) of the total NMR signal. From the HPLC integration €xchange reaction occurs only in the presence of ChiP,
the expected sum of the NMR integration for all of the labeled ATP, and the substrate, adenosyl cobyrinic acid
possible tetramide species13%, and thus it can be diamide. This exchange reaction cannot occur unless the bond
concluded that essentially none of thg or dgtetramide ~ between the/-phosphoryl group and th@y-bridge oxygen
species are present in the sample corresponding to the HPLGs broken. In addition, the terminal phosphoryl group of the
shown in Figure 6B. Thedeg-pentamide intermediate resulting ADP must be free to rotate and the ATP must
contributes 12% of the total NMR integration at 111.3 ppm reform and dissociate from the active site. No PIX activity
and thus the remaining 8% (20% to 12%) must originate Was observed when CbiP was incubated wjtifO.]-ATP
from the g-triamide intermediate. Thg-triamide must be  alone which demonstrates that a phosphorylated intermediate
the identity of the peak labeled hsn Figure 6B. Therefore,  can only form in the presence of substrate. These results also
thedg- andegtetramide species must be formed later in the demonstrate that a phosphorylated enzyme intermediate does
reaction but are not represented in the NMR spectrum shownnot form and that the proposed phosphorylated substrate
in Figure 7B. intermediate can form prior to the binding of ammonia or
Carboxylateb is the last position to be amidated. An NMR ~ glutamine.
spectrum is shown in Figure 7C for a sample that was Cobyric Acid Synthesis by CbiP Mutant&he functional
quenched near the end of the reaction cycle. This spectrumrole of conserved aspartate and glutamate residues within
confirms the amidation of carboxylateas the last step in  the N-terminal domain of CbiP was assessed by site-directed
the reaction catalyzed by D146N CbiP. Figure 7D displays mutagenesis. The mutation of D146, D165, and D167 with
the NMR spectrum of the final product, cobyric aclitiég alanine substitutions did not result in significant changes in
hexamide), obtained with wild-type CbiP showing the the catalytic activity of CbhiP. The mutants N264A and

The formation of cobyric acid in the vitamin;Bbiosyn-
thetic pathway is completed by adenosylation and amidation
of six carboxylic acid groups in cobyrinic acid. Cobyrinic
acida,c-diamide synthetase (CobB froih denitrificansand
CbiA from S. typhimuriun catalyzes the amidation of
carboxylate groups and c of cobyrinic acid which is
followed by cobalt reduction and adenosylation. Cobyric acid
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Scheme 4

d >e—>g—b
d >g—e—b
e >d—g—b
e >g—d—b
g >d—e—b
g—e—d—b

D267A do not form cobyric acid when glutamine is used as
a source of ammonia. Mutating E234 or D235 resulted in
enzymes that are unable to form amidated products using
either glutamine or ammonia. However, all of the mutants
were able to hydrolyze glutamine, and thus these changes
have not disrupted the ability of ChiP to generate ammonia
at sufficient rates. The lack of carboxamide formation with
the N264A and D267A mutants with glutamine as the

7.

8.

nitrogen source indicates that the synthetase domain and the ¢

hydrolase domain have become completely uncoupled from
one another.

Amidation Order of MutantsThe wild type enzyme
catalyzes the amidation of four carboxylates from the
substrate in the order &, d, b, andg, and three partially
amidated intermediates can be identified by HPLC as the
e-triamide, detetramide, andbdepentamide. The strict
amidation order can be disrupted by the mutation of the
conserved residue D146 and multiple intermediates are
identified using HPLC and NMR spectroscopy. In the first
catalytic cycle the>-, d-, andg-triamides have been identified
in significant amounts and these three triamide intermediates
converge to a commodiegpentamide intermediate prior to
amidation at carboxylate to form the ultimate product,
cobyric acid. There are 24 possible pathways for the
amidation of carboxylate grougs d, e, andg during the
formation of cobyric acid. The evidence presented here
establishes that carboxylateés amidated last. This observa-
tion eliminates 18 of the 24 possible pathways, and the
remaining pathways are shown in Scheme 4. The predomi-
nant amidation pathway for the D146N mutantdise, g,
andb. A structural model of ChiP was constructed based on
homology to dethiobiotin synthetas@.(In this model, D146
is located on a loop together with E139 above the ATP and
adenosy! cobyrinic acid,c-diamide binding pocket. These
residues may dictate how the initial substrate binds within
the active site and determine the order of the subsequent
amidation reactions.
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