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ABSTRACT: Acetyl-CoA carboxylase catalyzes the first committed step in the biosynthesis of long-chain
fatty acids. TheEscherichia coliform of the enzyme consists of a biotin carboxylase protein, a biotin
carboxyl carrier protein, and a carboxyltransferase protein. In this report a system for site-directed
mutagenesis of the biotin carboxylase component is described. The wild-type copy of the enzyme, derived
from the chromosomal gene, is separated from the mutant form of the enzyme which is coded on a plasmid.
Separation of the two forms is accomplished using a histidine-tag attached to the amino terminus of the
mutant form of the enzyme and nickel affinity chromatography. This system was used to mutate four
active site residues, E211, E288, N290, and R292, to alanine followed by their characterization with
respect to several different reactions catalyzed by biotin carboxylase. In comparison to wild-type biotin
carboxylase, all four mutant enzymes gave very similar results in all the different assays, suggesting that
the mutated residues have a common function. The mutations did not affect the bicarbonate-dependent
ATPase reaction. In contrast, the mutations decreased the maximal velocity of the biotin-dependent ATPase
reaction 1000-fold but did not affect tlg, for biotin. The activity of the ATP synthesis reaction catalyzed

by biotin carboxylase where carbamoyl phosphate reacts with ADP was decreased 100-fold by the
mutations. The ATP synthesis reaction required biotin to stimulate the activity in the wild-type; however,
biotin did not stimulate the activity of the mutant enzymes. The results showed that the mutations have
abolished the ability of biotin to increase the activity of the enzyme. Thus, E211, E288, N290, and R292
were responsible, at least in part, for the substrate-induced synergism by biotin in biotin carboxylase.

Biotin carboxylase fromEscherichia colicatalyzes the  reaction, catalyzed by carboxyltransferase, the carboxyl group
ATP-dependent carboxylation of biotin as shown in reaction is transferred from biotin to acetyl-CoA to form malonyl-
1 below and is one component of the multienzyme complex CoA. Upon isolation of the three components, biotin car-
acetyl-CoA carboxylase. Acetyl-CoA carboxylase catalyzes poxylase and carboxyltransferase retain activity, and both
the committed step in long-chain fatty acid synthesis via the enzymes will utilize free biotin as a substrate. Moreover,
two-step reaction mechanism shown beld ( the genes for biotin carboxylasg)@nd carboxyltransferase
(3) have been overexpressed, ensuring that ample amounts
reaction 1: enzymebiotin + MgATP + HCO; of protein are available. Thus, biotin carboxylase and
enzyme-biotin—CO, + MgADP + P, carbpxyltrar!sfgrase serve as model systems for mechanistic
studies of biotin-dependent carboxylases.

M92+

reaction 2: The three-dimensional structure of biotin carboxylase has

enzyme-biotin—CO, + been determined by X-ray crystallography and is the first
acetyl-CoA=> malonyl-CoA+ enzyme-biotin and only structural model of a biotin-dependent carboxylase
(4). With the crystal structure of biotin carboxylase in hand,
it is a propitious time to begin investigating the function of
active site residues in catalysis by site-directed mutagenesis.
Initially, four residues were chosen for mutagenesis: E211,
E288, N290, and R292 (Figure 1). These four particular
dactive site residues were selected for analysis because they
are in close proximity in the active site, and they are strictly
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Reaction 1 involves the phosphorylation of bicarbonate by
ATP to form a carboxyphosphate intermediate, followed by
transfer of the carboxyl group to biotin to form carboxybiotin.
In vivo, biotin is attached to the carboxyl carrier protein
(designated as enzym#iotin in reactions 1 and 2) through

an amide bond to a specific lysine residue. In the secon
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Table 1: Primers Used for Site-Directed Mutagenesis of Biotin
Carboxylase

plasmid DNA sequenée enzyme

pGLW29 B-CTCGCCACGTCGCGATTCAGGTACT-3 E211A
3-GAGCGGTGCAGCGCTAAGTCCATGA-5

pGLW8 5-TCTATTTCATCGCAATGAACACCCG-3 E288A

3-AGATAAAGTAGCGTTACTTGTGGGC-5
pYMLG6 5'-ATTTCATCGAAATGGCCACCCGTATTCAGGT-3 N290A
3-TAAAGTAGCTTTACCGGTGGGCATAAGTCCA-5
pGLW10 3-TCGAAATGAACACCGCTATTCAGGTAGAACA-3 R292A
3-AGCTTTACTTGTGGCGATAAGTCCATCTTGT-5

2 The underlined bases indicate the nucleotide positions that were
changed.

; Construction of Histidine-Tagged Biotin Carboxylase.
FiIGURE 1: Active residues of biotin carboxylase. The drawing was Separate the plasmid copy of biotin carboxylase from the
taken from ref 4. chromosomal copy of the enzyme, a poly-histidine-tag was

Biotin carboxylase and carbamoyl phosphate synthetaseengineered on the' ®nd of the plasmid copy of the gene.
are members of a superfamily of enzymes known as the ATP-This was accomplished by using the polymerase chain
grasp proteins. The enzymes of this family share structural reaction (PCR) to introduce restriction sitesoR1 andNdel
homology which is consistent with each enzyme catalyzing on the 5 end of the biotin carboxylase gene an@ant1
an ATP-dependent ligation of a carboxyl group to N or S site on the 3end. The sequence of the primer containing
atom via an acyl phosphate intermedidde Other members  theEcdR1 andNdel sites was 5GGA ATT CCA TAT GAT
of this family include glutathione synthetaseAla:p-Ala GCT GGA TAA AAT TGT TAT T-3' while the primer
ligase, and succinyl-CoA synthetase. A recent sequencesequence containing tiBanH1 site was 5CGG GAT CCC
analysis and structural comparison of the ATP-grasp family GTT ATT TTT CCT GAA GAC CGA G-3. The template
of enzymes found that E288 and N290 of biotin carboxylase biotin carboxylase gene used for the PCR reactions was
were strictly conserved throughout this family of proteins contained on pGBH which was a gift from Dr. John Cronan
which suggested these two residues played an important roleof the University of Illinois. The PCR product was cut with
in the function of the enzymeb). Finally, mutagenesis of EcdR1 andBanH1 and ligated into pGEM-7f cut with the
these four residues in carbamoyl phosphate synthef@se ( same two enzymes to form pGLW1. The entire gene for
and the residue equivalent to E288&#Ala:p-Ala ligase 8) biotin carboxylase was sequenced to confirm that the PCR
all resulted in significant decreases in activity. Thus, it is did not introduce any changes in the sequence. The expres-
likely that mutations at these residues will result in significant sion plasmid for the biotin carboxylase gene was constructed
effects on biotin carboxylase activity. by cutting pGLW1 withNdel and BanH1, isolating the

In this report, we describe a system for studying mutants fragment containing the biotin carboxylase gene, and ligating
of biotin carboxylase that are free of contamination from into pET14b cut with the same two enzymes to create
wild-type enzyme derived from the chromosomal copy of pGLW2. In pGLW2, the biotin carboxylase gene was
the gene. This is followed by examining the effects of extended on the'%end to code for 20 amino acids which
alanine-scanning mutagenesis of residues E211, E288, N290¢ontain a contiguous sequence of 6 histidine residues.
and R292 on a variety of reactions catalyzed by biotin  Site-Directed Mutagenesihe PCR method of overlap
carboxylase. The results indicate that mutations at each ofextension ) was used to make site-directed mutants of biotin
these residues abolish substrate-induced synergism by biotircarboxylase. The template for the PCR reactions was
and by inference these four residues are responsible, at leagpGLW1. The pairs of internal primers used to make each
in part, for the dramatic increase in rate induced by biotin. site-directed mutant are shown in Table 1. The flanking

primers were those used above to construct the histidine-

MATERIALS AND METHODS tagged biotin carboxylase. The procedure for cloning the PCR

Chemicals and Enzymes. Escherichia attain JM109 products and insertion into the expression plasmid to make
and plasmid pGem-7Zf were purchased from Promega. Themutant forms of biotin carboxylase with a histidine-tagged
expression vectors pET14b and pET28b and the host strainsequence was the same as for the wild-type described above
E. coli BL21(DE3)pLysS were from Novagen. The Wizard except that all the mutants were overexpressed using pET28b.
kit for plasmid isolation and purification was from Promega. The entire gene for each mutant form of biotin carboxylase
All restriction enzymes, dNTPs, Deep vent polymerase, and was sequenced to verify the mutation and confirm there were
T4 DNA ligase were purchased from New England Biolabs. no other changes in the sequence.
Primers were synthesized by Life Technologies GibcoBRL.  Growth and Purification of Wild-Type and Mutant En-
Sequenase Quick-Denature Plasmid Sequencing kit withzymes.Plasmids coding for wild-type or mutant forms of
sequenase version 2.0 was from Amersham. Collodion bagsbiotin carboxylase were transformed ifocoli strain BL21-
were from Schleicher & Schuell. Sodium bicarbonate labeled (DE3)pLysS. Bacteria were grown at 3 in 1 L of LB
with *C was from Amersham and had a specific activity of medium n 2 L flasks that were inoculated with an overnight
0.1 mCi/mmol. Hisbinding resin and restriction grade culture grown in the presence of 10@/mL of ampicillin
thrombin were from Novagen. Pyruvate kinase was from for the wild-type enzyme or 30 ug/mL of kanamycin for the
Boehringer Mannheim. All other reagents were from Sigma mutant enzymes. Cultures were grown to midlog phase and
or Aldrich. then induced wh 1 g oflactose and incubated for another
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2 h. The cells were harvested by centrifugation at 1@400 at 340 nm was measured. Each assay mixture contained 5
for 10 min at 4°C. units of hexokinase, 5 units of glucose-6-phosphate dehy-
Cell paste was suspended in binding buffer (5 mM drogenase, 0.5 mM glucose, 0.4 mM NADP, 8 mM MgCl

imidazole, 500 mM NaCl, 20 mM Tris-HCI, pH 7.9) and 50 mM biotin, and 100 mM HEPES, pH 8.0.
lysed by the freezethaw method. DNase was added to Data were collected using a Uvikon 810 (Kontron Instru-
degrade the nucleic acids. The lysate was centrifuged atments) spectrophotometer interfaced to a PC equipped with
2020@ for 1 h at 4°C. The soluble fraction of the crude a data acquisition program. The temperature was maintained
lysate was loaded on a column of His-binding resin and then at 25 °C by a circulating water bath with the capacity to
washed with binding buffer. The column was then washed heat and cool the thermospace of the cell compartment.
with the following buffer: 60 mM imidazole, 500 mM NaCl, Reactions were initiated by the addition of enzyme. Values
20 mM Tris-HCI, pH 7.9, 0.1% Triton X-100. This buffer of V andV/K were calculated per active site using a value
allowed the removal of any proteins nonspecifically bound of 50 000 for the molecular mass of the monomer of biotin
to the column. The column was then washed with the samecarboxylase which exists as a homodimer.
buffer without Triton X-100. It was determined that biotin When the concentration of bicarbonate was varied, special
carboxylase without a histidine-tag bound to the His-binding precautions had to be taken since the endogenous level of
resin but could be removed with the above washes. Biotin bicarbonate at pH 8.0 is 0.5 mM@), which is close to the
carboxylase with a histidine-tag was eluted from the column K, for bicarbonate in biotin carboxylase. Thus, the endog-
with a solution of 170 mM imidazole, 500 mM NaCl, 120 enous bicarbonate had to be removed so the bicarbonate
mM Tris-HCI, pH 7.9. The protein solution was dialyzed could be varied below it&, value. The following describes
overnight against 0.67 mM EDTA, 10 mM KHRpH 7.0. in detail the procedure used to remove the endogenous
The protein was precipitated by the addition of ammonium bicarbonate. Deionized water was boiled for 10 min and
sulfate to 60% saturation. The precipitate was dissolved andcooled in a glovebag under a nitrogen atmosphere. A stock
dialyzed overnight against 500 mM KCI, 10 mM HEPES, solution of HEPES buffer, pH 8.0, was also prepared under
pH 7.0. Biotin carboxylase was concentrated by vacuum nitrogen in the glovebag. Stock solutions of ATP, phospho-
dialysis using a collodion bag apparatus. enolpyruvate, NADH, pyruvate kinase, and lactate dehydro-
Remaoal of the His-Tag.For experiments in which the genase were made in vials containing septum. After the
concentration of magnesium ion was varied, the His-tag was powder or liquid was added to the vials, they were capped
removed from biotin carboxylase by the following method. and flushed with nitrogen. The nitrogen was passed through
The protein was dialyzed overnight against 150 mM NaCl, an Ascarite column to remove any contaminating,Clhe
2.5 mM CaC}, and 120 mM Tris-HCI, pH 8.4. Restriction  appropriate amount of HEPES, pH 8.0, was added to each
grade thrombin was added to the protein solution at a ratiovial using a Hamilton syringe after which a cocktail
of 1 unit of thrombin to 1 mg of biotin carboxylase and containing all the assay components except bicarbonate and
incubated 16 h at 28C. The protein solution was then loaded enzyme was made. Assays were carried out in a volume of
onto a His-binding column and washed with binding buffer 1 mL and contained 3 mM ATP, 60 mM biotin, 0.5 mM
to remove any thrombin. Biotin carboxylase with the His- phosphoenolpyruvate, 0.2 mM NADH, 8 mM MgCR0
tag removed was eluted from the column with 60 mM units of pyruvate kinase, 36 units of lactate dehydrogenase,
imidazole, 500 mM NaCl, 20 mM Tris-HCI, pH 7.9, and and 100 mM HEPES. A stock bicarbonate solution was
processed as described above for the His-tag protein. Anyprepared and stored in a gastight flask. The reactions were
enzyme that was not cut by the thrombin remained bound carried out in 1 mL cuvettes wita 1 cmpath length fitted
to the column and could be recovered by eluting with the with rubber septa. Cuvettes were flushed with nitrogen, assay
same buffer used above to elute the His-tag version of thecomponents were added with a Hamilton syringe, and the
enzyme. assays were started with the addition of enzyme.
Steady-State Kinetic Assayihe rate of ATP hydrolysis Carboxybiotin AssayThe amount of carboxybiotin pro-
by biotin carboxylase in the absence or presence of biotin duced by biotin carboxylase was determined using a modi-
was measured spectrophotometrically. The production of fication of the [“C]bicarbonate fixation assay of Guchhait
ADP was coupled to pyruvate kinase and lactate dehydro-et al. (L1). Reactions were carried out in 1.5 mL microfuge
genase, and the oxidation of NADH was followed at 340 tubes in a reaction volume of 0.5 mL at 256. The reaction
nm. Each measurement was carried out in a volume of 0.5mixture contained 9 mM ATP, 8 mM Mggl100 mM biotin,
mL in 1 cm path length quartz cuvettes. The reaction mixture 70 mM KHCQO;, and 100 mM HEPES at pH 8.0. Each
contained 10 units of pyruvate kinase, 18 units of lactate reaction mixture was supplemented with &5 (17.5 nCi)
dehydrogenase, 0.5 mM phosphoenolpyruvate, 0.2 mM of a NaH*CQO; solution. The reaction was initiated by the
NADH, 8 mM MgCl,, and 100 mM HEPES at pH 8.0. It addition of enzyme and allowed to react for 1 h. Control
was found that these amounts of coupling enzymes wereexperiments showed that carboxybiotin decomposed after 1
necessary to ensure that the initial velocity varied linearly h under the conditions of the reaction. The reaction was
with enzyme concentration. Since tKg, for biotin is high stopped by the addition of 3.6L of a saturated KOH
(100 mM), the ionic strength of the reaction mixture was solution to remove the proton of any unreacted bicarbonate,
held constant with KCI when the initial velocity was and then 20@.L of a 2.0 M BaC}/0.1 M Ba(OH) solution
measured as a function of the biotin concentration. was added to precipitate the carbonate. The tubes were mixed
The rate of ATP synthesis from MgADP and carbamyl and allowed to sit for 2 min and then centrifuged at 1ap00
phosphate was determined spectrophotometrically with thefor 5 min. A 100 uL aliquot from the supernatant was
coupled enzyme system of hexokinase and glucose-6-transferred to a scintillation vial and counted to determine
phosphate dehydrogenase where the production of NADPHthe amount ot4C activity. An aliquot of the reaction mixture
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without enzyme and WithO_Ut precipitatio_n_by Ba_C_IIBa(QH) Table 2: Kinetic Parameters for the Bicarbonate-Dependent ATPase
was counted to determine the specific activity of the Reaction

bicarbonate. This activity was used to calculate the amount
of carboxybiotin.

Vimax (Min~1) Kimare (MM) V/Kate (Min"I mM~1)

WT 0.073+0.001  0.081 0.003 0.90t 0.05

The amount of ADP pro_duced_ was aIsc_) measured 10 £5114  0015£0001 0 014L 0.003 1,07+ 0.29
determine if there was stoichiometric production of carboxy- Eogsa  0.014+ 0.001  0.05H 0.008 0.274+ 0.06
biotin and ADP. The reaction conditions were exactly the N290A 0.027+0.001  0.04Gt 0.009 0.68+ 0.18
same as they were for the carboxybiotin assay above exceptR292A  0.016+0.001  0.04} 0.010 0.3%£0.12

no radiolabeled bicarbonate was added. Upon mixing the 2The kinetic parameters were determined by varying [ATP] at a
reaction components, aliquots were removed immediately andconstant saturating level of bicarbonate. The standard erroké.gn
after a 1 hincubation. The amount of ATP in each aliquot andKp, were determined from the nonlinear regression analysis. The
was measured by end-point analysis. The end-point analysist\e/rroraonrljvrl(K was calculated by standard propagation of the errors from
was conducted in a total volume of 1.0 mL and contained —— -
7.5 units of hexokinase, 5 units of glucose-6-phosphate
dehydrogenase, 0.5 mM glucose, 0.4 mM NADP, 8 mM
MgCl,, and 100 mM HEPES, pH 8.0. The amount of ADP
produced was determined from the difference between the
amount of ATP at the beginning of the reaction and the
amount of ATP left aftea 1 hincubation.

Analysis of Kinetic DataThe parameter&, andVmaxWere
determined by nonlinear regression analysis of the velocity
versus substrate concentration data using the program En
zfitter. The data were fitted to eq 1 whereis the initial
velocity, Vi, is the maximal velocityK, is the Michaelis
constant, and\ is the substrate concentration:

biotin carboxylase without a histidine-tag bound to a nickel
column. However, biotin carboxylase without a histidine-
tag was removed with buffer containing a low concentration
of imidazole (60 mM) while biotin carboxylase with a
histidine-tag required a higher concentration of imidazole
to be removed. The histidine-tag on the amino terminus did
not affect the activity of the enzyme since the turnover
numbers for the histidine-tagged and non-histidine-tagged
Pproteins were virtually the same: 78t63.2 min 't and 106.0
=+ 3.6 min'%, respectively. Thus, a system is in place so that
site-directed mutagenesis studiesorcoli biotin carboxylase
can be performed without interference from wild-type
_ enzyme derived from the chromosomal copy of the gene.
0= Vel Ke +A) (1) Bicarbonate-Dependent ATPase Reactibhe carboxyl-
ation of biotin by biotin carboxylase requires the hydrolysis
of ATP. Therefore, it is not surprising that biotin carboxylase
will catalyze the hydrolysis of ATP in the absence of biotin
but at a much slower rate (1100-fold slower) (eq 3):

MgATP + H,0 — MgADP + P, 3)

When nonlinear double-reciprocal plots were observed, the
data were fitted to eq 2 which describes substrate activation
whereV; andV; are the maximal velocitiek; andK; are

the Michaelis constants, ardis the substrate concentration:

v =V,A(K, + A) + VLA(K, + A) )

RESULTS The hydrolysis of ATP in the absence of biotin is bicarbon-
ate-dependent1@). Studies with®O-labeled bicarbonate
Use of the Histidine-Tag To Eliminate the Endogenous show that one oxygen of bicarbonate is found in the product
Wild-Type Biotin Carboxylasé major experimental prob-  phosphate, suggesting that the enzyme is forming carboxy-
lem with site-directed mutagenesis studie&ofolienzymes phosphate which, in the absence of biotin, rapidly decom-
is contamination of the mutant enzyme with wild-type poses 14). The K, for ATP and the maximal velocity of
enzyme derived from the chromosomal copy of the gene. In this partial reaction were determined for the wild-type
most cases this problem can be overcome by removing theenzyme and the four mutant enzymes and are shown in Table
chromosomal copy of the gene. If the enzyme is involved 2. The mutations decreased Mg, 5-fold at the most while
in an essential metabolic pathway, then for mutant enzymesthe Michaelis constants for ATP were also slightly decreased.
with very little to no activity, a metabolic intermediate after If the catalytic efficiency Y/Karp) of the reaction is
the step in question can be added to the culture medium toconsidered, the mutations did not appear to significantly
sustain bacterial growth. Unfortunately, none of the metabolic affect the bicarbonate-dependent ATPase activity of the
intermediates after the step catalyzed by acetyl-CoA car- enzyme.
boxylase are transported intB. coli. Since fatty acid The assays in Table 2 were carried out at a fixed, saturating
synthesis is essential for bacterial growth, it would be level of bicarbonate. To ensure that the level of bicarbonate
impossible to remove the chromosomal copy of biotin used in the assay was saturating, the Michaelis constant for
carboxylase and sustain bacterial growth while overexpress-bicarbonate was determined by varying bicarbonate at a fixed
ing an inactive mutant form of biotin carboxylase. A previous level of ATP and biotin. These measurements proved to be
study of mutants ofE. coli biotin carboxylase made no effort  difficult to obtain because the endogenous level of bicarbon-
to separate the chromosomal and plasmid copies of theate at pH 8.0 was about 0.5 mMQ) and the apparerk,
enzyme {2). It is imperative to be able to separate the two for bicarbonate in the wild-type biotin carboxylase was 0.37
different (in the case of a mutant) copies of the enzyme so + 0.04 mM. The appareri,, values for bicarbonate for
there are no ambiguities in the interpretation of the kinetics. E211A, E288A, N290A, and R292A were 0.170.03, 1.21
Therefore, to separate the chromosomal copy of biotin + 0.14, 0.040+ 0.004, and 0.05G: 0.005, respectively.
carboxylase from the plasmid copy, a six-histidine-tag was The apparent Michaelis constants for E211A and E288A
added to the amino terminus of the plasmid copy of biotin were close to wild-type while the values for N290A and
carboxylase. Both the histidine-tagged biotin carboxylase andR292A were about 10 times less than the wild-type. It is
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Table 3: Kinetic Parameters for the Biotin-Dependent ATPase Table 5: Kinetic Parameters for the ATP Synthesis Reattion
Reaction
V/IKapp
Viax(Min™) Ky (MM) - V/Kpiotin (Min~t mM~2) Kingome (MM)  Vinax (Min™)  Kmupe (MM) - (Mint mM—2)
WT 78.6+ 3.2 134.0+ 13.8 0.59+ 0.08 WT 11.24+1.3 52.3+£3.2 0.080.01 653.8-121.7
E211A  0.14+0.01 33.6+ 4.9 0.0042+ 0.0009 E211A 0.51+0.15 0.22+0.01 0.18+0.01 1.2+0.1
E288A  0.44+0.02 67.6+ 6.4 0.0065+ 0.0009 E288A  2.3+0.2 0.23+0.01 0.23+0.03 1.0+ 0.2
N290A  0.31+0.02 60.1+ 8.8 0.0052+ 0.0011 N290A b 0.27+0.01 0.40+0.02 0.68+0.06
R292A  0.39+0.02  123.6+ 14.2 0.0032+ 0.0005 R292A  2.8+0.1  0.30+0.01 0.83+0.13 0.36+0.07

aThe kinetic parameters were determined by varying [biotin] at a2The kinetic parameters were determined by varying carbamoyl
constant saturating levels of bicarbonate and ATP. The standard errorsphosphate concentration (CbmP) at constant saturating levels of ADP
on VmaxandKn, were determined from the nonlinear regression analysis. or varying [ADP] at constant saturating levels of ComP. The standard
The error onv/K was calculated by standard propagation of the errors errors onVmax andKy, were determined from the nonlinear regression
from Vimax and K. analysis. The error ol/K was calculated by standard propagation of
the errors from th&/max and Ky, ® Data shown under Results.

Table 4: Ratio of Carboxybiotin to ADP Formed
umol of carboxybiotingmol of ADP

ATP Synthesis ReactioBiotin carboxylase catalyzes the
transfer of the phosphoryl group of carbamoyl phosphate to

WT 1.00 ADP to form ATP and carbamic acid. The carbamic acid

E%alaﬁ é:gg rapidly decomposes into carbon dioxide and ammonia (eq
N290A 1.29 4). Carbamoyl phosphate is thought to act as an analogue of
R292A 1.38 the carboxyphosphate intermediate in the forward reaction

@ The amounts of carboxybiotin and ADP formed were determined (19):

as described under Materials and Methods section.
MgADP + carbamoyl-P—~ MgATP + CO, + NH; (4)

clear that the mutations did not significantly increasekhe
of bicarbonate, and therefore these residues did not appeailhe reaction rate is stimulated by the presence of biotin,
to play a major role in binding bicarbonate. which does not participate in the chemistry of the reaction
Biotin-Dependent ATPase Reactiom. contrast to the but was proposed to activate the enzyme via a conformational
bicarbonate-dependent ATPase reaction, when the hydrolysishange 15). The kinetic parameters of this reaction for the
of ATP in the presence of biotin was examined the mutant wild-type and four mutant enzymes are listed in Table 5.
enzymes had significantly decreased activity. Table 3 showsThe Michaelis constants for cabamoyl phosphate were all
the maximal velocity an&, for biotin for the wild-type lower than the wild-type. It is interesting to note that when
and four mutant enzymes. In the wild-type enzyme, the carbamoyl phosphate was varied at a constant level of ADP
presence of biotin increased the maximal velocity of ATP for the N290A mutant, the double-reciprocal plots were
hydrolysis dramatically, whereas the presence of biotin only concave downward which indicated substrate activation
increased the maximal velocity about 10-fold for the four (Figure 2B). When the data for the N290A mutant were fitted
mutant enzymes. Apparently, this was not due to the inability to eq 2, the best-fit parameters wafte= 0.234+ 0.01 mir?,
of biotin to bind to the mutant enzymes because Khe V, = 0.18+ 0.01 min?, Ky = 0.034 0.01 mM, andK; =
values for biotin in the mutants were not significantly 5.2 + 1.0 mM. Substrate activation was also observed in
increased compared to the value for the wild-type enzyme. carbamoyl phosphate synthetase in which the equivalent
Moreover, comparison of the catalytic efficiencies in the asparagine residue (N301) was mutated to aspariatén(
presence of biotin\(/Kyioin, Table 3) and absence of biotin  contrast to the Michaelis constants for carbamoyl phosphate,
(VIKaTp, Table 2) revealed that in the presence of biotin all the Michaelis constants for ADP were all higher in the
four mutations have resulted in an over 400-fold decrease mutants. The most striking difference between wild-type
in catalytic efficiency of the enzyme. enzyme and the four mutant enzymes was that the maximal
Since the ATPase assay involved detecting the productionvelocity for ATP synthesis was decreased by 2 orders of
of ADP with the coupling enzymes pyruvate kinase and magnitude in all four mutant enzymes. This means that all
lactate dehydrogenase, there was a question as to whethefour mutations decreased the catalytic efficien®K(pe,
the mutant enzymes were producing carboxybiotin. For Table 5) of phosphoryl transfer about 1000 times.
example, has the hydrolysis of ATP been uncoupled from Since the ATP synthesis reaction is considered a model
the formation of carboxybiotin, suggesting that the mutations reaction for the carboxyphosphate intermediate, it was
have affected the carboxyl transfer step? Or, do the mutantsurprising that the catalytic efficiency was decreased while
enzymes show a 1:1 stoichiometry for the formation of ADP the catalytic efficiency of the bicarbonate-dependent ATPase
and carboxybiotin? To answer these questions the formationreaction was not affected. However, one difference between
of carboxybiotin in the wild-type and four mutant enzymes the ATP synthesis reaction and the bicarbonate-dependent
was determined with a radioactive assay usi@tlabeled ATPase reaction was that the former required biotin to
bicarbonate. Table 4 shows the ratio of the micromoles of stimulate the activity. Given that the biotin-dependent
carboxybiotin formed to the micromoles of ADP formed for ATPase reaction was affected by all four mutations, perhaps
the wild-type and four mutant enzymes. The ratio of the biotin did not stimulate the ATP synthesis reaction in the
micromoles of carboxybiotin formed to the micromoles of mutant enzymes. To test this hypothesis, the initial velocity
ADP formed for the four mutant enzymes was very close to of the ATP synthesis reaction for the wild-type and four
one, which indicated that the mutations were not preventing mutant enzymes was measured at fixed carbamoyl phosphate
the carboxylation of biotin. and ADP concentrations and increasing amounts of biotin.
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Ficure 2: Double-reciprocal plots for the ATP synthesis reaction for wild-type biotin carboxylase (A) and the N290A mutant of biotin
carboxylase (B). Carbamyl phosphate is varied at a constant saturation level of ADP. The points are the experimental velocities, and the
line is derived from the best fit of the data to eq 1 for wild-type biotin carboxylase and to eq 2 for the N290A mutant.

120

i

20 A 100

80

—— WTBC

R292A
10 —&— E211A
—— E288A
—&— N290A

60

WTBC Histag
WTBC no Histag
E211A

E288A

R292A

N290A

Maxiumum Activity

40

% activation x 10-2

%
"m0 » O +

20

0 .I ir W ;. E a
0

10 200 300

0 T T T T
[Biotin], mM 0 2 4 6 8 10

Ficure 3: Activation of the ATP synthesis reaction by biotin for [Mg2+],mM
the wild-type biotin carboxylase (WTBC) and the four mutants of ) ) . . -
biotin carboxylase: E211A, E288A, N290A, and R292A. Initial FIGURE 4: Effect of magnesium on the activity of wild-type biotin

velocities were measured at a constant level of carbamoyl phosphateéf@rboxylase (WTBC) and the four mutants of biotin carboxylase:
and ADP with increasing amounts of biotin. The degree of E211A, E288A, N290A, and R292A. Initial velocities were

activation of the reaction by biotin is expressed as the percent measured at a constant level of bicarbonate, ATP, and biotin with

increase in the rate with biotin compared to the rate in the absencelNcreasing amounts of Mg&l The degree of activation of the
of biotin. reaction by MgC{ is expressed as a percentage of the maximal

activation for wild-type and each individual mutant.

As shown in Figure 3 it was very apparent that while biotin . i i
stimulated the activity of the wild-type enzyme by 2000%, required a lower concentration of Mg6 achieve the same
it had no effect on the activity of all four mutant enzymes. '€vel of activation as the wild-type enzyme, which suggests

Effect of MagnesiunBiotin carboxylase requires 2 equiv that magnesium may _h_ave bou_nd tighter to that mutant. The
of magnesium for activity. One equivalent is complexed to dependence of the initial velocity versus [Mg[for wild-
ATP, while the role of the other equivalent is unknown. The YPe with and without the His-tag was virtually identical.
effect of mutations at E211, E288, N290, and R292 on the This suggests that the other experiments at saturating MgCl
ability of magnesium to stimulate the activity of wild-type Were not affected by the His-tag.
and mutan.t biotin carboxylase was determined. To obwape DISCUSSION
any potential problems caused by the presence of the His-
tag, all assays utilized enzymes in which the His-tag was With the determination of the crystal structure of biotin
removed by thrombin cleavage. The initial velocity was carboxylase, the first and only three-dimensional model of
measured for the wild-type and four mutant enzymes by a biotin-dependent carboxylase, it is time to begin studying
holding the concentrations of bicarbonate, ATP, and biotin the functions of individual amino acids in catalysis. However,
constant and varying the concentration of MgFigure 4). before any site-directed mutagenic analysis could be per-
The dependence of the initial velocity on [MgBvas similar formed, a system had to be developed that allowed the mutant
for wild-type, E288A, N290A, and R292A enzymes, sug- biotin carboxylase to be separated from wild-type biotin
gesting that the mutations did not dramatically affect the carboxylase derived from the chromosomal copy of the gene.
binding of magnesium. The E211A mutant enzyme actually This was accomplished by adding a histidine-tag to the amino
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terminus of the mutant biotin carboxylase which allowed the mechanisms for substrate-induced synergism. Applying these
mutant enzyme to be separated from the wild-type enzymegeneral principles to our system, we propose three possible
by nickel affinity chromatography. Kinetic analysis of the mechanisms for substrate-induced synergism by biotin on
mutant enzyme can now be interpreted without ambiguity. biotin carboxylase. First, the substrate-induced synergism by

The four residues investigated in this report (E211, E288, biotin may be a manifestation of the destabilization of the
N290, and R292) were selected for mutagenesis because theiMichaelis complex through geometric strain, electrostatic
are the only active site residues in biotin carboxylase that interactions, or desolvation of the reacting groups. Second,
are strictly conserved both in biotin-dependent carboxylasesthe four residues in question may prevent nonproductive
and in carbamoyl phosphate synthetase, an enzyme with abinding of biotin. Thus, when either residue is mutated, biotin
mechanism similar to biotin carboxylase. In fact, mutagenesis binds nonproductively, precluding substrate-induced syner-
of the equivalent residues in carbamoyl phosphate synthetaseism by biotin. Third, the most common explanation for
resulted in significant decreases in activity).(Another substrate-induced synergism is an induced fit mechanism in
common aspect of these four residues in biotin carboxylasewhich the binding of the substrate, in this case biotin, causes
is that they are close to one another in the active site (Figurea conformational change in the enzyme to convert it into a
1). This is consistent with the fact that mutations at these catalytically competent state. Distinguishing between these
four residues all result in the same effects in a variety of mechanisms will require a variety of crystallographic and
different assays, suggesting the mutated residues have &pectroscopic studies which are underway.
common function. In fact, examination of the data revealed  There is precedent from site-directed mutagenesis studies
a common pattern exhibited by all four mutant enzymes. of other enzymes for the involvement of substrate binding
First, theVimax Of the bicarbonate-dependent ATPase activity interactions in catalysis. For instance, the mutation of Arg
was not dramatically affected by the mutations. In contrast, 86 to GIn in tyrosyl-tRNA synthetase resulted in a decrease
the Vmax for the biotin-dependent ATPase activity was in maximal velocity by 4 orders of magnitude. However,
decreased by approximately 300-fold (Table 3). Second, thethe K., for ATP for the mutant was observed to be similar
ATP synthesis reaction was also affected by the mutationsto theK, for ATP for wild-type. The interpretation was that
where Vinax Was suppressed more than 100-fold. The ATP the ATP was misaligned for catalysis, resulting in a decrease
synthesis reaction, however, required biotin to stimulate in maximal velocity 20). Furthermore, a recent review
activity, and biotin did not stimulate the activity in the mutant concluded that binding interactions are a major component
enzymes. Thus, it was clear that all reactions involving biotin of enzyme catalysis and that disruption of those interactions
are affected by the mutations. Since Hgvalues for biotin by mutation can be manifested as a decreased maximal
in the mutant enzymes were similar to the wild-type value velocity with little effect on theK,, for the substrates2(),
in the biotin-dependent ATPase reaction (Table 4), it which is exactly the situation seen here with these four
appeared that biotin bound to the mutant enzymes but wasmutations of biotin carboxylase.
unable to increase the activity of the ATPase and ATP  |n summary, we have described a system for site-directed
synthesis reactions. mutagenesis studies & coli biotin carboxylase in which

An explanation for the effect of the mutations on the the mutant enzyme is free of contamination from wild-type
activity of biotin carboxylase begins with the observation enzyme coded by the chromosomal copy of the gene. This
that for wild-type biotin carboxylase the binding of biotin  system was used to investigate the function of four active
accelerated the rate of ATP hydrolysis about 1100-fold. This site residues, E211, E288, N290, and R292, in the catalytic
dramatic increase in the reaction rate of one substrate (ATP)mechanism of the enzyme. Mutations at all four residues
caused by the binding of another substrate (biotin) is an gave similar results in which biotin was unable to stimulate
example of the phenomenon called substrate-induced syn-ATP hydrolysis and the synthesis of ATP. In other words,
ergism and is found in a number of enzymds)( For mutations at these four residues abolished substrate-induced
example, citrate synthase will catalyze the exchange of thesynergism by biotin. Therefore, the conclusion was that E211,
a-protons of acetyl-CoA only in the presence of malate, an E288, N290, and R292 were responsible, at least in part, for
analogue of the substrate oxaloacetai®).(In another the substrate-induced synergism by biotin.
example, the exchange rate between ATP and ADP in
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