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ABSTRACT: 4-Chlorobenzoate:CoA ligase (CBL) belongs to the adenylate-forming family of enzymes
that catalyze a two-step reaction to first activate a carboxylate substrate as an adenylate and then
transfer the carboxylate to the pantetheine group of either coenzymeA or an acyl-carrier protein. The
active site is located at the interface of a large N-terminal domain and a smaller C-terminal domain.
Crystallographic structures have been determined at multiple steps along the reaction pathway and
form the basis for a proposal that the C-terminal domain rotates by∼140� between the two states that
catalyze the adenylation and thioester-forming half-reactions. The domain rotation is accompanied
by a change in the main chain torsional angles of Asp402, a conserved residue located at the
interdomain hinge position. We have mutated the Asp402 residue to Pro in order to test the impact
of reduced main chain flexibility at the putative hinge position. The crystal structure of the D402P
mutant shows that the enzyme adopts the proposed adenylate-forming conformation with very little
change to the overall structure. To examine the impact of this mutation on the ability of the enzyme to
catalyze the complete reaction, single turnover kinetic experiments were performed. Whereas the
ability of this mutant to catalyze the adenylate-forming half-reaction is reduced by∼3-fold, catalysis
of the second half-reaction is reduced by 4 orders ofmagnitude. The impact of the alanine replacement
of Asp402 on the thioester-forming reaction is significant, although not as dramatic as the proline
mutation, and provides evidence that the Asp402 carboxylate group, through ion pair formation with
N-terminal domain residue Arg400, assists in the transition to the thioester-forming conformer.
Together these results support the domain alternation hypothesis.

4-Chlorobenzoate:CoA ligase (CBL, EC 6.2.1.33)1

catalyzes the conversion of 4-chlorobenzoate (4-CB) to
4-chlorobenzoyl-coenzymeA (4-CB-CoA)with a consump-
tion of one molecule of ATP. This reaction constitutes the
first step of the three-step hydrolytic dehalogenation path-
way of 4-CBA leading to the metabolite 4-hydroxybenzo-
ate (1-3). Previous studies have shown that CBL catalysis
occurs via two partial reactions (Scheme 1) (2, 4). The first
partial reaction is adenylation of 4-CB byATP to form the
4-CB-AMPmixed anhydride intermediate, and the second
partial reaction is the acyl transfer from the mixed anhy-
dride to theCoA thiol to form the 4-CB-CoAproduct. The
X-ray structure determination of the CBL from Alcali-
genes sp. AL3007 complexed with 4-CB (5) showed that
this enzyme is a member of a large family of ligases known
as the AMP-binding enzyme superfamily (PF00501). The
family fold consists of two R,β-domains: a large N-term-
inal core domain (CBL residues 1-400) and a smaller
C-terminal cap domain (CBL residues 403-504) (6, 7).
The CBL active site is located at the domain-domain

interface. 4-CB and ATP bind entirely within the
N-terminal domain. The CoA nucleotide binds at the
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surface of the C-terminal domain, whereas the pantetheine
arm passes through a tunnel formed by residues from both
domains, which leads to the adenylate binding site of the
N-terminal domain (Figure 1).
The structures of the CBL complexed with 4-CB (5)

or with the adenylate intermediate 4-CB-AMP (4) reveal
the enzyme in a conformation hereafter referred to as
conformation 1 (Figure 1A). A second conformation,
conformation 2, has been observed for CBL bound to
the product analog 4-chlorophenacyl-CoA and AMP (8)
(Figure 1B). These alternate conformations have been
observed for other members of the enzyme superfamily
(6, 7, 9-14). The relative orientations of the two domains
in conformations 1 and 2 differ by a ∼140�, and conse-
quently the region or “face” of the C-terminal cap domain
which interfaces with the N-terminal core domain to
complete the active site is different in the two conforma-
tions. Kinetic analysis of luciferase (15) and acetyl-CoA
synthase (Acs) (16) site-directedmutants provided the first
independent evidence that alternation of the cap domain
occurs during the catalytic cycle. Recently, we employed
transient kinetic methods to determine the rate constants
governing the two partial reactions catalyzed by CBL and
CBL cap domain site directed mutants (4). In this manner
we were able to correlate catalysis of the adenylation
partial reaction with cap domain residues that specifically
contribute to the active site in conformation 1, and cata-
lysis of the thioesterification partial with cap domain
residues that specifically contribute to the active site in
conformation 2.
The work described in this paper was carried out for

the purpose of determining the mechanics of the CBL
C-terminal domain alternation that takes place as the
enzyme switches between conformation 1 and conforma-
tion 2. The C-terminal domain initiates with a two-
stranded antiparallel sheet (shown in yellow in Figure 1)
formed byMet404-Ser407 and Glu410-His413. These two
strands are an integral part of the C-terminal domain,
which rotates as a rigid body; the rms displacement of all
CR positions of the two C-terminal domains is 0.6 Å
(Figure 1C). The N-terminal domain terminates with a
distorted β-sheet (Figure 1); the final strand of this sheet is
formed by residues Val395-Arg400. The peptide segment

Scheme 1

FIGURE 1: (A) Stereorepresentation of the ribbon diagram of CBL
complexed with 4-CB-AMP (3CW8) generated from the coordinates
of the X-ray structure (8). This structure represents conformation 1.
(B) A ribbon diagram of the CBL enzyme complexed with
4-chlorophenacyl-CoA (4-CP-CoA) andAMP (3CW8) in conforma-
tion 2 (8). In both panels, the largerN-terminal domain is shownwith
blue sheets and magenta helices; the C-terminal domain is shown in
green. The antiparallel, two-stranded turn that follows the hinge
residue is shown in yellow. Active site ligands are shown in ball-and-
stick representation. (C). Stereorepresentationof the alignment of the
C-terminal domains derived from the two conformations. Shown in
blue is the C-terminal domain of conformation 1, while the domain
from conformation 2 is shown in red. The black sphere represents the
CR position of Asp403, and the red sphere represents the C-terminus
at Ser503. Shown in yellow are the two sheets that form the
antiparallel turn at the start of the C-terminal domain.
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that connects the two domains is three residues long
(401-403), too short to be called a “linker”, and instead
we will refer to the region as the “hinge”. The main chain
dihedral angles of the residues of the hinge demonstrate
that the residue that undergoes the most significant con-
formational change is Asp402 (Figure 2). In the adenylate-
forming conformation, the residues from401 to 403 forma
type III β-turn. In this conformation, a hydrogen bond is
formed between the carbonyl of Arg400 and the main
chain amide of Asp403. In the conformation that is used
for the thioester-forming half-reaction, the φ angle of
Asp402 shows a small rotation, changing from -66� to
-89�.Accompanying this change inφ is a larger rotationof
the Asp402 ψ angle from -29� to -164�, which accounts
for themajority of the domain rotation observed in the two
conformational states. The rotation to the new ψ angle
breaks the backbone amide hydrogen bond of the type III
turn observed in conformer 1, forming in its place an ion
pair between the side chains of Asp402 and Arg400 that
stabilizes conformer 2.

In this study we focused our attention on the role of the
interdomain hinge in CBL catalysis. The Asp402 hinge
residue accounts for the majority of the conformational
change associated with domain alternation, and therefore
we investigated the effect of replacing this residue with
proline, which has a restricted φ angle near -70� (17).
We hypothesized that if residue 402 is the true hinge,
the restriction of the φ angle in the D402P mutant will
prevent efficient domain alternation. In order to test this
hypothesis, we measured the rate constants governing the

respective partial reactions in the D402P mutant. We also
explored the importance of Asp402-Arg400 ion pair in
facilitating the thioester-forming partial reaction through
stabilization of conformer 2 via kinetic analysis of the
D402Amutant.Herein,we report first on the structure and
kinetic properties of the D402P CBL mutant, and second,
on the kinetic properties of the D402A mutant. We
interpret our results as evidence that the flexibility at the
402 main chain position is critical for the transition
from the adenylate-forming conformer to the thioester-
forming conformer, and that the Asp402-Arg400 ion
pair formation is required for efficient catalysis of the
thioester-forming partial reaction.

MATERIALS AND METHODS

Wild-Type and CBL Protein Preparation. The His-
tagged wild-type CBL from Alcaligenes sp. AL3007 was
prepared as described in ref 5. The ligase mutant cDNAs
were prepared using the SphI-BglII-pQE-70-CBL clone
as the template and commercial primers in the PCR
reaction. The purified PCR product was digested with
SphI and BglII (Invitrogen, Carlsbad CA) and ligated to
SphI and BglII digested SphI-BglII-pQE-70-CBL. The
gene sequence was verified by DNA sequencing at the
Center for Genetics in Medicine, University of New
Mexico School of Medicine, Albuquerque, NM.
A single colony of Escherichia coli JM109 containing

the plasmid SphI-BglII-pQE-70-D402P CBL was used to
inoculate 10 mL of LB medium containing 50 μg/mL
ampicillin at 37 �C and 250 RPM. The 10 mL culture was

FIGURE 2: Stereorepresentation of the conformational change that occurs in CBL, comparing 3CW8 (conformation I) to 3CW9 (conformation
2). The structures were superimposed based on the N-terminal domain. Protein residues 397-414 are shown as cartoon representation. This
region encompasses the final strand of theN-terminal domain at Val395-Arg400, the hinge region atAsp402, and the antiparallel turn containing
β-strands at Ile405-Ser407 and Glu410-Ile412. The adenylate-forming conformation 1 is shown in green, while the thioester-forming
conformation 2 is shown in pink. The AMP and 4-chlorophenacyl-CoA ligands that are present in conformation 2 are shown in stick
representation, as is the side chain of Arg400 from conformation 2. Asp402, the hinge residue, is shown in ball-and-stick representation for both
conformations. The CR position of Gly409, a universally conserved residue on the turn that joins the two strands, is shown with a sphere.
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then used to inoculate 10 L of fresh LB medium contain-
ing 50 μg/mL ampicillin, and the culture was grown at
20 �C and 200 RPM. After 26 h (O.D. ∼0.7 at 600 nm)
IPTG was added to a final concentration of 1 mM.
Following 10 h the cells were harvested by centrifugation
at 5000g for 15 min. The 10 g of wet cells were suspended
in 100 mL of lysis buffer (50 mM NaH2PO4, pH 8.0,
10 mM imidazole, 1 mM DTT) containing 10 μL of
0.1mM the protease inhibitor PMSF. The cell suspension
was passed through a French press at 1200 pounds per
square inch and then centrifuged at 48000g and 4 �C for
30 min. The supernatant was loaded onto a Ni-NTA
Agarose column (QIAGEN, 25 mL) that had been pre-
equilibrated with the lysis buffer. The column was eluted
with 500 mL of wash buffer (50 mM NaH2PO4, pH 8.0,
50 mM imidazole, 1 mM DTT) and then eluted with
200 mL of elution buffer (50 mM NaH2PO4, pH 8.0,
250 mM imidazole, 1 mM DTT). The protein was
dialyzed for 3 h against three changes of 1.5 L of
50 mM K+HEPES (pH = 7.5) containing 1 mM DTT.
The protein purity was verified by SDS-PAGE analysis.
Theprotein concentrationwas calculated from theprotein
absorbance at 280 nm using the extinction coefficient =
27760 M-1 cm-1. The yields of CBL D402P and D402A
mutants were 1 and 6 mg/g of wet cell, respectively.
Crystallization of D402P CBL. Protein at 10 mg/mL

was combined with ATP and 4-CB to a final concentra-
tion of 1 mM each. Crystals were grown by hanging-drop
vapor diffusion at 4 �Cusing a precipitant containing 16-
24% pentaerythritol propoxylate 426 (18), and 0.1 M
K+HEPES (pH 6.5 or 6.75) and an equal volume of
protein and precipitant in the drops. Crystals were cryo-
protected by transferring through six solutions contain-
ing protein ligands and increasing amounts of ethylene
glycol for approximately 1 min each. The final cryopro-
tectant contained 24% pentaerythritol propoxylate 426,
24% ethylene glycol, and 0.1 M K+HEPES and 1 mM
each of ATP and 4-CB.
Crystallographic Data Collection and Structure Refine-

ment. Data for D402P CBL were collected at the Cornell
High Energy Synchrotron Source at CornellUniversity at
beamline F2. The data were processed with MOSFLM
(19) to 2.6 Å. The Wilson B-value was 76 Å2; the data
exhibited anisotropic behavior with diffraction weaker
parallel to the 3-fold axis. The structure was solved by
molecular replacement usingMOLREP (20) of the CCP4
package (21) using the prior CBL structure (1T5H) as a
search model with all nonprotein atoms removed.
Refinement was performed with REFMAC5 (22). The
density at the active site showed clear density for the 4-CB
molecule. Although we had incubated the enzyme with
both ATP and 4-CB, there was very weak density for
the nucleotide portion of the ligand. This is similar to the
original structure of CBL in which 4-CB and AMP were
included in the crystallization cocktail and only 4-CBwas
modeled (5).
Isotropic B-factor analysis was used to justify inclusion

of the 4-CB molecule. The average B-factor for 4-CB
ligand was 58 Å2, while the average B-factor for all
protein atoms was 59 Å2. The B-value of the protein
atoms that form the aryl binding pocket is 40 Å2.
Attempts to include AMP in the model resulted in

B-factors that were 20-30 Å2 greater than the 4-CB
ligand and unsatisfactory 2Fo- Fc density. Additionally,
a stretch of residues that borders the adenine binding
pocket, Ala280-Ala282, adopts the conformation seen in
the unliganded or 4-CB binary complex and not the
conformation observed in the nucleotide bound
states (8). AMP was therefore not included in the final
model, although it may be present at partial occupancy.
TLS anisotropic refinement was included late in the final
refinement, with the N- and C-terminal domains defined
as independent groups (23), and was monitored by a drop
in the R-free value.
Steady-State Kinetics. The 4-CB-CoA ligase activity

was measured at 25 �C by using a direct continuous
spectrophotometric assay (24) wherein the increase in
the absorbance of the 1 mL reaction solution resulting
from the conversion of 4-CB to 4-CB-CoA was mon-
itored at 300 nm (Δ∈=4.1 mM-1cm-1). The 1 mL assay
solution contained wild-type or mutant CBL and satur-
ating concentrations of 4-CB (2 mM), CoA (1 mM), ATP
(3.5mM),MgCl2 (15mM) in 50mMK+HEPES (pH 7.5)
at 25 �C. For Vmax and KM determinations the initial
velocity was measured as a function of one substrate
concentration (varied from 0.5- to 5-fold KM) at fixed
saturating concentrations of the cosubstrates. The kcat
was calculated from the ratio of Vmax and enzyme con-
centration.

V ¼ Vmax½S�=ð½S� þ KMÞ ð1Þ
where V is the initial velocity, Vmax the maximum velo-
city, [S] the substrate concentration, KM the Michaelis
constant.
Transient-State Kinetics. Single turnover reactions

were carried out at 25 �C using a KinTek rapid quench
instrument to mix 13 μL of 60 μM wild-type or mutant
CBL in 50 mMK+HEPES (pH 7.5) with 14 μL of 16 μM
[carboxyl-14C]4-CB (specific activity = 50-60 mCi/
mmol) (American Radiolabeled Chemicals, Inc.), ATP
(7 mM), MgCl2 (30 mM), and CoA (2 mM for wild-type
and D402P CBL and 30 mM for D402A CBL) in 50 mM
K+HEPES (pH 7.5). Reactions were terminated using
193 μL of 0.1 N HCl as the quench. The reactants and
products were separated by HPLC and quantitated by
liquid scintillation counting as described previously (4).
The rate data measured for a single turnover reaction of
[carboxyl-14C]4-CB and ATP were fitted with the first-
order eqs 2 and 3 using the Kaleidagraph program
(Synergy Software, Reading, PA).

½S�t ¼ ½S�max -ð½P�maxð1-e-ktÞÞ ð2Þ

½P�t ¼ ½P�maxð1-e-ktÞ ð3Þ
where k is the first-order rate constant; [S]t and [P]t are the
substrate and product concentrations at time “t”, respec-
tively. The rate data measured for the single-turnover
reaction of [carboxyl-14C]4-CB, ATP, and CoA were
fitted to a simplified kinetic model (see Scheme 2) by
using the simulation program KINSIM (25).
The time course for the multiple turnover reaction

catalyzed by wild-type or D402P CBL was measured for
a reaction solution initially containing 10 μM enzyme,
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40 μM[14C]4-CB, 500μMATP, 500 μMCoA, and 12mM
MgCl2 in 50 mM K+HEPES (pH 7.5). The data mea-
sured for the D402P CBL were fitted to eqs 2 and 3,
whereas the data measured for the wild-type CBL were
fitted to eq 4 using the program Kaleidagraph.

Pt ¼ P0 -E½A0ð1-expð-ðk1 þ k2ÞtÞ
þ ðk1k2=ðk1 þ k2ÞÞt� ð4Þ

where Pt and P0 are the concentration of the product at
time t and zero, E is the final concentration of enzyme
active sites, k1 and k2 are rate constants of the fast and
slow reaction steps in the reaction pathway;A0 is equal to
k1 divided by the sum of k1 and k2.

RESULTS AND DISCUSSION

StructureDetermination of theD402PCBL.TheD402P
mutant enzyme crystallized in the isomorphic space
group observed previously with the apo wild-type
CBL and its complex with 4-CB or 4-CB-AMP that
define conformation 1. The structure was determined by
molecular replacement and refined against the observed
data. The final model contains residues 1-502 and a
single 4-CB ligand. The 21 waters included in the final
D402P model had well-defined density and hydrogen-
bonding partners. The final refinement statistics are pre-
sented in Table 1. Electron density maps of the linker
mutation site and the active site are shown in Figure 3A
and 3B, respectively.
The D402P CBL model shows the same two-domain

structure reported for wild-type CBL. The rms distance
between the corresponding CR positions in the D402P
CBL(4-CB) complex and the wild-type CBL(4-CB-AMP)
complex is 0.6 Å over the full length of the protein
(Figure 4). The orientation of the C-terminal domain
relative to the N-terminal domain is similar to that
observed in the wild-type CBL apo, 4-CB-bound, and
4-CB-AMP-bound forms that define conformation 1.
Indeed, the φ/ψ angles of the residues that form and
immediately surround the hinge region are quite similar
in the wild-type CBL(4-CB-AMP) complex and in the

D402P CBL(4-CB) complex (Table 2). This includes the
mutation site residue 402: for thewild-typeAsp402, the φ/
ψ angles are -66 and -32, while for the mutant Pro402
the torsion angles are -62 and -26. The φ/ψ angles of
both aspartate and proline at position 402 fall within a
favored region of the Ramachandran plot for the respec-
tive amino acid (17).
In an earlier study, we identified the active site residues

that contribute most significantly to catalysis of partial
reaction 1 in conformer 1 and to catalysis of partial
reaction 2 in conformer 2. We show in Figure 4C a
superposition of the residues most important to catalysis
of partial reaction 1 as defined by the structure of the
wild-type CBL(CB-AMP) complex and the D402P CBL
(CB) complex. The only difference between the adenylate
binding pocket of the two structures is in the loop
containing Asp280-Thr283, which in the mutant fills
the vacant adenine site. This alternate loop conformation
is also observed in the structure of the wild-type
CBL(4-CB) complex (5) and therefore we believe that it
is not related to the mutation. Because the positions of
the catalytic residues are conserved in the mutant, it

Table 1: Crystallographic andRefinement Statistics for theD402PCBL

(4-CB) Complex

D402P + 4-CB

resolution 30-2.6 Å

space group P3221

unit cell a = 128.0 Å

b = 128.0 Å

c = 71.2 Å

Rmerge
a 7.2% (47.9%)

completenessa 94.8% (96.1%)

I/σa 22.4 (2.6)

# observations 173679

# reflections 19751

Rcryst (overall/highest resolution shell)a 19.9% (35.5%)

Rfree (overall/highest resolution shell)a 25.7% (37.9%)

rms deviation bond lengths, angles 0.016 Å, 1.64�
aValues for the highest resolution shell are given in parentheses.

Scheme 2
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should display efficient catalysis of the adenylate-forming
partial reaction.
The backbone torsion angles (φ/ψ) for the CBL hinge

region and its flanking residues (Table 2) illustrate the
changes that occur when the wild-type CBL rotates from
conformation 1 to conformation 2. For the switch in the
wild-type CBL, Asp402 rotates from φ/ψ angles-66 and
-32 in conformation 1 to φ/ψ angles -89 and -164 in
conformation 2. Rotation of the ψ torsion angle from
-32� to -164� in the wild-type CBL is accompanied by
contact between the carbonyl oxygen atoms of Asp402
and Val401 (Figure 5). To avoid this steric clash, a
rotation about the bond between the CR and N of Asp
402 must precede (or occur coincident with) the rotation
about the bond between CR and the carbonyl C, as
depicted by the movie in Supporting Information. Com-
parison of the two crystallographic structures of the wild-
type CBL suggests that the Asp402 φ angle must rotate
from-66 to-89 to avoid the clash between the carbonyl
groups of residues 401 and 402.
Proline residues have significantly constrained φ

angles due to the presence of the imine ring of the side
chain, the planar trigonal bonding of the imine nitrogen,
and the tetrahedral configuration of the CR bonding (26).
Proline residues in well-determined, high resolution crys-
tal structures are observed in one of two puckered con-
figurations, UP and DOWN. These configurations are
energetically favored, allowing the bond angles to ap-
proach the tetrahedral bonding angle of 109.5� (27).
Significant energetic barriers exist in minor torsional
rotations around the bonds within the proline ring that
disrupt these most favored puckered configurations.
These geometric constraints result in a φ angle for proline
residues that is ∼60� and limit even minor rotations to
the backbone torsion angles (27). The impact of this

Table 2: BackboneTorsionAngles (φ/ψ) and Secondary Structure for theCBLHingeRegion and Its FlankingResidues, AsObserved in theWild-Type

CBL(4-CB-AMP) Structure (Wt Conf1) (3CW8 (8)), the Wild-Type CBL(4-CP-CoA)(AMP) Structure (Wt Conf2) (3CW9 (8)) and the D402P CBL(4-

CB) Structure (3DLP)

residue secondary structurea Wt Conf1(φ,ψ)a Wt Conf2 (φ,ψ)a D402P (φ,ψ)a

Val395 strand -95, 118 -105, 128 -106, 122

Arg396 strand -91, 118 -104, 118 -100, 117,

Ile397 strand -79, 128 -82, 122 -78, 121

Leu398 strand -103, -37 -106, -28 -96, -39

Gly399 strand 156, 179 157, -166 160, -175

Arg400 strand -68, 139 -96, 147 -82, 140

Val401 turn -57, -41 -72, -41 -53, -49

X402b turn -66, -32 -89, -164 -62, -26

Asp403 turn -81, -15 -101, 17 -87, -8

Met404 coil -64, 138 -61, 133 -66, 133

Ile405 strand -106, 138 -100, 140 -107, 141

Ala406 strand -113, 103 -121, 110 -125, 115

Ser407 strand -127, 113 -124, 124 -115, 90

Gly408 turn 49, 57 59, 25 64, 61

Gly409 turn 74, 10 79, 11 95, -41

Glu410 strand -125, 137 -106, 130 -92, 126

Asn411 strand -72, 131 -76, 124 -76, 137

Ile412 strand -133, 125 -130, 124 -134, 129

His413 coil -102, 116 -90, 137 -111, 107

aTorsion angle calculation and secondary structure prediction were performed by STRIDE (28). Residues 401-403 are technically classified as a 310
helix for the wild-type structure in conformation 1; however, it can also be classified as a type 3 turn because it encompasses just a single turn of the helix.
The (φ,ψ) angles are listed as units of degrees. bX = Asp in wild-type CBL and Pro in the D402P CBL.

FIGURE 3: Representative electron density. (A) Electron density
is shown for the D402P mutation of the final refined model using
the 2Fo - Fc coefficients and contoured at 1σ. (B) Omit map
electron density was calculated with coefficients of the form
Fo - Fc after removing the ligand and submitting the model to a
cycle of refinement with REFMAC. The map is shown contoured
at 3σ.
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restriction is also shown in the movie in Supporting
Information.
The φ/ψ angles of the hinge residue in conformation

1 are a commonly observed conformation for proline

residues in well-determined, high resolution structures.
In contrast, the φ/ψ angles of conformation 2 (-89
and -164) fall at the edge of a generously allo-
wed region of the Ramachandran plot for Pro (17).

FIGURE 4: Structure comparison of the wild-type and D402P CBL proteins. (A) A stereorepresentation of the CR trace of the wild-type protein
(red) and D402mutant protein (green). Shown in dark blue is the 4-CB-AMP ligand of the wild-type structure, while shown in light blue is the 4-
CBmolecule from the mutant. (B) Stereorepresentation of the hinge region of the mutant (green) protein. Several secondary structural elements
are shown from the mutant enzyme. Superimposed on the hinge residues is the hinge from the wild-type enzyme in the adenylate-forming
conformation.The green spheres represent theCRpositions ofArg400-Val401-Asp402-Asp403 fromthemutant structure.The side chainsof both
Arg400 and theAsp or Pro402 residue are shown.Also included are the ligands from thewild-type (dark blue) or themutant (light blue) structure.
(C) Superpositionof the adenylate-binding pocketofwild-type enzyme (red) and theD402Pmutant (green).Ligands are colored as inpanelB.The
loop from Ala280-Thr283 is the only significant difference between the active sites of the two enzymes.

FIGURE 5: Rotations in the main chain torsion angles at the hinge residue that are necessary for the rotation of the C-terminal domain.
Superimposedon the structure of theD402Pmutant (yellow) is the structureof thewild-type enzyme in conformation2 (green).Thehinge region is
shown startingwith the amide nitrogen ofVal401 and continuing through the amide nitrogen ofMet404 (labeled 404(I) or 404(II)). The atoms are
colored blue for nitrogen atoms, red for oxygen atoms, and yellow for the carbon atoms of the D402P mutant and green for the carbon atoms of
the conformation 2model. The rotational backbone angles (φ andψ) at residue 402 are indicated.Main chain atoms are shownwith spheres,while
the side chains are represented as sticks. See also the movie in Supporting Information.
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More importantly, the transition between these two states
passes through a disallowed region of the proline-specific
Ramachandran plot. This suggests that while D402P
CBL can exist in both conformational states, the state
observed in the adenylate-forming conformation is likely
to be much more stable. Additionally, the kinetic energy
barrier to the conversion of D402P CBL from conforma-
tion 1 to 2 is predicted to be significantly higher than that
encountered by the wild-type enzyme. In order to deter-
mine the impact of restricting main chain motion at the
proposed hinge residue Asp402, we measured the steady-
state and transient-state kinetic properties of the D402P
CBL mutant.
Kinetic Properties of D402P CBL. The kcat and KM

values of the wild-type CBL and D402P CBL were
determined at pH 7.5 and 25 �C by carrying out initial
velocity experiments in which the Mg2+ activator and
two of the substrates were held at a fixed, saturating
concentration while the concentration of the third
substrate was varied (Table 3). The kcat value is reduced
300-fold in the D402P mutant. For wild-type CBL,
release of product from the second partial reaction is
6-fold slower than is the rate of product formation (4). In
contrast, product release is not rate limiting in the case of
D402P CBL (Figure 6), and therefore it appears that the
mutation causes a significant reduction in the efficiency of
product formation. The CoA kcat/KM shows by far the

largest decrease in value (1500-fold, Table 3), and this
indicates that the second partial reaction is inhibited to
the greatest extent by the mutation.
In order to measure the reduction in the rates of the

individual partial reactions catalyzed by the D402P mu-
tant, single turnover time courses were measured using
rapid quench techniques. Wild-type and D402P CBL
were reacted with [14C]4-CB and ATP in the presence
and in the absence of CoA for specified time periods,
following which the reactions were terminated with HCl
and the radiolabeled species separated and quantitated.
The time courses measured for the single turnover reac-
tion of [14C]4-CB and ATP carried out in the absence of
CoAare shown inFigure 7A,B. The datawere fitted using
first-order rate equations to define the kobs values re-
ported in Table 4. The experimental rate constant kobs is
the culmination of themicroscopic rate constants govern-
ing the substrate binding and chemical steps represented
in Scheme 2 for partial reaction 1. The value of kobs is
reduced ∼3-fold in the D402P mutant.
The time courses for the single turnover reactions

carried out in the presence of 1 mM CoA are shown in
Figure 8A-C. The time course data for [14C]4-CB con-
sumption were initially fitted with a first-order rate
equation to define the kobs values for comparison to those
measured for [14C]4-CB consumption in the reactions
carried out in the absence of CoA (Table 4). The kobs

FIGURE 6: Pre-steady-state time course for the wild-type and D402P CBL catalyzed reaction of 4-CB, ATP and CoA depicted as a plot of 4-CB
(O) or 4-CB-CoA (b) concentration vs reaction time. The initial reaction solution consisted of 10 μMwild-type CBL, 40 μM [14C]4-CB, 500 μM
ATP, 500 μMCoA and 12mMMgCl2 in 50mMK+HEPES (pH 7.5). (A)Wild-type CBL. The data were fitted to eq 4 giving the k1 for the burst
phase 60( 10 s-1 and for the following turnovers k2= 10.2( 0.7 s-1. (B)D402PCBL.Datawere fitted to a single exponential equation to define
an apparent rate constant k = 0.004 ( 0.0003 s-1.

Table 3: The Steady-State Kinetic Constants kcat and Km Measured for Wild-Type CBL (4), D402P CBL and D402A CBL in 50 mMK+HEPES (pH

7.5, 25 �C) containing 15 mM MgCl2

CBL substrate kcat (s
-1) KM (μM) kcat/KM (s-1 M -1) x-fold decrease in kcat/KM

wild type 4-CBa 9.2 ( 0.2 0.9 ( 0.1 1� 107

CoAb 9.3 ( 0.3 310 ( 30 3� 104

ATPc 11.5 ( 0.1 124 ( 4 9� 104

D402P 4-CBa 3.4 ((0.1) � 10-2 1.2 ( 0.1 3� 104 300

CoAb 3.7 ((0.1) � 10-2 2000 ( 100 2� 101 1500

ATPc 2.82 ((0.03) � 10-2 13.1 ( 0.7 2� 103 45

D402A 4-CBa 0.96 ( 0.03 2.3 ( 0.2 4� 105 25

CoAb 1.8 ( 0.2 6000 ( 1000 3� 102 100

ATPc 1.01 ( 0.01 28.1 ( 0.9 4� 104 2

aFor wild-type CBL reaction solutions contained 0.5-10 μM 4-CB, 3.5 mM ATP and 1 mM CoA. For D402 CBL mutants reaction solutions
contained 0.8-10 μM4-CB, 1.5 mMATP and 10mMCoA. bFor wild-type CBL reaction solutions contained 100-1500 μMCoA, 3.5 mMATP and 2
mM 4-CB. For D402 CBL mutants reaction solutions contained 1.2-5.0 mM CoA, 1.5 mM ATP and 20 μM 4-CB. cFor wild-type CBL reaction
solutions contained 100-800μMATP, 2mM4-CBand 1mMCoA.ForD402CBLmutants reaction solutions contained 10-500μMATP, 20μM4-CB
and 10 mM CoA.
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values measured in the presence and absence of CoA are
not significantly different.
The substrate binding, product dissociation, and che-

mical steps that, together with the conformational
changes, comprise the full single turnover reaction are
represented in Scheme 2. The simplified kinetic model
used in fitting the time course data by curve simulation
with KINSIM (25) combines these numerous steps into
two steps defining partial reactions 1 and 2 (Scheme 2).
We use the rate constants k1 and k2 derived from the data
fitting to compare the efficiencies of the respective partial
reactions. Thus, the replacement of Asp402 with Pro
decreases the efficiency of the first partial reaction
∼3-fold, and the second partial reaction ∼10000-fold.
We conclude that the D402P mutant retains the ability

to form the 4-CB-AMP intermediate but not the ability to
efficiently convert this intermediate to 4-CB-CoA. The

structure of the D402P CBL is evidence that the mutant
forms the same conformation 1 as does the wild-type
enzyme.Given that themutant is able to form 4-CB-CoA,
albeit slowly, we can argue that the mutant can also exist
in conformation 2. However, we do not know if the
mutant CBL conformation 2 is identical to the wild-type
CBL conformation 2. Therefore, it is not possible at this
time to assign the entire reduction in k2 to slow switching
from conformation 1 to conformation 2. If we are correct
in assuming that the conformer interconversion occurs
very slowly in D402P CBL, then it follows that the
“monophasic” time course measured for the first partial
(Figure 7B) indicates that in the absence of ligands, the
mutant exists predominantly as conformer 1, as indeed
was observed crystallographically (5).
Kinetic Properties of D402A CBL. In addition to ser-

ving as the key hinge residue Asp402 contributes a
carboxylate side chain, which alternates between solvent
in conformation 1 and the N-terminal active site residue
Arg400 in conformation 2. Arg400 engages in hydrogen
bond formation with the 20-OH of 4-CB-AMP bound
to CBL conformer 1. As the Asp402-Arg400 pair are

FIGURE 7: Time course for a single turnover reaction of 4-CB and
ATP catalyzed by wild-type and mutant CBL in 50mMK+HEPES
(pH 7.5, 25 �C). The final concentration of the reactants in the 27 μL
reaction mixture are 8.3 μM 4-CBA, 3.6 mM ATP, and 15.6 mM
MgCl2 and 29 μM (A) wild type CBL, (B) D402P CBL, (C) D402A
CBL. 4-CB (b); 4-CB-AMP (O).

Table 4: The apparent First-Order Rate Constants (kobs) Determined

for the 4-CB Consumption Inreactionsolutions Initially Containing 8.3

μM [14C]4-CB, 29 μM Wild-Type or Mutant CBL, 3.6 mM ATP, 15.6

mMMgCl2, and 50 mMK+HEPES (pH 7.5, 25 �C) in the Absence and

in the Presence of CoAa

kobs (s
-1)b kobs (s

-1)c k1 (s
-1) k-1 (s

-1) k2 (s
-1) k-2 (s

-1)

wild-type CBL 270 ( 10 350 ( 40 300 0.01 120 0.1

D402P CBL 84 ( 9 120 ( 20 120 10 0.012 0.002

D402A CBL 400 ( 30 182 ( 8 190 11.2 0.85 0.005

aAlso listed are the rate constants (k1, k-1, k2, k-2), defined in
Scheme 2, and derived from single turnover time course data for the
reaction solutions initially containing 8.3 μM [14C]4-CB, 29 μM wild-
type ormutantCBL, 3.6mMATP, 15.6mMMgCl2, 50mMK+HEPES
(pH 7.5, 25 �C) and 1 mM or 15 mM CoA. See Materials and Methods
for details. bReaction solutions did not contain CoA. cReaction solu-
tions contained 1mMCoA (wild-type andD402P CBL) or 15 mMCoA
(D402A CBL).

FIGURE 8: Time course for a single turnover of 8.3 μM 4-CB, 3.6
mM ATP, 15.6 mM MgCl2, CoA and 29 μM CBL in 50 mM
K+HEPES (pH 7.5 and 25 �C). (A) Wild-type CBL with 1 mM
CoA; 4-CB (O), 4-CB-AMP (Δ), 4-CB-CoA (0). (B, C) D402P CBL
with 1 mM CoA; for (B) 4-CB (b), 4-CB-AMP (O); for (C) 4-CB-
AMP (Δ), 4-CB-CoA (0). (D, E) D402A CBLwith 15 mMCoA: for
(D) 4-CB (b), 4-CB-AMP (O); for (E) 4-CB-AMP (Δ), 4-CB-CoA
(0). The rate data were fitted to the kinetic model shown in Scheme 2
using KINSIM (25).
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stringently conserved among CBLs and highly conserved
within the superfamily, we wondered if the Asp402 side
chain plays a direct role in cap domain alternation by
stabilizing conformation 2 though electrostatic interac-
tion with Arg400. To explore this possibility, the Asp402
was replaced with Ala and the kinetic properties of the
D402A CBL mutant were determined. First, the D402A
mutant is similar to the D402P mutant in that the CoA
kcat/Km shows the largest decrease in value, but compared
to the 1500-fold reduction observed for D402P CBL, the
100-fold reduction observed for D402A mutant is less
impressive (Table 3). Nonetheless, this result indicates
that the second partial reaction is the most effected by the
mutation.
The time course measured for the single turnover

reaction of [14C]4-CB and ATP carried out in the absence
of CoA is shown in Figure 7C and the kobs value derived
from the data set is reported in Table 4. A comparison of
the kobs values of Table 4 reveals that in contrast to the
D402P mutant, which shows a 3-fold decrease in effi-
ciency of catalysis of the first partial reaction, the D402A
mutant appears to be slightly more efficient than wild-
type CBL. The time courses for the single turnover
reactions carried out in the presence of CoA are shown
in Figure 8D,E. The time course data for [14C]4-CB
consumption were initially fitted with a first-order rate
equation to define the kobs values for comparison to those
measured for [14C]4-CB consumption in the reactions
carried out in the absence of CoA (Table 4). The kobs
value measured in the presence of CoA is 2-fold smaller
than that measured in the absence of CoA. We attribute
the decrease to the high concentration of CoA (15 mM)
that was used in the reaction for the purpose of achieving
saturation of the mutant. The simplified kinetic model
depicted in Scheme 2 was used in fitting the time course
data by curve simulation with KINSIM (25) to show that
the k2 value is significantly reduced (140-fold) whereas the
k1 value is not (Table 4). Thus, the replacement of Asp402
with Ala selectively decreases the efficiency of the second
partial reaction. The fact that the 140-fold reduction
observed with the D402A is considerably smaller in
magnitude than the reduction observed with the D402P
mutant (10000-fold) suggests that the flexibility of the
Asp402 main chain is more critical to catalysis than is the
formation of the Asp402-Arg400 ion pair.

CONCLUSION

The results presented in this paper show that restriction
of main chain motion at position 402 greatly impairs the
transformation of the 4-CB-AMP intermediate formed in
the first partial reaction to the final product 4-CB-CoA
formed in the second partial reaction. We interpret this
finding as supporting evidence for the proposed role of
Asp402 as the hinge that allows the alternation of the C-
terminal cap domain between two catalytically active
conformations to take place as is required for catalysis of
the two-step reaction sequence. Domain alternation in
CBL catalysis is necessary because two catalytic residues,
Lys492 and His207, that activate the aryl carboxylate for
attack on the R-phosphate of ATP in the adenylation
reactionmust be repositioned to allow theCoA thiol group

to attack the benzoyl carbonyl carbon of the 4-CB-AMP
intermediate in thioesterification reaction (4, 8). This task
is accomplished by rotation of the C-terminal domain,
which moves Lys492 greater than 20 Å from the active site
and rotates Glu410 into the active site where it acts to
pull the side chain of His207 away from the reaction
center (4, 8).

SUPPORTING INFORMATION AVAILABLE

A short movie that depicts the steric clash that results
from the torsion around theψ angle of the hinge residue in
the absence of the preceding rotation around the φ angle.
The imine ring of the proline substitution restricts the
necessary rotation around φ in the D402P mutant protein.
This material is available free of charge via the Internet at
http://pubs.acs.org.
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