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ABSTRACT: 4-Chlorobenzoate:CoA ligase (CBAL) is a member of a family of adenylate-forming enzymes
that catalyze two-step adenylation and thioester-forming reactions. In previous studies, we have provided
structural evidence that members of this enzyme family (exemplified by acetyl-CoA synthetase) use a
large domain rotation to catalyze the respective partial reactions [A. M. Gulick, V. J. Starai, A. R. Horswiill,

K. M. Homick, and J. C. Escalante-Semerena, (20Bi®chemistry 422866-2873]. CBAL catalyzes

the synthesis of 4-chlorobenzoyl-CoA, the first step in the 4-chlorobenzoate degredation pathway in PCB-
degrading bacteria. We have solved the 2.0 A crystal structure of the CBAL enzym@élcatigenes sp.
AL3007using multiwavelength anomalous dispersion. The results demonstrate that in the absence of any
ligands, or bound to the aryl substrate 4-chlorobenzoate, the enzyme adopts the conformation poised for
catalysis of the adenylate-forming half-reaction. We hypothesize that coenzyme A binding is required for
stabilization of the alternate conformation, which catalyzes the 4-CBA-CoA thioester-forming reaction.
We have also determined the structure of the enzyme bound to the aryl substrate 4-chlorobenzoate. The
aryl binding pocket is composed of Phel84, His207, Val208, Val209, Phe249, Ala280, 1le303, Gly305,
Met310, and Asn311. The structure of the 4-chlorobenzoate binding site is discussed in the context of the
binding sites of other family members to gain insight into substrate specificity and evolution of new
function.

In this paper we report the three-dimensional structure of Scheme 1

the bacterial enzyme 4-chlorobenzoyl-CoA ligase (CBAL, 0 o)

EC 6.2.1.33), both unliganded and bound to its substrate co, Y-scon Y scon co,’
4-chlorobenzoate (4CBA). 4CBA is an environmental pol- ATP, GoASH H0 H,0
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sp. AL3007and in other opportunistic 4CBA degrading o TP ConCon o
bacteria, CBAL catalyzes the first step of the 4CBA cl Ligase Gl Denalogenass OH  Thoestrase

dehalogenation pathwayl)( It has been speculated that ]
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Scheme 2: Two-Step Reactions Catalyzed by the Three Subfamilies of the Adenylate-Forming Family of Enzymes

NRPS Aden. NH3 CH(R)CO, + ATP —  NHs'CH(R)CO-AMP 1
)

domain NH;"CH(R)CO-AMP + PPant —  NH;"CH(R)CO-PPant )

Acyl-CoA RCO; +ATP —  RCO-AMP N

Synthetase RCO-AMP + CoA - RCO-CoA @

Firefly Luc-CO, + ATP - Luc-CO-AMP %))

Luciferase Luc-CO-AMP + O, - Luc* — light @

a2 PPant represents the phosphopantetheine cofactor for the NRPS carrier protein domains which follow the adenylatiorRlen@iinC6H4
for CBAL.

reaction involves adenylation of 4CBA by MgATR £ 130 an angle o~14(C is needed to superimpose this domain on
s 1) while the second is the nucleophilic attack of the CoA the C-terminal domains of the NRPS adenylation domains.
thiol on the mixed anhydride to form the CoA thioestkr ( We have proposed that conformation 1 (Figure 1A) catalyzes
=100 s?). the adenylate-forming reaction while conformation 2 (Figure

CBAL is a member of the adenylate-forming enzyme 1B) catalyzes the thioester-forming reaction. The kinetically
superfamily 6). The enzymes are 5600 residues in length  independent catalytic sites implicated by the transient kinetic
and are usually soluble however membrane-bound proteinsstudies of the CBAL reactiord] could therefore be rational-
have also been identified that are involved in fatty-acid ized not as fully unique active sites for the two half-reactions
uptake and metabolisn?,(8). The adenylate-forming family ~ but, rather, as mediated by the opposing faces of the
contains three subfamilies, the acyl- and aryl-CoA synthe- C-terminal domain. The adenylate-forming enzymes there-
tases or ligases, the adenylation domains of the nonribosomafore appear to utilize domain alternation, in which an enzyme
peptide synthetases (NRPS8), @nd firefly luciferase 10). adopts two different conformations to catalyze individual

All adenylate-forming enzymes catalyze a two-step ping- steps of a multistep reactioB4), in the formation of 4CBA-
pong reaction11, 12) in which the first half-reaction is an  CoA.

adenylation of a carboxylic acid, creating an acyl- or aryl-  |n this paper we present the structures of CBAL in the
adenylate associated with the release of pyrophosphateynliganded state and bound to 4CBA. The aryl substrate
(Scheme 2). The acyl and aryl-CoA synthetases catalyze CoApinding pocket is identified and analyzed in comparison to
thioester formation from adenylated short or long chain fatty other aryl-CoA ligases25). The CBAL structure will be
acids or adenylated benzoic acid derivatives. The nonribo- ysed, together with structures of the dehalogenase and
somal peptide synthetases (NRPSs) are composed of numetthioesterase2, 27), in future studies to launch the redesign
ous catalytic domains linked in a modular fashion, often of the 4CBA b|nd|ng site for an expanded range of
within a single polypeptide that can be thousands of residuessypstituted benzoates as a first step toward adaptation of the

inlength @, 13, 14). The adenylation domains of the NRPSs  4CBA pathway for general bioremediation applications.
serve as the entry point for amino acid binding and therefore

dictate most, though not alL ), of the sequence of the final METHODS
peptide. During peptide synthesis, the nascent peptide
remains covalently attached to the NRPS through the Materials. PEG4000, AMP, and 4-CBA were purchased
pantetheine cofactor of the adjacent carrier protein domains.from SIGMA. All other chemicals were of reagent grade.
Usually, the carrier protein domain is located immediately  Protein Purification.C-terminal His-tagged recombinant
C-terminal to the adenylation domain in the multidomain Alcaligenes sp. AIB00ZBAL (keat= 9 %, Mg-ATP K, =
NRPS protein however examples of intermolecular transfer 0.12 mM, CoAK, = 0.31 mM, and 4CBA, = 0.001 mM
to a carrier protein domain located on a separate polypeptideat pH 7.5 and 25°C) was prepared by IPTG-induced
have also been reported6—18). The third subfamily, expression of the Sphl-Bglll-pQE-70-CBAL in transformed
containing firefly luciferase, catalyzes the oxidative decar- Escherichia colidM109 cells followed by Ni-NTA Agarose
boxylation of the adenylate in the second half-reaction. column chromatography of the cell lysate as described in S.
The crystal structures of at least one representative fromY. Lai, X. Lu, W. Zhang, A. C. Layton, G. S. Sayler, and
each subfamily have been reported. Specifically, the currentD. Dunaway-Mariano (manuscript in preparation). The
library includes the structures of luciferaded), the phenyl- protein was concentrated t610 mg/mL in 20 mM KrHepes
alanine activating domain (PheA) from gramicidin synthetase (pH 7.5)/200 mM KCI/1 mM DTT and frozen by pipetting
S (20), the 2,3-dihydroxybenzoate activating domain (DhbE) directly into liquid nitrogen 28). Aliquots of CBAL were
from the Bacillus subtilisbacillibactin NRPS systen?(), thawed daily for crystallization experiments. The SeMet
and the acetyl-CoA synthetases (Acs) frddalmonella labeled enzyme was prepared by IPTG induction of trans-
enterica(22) and yeastZ3). The enzymes are composed of formed cells grown in 50ug/mL ampicillin-containing
two o,f-domains: the large N-terminal domain and the minimal media, which was supplemented witHysine,
smaller C-terminal domain, which has been observed in two L-phenylalanine,L-threonine at 100 mg/L each, and
distinct conformations in different crystal structures (Figure isoleucinep-leucine,L-valine, and.-selenomethionine at 50
1). Analysis of the structure of acetyl-CoA synthetase (Acs) mg/L each 29). The purification procedure was modified
from Salmonella entericdound to CoA and adenosiné-5  to include 2 mM DTT in all purification buffers and 10 mM
propyl phosphate, a mimic of the adenylate intermed2®} ( DTT in the storage buffer. The specific activity of the SeMet
illustrates that a rotation of the C-terminal domain through CBAL was the same as the native enzyme.
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Crystallization of CBALThe CBAL protein was screened
for crystallization using sparse matrix screenirg,(31)

A using 120 unique crystallization cocktails. Showers of small
crystals were observed withi5 h of setup of the hanging
drop experiment. The conditions were refined and crystals
suitable for data collection were obtained from hanging drop
experiments at 4C using a precipitant of-68% PEG 4000,
10% glycerol, 0.240.28 M CaC}, and 50 mM CHES (pH
9.0). Crystals mounted in a quartz capillary or cryocooled
at —170°C in a stream of Bl gas after cryoprotection with
increased glycerol concentration routinely diffracted to a
maximum resolution of~3.5 A. The space group was
determined to be eithd?3,21 orP3,21 witha=b = 129.3
A, ¢ = 71.5 A. Slight improvements were observed by
soaking the crystals for-12 min in solutions containing a
higher concentration of PEG4000. The final cryoprotection
protocol involved transferring the crystals through five
solutions containing increasing salt, glycerol, and PEG
concentrations for one minute each. The final cryoprotectant
contained 20% PEG4000, 25% glycerol, 0.3 M Ga@hd
50 mM CHES (pH 9.0). Through this protocol, the diffraction
consistently improved to as high as 2.2 A using in-house
X-radiation; associated with the improvement in resolution
was a shortening of all three cell lengths of the crystal lattice
by ~3%.

Structure Determination and RefinemeAttempts were
made to solve the structure of CBAL using molecular
replacement using a low-resolution data set. Search models
included the full length and N-terminal domains of Acs and
PheA. Despite high structural similarity between family
members, no suitable solutions were obtained. The final
structure of CBAL was determined through multiwavelength
A - C anomalous dispersion using SeMet labeled protein. MAD
{\.)' ' . data were collected at beamline12C of the National

Synchrotron Light Source at Brookhaven National Labora-
tory. Data were collected at three wavelengths using 0.5
C rotations and 20 s exposures per frame. The detector was a
< p < o Brandeis 2x 2 CCD-based detector and the crystal to
._,,% detector distance was 225 mm. Additional data collection
A statistics are presented in Table 1.
i The heavy-atom substructure was solved udmgp, an
automated interface for the determination of protein structure

et Boman HeminetGoman (32). All three wavelengths were used, and the default
settings were applied. THenBalgorithm was able to locate
Proposed Adenylate-forming Proposed Thicester-forming all 10 of the Se sites. The positions of the ten Se atoms were

Conformation (PheA, CBAL) Conformation (Acs) found among the top 11 peaks identified 8yB Because
the true space group was unknown, the enantiomorph

Ficure 1: Distinct conformations in the adenylate forming family ~ determination feature dnPwas utilized. Using unrefined
of enzymes. Ribbon diagrams of (A) PheA domain bound to AMP protein phases, the ratio of the standard deviations of the

and phenylalanine, PDB entry 1AMQQ), and (B)S. entericaics electron density in the protein and solvent regions were 1.15

bound to adenosine-propyl phosphate and CoA, PDB entry 1PG4 . o
(22). For both proteins, the larger N-terminal domains are shown fOr P3i121 and 1.74 foiP3,21, clearly identifying the latter

with blue strands and red helices and the C-terminal domains areas the true space group. The refined phases were used for
shown in tan. The active site contents are shown in ball-and-stick automated chain tracing with RESOLVE3J). Approxi-
configuration. For the PheA structure, the AMP and Phe molecules mately 300 residues (of 504) were positioned by RESOLVE;

mimic the adenylate at the end of the first half-reaction. The Acs e . . . .
structure, in contrast, contains the alkyl-adenylate, adenosine-5 & additional 175 residues were built manually into Fourier

propyl phosphate, and the CoA and has been proposed to represerf’aps created with the refined, solvent-flattened phases output
the structure of the enzyme at the start of the second half-reaction.from both RESOLVE and PHASES34).

The C-terminal domains contain the same secondary structural The traced model was refined initially with CNS5)
elements however the Acs structure contains an additional o q5inst a moderate resolution data set collected in-house
helices. (C) A schematic diagram depicting the rotation of the - /Ko X-radiafi TheRf d df 39.20¢
C-terminal domain leading to the conformational differences using Cu/ka ,'ra iation. -factor dropped from 39.2%
observed in the bacterial Acs enzyme and the PheA and CBAL t0 28.3% while the Rfree went from 39.0% to 30.6%. To

structures. obtain an atomic model refined against the highest resolution
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Table 1: Crystallographic Data for SeMet Data Sets

SeMet peak SeMet inflection SeMet remote SeMet #2 nativiCBA
wavelength 0.97934 A 0.97959 A 0.95A 0.95A 1.54 A
resolution 25A 25A 25A 2.0A 2.2 A
unit cell @ = b) 124.7 A 124.7 A 124.7 A 1242 A 124.7 A
unit cell () 68.9 A 68.9 A 68.8 A 69.0 A 68.9 A
Rinergd™® 7.3% (17.1%) 8.5% (27.4%) 9.2% (30.9%) 8.5% (51.6%) 6.6% (37.3%)
completeness 99.9% (100%) 99.9% (100%) 99.8% (100%) 100% (99.7%) 96.1% (78.5%)
llo 15.1 115 10.2 9.1 13.6
no. of observations 93567 103670 112553 239238 74606
no. of reflections 21617 21616 21591 41581 30276

2 Values for the highest resolution shell are given in parenth&$g.ge= [ (|Ini — Inl)/3 In], wherely andly are individual and mean intensities
of all equivalent reflections, respectively.

Table 2: Refinement Statistics

unliganded 4CBA-bound
resolution range 25.0-2.0A 25.0-2.2 A
Reryst (0verall/highest resolution shéll) 18.3% (23.2%) 17.8% (25.6%)
Riree (0verall/highest resolution shéll) 20.6% (25.7%) 22.1% (33.4%)
Wilson B-factor 252 & 40.8 &2
average B-factor, overall 16.0°A 323k
average B-factor, protein 14.6,14.0,15.2 A 31.1,30.8,31.5A
(all, main chain, side chain)
average B-factor, solvent 32.5 A (340) 45.6 & (325)
average B-Factor, ligands and metal<ion 31.5 (1) 48.4 & (11)
RMS deviation bond lengths, angles 0.009 A, 1063 0.011 A, 1.208

2The highest-resolution shell is from 2.05 to 2.00 A for the unliganded protein and 2.26 to 2.20 A for the protein bound td RgaAnd
Riree = [ Y h(|Fobs — Feaid)/Y nFobd, WhereFopsandFcqc are observed and calculated structure factors.Riagdata set included 5% of the reflections.
¢ Total number of atoms used in calculation in parentheses.

data available, we used the remote wavelength data set of af Lee and Richards4d), with a probe sphere of 1.4 A and
second crystal grown from SeMet labeled protein (SeMet a z step of 0.25 A.

#2). These data were also collected at beamkri2C of Deposition of Atomic CoordinatesThe final atomic
Brookhaven National Laboratory on a crystal that diffracted coordinates and structure factors for both the unliganded
to 2.0 A. SeMet-labeled and 4CBA-bound proteins have been depos-

An additional data set was collected using an in-house ited with the Protein Data Bank (accession codes 1T5H and
X-ray source and a crystal that was grown in the presencelT5D, respectively).
of 1 mM AMP and 1 mM 4CBA. The crystal was
cryoprotected using the same protocol for the unliganded RESULTS
crystals with solutions containing 1 mM AMP and 4CBA.
Data collection statistics are presented in Table 1. The
structure was solved by difference Fourier methods using
the native model from which all solvent molecules had been
removed. Despite the presence of both ligands in all
solutions, examination of the active site density revealed clear
density for the 4CBA molecule only. Refinement of both

Structure Determination and Refinemenie structure of
CBAL was determined by MAD phasing using SeMet-
labeled protein. The protein crystallized in the trigonal space
group P3,21. Maximum resolution data were obtained by
transferring the crystals incrementally to higher concentra-
tions of salt, glycerol, and PEG4000, which decreased the
; lengths of the unit cell axes and improved the diffraction
models were performed with CN39) and REFMA.C .0 considerably. The heavy atom substructure was solved, and
(36). The refined model of _the 4CBA molecule_ is in close phases were refined, usifgnP (32). The enantiomorph
agreement to the geometric parameters obtalned from thedetermination feature dnPwas able to identify the correct
crys:ta] structures of 4CB.A alon&T, 38). Final refinement space groupP3,21. The atomic model was refined against
statistics are preseptgd in Table 2'. ) ) data obtained from crystals of SeMet-labeled protein. The

Because of the distinct conformational orientations of the final model for the unliganded protein contains 498 residues;
C-terminal doma|n,We applled the TLS (tranSlatlon, ||brat|0n, the model for the protein bound to 4CBA contains 502
screw-rotation displacements) feature of REFMAC in the residues. The crystallized protein also contains a C-terminal

final stages of refinemen8g). The two domains, residues RSHHHHHH tag which was used for purification however
1-401 and 402-504, were considered as distinct domains the entire tag is disordered. Additionally, there are two

with TLS to model anisotropic displacements of each domain disordered regions in the protein chain. One of these loops,

as a rigid body. Incorporation into refinement resulted in a residues 162165, is part of a highly conserved TSG(S/T)-
~1% decrease in both the crystallographic and free R-factors.TGxPKG motif that is disordered in several of the previously
Computational AnalysisStructural alignments were per-  determined structures of adenylate-forming enzyme. In Acs
formed with ALIGN (40) and LSQKAB @1). Figures were  and DhbE, the two structures where this loop was ordered,
generated with PYMOL42). Surface area calculations were it adopts different conformations; this region may interact
performed with SURFACE43), which uses the algorithm  with the3- andy-phosphates of ATP in a manner similar to
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C-terminal

A ‘ ' Domain

-~ -~ ;
N-terminal ‘.‘ ’ ' g ___:-:-_-_.“CBA' .\@ :

i

Domain

Phel84

) . . . Ficure 3: Ribbon diagrams of CBAL. (A) A ribbon representation
FIGURE 2: Representative electron density. (A) A region of the ¢ e CBAL protein bound to 4CBA. The molecule of 4CBA is
multiple anomalous dispersion experimental electron density map ghoun in green ball-and-stick representation. The three sheets of
contoured at & is shown for the mainj-sheet present in the  yho N_terminal domain are shown in blue (sheet A), cyan (sheet
C-terminal domain. The map was generated using data Bom B), and magenta (sheet C). Bound to 4CBA, the protein is in the
(32) and RESOLVE @1). (B) An unbiased electron density map  .qnormation 1 seen previously in PheA, DhbE, and the yeast Acs1

cal;:ulated with c%e;ficients of the f(_?_rhﬁn-Fc is shown contméred. enzyme. The Lys492 residue is directed into the active site, though
at 2.5 (cyan) and 3.6 (magenta). The map was generated prior s Sige chain is disordered. The two strands shown in yellow, and

}:? the ?dditiotr;] of thg at(I)r?ic cgotLdinartles CI’.f t;‘e d4CB|A f"gag% 4 the loop connecting these strands contain residues that interact with
resent near tne carboxylate and the pnenolic hyaroxyl of 1yrs4 the active site in the alternate conformation seen in the bacterial

is partial electron density for a water molecule. Acs structure 22). (B) A ribbon representation of the CBAL dimer

.. . . illustrating that the N-terminal domain is used as the dimer interface.
traditional P-loops45, 46). Mutation of CBAL loop residues  The figure is shown viewed down the crystallographic 2-fold. The
Gly163, Gly166, Prol68, and Lys169 results in impaired upper subunit is rotated approximately’Zéom the view in pane

catalysis of the CBA adenylation partial reactids). (A A

second loop, located at residues +101, is disordered in

the unliganded structure however sufficient density was coordinated between Asp483 and GIn484 of one subunit and
present to allow modeling of this region of the structure for Asp472 of a crystallographically related molecule. The final
the protein bound to 4CBA. In the liganded structure, the refinement statistics are presented in Table 2. Representative
density is still weak and the overall B-factor for this region experimental electron density is shown (Figure 2).

is higher (60.9 &) than for the N-terminal domain average The CBAL protein is considerably smaller than other
(38.9 A?). The homologous loop in Acs is considerably members of the adenylate-forming family. The N-terminal
longer and contains an Arg residue (Arg191) that interacts domain consists of residues-401, with Asp402 serving as
with the phosphate of CoA in the structure of A@R). This the hinge for the proposed domain motion described above.
loop of CBAL contains an Arg residue at position 111, which The overall structure of the CBAL protein is similar to
may serve a similar role. The unliganded protein contains previously determined structures for adenylate-forming en-
14 residues for which the side chains were disordered (Arg87,zymes (Figure 3). The pairwise alignment of all six adenylate
Vall09, GIn112, Vall13, Asp115, Phell8, GIn149, Ser162, forming enzyme structures was determined using ALIGN
Asn347, Asn491, Lys492, Arg496, GIn500, and Ser503). The (40). With the exception of the two Acs enzymes, the overall
protein bound to 4CBA contains seven residues with rms deviations for pairs of different N- and C-terminal
disordered side chains (Arg1l11, Thrl65, Glu230, Asn491, domains are similar (Table 3). It is interesting to note that
Lys492, Arg496, and GIn500). These residues are all locatedenzymes of the adenylate-forming family are not more
on the surface of the protein and are included in the final conserved in sequence identity or structural homology within
model as alanine residues. Each model containedaiGa a single subfamily than between different subfamilies. CBAL,
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Table 3: Sequence Identity (%) and rms Deviation (A) between Structurally Characterized Members of the Adenylate-Formiag Family

Acs (S. ent.) Acsl (yeast) CBAL DhbE PheA
Acsl (yeast) 425% 0.9 A/1.1A
CBAL 20.9% 2.0 A/1.5 A 21.2% 1.9 A/1.6 A
DhbE 21.9% 1.9 A/15A 18.7% 1.9 A/1.3 A 24.4% 2.0 A1.2 A
PheA 20.7% 2.1 A/1.5 A 19.4% 2.1 A/1.7 A 18.6% 1.9 A/1.4 A 24.0% 1.9 A/1.5 A
Luc 21.2% 2.0 A/1.6 A 20.9% 2.0 A/1.5 A 23.0% 2.0 A/1.3 A 252% 1.9A/15A 20.4% 1.8 A/1.6 A

a2 RMS deviations represent values for the N- and C-terminal domains.

A A

G305 G305
® » A280 = » A280
\ N311 N W N3t L
‘ 4 ‘ 4
V208 & 1303 V208 ¥ 1303
e -
4 ?’-.
© N F184 “ % F18a
r o
B propylAMP B propylAMP
A ’
Baos A =bcssos
& (CBAL) * & (CBAL)
\ h "l . A
Wd14(acs) 4CBA W414(Acs) ACBA

Ficure 4: (A) The binding pocket for the 4CBA substrate. The CBAL main chain is represented with a ribbon; select side chains are
shown with carbon atoms colored green, oxygen atoms red, and nitrogen atoms blue. The 4CBA molecule is shown in gold. Gly305,
without a side chain, is positioned between Tyr304 and Thr306. (B) A comparison of the active sites of bacterial Acs and CBAL. Atoms
shown in yellow and green are from the Acs structure; the atoms in magenta and blue are from CBAL. The adepospy{thosphate

molecule (propylAMP) illustrates the position of the adenylate intermediate in Acs. The ribbon represents a single region from the enzymes
(VHDTWWQT of Acs and VONIYGTT of CBAL) and illustrates how the Trp414 of the Acs enzyme closes off the active site to larger

acyl substrates. The replacement of this residue with Gly305 in CBAL and nearly all other family members allows the enzymes to accommodate
larger substrates.

for example, exhibits higher sequence identity with luciferase There are no large conformational changes of the protein
and DhbE than with the Acs enzymes. upon binding 4CBA. The rms deviation between the un-

The quaternary structure of CBAL demonstrates that the liganded and liganded structure is 0.2A for altGtoms.
protein is a dimer (Figure 3B). This is consistent with ~ The 4CBA aryl substrate occupies the same binding pocket
biochemical analyses for the enzyme fréseudomonagl) as the phenylalanine and 2,3-dihydroxybenzoate rings of
or AlcaligenegX. L. and D. D. M., data not shown). Inthe PheA and DhbE, respectively. The binding pocket for 4ACBA
crystalline lattice, the dimer aligns around a crystallographic is composed of Phe184, His207, Val208, Val209, Phe249,
2-fold along the major axes. The dimer interface was Ala280, 11e303, Gly305, Met310, and Asn311 (Figure 4).

determined to be 138GAwhich represents 7% of the total ~ Surprisingly, the orientation of the ring is rotated ©p0°
surface area of a monomer. relative to the ring in the PheA structure. The ring of the

2,3-dihydroxybenzoate substrate of DhbE was also observed

Structure of Liganded Proteing.o gain insight into the to be in the orientation similar to CBAL .

catalytic activity of the enzyme, we grew crystals in the
presence of 4CBA and AMP. It was anticipated that the DISCUSSION

enzyme would bind to both substrates and reveal an

adenylate-like complex in the active site. The structure of We have presented the structure of CBAL in the un-

the 4CBA-bound protein was solved by difference Fourier liganded state as well as bound to the aryl substrate 4CBA.
methods; final refinement statistics are shown in Table 2. Analysis of the enyzme active site and overall conformation
Upon determination of the structure, there was no apparentin relation to previously determined structures of related

density for the nucleotide however unambiguous electron enzymes provides insights into the structure/function rela-
density was observed for the 4CBA molecule (Figure 2B). tionships of this family of enzymes.
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Analysis of the Actie Site of CBALAIthough the AMP specificity determining residue. This residue is an aspartic
molecule was not present in our liganded model, we acid in PheA, where it interacts with the amino group of the
compared the AMP binding site of Acs to CBAL structure. phenylalanine substrate. In DhbE, this residue is Asn235 and
Many of the residues that interact with the AMP moiety of interacts with the 2- and 3-hydroxyls of the 2,3-dihydroxy-
Acs are conserved. Asp411 of Acs, which interacts with the benzoate substrate. In Acs and CBAL, the homologous
N6 amino group of AMP is replaced by Asn302 in CBAL; residue is a valine, while in the plant 4-coumarate:CoA

Asp500 of Acs interacts with thé and 3 hydroxyls of AMP ligases, this residue is an lle. In these enzymes, this residue
and is retained in CBAL at position Asp385. In Acs, the makes van der Waals contacts with the substrate.
completely conserved Arg515 interacts with théngdroxyl The substrate-binding pockets of other aryl-CoA ligases

as well. The side chain of the homologous residue in CBAL, have been studied through mutagenesis and the con-
Arg400, is directed out of the active site suggesting that it struction of hybrid enzymes. The homologues of CBAL
rotates into position upon binding of the nucleotide. Ad- residues Ala280 and lle303 were mutated in a bacterial
ditional differences in the AMP binding pocket exist between cinnamate:CoA ligases(). In this study, mutating alanine
Acs and CBAL. In the Acs structure, the main chain region residues to glycines increased the size of the binding pocket
of Gly387, Glu388, and Pro389 forms a nearly planar group allowing the enzymes to use more effectively a variety of
that stacks against the adenine rirRp)( This region of substituted aromatic substrates. We have identified 11e303
CBAL (Gly281-Thr283) adopts a different conformation that and Gly305, as well as Met 310 and Asn311, as being part
directs the side chain of Ala282 into the adenine binding of the binding pocket for 4CBA. A study of soybean
pocket suggesting that this region of CBAL will reorient upon 4-coumarate:CoA ligase demonstrated that not only are the
binding the nucleotide. GIn415 of Acs interacts with the 3 homologues of these residues important for activity, but
hydroxyl of AMP and is replaced in the CBAL structure by mutation of the intervening sequences also caused a loss in
Thr306. Unless the main chain is reoriented, the threonine activity for a number of substrate§1). This suggests that
side chain is too short to allow any interactions to occur with the four-residue loop connecting these two active site regions

the ribose hydroxyls. is important for proper formation of the aryl substrate binding
The Alcaligenes sp. AL300ZBAL shares 57% sequence pocket.
identity with thePseudomonas sp. CBEBAL and 44% Domain Alternation and the Adenylate-Forming Family

sequence identity withArthrobacter sp. strain Uenzyme of EnzymesThe structure of CBAL is of the conformation
(47). The residues of the CBA binding pocket (Phel84, seen previously for other adenylate-forming enzymes that
His207, Val208, Val209, Phe249, Ala280, le303, Gly305, are either unliganded or bound to compounds that mimic
Met310, and Asn311) are conserved with the exception of the adenylate intermediat@q, 21, 23). We have proposed
Val208 and Val209, which in the Arthrobacter ligase are previously that the adenylate-forming family of enzymes use
Asn and Leu, respectively. The large substrate activity a domain alternation strategy in which the enzyme adopts
constant Ke./Km = 1 x 10° M~ s71) measured for 4CBA  two different conformations to carry out individual steps of
with the Alcaligenesenzyme argues that 4CBA is in fact a multistep reaction. The work presented here supports that
the physiological substrate. Substrate specificity studies arehypothesis; for the thioester-forming members of this enzyme
underway, and preliminary results indicate that benzoate andfamily, all crystallographic models demonstrate that the
phenylacetate are very poor substrates, as we might expacenzymes adopt conformation 1 in the unliganded state or
based on the structure of the 4CBA binding pocket. when bound to the carboxylate substrate alone or with
Analysis of the protein structure bound to 4CBA identifies nucleotide. The binding of CoA is the apparent trigger to
the residues that line the hydrophobic binding pocket for form conformation 2 that was observed in the structure of
4CBA. Comparison of the active site structures of Acs and the Acs bound to the inhibitor and to Co23). The rotation
CBAL clearly demonstrates the role of the Trp414 residue of the C-terminal domain reconfigures a single active site
of Acs as closing the active site allowing Acs to operate to catalyze the two distinct half-reactions and provides an
most effectively with the smaller substrates (Figure 4B). explanation for the kinetic independence of the two partial
Sequence alignment demonstrates a tryptophan in acetyl- andeactions observed with CBAL4).
propionyl-CoA synthetases and a glycine in CBAL, PheA, Enzymes with limited sequence homology often use a
DhbE, luciferase (Figure 5), and nearly all other family common structural and mechanistic architecture to catalyze
members. The appearance of a tryptophan at this positionchemically similar reactionss@, 53). If this idea holds for
distinguishes the enzymes for small acyl substrates from otherthe adenylate-forming enzymes, it implies that the three
family members. The residues that form the 4CBA-binding subfamilies would all utilize the conformational change of
pocket are similar to those residues that form the NRPSthe C-terminal domain. Nevertheless, it is valuable to
adenylation domain binding pockets, but some notable consider the three sub-families separately. The cumulative
differences (Figure 5) from the pockets defined in previous evidence is strongest for the acyl- and aryl-CoA synthetase
studies do exist48). For instance, Phe 184 of CBAL serves subfamily, for which three crystal structures have been
a similar role as Trp239 of PheA in closing the base of the determined. While no single enzyme has been structurally
substrate binding pocket but, remarkably, the two residuescharacterized in multiple conformations, the Acs enzymes
approach the pocket from opposite sides. from yeast 23) and S. enterica(22) illustrate the two
Several studies have used the previously determined NRPSroposed conformations. Additional biochemical evidence
adenylation domain structures to model the substrate-bindingsupports the domain rotation. The active-site lysine residue
pockets of plant aryl-CoA synthetases, in particular, the from the C-terminal domain has been shown to be involved
4-coumarate-CoA ligases. Schneider et48) bave proposed in catalysis of the adenylation but not the thioester-forming
that the homologue of CBAL Val208 is an important reaction through site-directed mutagenesis of this residue in
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CEAL et e e EE LR MQTVNEML-RRAATRAP---D
DhbE 1 MLKGFTPWPDE - --LAETYRKNGC TFGDLL-RDRAAKYG---D
LUCF 1 -- ] MEDAKNIKKG--~PAPFYPLE----==========~ DGTAGEQL-HKAMKRYALVPG
Acs-Se 1 MSQTHKHAIPANIADRCLINPEQYETKYKQSINDPDTFWGEQGK- ILDWITPYQKV---KNTSFAPGNVSIKWYEDG-—--- TLNLAANCLDRHLQENG---D
Res-Se 53 PISDRLQPATATHYSPHLDGLQDYQRLHKESIEDPAKFFGSKATQFLNWSKPFDKVFIPDPKTGRPSFQNNAWFLNG--- -~ QLNACYNCVDRHALKTP---N
PheA 1 LNSSKSILIHAQN---KNGTHEEEQYLFAVNNTKAEY PROKTIHQLF-EEQVSKRP-—-N
[
CEAL 18 HCALAVPA----RGLRLTHAELRARVEAVAARLH-ADGLRPQORVAVVAPNSADVVIATLALHRLGAVPALLNPRLKSAELAELTKRGEMTAAVIAV-—-———
DhbE 41 RIAITCG------ NTHWSYRELDTRADRLAAGFQ-KLGIQQKDRVVVQLPNIKEFFEVIFALFRLGALPVFALPSHRSSEITYFCEFAEARRYIIPD- - --AY
LUCF 39 TIAFTDAH----IEVNITYAEYFEMSVRLAEAMK-RYGLNTNHRIVVCSENSLOFFMPVLGALFIGVAVAPANDIYNERELLNSMNISQPTVVEVSK-----~

Acs-5e 92 RTAIIWEGDDTSQSKHISYRELHRDVCRFANTLL-DLGIKKGDVVAIYMPMVPEAAVAMLACARIGAVHSVIFGGFSPEAVAGRIIDSSSRLVITADEGVRAG
Acs-5c 148 EKKAIIFEGDEPGQGYSITYKELLEEVCQVAQVLTYSMGVRKGDTVAVYMPMVPEAIITLLATISRIGATHSVVFAGFSSNSLRDRINDGDSKVVITTDESNRGG

Phel 55 HNVAIVCE------ NEQLTYHELNVEKANQLARIFI-ERGIGKDTLVGIMMEKSIDLFIGILAVLKAGGAYVPIDIEYPKERIQY ILDDSQARMLLTOK~~~~~~
CBAL 110 ~----GRQVADAIFQSGS--GA-RIIFL-=============== GDLVRDGEPYSYGPP---—--~ IEDPQREPAQ-PAFIFYTSGTTGLPEAAIIPQR-ARESR
DhbE 133 SGFDYRSLARQVQSKLP--TLENIIVAGEAEEF---------- LPLE----DLHA-EP-----~ VELPEVKSSD-VAFLOLSGGSTGLSKLIPRTHD-DYIYS
LUCF 131 ~---KGLQKILNVQRKLP--IIQKIIIMDSKIDYQGF------~ QSMYT--FVISHLPPGFNEYDFVPESFDRDKTIALIMNS SGSTGLPRGVALPHR-TACVR
Acs-Se 194 RSIPLKENVDDALENPNVTSV-EHVIVLEKRTGS-DIDWQEGRDLWWRD--LIEKASPE--——---—- HOPEAMNAED- PLFILYTSGSTGKPKGVLHTTGGYLVYA
Acs-Sc 251 KVIETKRIVDDALRE--TPGV-RHVLVYRKTNNFSVAFHAFPRDLDWAT--ERKKKYKTY----=-~ YPCTPVDSED-PLFLLYTSGSTGAPEGVOHSTAGYLLGA
Pheh 145 ---HLVHLIHNI---QF--NG-QVEIF- EE DTIKIREGT NLHVPSKSTD-LAYVIYTSGTTGNPEGTMLEHK-GISNL

1 |
CBAL 182 VIFM--STQVGLRHGRHNVVLGLMPLYHVVGFF-AVLVAALALDGTYVVIEEF---RP----VDALQLVQOEQVTSLFATPTHL-DALARAAAHAGSSLKLDS
DhbE 211 LERS--VEVC-WLDH-STVYLAALPMAHNYPLSSPGVLGVLYAGGRVVLSPSP---SP----DDAFPLIERERVTITALVPPLAMVW-MDAASS - -RRDDLSS
LUCF 219 FSHARDPIFG-NQITPDTATLSVVPFHHGFGMF-T-TLGYLICGFRVVLMYRF---EE----ELFLRSLODYKIQSALLVPTLF-SFFAKSTL-- IDKYDLSN
Acs-Se 285 ATTF--KYVFDYH--PGDIYWCTADVGHWVIGHS-YLLYGPLACGATTLMFEGV---PNWPTPARMCQVVDKHQVNILYTAPTAI -RALMAEGDKAIEGTDRSS
Acs-S¢ 342 LLTM--RYTFDTH--QEDVFFTAGDIGWITGHT-YVVYGPLLYGCATLVFEGT---PAYPNYSRYWDIIDEHKVTQFYVAPTAL-RLLKRAGDSY IENHSLKS

Phed 211 KVFF--ENSLNVT--EKDRIGQFASISFDASV--WEMFMALLTGASLYIILKDTINDF----VKFEQY INQKEITVITLPPTYV-VHLDPER--=--=~~ 1Ls
| —1 [ E—
CBAL 274 LRHVTF- TMPDAVLETVHQHLP-~--G- LYHRQ ——————— P---KTGTEMAP-GFFSEVRIVR- IGGGVDEIVANG-EEGELIV-
DhbE 300 LoVIGY- FSAEAARRVKAVFG---C-T. -DPEEII---VN-TQGKPMSEYDESRVWD--DHDR--DVKPG-ETGHLLT -
LUCF 309 LHEIASGGAPLS--KEVGEAVAKRFH---LPGIRQGYGLTETTSAILITPEG-DDK-~-~--=~ PGAVGKV-VPFFEAKVVD-LDTG--KTLGVN-QRGELCV-

Acs-Se 380 LRILGS--VGEPINPEAWEWYWKKIGKEKC-PVVDTWWQTETGGFMITPLPG-AIE--L---KAGSATRP- FFGVQPALVD-NEG- - -HPQEGA-TEGNLVIT
Acs-Sc 436 LRCLGS--VGEPTAAEVWEWYSEKIGKNEI-PIVDTYWQTESGSHLVTPLAGGVTP--M---KPGSASFP-FFGIDAVVLDPNTG- - -EELNTSHAEGVLAVK
Pheh 295 IQTHIT--AGSATSPSLVNKWKE--K---V-TYINAYGPTETTICATTWVAT-KE---TIGH-SVPIGAP-IQNTQIYIVD---ENLQ-LKSVG-EAGELCI-

| | ] ] 1 ] | ]
CBAL 356 AASDSAFVGYLNQPQATA-EKLQ--D---=-=- GWYRTSDVAVWIPEGTVRILGR' ISGGENIHPSEIERVLGTAPGVIEVVVIGLADQRWGQSVTACV
DhbE 384 R-GPYTIRGYYKAEEHNA-ASFTE-D---—-—-— GFYRTGDIVRLTRDGY IVVE! INRGGEKVAAEEVENHLLAHPAVHDAAMVSMPDOFLGERSCVFT
LUCF 393 R-GPMIMSGYVNNPEATN-ALIDK-D=-====== GWLHSGDIAYWDEDEHFEIVD! LIKYKGYQVAPAELESILLQHPNIFDAGVAGLPDDDAGELPARVY
Acs-5e 468 DSWPGQARTLFGDHERFEQTYFSTFK------- MMYFSGDGARRDEDGY YWITGRVPDVLNVSGHRLGTAEIESALVAHPKIAEAAVVGIPHAIKGQAIYAYV
Aes-5¢ 527 AMAWPSFARTIWKNHDRYLDTYLNPYP------- GYYFTGDGARKDEDGY IWILGRVPDVVNVSGHRLSTAEIEAAT IED PIVAECAVVGFNDDLTGQAVARFV
Pheh 378 G-GEGLARGYWKRPELTS-QKFV--DNPFVPGERKLYEKTGDQARWLSDGNIEYLGRL I (QVKIRGHRVELEEVESILLKHMY ISETAVSVHKDHQEQPFYLCAYF

CBAL 449 VFRLGETL---------- SADAL-DTFCRSSELADFEKRFE-RYFILDQLPHENA K RRQLV-QQV-55

DhbE 477 IPR-DEAP-----=----= KAAEL-KAFLRERGLAAYKIFPD-RVEFVESFPQ KV SKF R-EAI-SEKLLAGFEK

LUCF 486 VLEHGKTM--------—--' TEKEIVD-YVRSQ-VITAKKLRGGVVFVDEVPEKGLTGHLDARKIR-E-ILIKAKKGGESKL

Acs-Se 564 TLNHGEEPS------- PELYAEV-RNWVR-KEIGPFLATFD- VLW‘I‘DSLPKTRS MRRILRKI---AAGDTSNLGDTSTLADPGVVEKLLEEKQATIAMPS
Acs-Sc 623 VLENKSSWSTATDDELQDIKKHL-VFTVR-KDIGPFAAPK-LIILVDDLPKTRSGHIMRRILRKI---LAGESDQLGDVSTLSNPGIVRHLIDSVEL

Fheh 477 VS-E-KHI---------- FLEQL-ROFSSEE-LPTYMIPS-YFIQLDEMPLTSNGKIDRKQL---~-F~-EFDL

Ficure 5: Sequence alignment of the six structurally characterized members of the adenylate-forming family. Enzymes were aligned
pairwise using DALI 62, 63) and ALIGN (40) to align based on structural similarity. To align the luciferase and bacterial Acs structures,

the N- and C-terminal domains were treated separately. The colored boxes above the CBAL sequence represent the locations of the strands
that compose the five main sheets of the enzyme. The N-terminal sheets are colored blue, cyan, and magenta, while the C-terminal sheets
are colored yellow and green, consistent with the sheets shown in Figure 3A. For the four structures that have been crystallized in the
presence of the acyl substrates, the residues that form the acyl binding pocket are indicated with orange boxes. The black box indicates the
position of the hinge residue that is located at the boundary between the N- and C-terminal domains. The red box denotes the conserved
lysine at the C-terminal domain that interacts with substrate in the PheA structure. The asterisk indicates the position of CBAL Gly305
which is replaced by a Trp in the acetyl- and propionyl-CoA synthetases.

propionyl-CoA synthetasel{) or studies of acetylation of The proposed use of domain alternation by the NRPS
this residue in Acs34). adenylation domains is supported by changes in proteolytic
Similarly, mutation of the C-terminal domain lysine of susceptibility upon addition of substraté6f and by the
luciferase results in an enzyme that is unable to catalyze theconservation of amino acid sequences on both sides of the
adenylation reaction yet is competent to catalyze the secondC-terminal domaing). Only a single protein conformation
partial reaction §5). No mutations that specifically affect has been crystallized (conformation 1) and crystallization of
the second half-reaction while leaving the adenylation step a molecule in the proposed thioester-forming conformation
unchanged have been reported for any members of thismay require the crystallization of a multidomain NRPS
enzyme family. The X-ray crystal structure of luciferase enzyme.
determined in the absence of substrat&9) (contains a The use of the large domain rearrangement by the NRPS
C-terminal domain orientation that is intermediate in position enzymes is particularly intriguing. Most NRPSs are com-
between the two conformations observed in the other posed of multiple catalytic domains expressed as part of a
structures. In this position, the C-terminal lysine residue is single large modular protein. If structurally rigid linkages
close to the active site although not in the same location asexist between the adenylation domains and all upstream and
was observed for the homologous residue of PheA, DhbE, downstream NRPS domains, then the rearrangement of the
or CBAL. Whether the C-terminal domain of luciferase N- and C-terminal “subdomains” within the adenylation
adopts the conformations observed in liganded structures ofdomain would cause a rotation of the upstream and down-
other family members remains to be seen. stream domains with respect to each other as well.
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Other examples of enzymes that use domain alternation
include methionine synthasg4), E. coli thioredoxin reduc-
tase b7), pyruvate phosphate dikinasgg( 59), and many
biotin-dependent decarboxylase&0). Compared to these
other examples, the use of domain alternation by the
adenylate-forming enzymes is unique. While the prior
examples described above use the conformational change to
transport a substrate or cofactor from one active site to
another 60), the adenylate-forming enzymes appear to use
this change to reconfigure a single active site, enabling the
catalysis of the second chemically distinct half-reaction. This
strategy is therefore a way to utilize most efficiently the
common features of a single active site that are shared for
the two half-reactions. The different faces of the C-terminal
domain are presented sequentially to the active site for
involvement in the individual half-reactions.

Quaternary Structure of Adenylate-Forming Enzyrniés
CBAL enzyme is a dimer both in solution as well as in the
crystalline lattice. The bacterial Acs enzyn®2was shown
to be a monomer by both structural work as well as gel
filtration analysis. The yeast Acsl enzyme, in contrast, is a
trimer in both the crystalline lattice as well as in solution
(23). Alignment of the yeast trimeric Acs1 with the dimeric
CBAL enzyme illustrates that different faces of the enzymes
are utilized in the formation of the multimers. Both enzymes,
however, use the N-terminal domain to form the multimer
interface, leaving the C-terminal domain free to undergo the
proposed conformational change.

CONCLUSIONS

We present here the 2.0 and 2.2 A crystal structures of
CBAL both in the unliganded state and bound to 4CBA. The
structure is consistent with the hypothesis that members of
the adenylate-forming family of enzymes adopt two distinct
conformations to catalyze the two-step adenylation and
thioester-forming reaction. While the hypothesis would be
most strongly supported by the determination of the structures
of a single enzyme in different conformational states when
bound to analogues along the reaction mechanism, the recent
determination of the structure of the yeast Acs1 enzy23 (
suggests that members of this family will adopt the different
conformations during catalysis of the two reactions. Domain

alternation in the adenylate-forming enzymes can be added 15.

to the list of strategies that enzymes use to efficiently catalyze
chemically difficult reactions. The enzymes appear to use
one part of the active site for the shared functions in the
two half-reactions and use a mobile C-terminal domain to
bring to the active site important residues that are involved
in the distinct steps of the adenylation and thiolation

reactions.
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