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ABSTRACT. The NADPH:2-ketopropyl-coenzyme M oxidoreductase/carboxylase (2-KPCC) is the terminal
enzyme in a metabolic pathway that results in the conversion of propylene to the central metabolite
acetoacetate iXanthobacter autotrophicuBy2. This enzyme is an FAD-containing enzyme that is a
member of the NADPH:disulfide oxidoreductase (DSOR) family of enzymes that include glutathione
reductase, dihydrolipoamide dehydrogenase, trypanothione reductase, thioredoxin reductase, and mercuric
reductase. In contrast to the prototypical reactions catalyzed by members of the DSOR family, the NADPH:
2-ketopropyl-coenzyme M oxidoreductase/carboxylase catalyzes the reductive cleavage of the thioether
linkage of 2-ketopropyl-coenzyme M, and the subsequent carboxylation of the ketopropyl cleavage product,
yielding the products acetoacetate and free coenzyme M. The structure of 2-KPCC reveals a unique active
site in comparison to those of other members of the DSOR family of enzymes and demonstrates how the
enzyme architecture has been adapted for the more sophisticated biochemical reaction. In addition,
comparison of the structures in the native state and in the presence of bound substrate indicates the binding
of the substrate 2-ketopropyl-coenzyme M induces a conformational change resulting in the collapse of
the substrate access channel. The encapsulation of the substrate in this manner is reminiscent of the
conformational changes observed in the well-characterizedfiR@g enzyme ribulose 1,5-bisphosphate
carboxylase/oxidase (Rubisco).

Aerobic microorganisnXanthobacterstrain Py2 is one  four enzyme components6)( A significant finding in
of several bacteria that have been shown to be capable ofdefining the enzymology of the pathway was the recent
utilizing short chain aliphatic alkenes as a sole source of discovery that epoxide metabolismXanthobacteinvolves
carbon and energyl{-3). The pathways for the bacterial the cofactor coenzyme M). Coenzyme M (CoM)was until
metabolism of propylene have been extensively studied inthat time believed to be restricted to the methanogenic
both Xanthobacter autotrophicustrain Py2 as well as the archaebacteria.
actinomyceteRhodococcus rhodochroustrain B276 4— The first step results in the conjugation of CoM ®){or
6). The conversion of propylene to an enantiomeric excess (S-epoxypropane, forming the corresponding enantiomer of
of (R)-epoxypropane is catalyzed by a di-Fe-containing 2-hydroxypropyl-CoM. In the next step, two stereospecific
alkene monoxygenasé&)(that is similar in some ways to  short chain dehydrogenases catalyze the oxidation of the
the structurally characterized methane monoxygenase fromindividual enantiomers of 2-hydroxypropyl-CoM, yielding
the methanotropiMethylococcus capsulatuiBath @). The the common intermediate 2-ketopropyl-Cold, (L0). The
subsequent conversion of both enantiomers of epoxypropandinal step in the pathway is conversion of 2-ketopropyl-CoM
to acetoacetate occurs by a three-step pathway consisting ofo acetoacetate with concomitant regeneration of free CoM.
This pathway represents a clever and unprecedented strategy
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Ficure 1: Proposed catalytic cycle for 2-KPCC. The mechanism of 2-ketopropyl-CoM reduction and carboxylation is based on the results
of biochemical and kinetic studies of the enzyr, (13) and the structural insights provided herein. The numbers refer to the steps of the
catalytic cycle, with steps 6a and 6b representing the alternate protonation and carboxylation, respectively, of the enolacetone intermediate.
The figure was adapted from Figure 6 from Clark et &b)(

1). This enzyme, an NADPH:2-ketopropyl-CoM oxidoreduc-  The three-dimensional structure of 2-KPCC has been
tase/carboxylase (2-KPCC), is a unique member of the FAD- determined by the multiple isomorphous replacement and
containing NAD(P)H dependent disulfide oxidoreductase anomalous scattering (MIRAS) method and refined to 1.65
family of enzymes as determined by primary sequence A resolution. The structure of 2-KPCC in the presence of
similarities and biochemical propertie§, ©—13). Several the substrate 2-ketopropyl-CoM reveals a genuinely unique
members of this enzyme famil\L4) have been structurally  member of the DSOR family and provides significant insights
characterized, including glutathione reductase, dihydrolipoa- into how this enzyme coordinates reductive cleavage of the
mide dehydrogenase, and thioredoxin reductase. The catalytichioether bond with carboxylation.

activity of these enzymes has been described as involving

two half-reactions14—17). The first half-reaction involves EXPERIMENTAL PROCEDURES
the transfer of reducing equivalents from pyridine nucleotides  Crystals of 2-KPCC in the native state and in the presence
via flavin adenine dinucleotide to a cysteine that is almost of the substrate 2-ketopropyl-CoM were obtained as de-
always a component of a disulfide bond. The second half- scribed previously X8). The crystals of 2-KPCC in the
reaction involves the reduction of substrate and regenerationpresence of the substrate 2-ketopropyl-CoM (2-KCoM)
of the enzyme disulfide. There are several key differences belong to monoclinic space groig®2; with one dimer per

in the biochemical reaction catalyzed by 2-KPCC in com- asymmetric unit with the following unit cell dimensions:
parison to those with other members of the DSOR family. = 88.0 A,b=60.1 A,c = 105.6 A, ands = 102.5. The

As shown in Figure 1, 2-KPCC catalyzes a thioether bond data from the crystals grown in the absence of substrate or
cleavage, as opposed to the disulfide bond cleavage catalyzeg@roduct can only be reduced in triclinic space grélpwith

by glutathione reductase, trypanothione reductase, and di-the following unit cell dimensionsa = 65.6 A,b = 87.5
hydrolipoamide dehydrogenasé4]. Even more notable, A, ¢ =100.7 A,a = 72.0, B = 73.#, andy = 69.8.
however, is the subsequent carboxylation reaction catalyzedAlthough the primary sequence is considerably identical with
by the enzyme. Thew-carbanion produced as a result of the sequences of members of the DSOR family, attempts to
thioether bond cleavage has been shown to follow one of determine the structure using molecular replacement methods
two fates enzymatically: protonation to form acetone when were unsuccessful in either crystal form. The structure was
CO;, is excluded from the enzyme or carboxylation in the determined by the method of multiple isomorphous replace-
presence of C®to form acetoacetate. In terms of the mentand anomalous scattering using four weak heavy atom
metabolism of the organism, the formation of acetoacetate derivatives. All derivatives with the exception of Xe were

is advantageous, and in the presence of carbon dioxide, littleprepared by soaking the crystals with heavy atom reagents
or no acetone is formedL(). Of particular interest in our  at a concentration of 510 mM for 5-21 h prior to data
analysis is the structural basis for the mechanism by which collection (Table 1). The Xe derivative was prepared using
the enzyme discriminates between carbon dioxide andthe Xe pressure cell at the Stanford Synchrotron Radiation
protons readily available from the bulk solvent. Laboratory (SSRL)19). Substrate-bound and three deriva-
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Table 1: Data Collection and Structure Determination Statistics

native with
native 2-KCoM 10 mM EMP, 21 h 5mM EMTS, 21 h 400 psi Xe, 2 m 4 mM TICT h
data statistics
resolution (A) 2.80 1.64 3.50 2.80 2.95 2.95
no. of observed reflections 213523 504165 41012 88322 54964 53957
no. of unique reflections 48234 164972 14026 24756 20533 20070
Rmergé (%) 9.8 6.7 10.7 12.9 6.7 3.3
completeness (%) 92.1 98.2 91.7 98.7 89.2 88.6
lo 10.9 7.8 115 9.7 6.1 16.0
MIRAS statistics (resolution range of 26-@.0 A)
b 0.59 0.66 0.69 0.74
F/EC 1.02 0.83 0.56 0.54
3 Rmerge= Yniyilli — DUy nayi| ), wherel; is the intensity for théth measurement of an equivalent reflection with indibek, andl. ® Rc =
Shial|Fpn = Fpl — Fu(calc)/YnalFen & Fel. © FWE = (TalFul 2alE[AY2 where 3 o|E|? = 3 [|FpH (0bs) — |Feul(calc)P.
tive data sets [ethylmercurithiosalicylic acid (EMTS), Xe, Table 2: Refinement Statistics
and TICk] were collected at SSRL beam line 9-1 equipped native with
with a mar345 imaging plate detector (MarUSA, Inc.). Native native 2-KPCoM
data and data for the remaining heavy atom derivative resolution range (A) 20-62.80 20.6-1.65
[ethylmercuric phosphate (EMP)] were collected with a  Reys 0.224 0.187
Rigaku rotating anode X-ray generator producing Cu K Riree v 0.276 0.213
radiation equipped with an Raxis-llc imaging plate area ”Ob?:tg}ny rogen atoms 8046 8046
detector (Molecular Structure' Corp., The Woodlands, TX). cofactor/substrate 106 128
Data sets were processed with MOSFLROY or DENZO solvent 0 999
(21) and scaled with either SCALPACK{) or SCALA of fmgd f[jolm tatfﬁet(}\;@lues 0.010 0.005
. ond lengths . .
the CCP4 program suit@?2). bond Angles (deg) 18 13
The positions of multiple heavy atom binding sites were  average isotropi8 factors (&)
identified using SOLVE 23), resulting in a figure of merit proie!” main %h"?"” gg? 12-%
of 0.53 from 20.0 to 4.0 A resolution (Table 1). The heavy EK’DE'” side chain 205 127
atom sites were utilized to identify noncrystallographic 2-fold 2-ketopropyl-CoM — 19.1

operation and resulted in a significant improvement in the
phases and an overall figure of merit of 0.72. Interpretable
MIRAS electron density maps were obtained upon 2-fold

averaging and phase extension to the full resolution range

of the data (20.81.65 A) using the density modification
(DM) routine of the CCP4 suite2@), resulting in a final
figure of merit of 0.75. These initial experimental phase-
extended maps were sufficient to position polypeptide
residues from position 70 to 420 using the model building
program O 24). The partial model was then utilized for

phase combination and automated model building and map

improvement using ARP/WARR2E, 26), resulting in excel-
lent map quality and allowing fitting of the remainder of
the model. The structure refinement was carried out using
CNS @7) from 20 to 1.65 A with a © cutoff with 5% of

the data set aside for the calculation Bfe. (28). The

structure of the native enzyme was determined by molecular

replacement by EPMR2Q) using the structure of the

substrate-bound enzyme as a search model. A solution with

two dimers in the asymmetric unit resulted in a correlation
coefficient of 0.401 and aR factor of 0.478 with reasonable
protein packing interactions. A well-determined structure was
obtained through multiple rounds of model building using
the program OZ4) followed by refinement using CN7)
using data from 20.0 to 2.8 A resolution with a 6.8utoff
(Table 2).

The results of the refinement are given in Table 1. The
final structural models obey reasonable stereochemistry with
100% of the residues occupying allowed regions of a
Ramachandran plot calculated using PROCHEGS).(All
figures were generated using SWISS PDB VIEWER)(

RESULTS AND DISCUSSION

Overall Structure.The overall structure of 2-KPCC is very
similar to the dimeric structures observed for the classic
members of the DSOR familyld, 15) (Figure 2A,B),
including glutathione reductas84—35), trypanothione re-
ductase 36), and lipoamide dehydrogenas87). Each
monomer can be divided into three domains, including the
FAD binding domain, the NADPH binding domain, and the
dimerization or, as it has been previously termed, interface
domain @4). The FAD and NADPH binding domains are
standard Rossmann nucleotide binding structural motifs of
large twisteds-sheets surrounded hy-helices. The FAD
domain consists of a seven-stranded miyedheet sur-
rounded by foura-helices and a small three-stranded
antiparallels-sheet at a 45angle. The NADPH domain is
similar to the FAD domain, consisting of a five-stranded
parallel5-sheet with two shorti-helices and a small three-
strandedp-sheet at a 45angle with respect to the main
p-sheet. These two domains are linked by two crosses of
the main chain and a longrhelix which spans both domains
and lies adjacent to the interface domains of both subunits.
The third domain has been termed the interface domain and
provides a significant amount of the intersubunit contacts
that stabilize the dimer. The interface domain is also mainly
p in structure; however, it is-helices that flank the central
pB-sheet that form a number of the specific interactions
between the subunits. The three domains make up two
interlocked L-shaped monomers having the interface domain
of one subunit interacting with both the interface domain
and the FAD domain of the opposing subunit.
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Substrate
Binding

Ficure 2: (A) Overall fold of the dimeric 2-KPCC with individual subunits colored in dark red and magenta. (B) Overall fold of the
well-characterized glutathione reductase in the same orientation as the structure of 2-KPCC shown in panel A with the individual subunits
shown in green and blue. (C) Substrate binding cleft region of glutathione reductase with the bound glutathione substrate. (D) Analogous
substrate binding cleft of 2-KPCC with bound 2-ketopropyl-CoM. The regions of 2-KPCC observed to occupy the cleft are shown by
N-terminal region in red supplied by one subunit of the dimer and a C-terminal region in yellow and insertion region in green from the
second subunit of the dimer. (E) Close-up of the unique insertion region showing three proline residues which allow the tight looping of
the region. The two proline residues which signify the termini of the insertion are found to be d@stb@nformation.

The NADPH and FAD binding domains are oriented such members of the family (Figure 2D). The N-terminal region
that both nucleotide binding sites are located at the interfacewhich forms one of the peripherglstrands of the central
of these two nucleotide binding domains. The NADPH g-sheet of the FAD domain and aw-helix contacts the
binding cleft is located between the FAD and NADPH insertion within the interface domain, effectively blocking
binding domains, and is to the largest extent analogous tothe large cleft observed in the other dimeric members of the
the other members of the family such that docking of family. Interestingly, the inserted region is flanked by two
NADPH into the site in 2-KPCC allows the rationalization cis-proline residues (Pro420 and Pro432) which approach
of interactions similar to that observed for other members each other very closely (Figure 2E). In the substrate-bound
of the DSOR family. form of 2-KPCC, 2-ketopropyl-CoM is virtually buried

Substrate Binding CleftSubstrate access in the other within the protein such that a substrate access channel is
dimeric members of the DSOR family is defined by a large not discernible. Access to the substrate binding site is limited
open cleft that separates the FAD domain of one monomerto a narrow hydrophobic channel.
of the dimer and the interface domain of the other monomer  Substrate Binding Sit&.he substrate is bound by specific
of the dimer. The redox active disulfide is located at the interactions with CoM. The sulfonate moiety of CoM is
base of the cleft. For the majority of these enzymes, the bound by two Arg side chains (Arg56 and Arg365) which
reaction path involves the reductive cleavage and protonationapproach from the sides and interact directly with additional
of the substrate with protons presumably supplied from the side chain and main chain atoms through hydrogen bonding
bulk solvent. An open cleft allows easy access for substrate (Figure 3A). The Arg side chains approach from the sides,
binding and release, providing a continuous source of protonsand an adjacent phenylalanine side chain (Phe57) acts as a
from the bulk solvent (Figure 2C). Access to the substrate “backstop” preventing further translation of the substrate and
binding site of 2-KPCC is distinct from all other members thus allowing proper alignment of the thioether linkage with
of the family. In comparison to other members of the family, respect to the enzyme disulfide for reductive cleavage (Figure
2-KPCC has notable differences at the N- and C-termini and 3B). Reductive cleavage occurs when NADPH initiates the
a 13-amino acid insertion within the interface domain. The reduction pathway through direct hydride transfer to the
three additional regions of 2-KPCC in concert occupy the isoalloxazine ring of FAD. The binding site for NADPH is
large substrate access cleft observed in the other dimerica large cleft at the interface between the two nucleotide
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A. of the substrate could serve to stabilize an enolate intermedi-

/ S ate, facilitating the reductive cleavage of the thioether linkage
Zen ' analogous to bound Mg observed in Rubisco3g). Al-

; though the electron density is not unambiguous with respect
to the positioning of the ketopropyl moiety of the substrate,
the best fit places the keto group of the substrate within
hydrogen bonding distance of an ordered water molecule that
is oriented by hydrogen bonding interactions with the peptide
bond carbonyl of Leu78 and a side chain imidazole nitrogen
of His137. The side chain of His137 is in turn oriented in
its proper position by a specific interaction with the adjacent
His84 (Figure 4A). The His-oriented water molecule could
conceivably act as a proton donor for reaction with an
enolacetone intermediate analogous to the enediol intermedi-
ate of ribulose 1,5-bisphosphate in Rubisc@8)( The
enolacetone intermediate provides an appropriate nucleophile
for attack on the electrophilic carbon dioxide. The water
molecule could also act in the stabilization of the intermediate
as a hydrogen bond acceptor, serving a role analogous to
that of M¢?* in Rubisco 88). Since M@" ion is isoelectronic
with water, the assignment of water at this position is based
on the coordination environment of this atom since the
interaction of a His side chain nitrogen and a single peptide
bond carbonyl would be an atypical coordination environ-
ment for Mg@* ion. In addition, the results of previous
biochemical studies indicate that Ktgis not required for
2-KPCC-catalyzed carboxylation, and its addition in enzyme
assays does not stimulate activity (J. R. Allen and S. A.
Ensign, unpublished results).

With the exception of the bound water molecule possibly
involved in enolacetone formation and stabilization, the
remaining environment of the ketopropyl moiety of the

FAD - substrate is distinctly hydrophobic (Figure 4B). The interac-
FIGURE 3: (A) Substrate binding at the active site highlighting the tions of the keto group with the His-bound water molecule
specific interactions with Arg side chains and the adjacent Phe serve to orient the methylene group which undergoes
residue. (B) Electron transfer pathway from FAD to the substrate carboxylation toward the hydrophobic cavity. This water
sulfur atom of 2-ketopropyl-CoM. .

molecule is more tha5 A from the methylene group of the
binding domains. Although NADPH is not present in the ketopropyl moiety of the substrate and fixed in position by
current structure, the docking of NADPH into its binding a hydrogen bonding interaction with both the His side chain,
site requires very little repositioning of amino acid side a peptide carbonyl, and the substrate keto group, perhaps
chains. The nicotinamide must be in close contact with the making it an unlikely candidate as a proton donor for the
isoalloxazine moiety of FAD for direct hydride transfer from reaction leading to acetone formation. Among these hydro-
the C4 position of the nicotinamide ring to the N5 position phobic residues are two methionine residues which flank the
of the isoalloxazine. The active site Cys82 and Cys87 CoM moiety of the substrate and act to shield the carboxy-
residues form a disulfide bond (Figure 3A,B). Hydride lation site from the sulfonate moiety. An additioré-amino
transfer to FAD results in reduction of the enzyme disulfide acid conformation (Leu502) is observed in the substrate
via the presumed formation of a covalent adduct betweenbinding region, which allows the side chains of two
the isoalloxazine at the C4A position and the proximal thiol hydrophobic residues, Phe501 and Leu502, to be oriented
of the reduced disulfide, by analogy to other members of toward the substrate. Along these lines, a hallmark of other
the DOSR family 16). The resulting free thiol is then members of the DSOR family is the presence of a His side
available for substrate thioether cleavage. The structurechain in the proximity of the interchange thiol to stabilize
reveals a linear reduction pathway, and the modulation the thiol in the reduced state. The His at this position in
between oxidation and reduction of the redox active disulfide 2-KPCC has been replaced with the side chain of Phe501,
only requires changes in the conformation of the side chainsperhaps as an adaptation to eliminate the availability of
of the active site Cys residues (Figure 3B). In this regard, protons to the reactive methylene group formed upon
the interchange thiol can be placed within bonding distance reductive cleavage.
of the S of the substrate. Substrate-Induced Conformational Changie distinctly

Stabilization of an Enolate Intermediale.contrasttothe  hydrophobic nature of the active site could serve to exclude
specific side chain interactions observed for the substratesolvent interactions and thereby limit protonation of the
CoM moiety, the ketopropyl moiety is observed to have enolate intermediate and formation of the undesired product
limited interactions with the protein. It was hypothesized that acetone (Figure 1). Since in the substrate-bound form of the
the presence of a hydrogen bond donor near the keto groupenzyme the substrate is virtually encapsulated in the protein,
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Ficure 4: (A) Electron density maps B2 — F.) contoured at & about the substrate 2-ketpropyl-CoM showing His residues that are
involved in orienting a water molecule that is located within hydrogen bonding distance of the substrate keto oxygen. (B) Amino acid
residues that define the hydrophobic cavity surrounding the ketopropyl moiety of the substrate 2-ketopropyl-CoM.

lle139
Leud31

Ficure 5: (A) Superimposition of the structure of native (cyan) and 2-ketopropyl-CoM-bound (purple) 2-KPCC showing the conformational
changes induced upon substrate binding. The superimposition was accomplished as described by4Rgabsuittilg regions of the
N-terminus that undergo the largest conformational change in the superimposition. (B) Slab view of the substrate binding region of the
native structure of 2-KPCC with the substrate 2-ketopropyl-CoM docked into the substrate binding site. (C) Analogous slab view of the
substrate binding region in the substrate-bound form of 2-KPCC. The two views (B and C) depict the encapsulation of the substrate that
occurs upon binding.

we have determined the structure of 2-KPCC in the absencesons of the high-resolution structures of native and substrate-
of bound substrates in an effort to understand how substratebound states of spinach Rubisco in which movements of the
can be bound initially and how encapsulation is achieved. N-terminal and C-terminal regions of Rubisco and a number
The structure of the native enzyme indicates that substrateof loop regions in concert encapsulate the substrage- (
access in 2-KPCC occurs through a well-defined channel 42). These parallels are particularly interesting since Rubisco
directly opposite the NADPH binding cleft through a channel also catalyzes bond cleavage and carboxylation reactions in
that is ~8 A long and~5 A wide leading directly to the  the conversion of Ribulose 1,5-bisphosphate and ©®vo
active site disulfide. molecules of 3-phosphoglycerate. Additionally, the results
Comparison of the native and substrate-bound forms of presented here may indicate a general mechanism whereby
the enzyme indicates that substrate binding brings about aenzyme-bound enediol intermediates can be protected from
conformational change as a likely result of the specific interaction with the bulk solvent to avoid the formation of
interactions of the CoM moiety of the substrate with the unproductive products.
N-terminal region of the protein (Figure 5A). The main chain  The results described herein provide significant insight into
of the helical N-terminal region is displaced3.0 A and how the prototypical reductive cleavage reactions catalyzed
results in additional conformational changes in the adjacentby the DSOR family of enzymes can be coordinated with a
secondary structure elements within the FAD binding carboxylation reaction by a mechanism that is directly
domain. The conformational change results in a collapse of analogous to that of the canonical &fixing Rubisco.
the substrate binding channel, limiting access to the substrate
binding site to only a narrow hydrophobic channel (Figure REFERENCES
5B,C). This manner of substrate sequestration is reminiscent 1 yan Ginkel, C. G., and de Bont, J. A. M. (L9g&ch. Microbiol.
of conformational changes observed in analogous compari- 145, 403-407.
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