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ABSTRACT:. Carbon monoxide dehydrogenase fravioorella thermoaceticacatalyzes the reversible
oxidation of CO to CQ at a nicket-iron—sulfur active site called the C-cluster. Mutants of a proposed
proton transfer pathway and of a cysteine residue recently found to form a persulfide bond with the
C-cluster were characterized. Four semiconserved histidine residues were individually mutated to alanine.
His116 and His122 were essential to catalysis, while His113 and His119 attenuated catalysis but were
not essential. Significant activity was “rescued” by a double mutant where His116 was replaced by Ala
and His was also introduced at position 115. The activity was also rescued in double mutants where
His122 was replaced by Ala and His was simultaneously introduced at either position 121 or position
123. Activity was also rescued by replacing His with Cys at position 116. Mutation of conserved Lys587
near the C-cluster attenuated activity but did not eliminate it. Activity was virtually abolished in a double
mutant where Lys587 and His113 were both changed to Ala. Mutations of conserved Asn284 also attenuated
activity. These effects suggest the presence of a network of amino acid residues responsible for proton
transfer rather than a single linear pathway. The Ser mutant of the persulfide-forming Cys316 was essentially
inactive and displayed no electron paramagnetic resonance signals originating from the C-cluster. Electronic
absorption and metal analysis suggest that the C-cluster is absent in this mutant. The persulfide bond
appears to be essential for either the assembly or the stability of the C-cluster, and possibly for eliciting
the redox chemistry of the C-cluster required for catalytic activity.

Ni-containing CODH&are found in methanogenic archaea, CHy CHa
acetogenic bacteria, and CO-utilizing bacteria, where they \ CHy N CHa
play critical roles in G metabolism {). This family of Fle\s_fl:m—s/ F|is_f{:Na—s/
enzymes catalyzes the reaction st L o sfre oo
- JAe NV
CO+H,0=CO0O,+2e +2H (1) CHp—S N N CHy—S /s/ et
oy —d CH; oo

The enzymes fronRhodospirillum rubrum(CODHg,) and c3te cH, cate
Carboxydothermus hydrogenoformaf§ODHcy) are f3, without persulfide with persulfide

homodimeric, while that fromMoorella thermoacetica Ficure 1: Idealized structures of the C-cluster frovh thermoace-
(CODHyy) is anayp, tetramer in which thg8 subunits are tica (5), with (right side) and without (left side) the persulfide bond.
homologues to those of CORHand CODHy,. CODHy; is ] ] .
bifunctional and also catalyzes the synthesis of acetyl-CoA. 1). Two of the three facial sulfides of the [f&] subsite
This paper focuses on reaction 1, and acetyl-CoA synthase¢oordinate the Ni while the third coordinates the unique Fe
aspects will not be discussed. of the [Ni Fe] subsite. Four structures have been reported
Reaction 1 occurs at the C-cluster, a novel structure (2-5), including one each of COD#and CODH and two
divisible into a [FeS:] subsite and a [Ni Fe] subsite (Figure of CODHy:. Structures are grossly equivalent, although there
are minor differences that may be functionally significant.
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CODHy;, CODH fromM. thermoaceticaEPR, electron paramagnetic ~ Plays @ role in catalysis or is simply an artifact of protein
resonance; WT, wild-type. purification or crystallization is not known, but Cys316 is
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Table 1: Sequence of Amino Acids (Deduced from Nucleotide Sequencing) for Various CODHs, Adapted frérResidue Numbering for
CODHy; Is Assumed

Organism Residue Number
112 -126 282-285 314-318 586-588

M. thermoautotrophicum AHAGHARHLVDHLIE GHNV GICCA QKA
M. jannaschii I CHAGHSRHLVHHLIE GHHA GICCT QKA
A. fulgidus I AHTGHARHML..HDIE GHNV GLCCT QKA
M. frisia I CHAAHGRHLLDHLIE GHNV GLCCT QKA
M. frisia II CHAAHGRHLLDHLIE GHNV GICCT QKA
M. thermophila CHAAHGRHLLDHLIE GHNV GVCCT QKA
M. soehngenii AHTAHGRHLY..HWCL GHNL GLCCT QKA
A. fulgidus II AHTAHARHLVDHLIE GHNV GICCT HKA
R. rubrum AHSEHGRHIALAMQH GHNP GICCT EKA
C. thermoaceticum AHCEHGNHIAHALVE GHNP GICCT GKA
C. hydrogenoformans GHSGHAKHLAHTLKK GHNP GICCT EKA
C. difficile I AHSDHARDIAHTL..A GHNP GMCCT EKA
C. acetobutylicum I TYSHHAYEAYRTLKA GHNP GSIET QKA
A. fulgidus III AYTYHATEAAKTLKA GHNP GFIET QKA
C. acetobutylicum IT CYVHVVETTARNLKA GHNH GCTCV EQA
C. difficile II CYLHVVENTAKNLKN GHNH GCTCV EQA
M. jannaschii II CYVHCAENAARALLS GHEH GATCN EQA
M. kandleri CYVHCLENAARALKS GHQM GATCV EQA
(to protein exterior along a line between the C-clusters and the D-clusters, with

via proton relay pathway)
(to protein exterior H+
via B,D Clusters)

2e”

clusters spaced-12 A apart.

Redox properties of the B- and D-clusters and their
position and spacing relative to the active site C-cluster
unambiguously identify them as constituting an electron
transfer pathway between the C-cluster and the redox partners
external to the enzyme. In contrast, little is known about the
base(s) used to abstract protons during catalysis or about the
pathway used to transfer protons between the C-cluster and
the protein surface. Alignment of the 18 CODH primary
sequences reported)( reveals the four semiconserved
histidine residues His113, His116, His119, and His122.
Because of its proximity to the C-cluster, Drennan et al.
suggested that His95 of CORH(corresponding to His113
of CODHy:) might act as a catalytic baséd)( They noted
that this residue was positioned at the top of a putative
cationic tunnel lined by residues His98, His101, and His108
of CODHg, (corresponding to His116, His119, and Glul126
of CODHy). They also suggested that Lys568 of COPH
\(/!i(;’;zttii:zt:;i:;thway) (corresponding to Lys587 of CORQK could stabilize a

metal-bound carboxylate intermediate during catalysis.
FiIGURE 2: Mechanism of CO oxidation, emphasizing proton and |n this study, we tested these hypotheses using site-directed
electron transfers. Ni and Fe represent the [Ni Fe] subsite of the mutagenesis, enzyme activity assays, and EPR spectroscopy.
C-cluster while :B represents a base used in catalysis. - ! - .
We also examined the effect of mutating the cysteine residue

conserved in most (although not all) CODH sequenés ( involved in persulfide bond formation. Our results indicate
(Table 1). that the persulfide-associated cysteine residue is required for

During the catalytic oxidation of CO to GO water catalysis and possibly for C-cluster assembly or stability. Our
probably binds in bridging fashion to the Ni and unique Fe evidence also suggests t_hat the four His re5|dues_ as well as
in a redox state of the C-cluster callede (7). An Lys587 and Asn284 are indeed used as a catalytic base and
unidentified base near the C-cluster abstracts a proton from?@ Proton relay network.
water, and CO binds to the Ni. The resulting nucleophilic
hydroxyl group attacks the carbon of NCO, forming a Ni- EXPERIMENTAL PROCEDURES
bound carboxylate. Either the same or a different base Oligonucleotides used to construct mutants were synthe-
abstracts the proton of this carboxylate, leading to dissocia-sized in the Gene Technologies Laboratory at Texas A&M
tion of CO, and the two electron reduction of the cluster, University. Mutants were constructed using the QuikChange
thereby forming a state of the C-cluster called¢& Cred1 site-directed mutagenesis method from Stratagene, using
and Geq; States exhibit characteristic EPR signals wdth plasmid pTMO02, which contains the genessAand acsB
= 1.82 and 1.86, respectivel,(9). An [Fe,S;] D-cluster as the templatel(Q). Double mutants were constructed using
bridges the tw@ subunits and is surface-exposed while an one oligonucleotide containing both mutations, except for
[FesS4] B-cluster is located within each subunit roughly Asn284Ala:His119Ala and Lys587Ala:His113Ala, for which
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Table 2: CO Oxidation Activities of CODf Mutant Proteins

CO oxidation activity (units/mg) averaged % activity

pH 5.0 pH 6.0 pH 7.0 pH 8.0 pH 9.0 relative to WT
WT (control for His) 16 43 100 170 300 100
His113Ala 8.0 19 50 70 110 44
His116Ala 2.2 2.8 3.2 5.3 6.6 6
His119Ala 5.0 0.1 35 50 79 27
His122Ala 0.7 0.5 5.2 2.7 6 3
His113Ala+ imidazole 19 52 65 45
His116Alat imidazole 1.0 3.0 5.0 3
His116Cys 9.5 19 48 69 120 46
His116Asp 0.1 0.2 0.4 0.6 1 0.4
His113Ala:His119Ala 6.0 8.0 9.0 9.0 10 15
H113A:H116A:H119A 0.0 0.0 0.0 0.0 0.0 0.0
Glul15His:His116Ala 3.8 10 22 47 75 24
His116Ala:Gly117His 0.3 0.3 0.6 0.8 1.3 0.8
His122Ala:Alal23His 16 38 62 93 170 72
Alal21His:His122Ala 2.3 4.7 10 18 34 11
Asn284Ala 6.4 26 39 58 94 41
Asn284Ala:His119Ala 4.8 15 42 66 103 36
Lys587Ala:His113Ala 0.1 0.3 0.7 1.3 25 0.7
WT (control for C316) 203 100
Cys316Ser 0.6 0.3
WT (control for K568) 170 100
Lys587Ala 73 42

a Activities were determined as described in the Experimental Procedures. Three different and independent WT preparations were used as controls
for calculating the percentage activities of His, Cys, Asn, and Lys mutants. One unit of activity corresponds to 1 mmol of CO consumed per mg
of CODHy per min.

two different oligonucleotides were used in two different 1.97 1.88 1.75
PCR reactions. All mutant plasmids were produced using
an MJ Research Minicycler PCR machine. Mutants were

_A_,/\/-'\f
transformed, expressed, harvested, and purified as describeg> f_,__./\/‘—\_‘/_,f
id_/k/"\_fk

(10). Protein concentrations were determined by the Biuret 2

method (1). Standard CO oxidation activity assays at pH 8 g ‘

were performed as described?. Other assays were =

performed identically except at pH 5 (in sodium acetate = |

buffer), pH 6 (in MES), pH 7, and pH 9 (in Tris-HCI). &

Mutants His113Ala and His116Ala were incubated with 50 @ | ¢

mM imidazole (final concentration) fdl h and then assayed g

for activity in standard assay buffer. EPR and electronic W

absorption spectra were obtained as descrid&€)l Metal

analyses were performed by digesting WT and mutant 34 2300 2500 2700 2900 4100

CODHy: samples overnight in trace metal grade nitric acid Magnetic Field (gauss)

(Fisher), and then analyzing them on a Perkin-Elmer Elan O

DRC Il ICP-MS. FicurRe 3: EPR spectra of mutants used to identify a proton pathway
in CODHy:. (A) Hisl13Ala:His122Ala, (B) Hisl16Ala, (C)
His119Ala, (D) Asn284Ala, and (E) Lys587Ala. Arrows from left

RESULTS to right indicate theg,, = 1.86 signal from the (. Sstate of the

Proton Transfer MutantsThe mutant CODH; proteins gegé’nsggj I)é;band EPR at 10 K was essentially performed as

listed in Table 2 were constructed and isolated as described
in the Experimental Procedures. In each case, purity was
>80% and the recombinant proteins were soluble in standardof generating protons as a product of reaction 1. Deleting
buffers. Proteins were brown, indicating the presence of each of the four semiconserved His residues had different
Fe—S clusters. Mutant proteins His113Ala:His122Ala, effects on activity. Activity was nearly abolished in the two
His116Ala, Glull5His:His116Ala, His119Ala, His122Ala: mutant proteins where Ala replaced His116 and His122. In
Alal23His, Lys587Ala, and Asn284Ala exhibited the well- contrast, activity was attenuated relative to WT but still
characterized EPR signals from B/D- and C-clusters (Figure significant in mutants where Ala replaced His113 and
3). The high vyields, solubility, color, and EPR spectra His119. This latter behavior suggests that these residues are
indicate that these mutant proteins were properly folded andinvolved in catalysis but may serve redundant functions with
had the standard set of metal centers found in WT enzyme.other groups. The relative activity of the double mutant with
CO oxidation activities for each mutant were obtained in both of these residues replaced with Ala (i.e., His113Ala:
solutions buffered at various pH values (Table 2), except His119Ala) was close to the product of the relative activities
for Lys587Ala and Cys316Ser (see below) whose activities of the individual mutants (44% 27%~ 15% as observed).
were determined only at pH 8. Activities generally increased Activities of Lys587Ala and Asn284Ala mutants were
as pH increased, consistent with the thermodynamic influencesignificant but attenuated relative to WT.
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Ficure 5: Electronic absorption spectra of WT recombinant

CODHy and Cys316Ser. (A) WT CODW (44 uM o3) oxidized

with a slight excess of thionin. (B) The same as in panel A but

reduced with 20 molar equivalents of dithionite. (C) Cys316Ser

, , , , , ‘ (32uM o) oxidized with a slight excess of thionin. (D) The same
as in panel C but reduced with 20 molar equivalents of dithionite.

5200 3400 36(()§au51800 4000 4200 (E) Difference spectrum of A- B. (F) Difference spectrum of C

Ficure 4: EPR showing effect of Cys316 on C-cluster EPR signals.
(A) WT recombinant CODHj; (188 uM) oxidized with a slight
molar excess of thionin. Individuglvalues for theg,, = 1.82 signal

Table 3: Characterization of Cys316Ser Mutant CQPH

(0.19 spindB) from Ceq; are given by the arrows. (B) Cys316Ser ) spin quantification of

(316 uM) oxidized with a slight molar excess of thionin. (C) The metal analysis (f) g,, = 1.94 EPR signal  Aeszo
same as in panel A except reduced by dithionite. Individuadlues Ni Fe (spinsts) (mM~tcm™)
for the g,y = 1.86 signal (0.15 spinf3) from Ceq2 are given by 13 0.6 126
the arrows. (D) The same as in panel B except reduced by dithionite. g&%’fgéer 162_1 9 0.6 8.9

EPR conditions were the same as in Figure 3.

. . . . DISCUSSION
Activity was not “rescued” by incubating His116Ala or

His113Ala in buffer containing imidizole. However, double Our results suggest that His113, His116, His119, His122,
mutants Glul15His:His116Ala, His122Ala:Alal23His, and Asn284, and possibly Lys587 are bases involved in proton
Alal21His:His122Ala did exhibit significant activity (Table transfer processes, supporting the initial proposal of Drennan
2). These endogenous rescue experiments suggest that thet al. @). The evidence is as follows. First, these residues
function(s) of His116 and His122 do(es) not depend on their contain groups that could serve as general bases, and they
exact location. The substantial recovery of activity with are conserved in most CODHs and are located roughly in a
double mutant His122Ala:Alal23His is congruent with the line between the C-cluster and the protein exterior. Their
fact that some CODHs have a conserved His residue atconserved nature extends beyond primary sequence, as
position 123 instead of 122 (Table 1). Mutant His116Cys illustrated in the structural comparisons shown in Figyre 6.
also exhibited substantial activity, indicating that Cys can All of this is as would be expected, if these residues
partially mimic the function of His. Like His, Cys has an functioned as the bases used to abstract protons from the

ionizable hydrogen in its R group and can serve as a genera|C-cluster (during CO oxidation) and to trans_fer those protons
base to solvent. Second, we found that replacing any of these

o residues with Ala diminished or abolished CO oxidation
Characterization of Cys316Sefhree batches of mutant  ,.tivities. and that the effect was not due to protein

Cys316Ser exhibited an average specific activity unit/ misfolding or to the absence of metal centers in the proteins.
mg. A batch of WT recombinant CORQYd prepared under  Thjrq, the activity could be rescued by replacing some of

essentially identical conditions, exhibited a specific activity these residues with others that also have the capacity to serve
of 200 units/mg and had standard EPR signals from the B/D- s bases or by placing His residues in adjacent positions.

and C-clusters (Figure 4). Cys316Ser exhibited ghe= We will assume such roles for the remainder of this
1.94 signal from the By state, with an intensity comparable discussion.
to that from WT CODH, but no EPR signals from the We initially assumed that protons would be transferred

C-cluster. Electronic absorption spectra of this mutant through a linear pathway where each residue of the pathway
suggested that there are 30% fewer-Beclusters in the  would be absolutely required (i.e., where replacing any
mutant, assuming the same extinction coefficients for each member of the pathway with a residue that could not serve
cluster (Figure 5 and Table 3). The mutant lacked significant as a base would abolish activity). Although replacing His116
amounts of Ni and-30% less Fe relative to WT recombinant and His122 with Ala did essentially abolish activity, replac-
protein (Table 3). Note that the A-cluster is largely devoid ing others (His113 and His119) with Ala lowered activity
of Ni in these recombinant protein$@) and so the observed  but did not abolish it. The observed behavior suggests that
Ni should reflect that present in the C-cluster. protons are transferred through a network where some
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Lys587 and His113 were replaced with Ala is more dramatic
H@ than would be expected if both residues served separate
5“ A functions with other redundant groups. In this case, the

activity of the double mutants would be the product of the

activities of the individual mutantsnamely, 44%x 42%
= 21% of relative activity. The observed activity (0.7%,
relative to WT) suggests that His113 and Lys587 serve the

same functior-that is, they are an exclusive redundant pair.
This suggestion is included in the model of Figure 6. Another
possible redundant base to consider is water, in that there

ey are two conserved water molecules within this region of the
B WT protein @, 3, 5) and additional waters might be present
in mutant proteins.
= His116 is required for catalysis, and its location suggests
that it accepts a proton from His113 (and from any redundant
donor such as Lys587). According to our model, His116
donates a proton to either of three redundant acceptors,

including His119, Asn284, and an unidentified acceptor,

viewed in the model as one of the ordered waters present in

the WT structure. We include a third redundant pathway to

explain the substantial activity of the double mutant
C Asn284Ala:His119Ala. These three redundant groups then

donate protons to His122, a required residue that appears to

be nonredundant, and then, His122 donates protons to the
&‘ solvent or an unidentified exogenous base.

Despite ambiguity as to some of the specific residues
involved in this pathway, the location of those residues
considered here indicates that the proton transfer pathway
is distinct from the electron transfer pathway involving the
B- and D-clusters. This distinction is illustrated in Figure 7.

&
fj.@}

Protein ) Solvent

His119 Similarly distinct proton and electron pathways are evident
Lys587 ~N ;l in the Ni hydrogenase fromesulfaibrio gigas(13) and in
His116 —Hz0 Histzz= H+ the iron-only hydrogenase frof@lostridium pasteurianum
His113 \ / (14). The former enzyme contains four His (three of which
C-Cluster Asn28d

are highly conserved) residues and a conserved Glu con-
necting the active site [Ni Fe] center to the surface; they
FiIGURE 6: Proposed proton network in CODH. Top: Alignment apparently constitute a proton relay pathway. The location
of proton network residues in (A) CORQK (5), (B) CODHcy, (2), of this pathway differs significantly from the two =&
Zﬁdn(ﬁéﬁ?g%é%:F;‘C'gdii;‘?nt(‘j"ilgtifr’]rdjrsii E’)\;Ztﬁgsrh%’ggaposnding clusters and one k& cluster used to transfer electrons
Bog[tom: Proposed nét(w)ork, using r%sidue numbering for C(Q)tDH between the active site and the surface. In the |r0n-0n_ly
hydrogenase, electrons are transferred from the [Fe Fe] active

site to the surface via g8, and FeS; clusters, while protons

re transferred via a free Cys residue, two Glu’s, and a Ser
14). These similarities raise the possibility that separate
proton and electron transfer pathways will be found whenever
a series of FeS clusters constitute the electron transfer

members of that network serve redundant roles and others®
serve nonredundant (or required) roles. Redundant base
would accept protons from a common donor and donate them
to a common acceptor. The requirement for His116 and
His122 suggests that they play nonredundant roles while the th
partial requirement for His113 and His119 suggests that theypa way. . .

play redundant roles. These considerations constitute the Our results also demonstrate that Cys316 is required for

X . catalytic activity, although the origin of its effect remains
foundation of our proton network model (Figure 6, bottom). elusn)//e Prior t)c/> a refergees com?nent (and to performing

His113 is located nearest to the C-cluster, suggesting thatmetal and U\-vis analyses), we had concluded that the
it serves as the base used to abstract a proton from (i) watepersulfide bond formed between Cys316 and a sulfide of
bound to the unique Fe during one step of catalysis and fromthe [FeS,] subsite of the C-cluster allowed development of
(i) a Ni-bound carboxylate in another step of catalysis. the Geq; and Geg: redox states. This explanation was
However, the partially required nature of this residue suggestsconsistent with the EPR spectra of this mutant and with
that another group might serve the same role. Lys587 is previous studies, which indicated heterogeneous populations
located near to the [Ni Fe] subsite of the C-cluster and has of C-clusters. For example, the spin intensity of thesC
been proposed to stabilize the Ni-bound carboxylate inter- and G, EPR signals of WT enzyme quantifies to only 6.2
mediate 4). The partial loss of activity in the mutant with 0.3 spins#f rather then the expected value of unis).(
this residue replaced with Ala is consistent with this proposal Redox titrations indicated that only those C-clusters that
if the caveat that another group exists that plays a redundantexhibit the Geq; and Geq, States can be reduced by three
role is included. The near complete abolition of activity when electrons, namely, from £1t0 CGeq1 and then from g1 to
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FiGurRe 7: Stereoview showing distinct proton and electron transfer pathways through OTH cluster with the green ball (Ni) is the
C-cluster. During CO oxidation catalysis, electrons are transferred from the C-cluster to the B-cluster (located above and to the left of the
C-cluster) and then to the D-cluster (located on the protein surface, given in turquoise) and out of the protein. In contrast, protons are
transferred from the C-cluster to the relay network including His residues (shown in white).

Creqz States; the remainder are reducible by just one electron,(Accelrys, Inc.). We also acknowledge the LMS for provid-
namely, from Gx to an S= 3/2 state 9). We initially ing the software and hardware necessary to prepare the
suspected that the low spin intensities and heterogeneoustereoimage.

redox activity arose because only-280% of C-clusters had
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