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ABSTRACT

Organic chemistry transformations mediated by titms metals is one of the active and hot intercgisnary
research topics. ACS/CODH is an important enzyraé ¢hatalyzes the formation of acetyl CoA from,@@d CH.
The mechanism by which ACS catalyzes the formafi@H,CO-SCoA from CO and GHs studied theoretically
using DFT and a new nickel model in which the mistabordinated by three sulfur atoms. The analifksistrates
that the reaction course starts with CO binding Ni(l) followed by CH binding to form a Ni(ll) trigonal
bipyramidal intermediate. Ultimately, migration rds in the formation of an acetyl intermediate.isTpath is
supported by structural parameters comparable terditure values. The details are new addition tokai(l)
chemistry and allow designing new coordination ssrvinent and catalyst models for fine-tuning chagsstics of
the transformation process.
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INTRODUCTION

The acetyl coenzyme A synthase/carbon monoxide ditelygnase, ACS-CODH, bifunctional enzyme complex is
found in several bacteria and has two activitiee, ACS activity which catalyzes the synthesis ef dh-important
acetyl-CoA group from simple starting materiale, CO and Chk and the CODH activity which converts ¢@to
CO [1]. CO produced from CODH is consumed by ACSgadod deal of information about the structure af th
enzyme was predicted before its X-ray structurdémheination in 2002 [2]. They,f, tetramer has four types of
clusters: B, D, C (responsible for CODH activitgyd A-clusters. There is one A-cluster pesubunit, and it is
responsible for the ACS activity. The A-clustemisique in that it contains a 4Fe-4S cubane in addib the so
called proximal nickel, Nj and distal nickel, Nj centers, Figure 1. The presence of two Ni atotrthe active
center was confirmed in 2003 [3]. Since then, tifieres of many groups intensified to understandegheyme better
[4-7]. The mechanism is still subject to debatéhalgh there are some important pieces of evidématehelp to
understand the mechanism. Besides its biochenmgabitance, the elucidation of the enzymatic medrars also
essential because of the great environmental imfaCO, and the industrial applications of successful nede
the synthesis of acetic acid and its derivatives.

Density functional theory is widely used to studgtibthe structures of the compounds and the mesimsnof
chemical reactions. The application of DFT to cogtelenzyme structures or even complex active sitels as that
of ACS is a daunting task. Choosing small strudtunéts is a valid way to obtain important inforricat.

In the current work, we chose mononuclear nickehgiexes in an all-sulfur environment as model fog Nj,
center of the active site of ACS (Figure 2). Thiagification is not far-fetched since there is neansensus that
the entire reaction takes place at the so calledimal nickel, which changes oxidation states aedngetry during
the course of the reaction.
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Figure 1: The active site of ACS. Nip may bein equilibrium interaction with a donor atom from the medium

Figure 2: The simulation model that is used in the calculations

EXPERIMENTAL SECTION

The Gaussian 03 suit of programs [8] was usedddiopming all the calculations. The B3LYP hybrich@itional [9]
and the Lanl2dz basis set [10-13] were used formg#y optimization and frequency calculations. Ale
frequencies of the studied structures are positilees which indicate that each is a true minimunthe potential
energy diagram. Using the same functional and fitanized geometries the energy was calculated ugiags-
31+G(d,p) basis set [14], too. The literature shelweg the adopted level of theory can produce debdp results
[15-23].

RESULTSAND DISCUSSION

Acetyl co-enzyme synthase: analyzing the proposed mechanismsin the literature

The distal nickel site in ACS has a Ni(ll) atom oioated by two S atoms from bridging cysteinated awo N
atoms from the polypeptide backbonea near square planar geometry [Pjere is consensus that this "saturated"
nickel does not participate in catalysis [1]. THee#4S center is also not expected to have any ailesr than
possibly electron transfer to the proximal Ni, #ige thought to be the center of ACS catalytic\étgti Ni, has
variable oxidation states and geometries duringlgiit turnovers.

Before crystal structure determination, two mairnchanisms were proposed for the acetyl co-enzymgnthase
activity. In the paramagnetic mechanism, Ragsdala.g24] proposed that CO first binds to Ni(lpllbwed by
CH;" donated by methylated corrinoid FeS protein, wigieherates Ni(lll) with both CO and GHoundcis to each
other. An electron transferred from the FeS clugtarerates an octahedral Ni(ll) soon after, a #tapis followed
by methyl migration resulting in a 5-coordinatetgtdli(ll) species. In the diamagnetic mechanisrb][Barondeau
and Lindahl started with a 5-coordinate Ni(ll) cdmphaving an extra ligand. Oxidation was suggegbeatcur on
the thiolates rather than the nickel, which rem&inthe +2 oxidation state.
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Following determination of the structure, two newahanisms were proposed. Fontecilla-Camps et]gbrf®osed
formation of a tetrahedral Ni(0) center upon bigdi®O to the proximal Ni. A square pyramidal Ni(&@nter then
results from the addition of GHwith both CO and Cklcis to each other. Migration produces an acetyl Ni(ll)
intermediate. Attack by CoA®roduces acetyl CoA. The second mechanism propmgéthll et al. [4] again uses
Ni(0) and ends with Ni(ll). However, according tos mechanism, a square planar intermediate isddrapon the
addition of CO and CH after the dissociation of one of the enzymeatiigy sulfur atoms.

What do we know about ACS?
In order to propose an acceptable mechanism, tlaving experimental facts have to be taken intosideration:

1- The A-cluster of ACS has been shown to exist in bxaation states, the diamagnetic oxidized staie the
paramagnetic reduced state [5, 26]

2- When the oxidized state is reduced under CO atnawspla paramagnetic reduced state- CO intermeidiate
formed which exhibits a characteristic EPR sigrial,[28] .This intermediate is also characterizedabstrong
stretching frequency at 1996 ¢nin the IR spectrum, indicative of a terminal C@alnd with significant back-
donation [29, 30].

3- Méssbauer spectra of the active site indicate amhange-coupled S = 0 {[F8]"" Ni,"} state® Additional
treatment with CO caused a change in the Mosshaarameters, suggesting that there is an interaetitim a
bolund CO, but without altering the {[f=]* Nip“} state. Reduction of this state afforded an ERfRai typical of
Ni** ions.

4- During enzymatic turnover, an EPR-silent intermed[8] is formed as a result of the transfer ofethgl group
from the cobalt-methyl moiety of methylated-coriishiron-sulfur protein to the A-cluster [31].

5- There are no known methyl transfer reactions frol@@CH, complex to a Ni(0) complex, but there is
precedence in the literature for methyl transfemfrCo-CH to Ni(l) resulting in the formation of CIi(ll) [32,
33].

6- The presence of Ni(0) in enzymatic systems is unknand there is no consensus that it exists in Aift&er [6,
34].

A Theoretical model of ACS mechanism

In the current work, we used a simple model of tmwrdinate mononuclear nickel with an all sulfuvieonment
similar to the one surrounding Nn ACS, Figure 2. The oxidation states 0 (singlef) (doublet), +2 (both singlet
and triplet), and +3 (both doublet and quartet)evall used in search of energy minima along thersowf
consecutive substrate binding and migration. Strecoptimization and energy minimization were perfed using
density functional theory- B3LYP functional with ha2DZ being used as the basis set. Optimizationfisstsdone
with two thiolates bonded to Ni then one and twdregen atoms were added, respectively, for compargth the
complexes that have no protons present on theatbml Energies are shown in Tables 1-3. Energy al&s
calculated using 6-31+G(d,p) as the basis set,eBati6. Plots showing the dependence of energy{&&l,p)
data) on various oxidations states, spin statesganmetries are shown in Figures 3 and 4.

Table 1. The energy values (Hartree) for the nickel complexeswith no hydrogen atoms added using B3L YP functional and LanL2DZ

basis set
Structure Ni(0) Ni(1) Ni(ll) HS Ni(ll) LS Ni(Il) HS Ni(lll) LS
NiS; a -358.152281f -358.089866 -358.077754 -357.82019367.815710
NiS;CO a -471.481198 -471.396083 -471.410177 -471.1%3297471.123817
NiS;Me a a a -398.045880 -397.949489 -397.9705H93
NiS;MeCO a a a -511.343200 -511.2439B33 -511.268381
NiS;COMe a a -511.374380 -511.3787%7 -511.274y12 -S4550

a: structure was distorted, HS: high spin, LS: Ispin.

Table 2. The energy values (Hartree) for the nickel complexeswith one hydrogen atom added using B3L YP functional and LanL2DZ

basis set
Structure Ni(0) Ni(l) Ni(Il) HS Ni(ll) LS Ni(lll) HS Ni(lll) LS
NiS; -358.665889| -358.675998 -358.4406[14 -358.423B5857.991768| -357.979878
NiS;CO a -471.994663 -471.750929 -471.756097 -471.33368471.318016
NiS;Me a a -398.556669 -398.561470 -398.302667 -3987A2
NiS;MeCO a a -511.854946 a -511.5927p7 -511.623P78
NiS;COMe a a -511.877148 -511.886603 -511.624553 -B9160

a: structure was distorted, HS: high spin, LS: lspin.
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Table 3. The energy values (Hartree) for the nickel complexeswith two hydrogen atoms added using B3L YP functional and LanL2DZ

basis set
Structure Ni(0) Ni(l) Ni(ll) HS Ni(ll) LS Ni(lll) HS Ni(lll) LS
NiS; -359.201277| -359.047684 -358.6216P5 -358.603518 a a
NiS;CO -472.553190, -472.363135 -471.941775 -471.948797 a a
NiS;Me a a -398.919981 -398.926613 -398.495806 -398H134
NiS;MeCO a a -512.218804 -512.236666 -511.796934 -28288
NiS;COMe a a -512.241778 -512.249657 -511.831458 -59584

a: structure was distorted, HS: high spin, LS: lspin.

Table4. The energy values (Hartree) for the nickel complexeswith no hydrogen atoms added using B3L YP functional and 6-31+G(d,p)

basis set
Structure Ni(0) Ni(l) Ni(ll) HS Ni(ll) LS Ni(lll) HS Ni(lll) LS
NiS; a -2861.342830 -2861.279406 -2861.270428 -286833 -2861.014201
NiS;CO a -2974.697762 -2974.615132 -2974.633831 -29BOF/ | -2974.34613]
NiS;Me a a A -2901.25188 -2901.149612 -2901.174035
NiS;MeCO a a A -3014.574198 -3014.4648P4 -3014.500668
NiS;COMe a a -3014.592722  -3014.6053[10 -3014.495875 14-320299

a: structure was distorted, HS: high spin, LS: Ispin.

Table5. The energy values (Hartree) for the nickel complexeswith one hydrogen atom added using B3L YP functional and 6-31+G(d,p))

basis set
Structure Ni(0) Ni(1) Ni(I) HS Ni(ll) LS Ni(Ill) HS Ni(lll) LS
NiS; -2861.888919| -2861.875582 -2861.643886 -2861.63182861.196053 -2861.193488
NiS;CO a -2975.223051 -2974.983291 -2974.994755 -2@82%l | -2974.560208
NiS;Me a a -2901.764744 -2901.777667 -2901.516238 -830008
NiS;MeCO a a -3015.09174y a -3014.826305 -3014.864091
NiS;COMe a a -3015.106440 -3015.124884 -3014.855069 14-887162

a: structure was distorted, HS: high spin, LS: Ispin.

Table 6. The energy values (Hartree) for the nickel complexeswith two hydrogen atoms added using B3L YP functional and 6-31+G(d,p)

basis set
Structure Ni(0) Ni(1) Ni(I) HS Ni(ll) LS Ni(Ill) HS Ni(lll) LS
NiS; -2862.430799| -2862.258212 -2861.837636 -2861.82665 a a
NiS;CO -2975.796869 -2975.601954 -2975.189188 -2979D02 a a
NiS;Me a a -2902.138337 -2902.153483 -2901.721Y16 -296047
NiS;MeCO a a -3015.466374 -3015.4888B38 -3015.048255 15:884347
NiS;COMe a A -3015.482081 -3015.498765 -3015.079895 153M9918

a: structure was distorted, HS: high spin, LS: Ispin.
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Figure 3. Energy change (atomic units) asmor e reactants are added to nickel using 6-31G+(d,p) (no hydrogen atoms are added to the
complex) (1 (NiS3), 2 (NiS;CO), 3 (NiSMe), 4 (NiSsMeCO), 5 (NiS;COMe))

Inspection of the data presented in the tablesFigdres 3 and 4 shows the following. The preferoeder of
binding was always found to be CO then{tithich bindscis to CO. From plots of energy versus oxidation state
and spin state, the course of reaction with mimmenergy is that for CO binding to Ni(l) followed Imethyl
binding which causes oxidation of nickel to Ni(lif,a low-spin state (LS). Nickel remains in the @@dation state

as the acetyl intermediate is formed afterwards.
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The Ni(0) models were generally subjected to sed@®rtion whereby ligands were either split aviiym Ni or
parts of them split off probably because of too mabarge being accumulated at the thiolate-cooteiihaickel(0)
center. Ni(l) was always distorted when bonded tmethyl or acetyl ligand, indicating that it is taisle in a
thiolate rich environment unless some back-bondigands such as CO are present in its coordinadjmere.
Ni(lll) was not energetically preferred in any caseither as a doublet (LS) nor as a quartet (F®) hydrogen
atoms are expected to be bound to the sulfur abmolinated to nickel as the reaction progressdgtmnoxidation

state of nickel increases. The presence of pratestabilizes the system in higher Ni oxidationestat
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Figure 4. Energy change (atomic units) asa function of the oxidation state and spin state for the five complex structures using 6-

31G+(d,p)

(no hydrogen added) (1 (Ni(0)), 2 (Ni(1)), 3 (NJ(HS), 4 (Ni(ll) LS), 5 (Ni(lll) HS), 6 (Ni(lll) LB HS: high spin, LS: low spin).
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The following mechanism, Scheme |, which we proplbsee, takes into account all of the previously tieered
experimental facts (section 3.2) as well as thalte®f our theoretical investigations. N first reduced from the
diamagnetic square planar Ni(ll) to a paramagnei{t) state. This reduced stateen binds CO with no change in
the oxidation state of Ni. A methyl moiety is thigansferred from methylated-corrinoid-iron-sulfuofein to form
a trigonal bipyramidal intermediate with concomitarxidation of nickel to Ni(ll). The resulting intmediate,
diamagnetic, has both CO and Ltls to each other. Migration of GHo the neighboring CO forms a Ni(ll)-
COCH; intermediate. Finally, the acetyl group in Ni(L)@CH; is transferred to the thiolate group of co-enzyine
thus producing acetyl CoA and restoring the redue@tuster, ready to start another catalytic cycle.

— _

NG TN\
_ / AN CHs
/s\ \ C\o\

COoA-SCOCH / NQ
S sS— \
COA-S / \ /

Scheme |. Proposed mechanism of ACS

This suggested mechanism complies with the expatmhedata obtained for the enzyme. The paramagnetic
intermediate in the reduced ACS is expected to ifg &hd the diamagnetic intermediate Ni(ll) [5, Kj(0) is not
present in biological environments [34] and is vaty likely to be present in an all-sulfur electnach environment

in the reduced state of ACS. On the other hand]INi§ highly oxidizing and is not expected to b&ble in the
presence of the soft polarizable cystinate ligandisceover, Ni(lll) is rare in chemical models [3&$ well as in
biological systems were it is thought to be pregernhe oxidized states of the enzyme FeNi hydrager{36jand

the enzyme Ni-SOD [37].

Structural data of Schemel compounds

Structural data for the model complexes that appe#ine mechanism are presented in Tables 7 affth&.NiS
complex has a near T-shaped structure which turmtts the square planar NSO upon binding CO, Figure 5.
Methyl binding transforms the compound into thgdral bipyramidal geometry, which upon methyl miigma,
returns back into the square planar geometry fagrtiie acetyl complex in the process.

Ni-S bond lengths were in the range known for nicdamplexes [38-40]. A notable exception is obsdrire the
NiS;CO complex where the Ni(l)-ether sulfur bond appédarbe too long (2.7622 A). This distance is lorthan
the 2.6446 A Ni(ll)-S distance reported by M. L.l&ayud et al. for dithiosquarate complexes of @ik
containing 1,10-phenanthroline as a co-ligand [4Dher than this anomaly, Ni-S bonds were longesthe 5-
coordinate NigMeCO complex.

Ni-CH; bond distances are very close to the 1.966 A N@HI; bond distance reported by Dougherty, W f@.
square planar nickel(ll) [41Ni(ll)-COMe bond distance is about 0.06 A shorteart the Ni-CH bond as observed
by Holm and co-workers [41, 43The CO bond distance in these latter complexes ithé range of 1.27 A
indicative of double bond character. Finally, tlent distances of the terminally coordinated COhlintNiS;CO
and NiSMeCO, are longer than expected for terminally bo@@ indicative of extensive back-donation in the
electron-rich thiolate complexes [44]. This lengting of the CO bond draws similarities to the strdmack-
donation observed in ACS during its catalytic turio[39, 40].
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Figure5. Optimized structures of the compounds presented in Scheme |
Table 7. Bond distances of Scheme | compounds
Bond Bond length (A)
NiS; NiS;CO | NiSMe | Ni§MeCO | NiSCOMe
NiS1 2.38905| 2.37669 2.25866 2.4056 2.27729
NiS2 2.30191| 2.342438 2.37613 2.4141p 2.36979
NiS3 2.40112 2.7622 2.39435 2.5965 2.39747
Ni(CHs) - - 1.96761 1.97298 -
NiC(O) - 1.80799 - 1.78349 -
NiC((O)CHy) - - - - 1.91734
Cco - 1.18938 - 1.19229 1.26880
Table 8. Bond angles of Scheme | compounds
Andle Bond angle (Degrees)

9 NiSs NiS;CO | NigMe | NiSSMeCO | NiSCOMe
S1NiS2 99.637 95.233 92.294 93.599 90.765
S1INiS3 100.029 93.211 176.383 92.473 178.723
S2NiS3 160.19| 131.661 90.62p 94.252 90.30f
S1Ni(CH) - - 89.233 90.568 -
S2Ni(CH;) - - 178.426 92.363 -
S3Ni(CH;) - - 87.863 172.531 -
S1Ni(CO) - 142.495 - 137.878 -
S2Ni(CO) - 103.926 - 128.484 -
S3Ni(CO) - 97.403 - 86.742 -
S1Ni(COCH) - - - - 89.238
S2Ni(COCH) - - - - 179.973
S3Ni(COCH) - - - - 89.690
NiCO - 171.337 - 175.247 123.159
(CHyNI(CO) - - - 86.427 -
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CONCLUSION

The theoretical study presented in this paper gavidence for the binding of CO to Ni(l) followeg KH; binding.
This generates a trigonal bipyramidal intermediateNi(ll) with both CO and CHl cis to each other which
facilitates the next step in which the methyl migsato form a square planar acetyl intermediat®i¢fl). The
acetyl group is finally transferred to CoAShis mechanism complies with the data collectedNCS and presents
an acceptable alternative for the previously predosnechanisms. Successful synthesis of the intéatesd
proposed in this mechanism will be helpful to pragecredibility.
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