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Biocatalytic copper centers are generally involved in the activation
and reduction of dioxygen, with only few exceptions known.
Here we report the discovery and characterization of a pre-
viously undescribed copper center that forms the active site of
a copper-containing enzyme thiocyanate dehydrogenase (sug-
gested EC 1.8.2.7) that was purified from the haloalkaliphilic sul-
fur-oxidizing bacterium of the genus Thioalkalivibrio ubiquitous
in saline alkaline soda lakes. The copper cluster is formed by
three copper ions located at the corners of a near-isosceles tri-
angle and facilitates a direct thiocyanate conversion into cya-
nate, elemental sulfur, and two reducing equivalents without
involvement of molecular oxygen. A molecular mechanism of ca-
talysis is suggested based on high-resolution three-dimensional
structures, electron paramagnetic resonance (EPR) spectroscopy,
quantum mechanics/molecular mechanics (QM/MM) simulations,
kinetic studies, and the results of site-directed mutagenesis.

copper centers | thiocyanate dehydrogenase | crystal structure | EPR |
molecular mechanism

Copper is widely utilized in life systems (1, 2). It is incorpo-
rated into proteins for the purposes of copper trafficking
and storage (3, 4) and electron transport and catalysis (5-7).
Malfunctioning of copper homeostasis leads to a number of
disease states (8, 9). Copper enzymes are important in the
biosynthesis of natural products, hormones and neurotrans-
mitters, proton pumping for adenosine triphosphate synthesis,
and the metabolism of iron and copper (1, 2). They are also of
potential technological interest for construction of the anodes
of (implantable) biofuel cells (10).

Copper enzymes comprise a rather diverse, but not numerous,
group of biocatalysts. Over 20 copper-containing enzymes that
catalyze a wide-ranging group of chemical reactions have been
characterized so far (1, 2). With just a few exceptions [enzymes
participating in nitrogen metabolism, nitrite reductase (11) and
nitrous oxide reductase (12), and lytic polysaccharide mono-
oxygenase (13) thought to utilize peroxide as an oxidant], all of
the other Cu-based biocatalysts use dioxygen as a reactant. With
the help of copper proteins, dioxygen is activated for the mono-
oxygenation, dioxygenation, or oxidation of substrate molecules,
and can also undergo four-electron reduction to water.

Copger-dependent catalysis resides on the redox properties of
the Cu®*/Cu™ couple and geometry and electronic structures of
the individual Cu-sites (1, 2). Quite a few Cu-centers that differ
in the number and geometry of the constituent copper atoms are
known to date. Enzyme active centers were reported to contain
metal clusters comprising one to four copper ions as well as other
moieties such as heme groups (14-16).

Thiocyanate is a relatively stable compound and is oxidized by
dioxygen only under elevated temperatures and pressures (up to
200 °C and 100 bar) in the presence of Cu(Il) catalyst (17).
According to a suggested mechanism (17), the process proceeds
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via initial formation of (NCS),Cu, comprises multiple stages, and
gives sulfate as the final sulfur reaction product. Some sulfur-
oxidizing bacteria (SOB) known to play an important role in
global geochemical cycles can utilize thiocyanate as the sole
source of energy and nitrogen. Until now, the only route of
thiocyanate microbial utilization that has been documented in-
volved the hydrolytic cleavage of nitrile, leading to formation
of carbonyl sulfide and ammonia (18-20). However, some pre-
vious microbiological evidence showed that thiocyanate may be
degraded by cell-free extracts of haloalkaliphilic thiocyanate-
utilizing SOB in the presence of an electron acceptor via a
chemical reaction producing cyanate and elemental sulfur as final
products (21, 22):

N=CS +H,0 » N=CO +S°+2H" +2¢” [1]

Here we present firm evidence that a specific enzyme from the
haloalkaliphilic SOB of the genus Thioalkalivibrio can catalyze
this process. The enzyme, thiocyanate dehydrogenase (TcDH),
reveals several features special to the chemistry of biological
copper sites. TcDH contains a unique metal site comprising
three copper ions in a configuration that enables two-electron
oxidation of thiocyanate ion to cyanate and elemental sulfur
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without utilizing oxygen as a cosubstrate. We describe physi-
cochemical and catalytic properties of TcDH, solve and character-
ize its three-dimensional structure, provide data on the electronic
state of the copper cluster, and propose and verify a possible
molecular mechanism of action.

Results and Discussion

Isolation and Characterization of TcDH.

Thiocyanate-utilizing potential within the genus Thioalkalivibrio.
Haloalkaliphilic sulfur-oxidizing bacteria of the genus Thioalkalivibrio
can utilize sulfide, sulfur, or thiosulfate as energy sources during
aerobic growth. The strains used in this study, Thioalkalivibrio
paradoxus (ARh1) and Thioalkalivibrio thiocyanoxidans (ARh2
and ARh4) (21, 22), can grow using thiocyanate as the sole source
of energy and nitrogen.

For all of the three strains tested, polypeptide profiles of cells
grown with either thiosulfate or thiocyanate as an energy source
showed a major protein with a molecular weight of ~52 to 55 kDa
unique to thiocyanate-grown cells (S Appendix, Fig. S14). An
increase in the copper concentration in the growth medium
correlated both with an increase in the accumulation of this
protein in cell extracts (SI Appendix, Fig. S1B) and an increase in
the thiocyanate consumption and biomass accumulation rate (S/
Appendix, Fig. S24). In contrast, copper ions had no effect when
cells were grown on thiosulfate (SI Appendix, Fig. S2B), further
verifying their specific influence on the primary thiocyanate
degradation reaction.

Putative thiocyanate-degrading enzymes were isolated from
the soluble fractions of cell homogenates of the ARh1 and ARh4
strains and were purified to homogeneity. The proteins were
identified by matrix assisted laser desorption/ionization - time-
of-flight (MALDI-TOF) mass spectrometry as products of the
THITH_RS12920 and F465DRAFT 2664 genes in the genomes
Tv. paradoxus ARh1 and Tv. thiocyanoxidans ARh4, respectively.
An analysis of 75 annotated genomes of the strains belonging to
the genus Thioalkalivibrio demonstrated that genes encoding
homologous proteins (88.9 to 94% identity) are present in the
genomes of 10 bacteria (23) (SI Appendix, Table S1). Further
examination showed that all of the strains of the genus Thio-
alkalivibrio that contain the gene encoding the thiocyanate-
degrading protein are able to grow aerobically with thiocyanate
as an energy source (SI Appendix, Fig. S2C). Proteins homologous
to TcDH (sequence identity above 30%) were found in the ge-
nomes of more than 50 other species from phylogenetically dif-
ferent bacteria (24).

The thiocyanate-degrading enzyme from 7v. paradoxus ARh1

was selected for further detailed characterization.
Molecular properties and functional characterization of the thiocyanate-
degrading enzyme. The target protein was isolated from the peri-
plasmic cell fraction and purified to homogeneity by anion-exchange
and size-exclusion chromatography. The isolation led to a de-
crease in the specific activity of the target protein due to loss of
copper ions (as detailed later) required for enzyme activity (S/
Appendix, Table S2). N-terminal sequencing demonstrated that
the mature form of the target protein begins at residue Ser79. The
calculated molecular weight of the mature protein is 51,891 Da, in
agreement with the protein mass determined from SDS/PAGE
(52 to 53 kDa). According to size-exclusion chromatography re-
sults, the native enzyme exists as a dimer in solution at pH 9 to 10
(25 mM borate or carbonate buffer) in the presence of 0.15 to 1 M
NaCl. The protein has no characteristic absorption in the visible
region. An X-ray fluorescence study demonstrated that the “as-
isolated” protein contained significant amounts of copper ions (0.6
to 0.9 moles per mole of protein subunit).

The reaction of thiocyanate oxidation proceeded only in the
presence of electron acceptors with potentials Ey’ higher than
200 mV, such as endogenous periplasmic cytochromes, horse
heart cytochrome ¢550, Wurster’s blue, Bindschedler’s green, and
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K;Fe(CN)g. Low-potential electron acceptors, such as 2,3,5-tri-
phenyltetrazolium chloride and methylene blue, were not reduced.
Direct oxidation of thiocyanate by molecular oxygen was not
observed.

The degradation of thiocyanate was accompanied by the for-
mation of one equivalent of cyanate and the reduction of two
equivalents of one-electron acceptors (ferricyanide, ¢550; SI
Appendix, Fig. S3). The formation of elemental sulfur as the
second product of the thiocyanate oxidation was confirmed by
reversed-phase high-performance liquid chromatography (HPLC)
using biosulfur from 7v. paradoxus ARh1 as a marker (SI Ap-
pendix, Fig. S4) (25).

These results show that the thiocyanate-degrading enzyme

catalyzes the two-electron oxidation of thiocyanate to yield cyanate
and elemental sulfur, coupled with electron transfer to an external
electron acceptor (cytochromes), and is thus a thiocyanate: cyto-
chrome ¢ oxidoreductase (or thiocyanate dehydrogenase, TcCDH).
According to the Enzyme Commission (EC) classification, TcDH
can be assigned to the ENZYME class 1.8.2., which includes oxi-
doreductases acting on a sulfur group of donors using cytochrome
as an acceptor.
Influence of copper ions on TcDH activity. The “as-isolated” TcDH
demonstrated low activity and contained 0.6 to 0.9 copper ions
per enzyme subunit, depending on the isolation protocol. Ex-
haustive dialysis against 25 mM borate buffer, pH 9.5, containing
10 mM EDTA, did not lead to a substantial decrease in copper
content, while the TcDH activity further decreased to 3% of the
“as-isolated” value (Table 1).

Incubation of the “as-isolated” TcDH with 20 to 40 molar
excess of the copper salts for 1 to 2 h resulted in the binding of
copper ions and concomitant increase in specific activity of TcDH
(Table 1). TcDH sample saturated with Cu®* ions (hereafter re-
ferred to as “Cu**-saturated”) contains 3.0 + 0.5 copper ions per
enzyme subunit as revealed by inductively coupled plasma-mass
spectrometry (ICP-MS) metal analysis. The activation of the en-
zyme by Cu* ions yielded only slightly higher results but consis-
tently higher copper incorporation (Table 1). The reasons for the
latter phenomenon are discussed later.

Taken together, these data suggest that each subunit of “as-
isolated” TcDH contains one strongly bound copper ion that is
not lost during the isolation procedure and does not dissociate
during dialysis. Exhaustive dialysis provided evidence that TcDH
containing one copper ion has no catalytic activity. The activity
of “as-isolated” TcDH observed in our experiments is apparently
attributable to the presence of a small amount (3 to 5%) of the
catalytically active form containing three copper ions per protein
molecule. It can be hypothesized that the incubation with copper
salts allows for the incorporation of copper ions into the TcDH
molecule that were lost during the isolation procedure.

Experiments with recombinant TcDH (recTcDH) support this
assumption. When purified, recTcDH contains no metal ions and
is devoid of catalytic activity. However, similar to the wild-type
protein, it can be reactivated by copper ions with subsequent re-
constitution of the catalytic activity (Table 1).

The key role of copper ions in the functioning of TcDH is
additionally confirmed by the enhanced TcDH biosynthesis and
increased rate of thiocyanate consumption by cells grown under
increased copper concentration in the growth media (SI Appendix,
Figs. S1B and S24).

Kinetic properties of TcDH. With ¢550 or K;Fe(CN)4 as electron
acceptors, the enzyme showed a pH optimum around 9.5 (Fig.
1), matching the pH of the habitat of the host organism. The pH
dependences are bell-shaped with the apparent pK,s of ~8.1 to 8.9
for the acidic and ~10.2 to 10.9 for the alkaline sides, respectively.
When using K3;Fe(CN)g as an electron acceptor, the form of pH
profile becomes somewhat wider on both sides. The pK, value for
the right side can be tentatively attributed to the deprotonation
of the lysine residue found in the enzyme active site, Lys103; that
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Table 1. Influence of the copper ions on the TcDH activity

Copper content,

Activity, pmol x mole per mole of

TcDH min~" x mg~'* TcDH subunit®
"“As isolated” 0.2 + 0.05 0.8 +0.2
“As isolated” after dialysis 0.007 + 0.003 0.7 +£0.2
Cu**-saturated 10.1 + 0.6 30+05
Cu™-saturated 13.6 + 0.3 45 +1

Recombinant 0 0
Recombinant Cu?*-saturated 94 +04 25+0.2
Recombinant Cu*-saturated 9.9 + 0.1 52 + 0.5

*The activity was measured with cyt550 as an acceptor, 25 mM borate
buffer, pH 9.5.
"The copper content was determined by ICP-MS.

for the acidic side to the protonation of the catalytic histidine
residue, His136 (as discussed further later).

Table 2 presents the kinetic parameters of thiocyanate oxidation
catalyzed by “Cu?*- and Cu*-saturated” TcDH in the presence of
different electron acceptors. For the reaction with low-molecular-
weight electron acceptors, Wurster’s blue and K;Fe(CN)s, as well
as with ¢550, the Michaelis constants for thiocyanate measured for
“Cu*-saturated,” “Cu*-saturated,” and “as-isolated” TcDH are
quite similar. That is indirect evidence supporting our hypothesis
that the activity of “as-isolated” TcDH is associated with the
presence of a small amount of the active protein.

The maximum reaction rate, V,,, for thiocyanate oxidation
assayed with both low- and high-molecular-weight electron ac-
ceptors showed rather similar values. Therefore, the rate-limiting
step of the overall process should be the same irrespective of the
type of the electron acceptor used.

Anions capable of forming coordination compounds with cop-
per ions, such as cyanate and cyanide, acted as inhibitors of TcDH.
Cyanide was the most potent inhibitor (K; 1.4 pM), showing a
competitive inhibition pattern. The reaction product cyanate
bound with about the same affinity as the substrate, thiocyanate,
and showed a mixed type of inhibition (K. 0.9 mM, Kj, 1.2 mM).
Unexpectedly, azide appeared to be a rather weak inhibitor, with
an 1Csq of as high as 60 mM. Other anions tested (nitrate, nitrite,
bicarbonate, sulfate, acetate, and iodide) showed no inhibitory
effect at 1 mM concentration (thiocyanate concentration was 1 mM,
approximately the K,).

Electron Paramagnetic Resonance (EPR) of TcDH. A concentrated
sample of “Cu**-saturated” TcDH with a copper content of 3.0
(ICP-MS) was studied with EPR spectroscopy. As presented in
Fig. 24, the low-temperature X-band spectrum shows a broad,
complex signal with at least 11 hyperfine lines. Saturation at 17 K
(Fig. 2B) sets in at a microwave power of circa —30 dB (0.2 mW),
which is not an uncommon value for S = 1/2 Cu®** complexes in
proteins. The spectral shape does not change significantly even at
high saturation levels (SI Appendix, Fig. S5A4), indicating that in-
dividual Cu®* spectra cannot be disentangled by discriminative
saturation. The integrated signal intensity as a function of
sample temperature (Fig. 2C) indicates Curie behavior. The
spectral shape also does not change significantly as a function of
temperature over a range from 15.7 to 162 K (SI Appendix, Fig.
S5B), indicating that individual Cu** spectra cannot be disen-
tangled by discriminative temperature-broadening. The spectrum
is also found to be essentially independent of pH from pH 6.0 to
9.5 except for a slight further decrease of resolution at high pH (S
Appendix, Fig. S5D). Quantification versus an external copper
standard, assuming noninteracting S = 1/2, gives a spin count of
2.4. To check whether this number may have been affected by the
presence of mutual dipolar interaction between the copper ions,
we completely denatured the protein with strong acid: the
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resulting EPR spectrum shows a single, magnetically isolated
Cu”" species, doubly integrating to a spin count of 2.8 (SI Ap-
pendix, Fig. S5E).

The only resolving action is partial reduction, e.g., either by
redox equilibrium titration or kinetically in the reaction with
substrate SCN™ in the absence of an external electron acceptor.
A reductive equilibrium redox titration with dithionite of 15-fold
diluted enzyme (to obtain enough data points) in the presence of
a range of redox mediators (Fig. 2D) indicates complex redox
behavior. The integrated signal intensity reduces over a much
wider potential range than expected for a Nernstian one-electron
acceptor. Thus, the Cu ions may have individual reduction po-
tentials that vary over several hundred millivolt; alternatively, the
Cu ions may exhibit concerted redox behavior. Indeed, the data
can be fit approximatively with a single Nernst curve with a
substoichiometric electron value of n = 0.21 (Fig. 2D), which
possibly suggests significant negative redox cooperativity. At the
low-potential end of the titration, the EPR spectrum changes into
a shape indicative of an isolated Cu** ion with gl ~23anda
resolved hyperfine splitting of A ~ 130 G (SI Appendix, Fig. S5C).

Incubation for 20 min with substrate SCN™ resulted in an EPR
spectrum of nearly 60% reduced intensity (Fig. 3), suggesting
that this reaction in the absence of the external electron accep-
tors leads to reduction of two of the three Cu®* ions to Cu*. The
process is biphasic: the first spin is reduced quite rapidly, while
reduction of the second one requires several minutes under the
condition of the experiment. Prolonged incubation affords the
isolated Cu®* spectrum also observed at the low-potential end of
the redox titration.

For simulation of the spectra, additional data were collected at
35 GHz (Q-band; Fig. 44), and a semiquantitative analysis based
on the following assumptions (to keep the problem tractable)
was applied: (i) it is assumed that the spectrum stoichiometri-
cally represents three copper sites; (ii) all EPR parameter ten-
sors are assumed to be axial (e.g., g« = g, = gu); (fif) since an
increase in the microwave frequency leads to an increase in the
strength of the electronic Zeeman interaction over all other mag-
netic interactions, we use Q-band (ca. 35 GHz) data to pin down
g-values, and these are subsequently used as fixed values in the

100
80
60

40

Activity, % of maximum

20

pH

Fig. 1. pH-dependence of the TcDH-catalyzed thiocyanate oxidation with
50 pM ¢550 (red circles) and 1 mM KsFe(CN)g (black squares) as electron ac-
ceptors. The activity was measured with 6 mM SCN™ in 25 mM borate buffer
(pH 8 to 11.8) and 50 mM Mops (pH 6.8 to 8). The theoretical curves are
calculated assuming pK,; of 8.9 and pK,, of 10.2 for ¢550 (R*> = 0.988 red
line) and pK,; of 8.1 and pKj,, of 10.9 for K3Fe(CN)g (R? = 0.962, black line).
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Table 2. Kinetic parameters of enzymatic thiocyanate oxidation in the presence of various electron acceptors

Acceptor

Wourster’s blue

K3[FeCNe] cyt550

TcDH K MM Vi, pmol x min™' x mg™" K, MM Vi, pmol x min™' x mg™"  Km, MM Vm, pmol x min~' x mg™’
As isolated * * * 09+0.3 0.28 + 0.03
Cu®*-saturated 0.8 +0.1 12.7 £ 0.5 (11.0) 1.2+ 01 11.8 + 0.8 (10.3) 1.0 £ 0.1 10.2 + 0.2 (8.9)
Cu*-saturated 0.7 + 0.1 13 + 0.2 (11.3) 1.0 £ 0.1 15.4 + 0.5 (13.4) 1.3+0.2 12.1 + 0.3 (10.5)
Recombinant Cu*-saturated * * 0.8 + 0.1 12.5 + 0.4 (10.9) 1.2+ 0.1 10.0 + 0.2 (8.7)

Value of V/[Elo (s™"), keat, is given in parenthesis, where [E]o is the total enzyme concentration in solution.

*Not determined.

X-band simulation; (iv) simulation of the X-band spectrum is
inspected in second derivative mode as a higher-sensitivity check
on hyperfine pattern; (v) the final fit of the overall spectrum is
compared to a fit to the spectrum of partially reduced enzyme; and
(vi) a mixed-valence [Cu(I)-Cu(II)] pair is assumed not to be
present, since such a system would give a single S = 1/2 spectrum
and this would imply a total copper S = 1/2 EPR stoichiometry of 2
(Fig. 4). The fitting parameters are listed in ST Appendix, Table S3,
in which the three copper sites are arbitrarily labeled A, B, and C.

In summary, reasonable fits are obtained for the EPR of oxi-
dized TcDH containing three coppers, with consistency between
X-band and Q-band data. One species (Cu-C) is unusual; it has
the parallel hyperfine splitting, A = 60 to 80 G, of a blue, type-I
copper, although it does not have the coordination, nor the
strong color, of a blue copper species. It is reminiscent of the so-
called “type-zero” pseudotetrahedral site that is obtained from
azurin after mutation of the cysteine ligand into an aspartate and
mutation of the methionine ligand into a noncoordinating amino
acid (26, 27). The other two species (Cu-A and Cu-B) exhibit
EPR parameters that are common for O,N coordinated copper.
In the reaction with potassium thiocyanate (KSCN) species,
Cu-A is the last one to get reduced.

Three-Dimensional Structure of TcDH. To determine the three-
dimensional structure of TcDH and reveal details of the active
site architecture, we obtained crystals of both the native and
recombinant protein, which differed in the method of activation,
crystallization conditions, and the number of copper ions located
in the active site of the enzyme (Table 3). The X-ray diffraction
data sets were collected at 1.45-A (TcDH1), 1.6-A (TcDH2), 1.8-A
(TcDH3), and 1.7-A (TcDH4) resolution (Table 3 and SI Appendix,
Tables S4 and S5).

All of the structures but TcDH4 are very similar, with RMSDs
between Ca atoms in the range of 0.26 to 0.58 AZ. The TcDH4
structure, the enzyme “as prepared,” containing less than one
copper ion, reveals conformational changes and double confor-
mations of the active site residues. The structures obtained differ
in the number of copper ions in the enzyme active site dependent
on the mode of enzyme activation and crystallization conditions. If
the enzyme is activated with Cu®* ions (TcDHI1), only two coppers
are usually found in the active site in the crystal structure. To
ensure consistent incorporation of the complete set of three
copper ions, the enzyme was activated with Cu™ and additional
treatment of the protein crystals with Cu* was required (ST Ap-
pendix). However, under these conditions, extra copper ions with
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Fig. 2. EPR spectroscopy of TcDH. Wild type TcDH loaded with three coppers. (A) Spectrum at 9.3871 GHz and 15.7 K showing a complex pattern of hyperfine
lines. (B) Microwave-power saturation plot at 17 K shows regular Cu?* saturation. (C) Plot of intensity versus reciprocal temperature shows normal Curie
behavior. (D) Reductive titration by stepwise addition of sodium dithionite shows complex behavior possibly indicative of negative redox cooperativity.
Electron stoichiometry with n = 1 (dotted line) or n = 0.21 (solid line). Materials and Methods includes detailed experimental conditions.
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Fig. 3. EPR spectra of TcDH after incubation with the substrate SCN™ in the
absence of external electron acceptors. (A) EPR spectra of 0.29 mM wild-type
TcDH with three coppers, incubated with 1 mM KSCN, taken at time Os, 155,
2 min plus 15 s, 20 min, and 2 h. (B) Course of the reaction presented as
double integral of the EPR spectra versus time. The reaction consists of two
distinct phases: after 20 min, the initial intensity is reduced by 60%, sug-
gesting reduction of two of the three Cu®* to Cu*; on a much longer time
scale, the third Cu®* also (partially) reduces. Note that the final spectrum is
similar, if not identical, to the mononuclear Cu?* spectrum observed at the
low-potential end of the redox titration in Fig. 2. EPR conditions: frequency,
9,410 MHz; power, —32 dB; temperature, 17.5 K.

low occupancy (0.5 to 0.2) are found on the protein surface and
even at the enzyme active site (TcDH2, TcDH3).

Overall structure of TcDH. Residues 82 to 548 (hereafter, the num-
bering of residues is given according to the numeration of the
complete polypeptide chain derived from the gene sequence), with
the exception of the first three residues, 79 to 81, were located in
an electron density map. The TcDH molecule is a homodimer
with the dimensions of 40 x 40 x 100 A (Fig. 54). According to
the PISA server (28), the surface area of the TcDH dimer is about
28,620 A2 and the buried area of the subunit is 2,590 A% The
dimer is consohdated via 30 hydrogen bonds. Approximately 25 of
the 70 residues at the dimer interface form hydrophobic contacts
with residues of the adjacent subunit. The TcDH molecule dis-
plays a seven-bladed beta-propeller topology (Bl to B7; SI Ap-
pendix, Fig. S6). The blades of the propeller are formed by
antiparallel p-sheets (Fig. 5 A and B). The enzyme active site is
located in a cylindrical cavity (8 A in diameter) in the center of the
enzyme subunit (Fig. 5B). The C-terminal helix plugs the bottom
of the cavity and places the C-terminal residue of the polypeptide
chain, Thr548, into the vicinity of the active site. The negatively
charged thiocyanate ion enters the active site through the opening
of the central cavity. No other substrate and product transport
pathways were found.

Active site. Electron density maps revealed up to three copper ions
(Cul, Cu2, and Cu3) in the central cavity formed by the beta-
propeller. This region of the structure is considered to be the
enzyme active site (Fig. 5 C=E). The active site includes (i) copper
ions, (if) residues coordinated to these copper ions (for the Cul
ion, His206, His381, and Asp314; for the Cu2 ion, His135, His528,
and Lys103, the latter residue being coordinated to the Cu2 ion in
only one of two possible positions; and for the Cu3 ion, His437
and His482), (iii) residues that are not directly coordinated to
copper ions but are involved in the formation of a hydrogen bond
network or hydrophobic interactions in the active site (Phe436,
Lys103), (iv) residues involved in the activation of a reacting water
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molecule W1 (His136 and Glu288), and (v) water molecules, in-
cluding an attacking water molecule W1, and ions from the crys-
tallization media (acetate ion in the TcDH1 structure). All of the
active site residues, 11 altogether, are conserved in the closest
homologs of TcDH (identity >49%) and form a characteristic
template that can be used for mapping potential TcDHs in the
metagenomes (24).

The interpretation of the electron density in the TcDH active
site as copper ions is unequivocally supported by the strong
anomalous signals observed on density maps (SI Appendix, Fig.
S7). The copper ion Cul is present in all of the structures, in-
cluding the structure of the “as-isolated” enzyme (TcDH4). The
occupancy of the copper ion Cul is 0.4 for the TcDH4 structure
and 1.0 to 0.8 for the other structures (Table 3). It seems reason-
able that Cul is the copper ion that is mostly retained during the
isolation and purification of TcDH and is not removed by ex-
haustive dialysis. The copper ion Cu2 also has a high occupancy
and was found in all TcDH structures activated by copper ions (Fig.
5 C-E). The copper ion Cu3 was present only in the structure of
TcDH2 treated with Cu* (Fig. 5D) and also had a nearly full oc-
cupancy. Failure to achleve complete reconstitution of the enzyme
active site with Cu®* ions under crystallization conditions is not
surprising. For example, copper is incorporated into laccase crystals
only in the form of Cu* (29, 30). It is generally assumed that that
Cu* incorporates into the proteins better because of the difference
in solvation shell of +2 and +1 ions. It should also be noted that, in
the particular case of TcDH, the coordination of Cu3 cogper site
favors Cu™ oxidation state; that of Cul and Cu2 sites, Cu™*

The copper ions Cu2 and Cu3 were not found in the structure
of “as-isolated” TcDH (Cu3 is completely absent, while Cu2 has
the 0.1 occupancy in just 50% of the subunits). Apparently, the
Cu2 and Cu3 coppers are the labile ions that are mostly lost during
isolation and purification of the enzyme and can be removed by
exhaustive dialysis. Intensive treatment of the protein crystals with
Cu™ ions to facilitate copper incorporation (ST Appendix, Materials
and Methods includes the details of crystallization) into enzyme
active site resulted in the binding of extra copper ions to TcDH
molecule. Up to two surface-bound copper ions with low occu-
pancy (0.2 to 0.4) are located in the TcDH2 structure in the vi-
cinity of His411 and His309 residues, with water molecules
completing their coordination spheres. TcDH3 structure also re-
veals His411 as a potential surface copper binding site. The same
residues, His411 and His309, are also the binding sites for Pt in the
TcDH Pt-derivatives. Moreover, a copper ion with an occupancy
of ~0.5 coordinated to His136 is found in the enzyme active site in
TcDH2 (Cu4, Fig. 4D). We consider this extra copper binding site
normally occupied by the conservative water molecule W1 (as
detailed later) as an artifact of the copper incorporation pro-
cedure not related to the enzyme catalytic activity. Thus, structural
studies show some extra unspecific copper binding in the case of
Cu™ activation and are in accord with the observations of Cu*
binding in excess of 3.0 moles per mole of TcDH subunit recorded
by metal analysis (Table 1).

The Cul ion is coordinated by His206, His381, and Asp314
and two water molecules (in the TcDHI1 structure, one of the
water molecules is replaced by an oxygen atom of the acetate ion
from the crystallization solution) and has a square pyramidal co-
ordination geometry (Fig. 5C). The Cu2 ion has two possible po-
sitions in the TcDH structure. In the dominant position (TcDHI,
TcDH2), the Lys103 amino group is not coordinated to Cu2 (the
distance between the Cu ion and the NZ atom of Lys103 is >3.2 A)
but is involved in a hydrogen bond network, including a hydrogen
bond with the catalytically important residue Glu288. In the other
position (60 to 70% occupancy in TcDH3), Cu2 is coordinated by
His135, His528, Lys103 (the distance between the Cu ion and the
NZ atom of Lys103 is 2.6 to 2.8 A) and two water molecules. The
different positions of Cu2 may < arise from its different redox states
in the final structures, as Cu** and Cu™ prefer quite different
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Fig. 4. Simulation analysis of TcDH EPR spectra. Red traces are experi-
mental; blue traces are simulations. (A) Q-band spectrum (10 times aver-
aged) taken with settings as follows: microwave frequency, 34.9173 GHz;
microwave power, —16 dB of 50 mW; temperature, 10 K. (B) X-band spec-
trum as in Fig. 3A. (C) Second derivative of B. (D) X-band spectrum (16 times
averaged) of TcDH incubated with 1 mM KSCN for 120 min; settings as fol-
lows: frequency, 9.4162 GHz; power, —36 dB of 200 m\W; temperature, 20 K.
SI Appendix, Table S3 A and B provides simulation parameters.

Tikhonova et al.

coordination environments. Reduction of the metal centers under
the X-ray beam is a well documented phenomenon (reviewed in
ref. 31; see also a later work, ref. 32). Both Cu2 positions, with and
without coordination bond with Lys103, were considered in the
modeling of the molecular reaction mechanism (as detailed later).

In the TcDH2 structure, the Cu3 ion is coordinated by two
histidines (His437 and His482; Fig. 5D). No Cu3 was observed in
the structure of TcDH3, in which one of the ligands of the copper
ion, His482, was mutated to a glutamine residue, irrespective that
the enzyme was activated with Cu™ ions under the same protocol
as TcDH2 (Fig. 5E). The overall architecture of the TcDH active
site was retained on this mutation.

A conservative water molecule W1 is observed in TcDH3 (Fig.
SE). In this structure, it forms hydrogen bonds with His136 and
Glu288 and is an evident candidate for a nucleophilic particle that
may participate in the enzyme catalytic mechanism. A water mole-
cule in the same position is also located in TcDH4, the “as-prepared”
enzyme structure. In the structure of TcDHI, the position of W1 is
occupied by an oxygen atom of the acetate ion; in TcDH2, by a
nonspecifically bound copper ion, Cu4, coordinated by His136.

In the active site, copper ions form a near-isosceles triangle.
The base of the triangle in TcDH2 is formed by Cu2 and Cu3
copper ions, at a distance of 5.1 A. The distance between Cul
and Cu3 ions is 6.1 A, and that between the Cul and Cu2 ions is
6.2 A. The distance_from the active site (from Cu2) to the pro-
tein surface is ~9 A, which allows for direct electron transfer
from active-site copper ions to the external acceptor. The EPR
data show that the copper ions do not electronically interact with
each other. Altogether, TcDH reveals a previously unknown active
site architecture containing three copper ions. A three-copper
cluster of TcDH can be regarded either as a completely new
copper center or as a novel combination of three mononuclear
copper sites functioning in a concerted mode.

It is tempting to reconcile the data obtained from EPR and
structural studies and attribute individual EPR signals revealed in
the course of modeling to the particular copper ions. EPR signal
of type C can be tentatively assigned to Cu3, because this is the
only copper ion with a special coordination sphere different from
coordination modes of Cul and Cu2 and resembling a so-called
type-zero pseudotetrahedral copper (figure 1 in ref. 27). EPR data
show that two copper ions undergo reduction in the TcDH active
site in the presence of the substrate. We can assume that these are
Cu2 and Cu3 because of their close proximity to each other, fa-
cilitating electron exchange with the substrate molecule. In this
case, EPR signal of type A can be related to Cul, because this is
the last copper center to undergo reduction both under single
turnover conditions and in the course of redox titration. Finally,
EPR signal of type B should be attributed to Cu2.

Comparison of TcDH and N,0-reductase, N,OR. The seven-bladed beta-
propeller scaffold is a common structural motif that is known to
harbor various active sites performing quite different chemistries.
In particular, it has been observed in at least two other types of Cu
enzymes, namely galactose oxidase [PDB ID 1GOF (33)] and the
catalytic subunit of N,OR [PDB ID 2IWF (34) and 3SBQ (7)].
The structural similarity of TcDH and the catalytic subunit of
N,OR, containing the so-called CuZ [4Cu:2S] cluster, is particu-
larly striking (SI Appendix, Fig. S8). While sequence alignment
hardly reveals any similarity that does not exceed 24%, structural
alignment based on the structures of TcDH2 (6UWE) and N,ORs
from Shewanella denitrificans (515M), Achromobacter cycloclastes
(2IWF), and Pseudomonas stutzeri (3SBQ) shows that these
structures can be superimposed with RMSDs of 2.15 to 2.27 A%
The structural alignment places the CuZ cluster of N,OR in the
vicinity of the TcDH active site close to Cu2—-Cu3 copper ions (S
Appendix, Fig. S8). The CuZ center of N,OR is coordinated by
seven histidine residues, the same number of histidines that are
present in the characteristic template of TcDH and participate in
copper binding. Five out of seven histidine residues of TcDH,
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Table 3. TcDH structures discussed in this work

Occupancy of copper ions

Method of

Structure TcDH source Resolution, A PDBID activation Cul Cu2* Cu3 Notes

TcDH1 wild type 1.45 613Q Cu?* 1.0 (1) 0.8 — Acetate ion (two possible positions) located in
active site

TcDH2 Recombinant 1.6 6UWE Cu* 1.0 (1) 0.9 0.9 An additional copper ion with 0.4 to 0.5
occupancy in enzyme active site; surface
copper ions with low occupancy, 0.5 to 0.2

TcDH3 Recombinant 1.8 6SJI Cu* 0.8 (1) 0.3-0.4, (2) 0.7-0.6 — His482GIn mutant; His482 is the ligand
of Cu3

TcDH4 Wwild type 1.7 6G50 “As isolated” 0.4 (1) 0.1 — Double conformations of the active site
residues

*The copper ion Cu2 in the TcDH structures has two positions: position 1, in which the amino group of Lys103 is not involved in the Cu2 coordination, and
position 2, in which the amino group of Lys103 is involved in the coordination of Cu2.

residues 135, 136, 381, 437, and 528 can be roughly superimposed

on the related histidine residues of N>ORs.
However, a closer look at the two structures reveals substantial

differences in the mode of spatial organization of their active
sites. In the CuZ cluster, the maximum/minimal distance be-
tween copper ions is 3.4/2.58 A (Cu-Cu bond is 2.48 A), while the

two closest coppers in TcDH (Cu2 and Cu3) are within 5.1 A
distance from each other. Seven histidines in N,OR are clustered
within a close range to each other, providing, together with
bridging S-atoms, a coordination environment to the compact CuZ
copper cluster. In TcDH, the same seven histidines are spread over
much wider space, coordinating three individual copper ions
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Fig. 5. Structure of TcDH. (A) Structure of the TcDH dimer. The TcDH monomers are represented by green and gold ribbon models. The noncrystallographic
twofold axis is shown as a gray cylinder. (B) Ribbon model of the TcDH monomer. The opening of the active-site cavity is located in front of the figure. Color
blend is applied through the model by amino acid number. Copper ions are in magenta. Blades of the propeller structure are numbered B1 through B7. (C)
The structure of the active site of TcDH1 containing two copper ions. The protein residues, solvent molecules, and two possible positions of the acetate ion
(Act) with 0.5 occupancy each are represented as ball-and-stick models colored by atom type. (D) The structure of the active site of TcDH2 containing a
complete set of three copper ions. Copper ions 1 to 3 are represented by magenta and low-occupancy Cu4 ion by gold spheres. (E) The structure of the active
site of TcDH3 (His482GIn mutant) with a catalytic water molecule W1 shown as a red sphere. Only one position of the Cu2 ion is indicated. The coordination
and hydrogen bonds are indicated by dashed lines in magenta and pale crimson, respectively.
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positioned well apart from each other (six histidine residues), while
one histidine, His136, is assumed to play a critical role in the en-
zyme catalytic mechanism, acting as an acid-base catalyst.

Another major difference between TcDH and N,OR is that
TcDH activity, that is its active site, can be recovered just by
adding copper ions, while it is well known that N,OR activity cannot
be reconstituted in vitro, and incorporation of CuZ cluster requires
participation of a set of genes organized in a special nos operon (35,
36). Tv. paradoxus genome contains an operon (nosRDFYZL)
coding for N,O-reductase (NosZ), which is very similar to known
N,ORs, and auxiliary proteins, NosYDF(R), required for protein
maturation. The gene coding for TcDH belongs to a distinct re-
gion of genome containing, in the case of Tv. paradoxus, a spe-
cialized set of genes assumed to participate in copper trafficking
(24, 37). Proteins coded by these genes may assist in the final
assembly of copper ions into the TcDH in the periplasm.

Despite the close similarity of the fold, TcDH and N,OR seem
to be quite dissimilar enzymes with differently organized active
sites. The three-copper cluster of TcDH could by no means be a
degenerated part of the CuZ cluster. Thus, TcDH and N,OR
provide another example of how nature grafts different catalytic
configurations (in this case copper clusters) on the conservative
spatial scaffolds (p-propellers).

Site-Directed Mutagenesis. In the TcDH structure, His136 and
GIn288 residues are located in the active site within an H-bonding
distance to the conservative water molecule W1 that can function
as a nucleophile in the course of the enzyme catalytic turnover. To
confirm the role of His136 and Glu288 in the catalysis, we
replaced both residues with alanine in recombinant TcDH to
abolish the ability of these residues to accept protons. Both “as-
isolated” TcDH mutants (Glu288Ala and His136Ala) were in-
active and remained inactive after standard activation procedures
using either Cu®** or Cu*. However, the mutant forms of the en-
zymes retained Cu-binding capacities and were able to bind up to
4.0 + 0.2 Cu atoms into the protein, as demonstrated by metal
analysis.

A possible functional role of His136 in catalysis is further
confirmed by the observed pH-dependence of the enzyme catalytic
activity (Fig. 1). As expected, the protonation of the catalytic res-
idue His136 at low pH values should diminish its ability to abstract
a proton from the water molecule, resulting in enzyme inactivation.
Thus, the observed pK, of ~8.1 to 8.9 can be tentatively attributed
to His136.

In summary, His136 and Glu288 can act as typical acid-base
catalysts by accepting two protons during the TcDH catalytic cycle,
increasing the nucleophilicity of the attacking water molecule.

His482, one of the two ligands of Cu3, was mutated to Gln.
The mutated enzyme was devoid of catalytic activity and revealed
the presence of only two copper ions, Cul and Cu2 (TcDH3), thus
further supporting the crucial role of Cu3 in enzyme functioning.

Putative Molecular Mechanism of Catalysis by TcDH. Several lines of
evidence point to a putative position of thiocyanate in the active
site of TcDH. EPR data show that two copper ions of the enzyme
active site undergo reduction during catalytic turnover. The best
guess, as discussed earlier, is that these are Cu2 and Cu3 copper
ions. Thus, the sulfur atom of the substrate that undergoes oxi-
dation in the course of the chemical reaction should be positioned
in the vicinity of these ions, forming an apex of the S—-Cu2-Cu3
triangle. Cul that does not undergo a redox change in the catalysis
is the most evident candidate to coordinate the nitrogen atom of
thiocyanate.

If we position the substrate molecule in this way with its N
terminus facing Cul, a conservative water molecule W1 (Fig. 5E)
will be able to act as a nucleophilic agent and attack the carbon
atom of the substrate. This water molecule in the structure of
TcDH3 active site is located at a hydrogen-bonding distance

Tikhonova et al.

from His136 (2.7 to 2.8 A) and Glu288 (2.7 to 2.9 A). The two
protons of W1 that are released during catalytic turnover can be
accepted by the imidazole moiety of His136 and the carboxyl
group of Glu288. Moreover, one of these residues may abstract a
proton from the water molecule already in the initial step of the
enzyme-catalyzed reaction, producing a much stronger attacking
nucleophile, a hydroxide ion.

Quantum mechanics/molecular mechanics (QM/MM) modeling. We ex-
tended the study with the combined quantum mechanics/molec-
ular mechanics simulations to propose a mechanistic explanation
of the experimental data and further verify and detail the proposed
molecular mechanism of the primary reaction in the active site of
TcDH: the nucleophilic attack of the SCN™ by a water molecule.

We started with verification of the QM/MM protocol used in
the present work. The TcDHI1 crystal structure was chosen as the
source of coordinates of heavy atoms, and QM/MM calculations
were performed at the PBE0-D3/6-31G**/AMBER level of the-
ory. The detailed comparison of the calculated and experimental
geometry configurations is presented in S/ Appendix, Fig. S9 A-C.
Briefly, the calculated structure correctly reflects all of the im-
portant features, the 3D structure of the entire protein, coordi-
nation shells of Cu®* ions, and the spin density distribution. Thus,
the suggested protocol can be utilized for the reaction mechanism
calculations.

The complete QM subsystem used for modeling comprises 165
atoms and is presented in SI Appendix, Fig. S9D. We considered
a set of models with different orientations of the SCN™ in the
active site as well as different protonation states of Lys103. The
main criterion from the computational point of view was reason-
able values of the energy barriers for all of the elementary steps
along the reaction path. The only molecular model that met this
criterion is discussed later. In this model, Lys103 has a protonated
side chain and does not form a coordination bond with Cu2, and
the orientation of the substrate is such that the sulfur atom points
toward the Cu2 and Cu3 ions, while nitrogen is coordinated via
Cul, which is in line with both the structural information and the
EPR data (Fig. 64). Simulations employing models where Lys103
is deprotonated and coordinates Cu2 resulted in prohibitively
large activation barriers. A detailed discussion of the role of the
protonation state of Lys103 in catalysis is provided in the SI Ap-
pendix. In brief, the calculations show that Lys103 coordination to
Cu2 prevents shortening of the Cu2-Cu3 distance that occurs in
the transition state and is required for C-S bond break (as detailed
later). It seems that the formation of the coordination bond be-
tween Lys103 and Cu2 displaces the copper ion from the active
site and prevents the chemical reaction from proceeding. Thus,
the pK, of ~10.2 to 10.9 observed on the pH-dependences (Fig. 1)
can be ascribed to the deprotonation of Lys103.

Prior to the nucleophilic attack, the catalytic water molecule is
activated by His136 that abstracts the first proton to be transferred
during catalysis. The C-S bond cleavage occurs in a single step with
an energy barrier of 13.9 kcal/mol, which corresponds to a rate
constant of 590 s™' at 303 K according to the transition state
theory (Fig. 64). The rate constant of the chemical step should be
equal to or higher than the overall reaction rate constant k.. The
theoretical estimate for the rate constant of the thiocyanate decaly
exceeds the observed k., for the electron acceptors (9 to 15 s77;
Table 2). This suggests that the primary chemical step of the re-
action is not rate-limiting in the entire catalytic turnover.

In the transition state (TS), heavy atoms of the substrate and
the oxygen atom of the catalytic water molecule lie in a single plane,
whereas the hydrogen atom is 48° out of plane. The transition state
is stabilized by an additional coordination bond between the sulfur
atom and Cu2, resulting from the shortening of the distance be-
tween the Cu2 and Cu3 ions from 5.38 A in the ES structure to
4.46 A in the TS structure. The following transformations include
the proton transfer to the Glu288 residue and C-S bond cleavage.
This gives rise to an intermediate with a linear cyanate, which is
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Fig. 6. (A) Structures of the reagents (ES), transition state (TS), and the products (I) of the chemical stage of the reaction obtained in QM/MM modeling and
relative Gibbs energies of the stationary points. Distances are given in Angstroms. Color code: carbon atoms are in green; nitrogen in blue; sulfur in yellow;
oxygen in red; copper in light blue; and hydrogen in white. The coordination and hydrogen bonds are indicated by dashed lines. The distance between the
attacking water molecule W1 and the carbon atom of the substrate is indicated by the dashed arrow. (B) The entire reaction mechanism of a thiocyanate

hydrolysis by TcDH.

14.7 kcal/mol stabilized compared to the ES complex A sulfide
anion (S2 ) coordinates the Cu2 and Cu3 copper ions, and the
cyanate is located between the Cul and Cu2 ions. The suggested
mechanism requires only minor displacements of the nonhydrogen
atoms during the formation of the reaction intermediate (I), which
is critical for the reaction rate. The transition from the substrate
(NCS") to the product (NCO™) can be described as an angular,
~30° movement of the C-N fragment coupled with the cleavage of
the C-S bond in the substrate and the formation of the C-O bond
in the product, with other atoms roughly preserving their original
positions (Fig. 64).

Conclusion

According to the proposed mechanism (Fig. 6B), the thiocyanate
anion binds to the enzyme active site in such a way that one copper
ion coordinates the N atom of the substrate, while the S atom is
located between two other copper ions (i). The conserved active
site histidine and glutamate residues act as bases that abstract two
protons from the catalytic water molecule. The first one is trans-
ferred to the His136 to form the reactive hydroxide that attacks the
central carbon atom of the substrate (if). The C-S bond cleavage
and C-O bond formation occur in a single step, and another proton
is transferred to the Glu288 to stabilize OCN™ (iii). We suggest
that the next stage of the catalytic cycle involves the oxidation of
the reduced sulfur atom to elemental sulfur through two one-
electron transitions and the reduction of Cu2 and Cu3 ions to the
oxidation state Cu*. This assumption is supported by EPR spec-
troscopy that shows that two of the three paramagnetic centers
(Cu** ions) in TcDH can be reduced by thiocyanate to the dia-
magnetic Cu* state in the absence of the electron acceptor. The
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reduction is accompanied by a change in the form of the complex
original spectrum, which is finally reduced to the isolated Cu**
spectrum, probably originating from Cul that retains its original
redox state (iv). In the final step, still to be elucidated, electrons
are transferred from the two Cu™ ions to the external electron
acceptor, either independently or via some preferred route (e.g.,
Cu2 — Cu3 — acceptor); cyanate, sulfur, and two protons are
released from the enzyme; and the native active site is restored.
According to the stationary kinetic data, the overall rate-limiting
step of the enzyme catalytic turnover occurs either at stage (i) or
(iv) and is the same both for low- and high-molecular-weight
electron acceptors.

To summarize, we have discovered and characterized an enzyme,
thiocyanate dehydrogenase, with a special multimetal site consist-
ing of three coppers in a triangle configuration, catalyzing an
unpreviously reported reaction of converting thiocyanate to cya-
nate and elemental sulfur without participation of molecular

oxygen.
Materials and Methods

Bacterial Strains and Growth Conditions. Three Thioalkalivibrio strains were
cultured in batch mode on a mineral sodium carbonate-bicarbonate medium
containing 0.6 M total Na*, pH 9.75, as described previously (21). Thiocya-
nate (10 to 15 mM) was used as an energy and nitrogen source. The standard
mineral medium used to grow the Thioalkalivibrio strains contained 5 pg/L
Cu?* in the form of EDTA complex. Extra copper was supplied in the form of
citrate complex. The concentration was varied from 0 to 400 pg/L in growth
experiments aimed at confirming the essential role of copper ions in the
growth of Tv. paradoxus (ARh1) and Tv. thiocyanoxidans (ARh2 and ARh4)
with thiocyanate. The biomass growth was monitored by the increase in
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ODgoo, and thiocyanate utilization was assessed by the colorimetric assay
based on the formation of Fe(SCN)s (2).

Isolation, purification, and characterization of TcDH. TcDH from Tv. paradoxus
ARh1 was purified from the cells grown on thiocyanate with the addition of
an extra 30 pg/L Cu®* to the standard medium. A periplasmic cell fraction
was used as a source of TcDH. The purification procedure included two steps,
anion exchange chromatography and size exclusion chromatography. The
purity of TcDH was assessed by SDS/PAGE. Recombinant TcDH of the wild-
type (recTcDH) and mutant forms were obtained in Escherichia coli expres-
sion system. Detailed description of the expression and purification of native
TcDH, recTcDH, and the mutants His136Ala, GIu288Ala, and His482GIn is
provided in S/ Appendix, Materials and Methods.

The TcDH activity was assessed using 6 mM thiocyanate and 50 pM horse
heart cytochrome ¢ (c550; Sigma) as an electron acceptor at 30 °C in 25 mM
borate buffer, pH 9.5. The enzyme concentrations in the reaction were ~100 nM
for the “as-isolated” enzyme and ~10 nM for the Cu**- and Cu*-saturated
enzyme. The activity (micromole per minute per milligram) was calculated
from the steady-state rate of ¢550 reduction, which was measured spectro-
photometrically at 550 nm (gsso = 22.5 mM~'cm™"). The activity was calculated
as the average of three measurements.

A standard “Cu®*-saturated” TcDH was prepared by incubation of the
enzyme at a concentration of 0.6 mg/mL (~10 pM) with a 200-uM CuCl,
solution in 25 mM borate buffer, pH 9.5, for 2 h, followed by dialysis over-
night against two changes of 25 mM borate buffer, pH 9.5. “Cu*-saturated”
TcDH was prepared in a similar way but with the addition of a mixture of
CuCl, and sodium ascorbate in a 2:1 ratio (the TcDH-to-total Cu ratio was
1:20) to a solution of TcDH. This Cu-to-ascorbate ratio was experimentally
determined to be that at which the maximum activity of TcDH was achieved.

Substrate and Product Assays. The thiocyanate concentration in the reaction
was analyzed by a colorimetric assay in the form of Fe(CNS)s (38). Cyanate, as
a reaction product of thiocyanate degradation by TcDH, was measured spec-
trophotometrically at 310 nm after reaction with 2-aminobenzoic acid (39).

The elemental sulfur reaction product was analyzed by reversed-phase
HPLC on a Nucleosil 100-5C18 column [25 cm x 3.2 mm (i.d.)] equilibrated
with MeOH:H,0 (90:10) as previously described (25). The biosulfur produced
by Tv. paradoxus during growth with thiocyanate or thiosulfate was used as
a reference compound (S/ Appendix, Fig. S4).

EPR spectra were collected on a Bruker ECS-106 X-band spectrometer with
a home-built helium-flow cooling system. The sample was 15.1 mg/mL (as
determined from absorption at 205 and 280 nm) and contained 3.0 Cu ions
(0.69 mM in total copper) as determined with ICP-MS after overloading fol-
lowed by dialysis of excess Cu. The buffer was 25 mM borate, pH 9.5. Typical EPR
conditions were as follows: microwave frequency, 9.39 GHz; microwave
power, —36 dB (50 uW); modulation frequency, 100 kHz; modulation ampli-
tude, 8 G; temperature, approximately 16 K. The fit to the power plot (Fig. 2B)
is a saturation curve under the assumption of heterogeneous broadening:
EPR = 1/\/[1 + (10E0.1P/10E0.1Pg 5)] in which P is the power in —dB and Pg s is
the power at 50% saturation, Po s = —15 dB. The temperature plot (Fig. 2C) was
determined from 15.7 K (—36 dB) to 162 K (=16 dB). EPR intensity is the second
integral of the complete spectrum normalized for variable settings of electronic
gain and microwave power. The fit is a straight line. Spectra corresponding to
limiting values of employed power, temperature, and redox potential are
shown in S/ Appendix, Fig. S5. Simulation parameters from the analysis of the
EPR spectra by spectral simulation (Fig. 4) are presented in S/ Appendix, Table
S3. The redox titration procedure has been described in detail in ref. 40.

Q-band data were taken on a Varian E-line Q-band spectrometer with a
home-built helium flow system. Spectra were recorded in rapid-passage
mode with the bridge switched to dispersion detection, with subsequent
numerical differentiation.
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Crystallization and Preparation of Heavy-Atomic Derivatives. Crystallization
experiments were performed using “Cu?*-saturated” (TcDH1) and “as-isolated”
(TcDH4) TcDH from Tv. paradoxus ARh1 and “Cu*-saturated” recombinant
TcDH (TcDH2 and TcDH3; Table 3). The X-ray diffraction datasets were collected
at 100 K at the European Synchrotron Radiation Facility (ESRF) at the 1D23-1,
ID29, and ID30B beamlines (Grenoble, France). The structure of TcDH1 was
solved by single-wavelength anomalous dispersion (SAD) using its Pt derivative.
The other structures were solved by the molecular replacement method using
the TcDH1 structure as the starting model. Detailed information about TcDH
crystallization and structure determination is presented in S/ Appendix,
Materials and Methods and Tables S4 and S5.

Molecular modeling. \We prepared several molecular models. Some were used
to validate the QM/MM protocol applied throughout this study, while the
other, e.g., of the enzyme-substrate complex, were employed to study the
reaction mechanism. The details of the construction of the models are dis-
cussed in the S/ Appendix.

System solvation and preliminary relaxation was performed in a classical
molecular dynamics (MD) approach in the NAMD program package (41). The
ES complex was solvated in a rectangular water box 80 x 80 x 90 A% in size
and neutralized with sodium ions. The MD run was performed in NPT en-
semble at 300 K with a 1-fs integration time step. The protein molecule and
ions were described with the CHARMM36 (42) force field; the SCN™ substrate
with the CGenFF force field (43). The MM minimization without any con-
straints was followed by the 1-ns MD run, keeping protein atoms fixed to
obtain proper solvation shell. For further QM/MM simulations, the water
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QM/MM calculations were performed in the NWChem program package
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including copper. No restraints or constraints were imposed on the model
system upon the stationary points search. The multiplicity of the systems
containing three copper ions was set to 4 (three spins of 1/2 from Cu®* ions).
We checked whether the wave function obtained reproduces correctly the
localization of the unpaired electrons. All stationary points were confirmed
by calculations of the Hessian matrix. Conventional formulae of the statis-
tical thermodynamics with the harmonic oscillator and rigid rotor approxi-
mations were utilized to add thermal and entropic contributions at 30 °C.
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