





(MCD) and Protein Film Electrochemistry (PFE) to
gain greater insight into the redox properties of
TsdA enzymes. Here we present the corresponding
studies of AVTsdA, CjTsdA and variants of the
latter, namely CjTsdA N254K, CjTsdA C138H and
CjTsdA CI138M. E, values for Fe(ll) = (1)
transitions of TsdA hemes are defined and the
greater resolving power of MCD as compared to
electronic absorbance spectroscopy allows, for the
first time, their unambiguous assignment to sites of
defined axial ligand sets. Furthermore, we provide
insight into the rates of Heme 2 ligand exchange.
The results address a significant gap in our
knowledge of TsdA enzymes and contribute to
wider discussions relating to the catalytic
mechanism(s) operating in this enzyme family.

Results
MCD characterization of Av and Cj TsdA
enzymes.

MCD probes the same electronic
transitions as electronic absorption spectroscopy
but offers significant advantages. Signed bands and
substantial variations in intensity of the porphyrin
n-* transitions in the UV-visible region identify,
and quantify, spin and oxidation state of the iron.
Furthermore, at longer wavelengths, MCD can
locate ligand to metal charge transfer (CT)
transitions that are diagnostic of the axial ligands to
Fe(Ill) heme (9,10): a pair of bisignate bands (CT;
at 800 — 1300 nm and CT, at 600 — 660 nm) for
high-spin; a single positive band for each low-spin
heme (CTws at 1000 — 2500 nm).

MCD spectra of the fully oxidized TsdA
enzymes are presented in Fig. 3. CjTsdA displays
two nIR CTis bands at 1215 nm and 1825 nm
(Fig. 3B) with the latter having an associated
vibrational sideband near 1600 nm (nIR MCD
wavelengths for low-spin  Fe(Ill) centers
characterized in this work are collected in
Table S1). The 1825 nm wavelength is diagnostic
of His/Met ligated Fe(II) heme and accordingly is
assigned to Heme 2. The 1215 nm band lies in the
range of wavelengths reported for hemes
coordinated by a nitrogen ligand distal to Cys™ (10-
12) and is assigned to Heme 1 (the Cys/H,O
ligation found in P450 cytochromes results in an
n[R. CT band to shorter wavelength,
1050 — 1100 nm (11)). However, it should be noted
that the nIR CT bands resulting from R-S-S~
(persulfide or sulfane) ligation may lie at similar
wavelengths to those for cysteinate (13-15).

Heme ligation & redox chemistry in TsdA

Between 300 and 800 nm, the MCD is dominated
by a bisignate feature at 415 nm characteristic of
low-spin Fe(Ill) heme and with a peak to trough
intensity of 215M'cm™ T™'  (Fig. 3A). For
His/Cys™ ligated Fe(Ill) hemes, such features have
an anomalously low peak-to-trough intensity of
50-90M'em ™ T, compared to
~150 M~ cm™ T™" typical for other ligand sets (16-
25). The 415 nm intensity from CjTsdA is therefore
entirely consistent with His/Cys™ ligation at Heme 1
and His/Met ligation at Heme 2. MCD thus
confirms, for CjTsdA in solution, the heme ligands
predicted from sequence alignments and electronic
absorbance spectroscopy (5).

Interpretation of the MCD of oxidized
AvIsdA (Fig.3B) is more complex than for
CjTsdA. A positive CT feature is observed at
1505 nm, a wavelength diagnostic of low-spin
Fe(III) heme with two nitrogenous axial ligands and
therefore indicative of His/His or His/Lys ligation
(10). However, the intensity is significantly higher
than observed for any His/His ligated Fe(IlI) heme
but similarly high intensities have been reported for
examples of His/Lys(or amine) coordination (26-
28). The His/Lys coordination, observed at Heme 2
in the crystallographically determined structure of
AVTsdA, is therefore also present in the oxidized
enzyme in solution. The feature at ~1250 nm is
unusually pronounced and unlikely to arise entirely
from the vibrational sideband to the 1505 nm band.
The more likely explanation is that a CT band from
Heme 1 also contributes to this feature. This is
supported by the interpretation of the UV-visible
MCD (discussed below) that necessitates the
presence of an nIR CT band from Cys™/His-ligated
low-spin Heme 1.

The general intensities and band shapes of
AVvIsdA MCD in the 300-600nm region
(Fig. 3A) can be interpreted in the same manner as
for the corresponding CjTsdA features shown in the
same panel. Specifically, the spectrum indicates the
presence of two low-spin Fe(Ill) hemes, one of
which has a Cys™ ligand since the bisignate feature
at 407nm has a peak-to-trough intensity of
approximately 230 M'cm™' T™'. The negative
component of this feature clearly resolves distinct
contributions from the two differently ligated low-
spin Fe(Ill) hemes while for CjTsdA the
corresponding feature is a single broad lobe. The
narrower features resolved for AvTsdA are again
consistent with the presence of bis-nitrogenous
ligation proposed for Heme 2 from the nIR MCD.
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MCD Characterization of semi- and fully-reduced
AvTsdA.

Fig. 4AB(red) shows the MCD of AVvTsdA
following incubation with 1.5 mM ascorbate
(producing an effective potential of =60 mV, see
Materials and Methods). There is a loss of intensity,
compared to the MCD of the oxidized enzyme
(black dotted), in the 407 nm bisignate feature
associated with low spin Fe(Ill) heme, together
with the appearance of two features characteristic
of low-spin Fe(Il) heme, namely an asymmetric
bisignate feature at 425 nm and a narrow bisignate
band centered at 554 nm with a peak to trough
intensity of ~275 M cm™ T~'. The atypical MCD
properties of Cys™ ligated hemes are such that, in
the Fe(Il) state, they give rise to broad and
relatively weak visible region bands (17). The high
intensity and narrow linewidth of the 554 nm
feature suggests therefore that it could arise from
reduction of Heme 2. This is confirmed by the nIR
MCD (Fig. 4B) in which the intensity at 1505 nm
due to His/Lys Fe(Ill) heme has diminished to
~13% of that observed for fully oxidized AvTsdA.
Concomitant loss of the corresponding vibrational
sideband at wavelengths between 1100 and 1400
nm means that there should now be negligible MCD
intensity in this region from Heme 2. However,
significant intensity persists at these wavelengths
and, as suggested earlier, can be assigned as the CT
band of His/Cys™ ligated Fe(IlI) Heme 1, which is
unaffected by ascorbate. The peak wavelength, at
1240 nm, matches that of the corresponding feature
for the oxidized Cj enzyme (Fig. 3B). A peak to
trough intensity at 554 nm of ~275 M~' cm™ T for
87% reduction of Heme 2 implies a value of
~315M ' cm™ T™! for full reduction. This is lower
than typically observed for hemes with
bis-nitrogenous coordination but falls in the range
observed for His/Met ligation, implying that a
ligand switch has occurred on reduction of Heme 2,
as illustrated in Scheme 1A.

Following anaerobic incubation of AvTsdA
with the stronger reductant dithionite (1.5 mM,
effective potential =-500 mV), the MCD in the
wavelength range 300 — 600 nm (Fig. 4A, blue)
showed no features associated with Fe(Ill) heme,
demonstrating complete reduction of both hemes.
The dominant low-spin Fe(Il) bisignate feature at
554 nm has increased in intensity compared to the
ascorbate reduced form. However, the increase is
almost four times that anticipated for reduction of
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the residual (~13%) of Fe(Ill) His/Lys Heme 2
implying that reduced Heme 1 makes a significant
contribution to this feature and one that is larger
than expected for simple reduction of a His/Cys~
ligated heme. A similar observation was reported
for the reduction of the active site His/Cys™ ligated
heme in SoxAX and was attributed to protonation
of Cys™ upon reduction (29). However, it should
also be noted that a similar spectral response is
anticipated if Cys” is replaced by hydrogen sulfide
as was observed in the crystal structure following
dithionite reduction. A small positive band at
440 nm, characteristic of high spin Fe(II) heme and
with an intensity (12M'cm™ T™') sufficient to
account for 0.10 — 0.25 of a heme, is also consistent
with the crystal structure that showed
approximately 25% of Heme 1 in a five-coordinate
state.

MCD Characterization of semi- and fully-reduced
CjTsdA.

Incubation of CjTsdA with 1.5 mMm
ascorbate also produces a semi-reduced form of the
enzyme (Fig. 4CD, red). The resultant changes in
the MCD spectrum are broadly similar to those
described for AvTsdA. However, with negligible
positive intensity at 400 nm and a peak to trough
intensity at 550 nm of 365 M ' cm™ T™' the extent
of heme reduction by ascorbate is greater in Cj than
AVTsdA. Indeed, in the nIR all intensity above
1500 nm is removed while that of the peak at
1210 — 1220 nm is unaffected. Therefore Heme 1
remains fully oxidized upon incubation of CjTsdA
with ascorbate and Heme 2 is fully reduced. This
indicates a higher Ey, for Heme 2 in CjTsdA than in
AVTsdA, possibly because both oxidative and
reductive transitions in the former involve only
His/Met ligated heme. The peak to trough intensity
of ~365M ' cm™ T for the 554 nm feature is
consistent with one fully reduced heme and
comparable for that deduced for His/Met Heme 2 in
AVTsdA.

Anaerobic incubation of CjTsdA with
dithionite eliminates the features associated with
Fe(Ill) Heme 1 from the MCD spectrum (Fig. 4C,
blue) but produces an increase of ~30% in the peak
to trough intensity of the 550 nm feature implying
that, as with AvTsdA, protonation of the Heme 1
Cys™ accompanies reduction. In contrast to
AvTsdA, the MCD of fully reduced CjTsdA
contains no intensity at 440 nm that might indicate
the presence of high-spin Fe(II) heme.
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Protein film voltammetry of Av and Cj TsdA
enzymes.

Insight into the redox properties associated
with the fully equilibrated TsdA proteins is
provided by the MCD described above. The redox
activities fall in two well-separated regions,
conveniently dissected by the potential of
approximately +60 mV produced in solution by a
1.5 mM concentration of ascorbate (see Materials &
Methods). In both proteins, Heme 1 remains fully
oxidized in the presence of ascorbate but is fully
reduced by dithionite, implying En for the
Fe(IlI)/Fe(Il) couple lies in the approximate range
—380 to —60 mV. Ascorbate fully reduces Heme 2
in CjTsdA and >80% in AvTsdA, placing the
apparent E,, values above =+100 mV in both
proteins. Greater insight into the redox properties of
both TsdA proteins was afforded by cyclic
voltammetry after their adsorption on IO-ITO
electrodes. These hierarchically  structured
electrodes (30) offer a large, nanostructured surface
area onto which the enzymes adsorb as
electroactive films. Cyclic voltammetry reveals
peaks (Fig. 5) corresponding to protein reduction
(negative currents) and oxidation (positive
currents). From these voltammograms, measured at
a scan rate of 10 mV s™', it is immediately apparent
that the redox activities of both adsorbed proteins
appear in two separated windows, one above
~0 mV and the other between 0 and —350 mV, and
so can be correlated with the behavior of the
proteins in solution revealed by the MCD described
above.

A (sub-)monolayer film of an electroactive
heme making an ideal, diffusionless contribution in
cyclic voltammetry will give rise to a pair of peaks,
one corresponding to oxidation and the other to
reduction (31). These peaks would have equal areas
as this property is proportional to the moles of
electrons (Q) exchanged between heme and
electrode. In addition, the peaks would ideally have
the same peak potential, equal to E, of the
corresponding Fe(Ill)/(II) couple, and at the
temperature of our experiments (4 °C), the peaks
would have half-height widths (§) of =84 mV
indicative of single-electron (n=1) processes,
rather than 6 =42 mV if n=2. Thus, for TsdA if
both hemes give ideal contributions to cyclic
voltammetry a superposition of two such responses
is expected; two pairs of peaks, centered on
separated En values predicted by MCD, and having
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equal areas is expected. Our results show that
neither TsdA displays cyclic voltammetry (Fig. 5)
matching this prediction and that the response of
CjTsdA is clearly different from that of AvTsdA.

For CjTsdA the voltammogram (Fig. SA
black) contains four peaks each having & of
80 — 100 mV, consistent with their origins in n =1
transformations (Fig. SA blue circles). The two
higher potential peaks have equal area and describe
reversible reduction of a site with E, = +172 mV
(Em values are collected in Table S2). Given the
MCD results, these peaks are attributed to ascorbate
reducible His/Met Heme 2. The two lower potential
peaks are also of equal area. These describe a site
with E, =—186 mV and are attributed to dithionite
reducible His/Cys~ Heme 1. The notable and
unexpected observation is that transfer of
=42 pmol e~ is determined by integration of the
low potential oxidation peak (Qf) whereas
= 166 pmol e~ are transferred in the high potential
oxidation peak (Qxf ). Similar behavior was noted
for the reductive peaks, for which Q' = 35% Q'
These properties were retained over multiple cycles
and using scan rates from 5 to 100 mV s~' (Fig. S3)
for which there was negligible change in the total
moles of electrons (Qi) exchanged in the oxidative
and reductive sweeps (integrated peak areas for
measured and modelled contributions to the
voltammograms of all proteins are summarized in
Table S3). The simplest interpretation for these
observations, and one that we return to consider
below, is that significantly more His/Met ligated
Heme 2 than His/Cys~ ligated Hemel is
electroactive in the films of CjTsdA.

At 10 mV s™' the voltammetry of AvTsdA
also resolves four peaks (Fig. 5B black) and Q@ =
Q! (Fig. S3 and Table S3). There is again a
disparity between the charge transferred in the
peaks at high and at low potentials. However, the
behavior differs from that of CjTsdA in several
respects. At high potentials the oxidative peak
displayed by AvIsdA is larger than the
corresponding reductive peak (Qff > Q%) and at
low potentials the reductive peak is larger than the
corresponding oxidative feature (Q%' > Q).
Furthermore, while the peaks at high potential have
0 =80 - 100 mV, indicative of n =1, those at low
potential are significantly broader (&= 150 mV)
and each shows structure suggesting two
overlapping signals. Indeed, both low potential
peaks could be reasonably described by the sum
(Fig. 5B, blue open circles) of two contributions
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with 6 =84 mV having different E, values and
areas (Fig. 5B, dotted and dashed lines). This
behavior was reproduced in consecutive
voltammograms.

In view of the MCD, the following
interpretation of the AvTsdA voltammetry at 10 mV
s~! is proposed. The main contribution to the peaks
at low potential (Fig. 5B, blue dotted lines) is
assigned to reversible reduction of His/Cys™
Heme 1 with E,, = —181 mV. Other features in the
voltammetry, at both high and low potentials, are
assigned to Heme 2 for which electron transfer
drives exchange of the distal ligand as described by
anti-clockwise progress round the states in the
square scheme of Scheme 1A. At the most positive
potentials of the voltammetry AvITsdA is fully
oxidized and Heme 2 has predominantly His/Lys
ligation. On scanning to negative potentials,
reduction of His/Lys Heme?2 occurs with
En=-129 mV (Fig. 5B blue dashed line). On
returning to more positive potentials, the low
potential oxidation peak is much smaller,
representing oxidation of a remnant of His/Lys
Heme 2, and a larger oxidation peak is resolved at
= +260 mV revealing that the majority of Heme 2
is oxidized with His/Met ligation. Thus, it can be
concluded that Met displaces Lys as the distal
ligand of reduced Heme 2. During consecutive
voltammograms the response is essentially the
same as that of Fig. 5B so it can also be concluded
that Lys displaces Met as the distal ligand to
oxidized Heme 2 on the experimental timescale. In
support of our proposal, summations of the
deconvoluted features attributed to reduction and
oxidation of Heme 2 describe transfer of similar
numbers of electrons, =104 and =114 pmol e~
respectively. Furthermore, the features ascribed to
redox transformation of Heme 1 account for
transfer of =124 pmol e". Thus, unlike for CjTsdA,
the electroactive populations of Heme 1 and
Heme 2 are essentially equal for AvTsdA.

If the equilibrium for the AvTsdA Heme 2
ligand exchange is defined in the direction
His/Lys = His/Met then K'S/K% , the ratio of the
equilibrium constants in the two oxidation states,
can be calculated from the reduction potentials in
Scheme 1A: a ratio value of 5x10° is consistent
with the MCD results that showed the equilibrium
lies significantly towards Lys coordination in the
Fe(III) and Met coordination in the Fe(Il) states of
Heme 2. Some insight into the kinetics of this
ligand exchange was afforded by the scan rate
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dependence of the AVTsdA voltammetric response
(Fig. S4). At 100 mV s™' a larger proportion of
Heme 2 is oxidized with His/Lys ligation than at
10 mV s7'; the ratio Qf/QR% (Fig. 6B squares &
Fig. S4 circles) is =35% smaller than at 10 mV s™'
while QkYQ% (Fig. 6B triangles) and Qi (Fig. S4)
are essentially unchanged. At the higher scan rate
there is insufficient time for Met to fully displace
Lys as the distal ligand to reduced Heme 2. Because
Heme 1 contributes only to Q% and QI, in the
limiting case of full Lys — Met displacement at the
reduced Fe(Il) heme, Q/Q% — 1. In this study
ON/Q0% tends to 1, Fig. 6B squares, only at the
lowest scan rate of SmV s’ indicating that the
Lys — Met switch at reduced Heme 2 occurs with
a rate of ~7x107%s™". For the limiting case of full
Met — Lys displacement at the oxidized Fe(Ill)
Heme 2, OEYQR - 0. In this study QkY/Q1 is ~0
even at the highest scan rates, Fig. 6B triangles.
This indicates the Met — Lys switch triggered by
oxidation is always complete before re-reduction
which places a lower limit of ~0.2 s™' on the rate of
this process.

The (limiting) ligand switching rates, when
compared to the larger values of k.. (Fig. 1), favor
lysine over methionine during rapid turnover such
that Heme 2 would remain His/Lys coordinated.
The results of our previous spectroelectrochemical
study of AvTsdA adsorbed on SnO; electrodes (8)
can be usefully considered in view of the present
results. For that study the protein was poised at
increasingly negative (+325 to =650 mV) and then
increasingly positive potentials (—650 to + 325 mV)
over a period of ~2 hours compared to the 6 minutes
of the slowest cyclic voltammogram in this study.
Changes in the electronic absorbance measured at
the corresponding potentials suggested a fully
reversible (Nernstian) redox transformation
centered on approximately —225 mV and reduction
between +150 and —100 mV of a second center for
which re-oxidation commenced above ~+300 mV.
We now confidently assign the reversible redox
transformation to Heme 1 and the additional
signals, evidencing hysteretic redox titration, to
Heme 2, such that the observation of ligand
switching at AvTsdA Heme 2 is independent of
electrode material.

To investigate the origins of the different
behaviors displayed by CjTsdA and AvTsdA three
previously prepared single-site variants of CjTsdA
(5) were studied as described below. First, we
consider the properties of the CjTsdA N254K
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variant produced to introduce key features of the
AvTsdA Heme 2 distal pocket. Then, we consider
properties of the CjTsdA C138M and C138H
proteins in which the Cys™ that ligates Heme 1 is
replaced by Met and His respectively.

Spectroscopic and Electrochemical
Characterization of CjTsdA N254K.

As described above, distal ligation of
AVIsdA Heme 2 is provided by Lys208 and
Met209, Fig. 2. The equivalent residues in CjTsdA
are Asn254 and Met255, Fig. S1. MCD and protein
film voltammetry of CjTsdA N254K were
performed to assess whether replacing Asn254 with
Lys, i.e. creating an AvITsdA like distal pocket,
would introduce behavior characteristic of AvTsdA,
namely, the Heme 2 ligand switching behavior
Scheme 1A, and/or equal electroactive populations
of Hemes 1 and 2.

For oxidized CjTsdA N254K (Fig. 7A,
black) the bisignate MCD feature at 413 nm is
indicative of overlapping contributions from
distinct Fe(Ill) hemes since it is asymmetric and
broader than the corresponding features for CjTsdA
C138M and C138H. The spectrum lacks intensity
at 600 — 700 nm showing that neither heme has any
high-spin component. The nIR MCD (Fig. 7B,
black) is striking since it reveals CT bands for three
distinct low-spin Fe(Ill) forms. The CT band of
His/Cys™ coordinated Heme 1 is clearly resolved at
1250 nm (~45nm red shifted compared to
CjTsdA). The His/Met feature at 1825 nm has an
intensity of 0.47 M~ cm™ T™' showing that ~64%
of Heme 2 retains His/Met ligation. The prominent
band at 1525nm, not observed for CjTsdA,
indicates His/Lys coordination. Assuming that this
accounts for the remaining ~36% of Heme 2, and
allowing for the underlying side-band from the
His/Met form, suggests a normalized intensity for
this His/Lys species of ~1.4 M~ cm™ T™'. This high
value is typical for His/Lys and comparable to that
observed for Heme 2 in AvTsdA. Thus, introducing
Lys in place of Asn254 in the CjTsdA Heme 2
binding pocket allows Lys to provide the distal
ligand of Heme 2 in a sub-population of oxidized
CjTsdA N254K. The structure of the Heme 2
pocket, and not simply the amino acid residues,
must exert a significant influence on the ligation at
Heme 2 in CjTsdA.

Incubation of CjTsdA N254K with
ascorbate (Fig. 7A, red) results in loss of MCD
intensity in the 413 nm feature and the appearance
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of bisignate features at 422 and 551 nm
corresponding to low-spin Fe(Il) heme. The peak to
trough intensity of the 551 nm feature is
250 M em™ T7', only 70% of that observed for
ascorbate treated CjTsdA, suggesting incomplete
reduction of Heme 2. This interpretation is
confirmed by the observation of residual CT
intensity at 1525 nm (Fig. 7B, red), sufficient to
account for ~15% of His/Lys Heme 2. Therefore,
and in line with the behavior of Cj and AVTsdA,
Lys/His oxidized Heme 2 has a lower E, than
His/Met Heme 2. Incubation with dithionite
removes all features associated with Fe(III) heme
from the nIR MCD and increases the intensities of
the features at 422 and 551 nm (Fig. 7A, blue) in a
manner consistent with complete reduction of
Heme 1 and Heme 2.

The voltammetry of CjTsdA N254K at
10 mV s™' (Fig. 8AB), as with the MCD spectra,
was more complex than for the other proteins but
its features can be assigned in light of the
previously described behaviors. After initiating the
voltammetry at +400 mV (Fig. 8A black), a small
reduction peak centered on =+200 mV indicates
reduction of His/Met Heme 2. Then a larger,
broader peak between —50 and =300 mV comprises
contributions from the reduction of His/Lys
Heme 2 and His/Cys™ Heme 1 and can be modelled
as the sum (red circles) of two n = 1 processes (red
lines). The species reduced in this first scan
therefore correspond to those identified by MCD.
However, on returning to +400 mV the low
potential oxidation peak is smaller than both the
preceding low potential reduction peak and the
subsequent high potential oxidation peak. The latter
is larger than the peak describing the initial
reduction of His/Met ligated Heme 2. These
observations are reconciled if the population of
His/Lys Heme 2 undergoes a Lys — Met ligand
switch on reduction. Thus, on the first voltammetric
cycle, the behavior the His/Lys ligated population
of Heme 2 in CjTsdA N254K is strikingly similar
to that in AvTsdA; on reduction the Lys ligand is
displaced by Met.

The first voltammogram for CjTsdA
N254K at 10 mV s, Fig. 8A (black), described
above is clearly different to the second and
subsequent voltammograms that are all similar and
correspond to the steady-state for this scan rate,
Fig. 8B (black). In the steady-state response, the
high potential oxidation and reduction peaks have

oX ~ red

equal areas (Q % = Q') and are well-described by
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reversible transformation of an n = 1 center with Ey,
= +203 mV that we assign to His/Met ligated
Heme 2. Smaller peaks at low potential correspond
to reversible transformation of an n = 1 center with
En=-115 mV that we assign to His/Cys” Heme 1.
Thus, on the time scale of these experiments in
CjTsdA N254K Heme 2 becomes trapped with
His/Met ligation in behavior that differs from
AvTsdA. Applying the E., values deduced from the
steady-state voltammetry to analysis of the first
voltammogram yields E, =-171 mV for the
His/Lys Heme 2 (Fig. 8A, red dashes). With this
assignment of the modelled contributions to the
first voltammogram it is seen that approximately
equal numbers of electrons are transferred to reduce
the His/Met and His/Lys ligated populations of
Heme 2, Table S3, in accord with their relative
populations deduced by MCD of the oxidized
protein.

In the 10mV s™ steady-state
voltammograms of CjTsdA N254K the features
assigned to oxidation (reduction) of Heme 2
describe transfer of =130 pmol e and those
assigned to oxidation (reduction) of Heme 1
describe transfer of =40 pmol e”. These values were
relatively unchanged for steady-state
voltammograms recorded for scan rates between 5
and 100 mVs™', Fig. 6A and Fig. S4. Thus,
introducing Lys into the CjTsdA distal pocket is not
sufficient to produce a voltammogram with features
from equal electroactive populations of His/Cys™
ligated Heme 1 and Heme 2 having either His/Met
or His/Lys ligation. As this behavior contrasts to
that described for AvTsdA, we studied CjTsdA
C138M and CI38H to assess the impact of
replacing the Cys™ ligand to Heme 1 with alternate
residues that could also provide heme ligation.

Spectroscopic and Electrochemical
Characterization of CjTsdA C138M.

The Soret feature at 413 nm in the UV-
visible MCD of oxidized CjTsdA C138M (Fig. 7C,
black) is narrower, more symmetrical and of greater
peak-to-trough intensity (~330 M cm™' T") than
the equivalent CjTsdA feature. All these properties
indicate the presence of two low-spin Fe(IIl) hemes
that do not have thiolate ligation. The nIR MCD
(Fig. 7D, black) appears to contain a single CT
feature at ~1770 nm, in the region diagnostic of
His/Met ligation. However, the increased width and
intensity (1.1 M~ cm™ T™"), as compared to the CT
feature observed for Heme 2 in CjTsdA, indicate
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two overlapping bands. The MCD thus shows
unambiguously that both hemes have His/Met axial
ligation in oxidized CjTsdA C138M and that Met'*®
is an axial ligand to Heme 1. Subtraction of the
CjTsdA nlIR spectrum, on the assumption that the
Heme 2 band remains relatively unchanged,
suggests that the new Heme 1 His/Met CT band lies
to shorter wavelength at ~1735 nm.

Incubation with 1.5 mM ascorbate removes
all significant MCD intensity at wavelengths longer
than 600 nm (Fig. 7CD, red) and the spectrum is
dominated by features at 425 and 552 nm that have
intensities consistent with two His/Met coordinated
low spin Fe(II) hemes. Incubation with dithionite
produces no further spectral changes of
significance. We conclude that ascorbate reduces
both hemes of CjTsdA C138M and that methionine
ligation is retained on reduction.

Cyclic voltammetry of CjTsdA C138M at
10 mV s™' (Fig. 8C, black line) corroborates the
MCD in placing En values above =0V for the
hemes in this protein. Peaks corresponding to
oxidation and reduction are resolved between —50
and +300 mV and both have structure indicative of
two overlapping contributions. Indeed, each peak is
well-described by the sum (blue circles) of two
contributions (blue lines), having approximately
equal areas, arising from independent n = 1 centers
with E, values of =494 and ~+174 mV.
Comparison to the properties of CjTsdA suggests
Heme 1 has the lower and Heme 2 the higher of
these En, values. Integration of the peaks confirmed

% =0 and similar values were resolved for
scan rates between 5 and 100 mV s™' (Fig. 6 and
Fig. S3). Thus, protein film voltammetry of CjTsdA
C138M differs from that of the CjTsdA and CjTsdA
N254K proteins in presenting data immediately
reconciled with the presence of equal populations
of electroactive Heme 1 and Heme 2.

Spectroscopic and Electrochemical
Characterization of CjTsdA C138H.

The MCD Soret feature of oxidized
CjTsdA CI138H (Fig. 7E, black) shows the same
general characteristics as CjTsdA C138M. The
hemes are again both low spin Fe(Ill) without
thiolate ligation. Alongside the Heme 2 His/Met CT
band at 1820 nm, the nIR MCD (Fig. 7F, black)
contains a CT feature at 1480 nm characteristic of
bis-nitrogenous coordination and indicating that
His'*® has replaced Cys™ as a ligand to Heme 1.
Incubation with ascorbate leads to loss of the
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1820 nm feature (Fig. 7F, red) consistent with
reduction of Heme 2. In the absence of the sideband
to this feature, the 1480 nm band has an intensity of
~1.0M ' 'em™ T7!, consistent with one heme and
ruling out any significant reduction of His/His
ligated Heme 1 by ascorbate. Incubation with
dithionite (Fig. 7E, blue) removes all spectral
features characteristic of Fe(IIl) heme and leads to
an increase in the peak to trough intensity of the
553 nm feature from 240 to 640 M~' cm™ T~". Thus
the contribution from His/Met Fe(Il) Heme 2 is
240 M~" em™ T7', which is similar to the average of
220 M cm™' T™' observed for the two hemes in the
MCD of reduced CjTsdA C138M. In contrast, the
Fe(Il) His/His Heme 1 in this C138H variant gives
a contribution of 400 M ™' cm™ T7'.

Cyclic voltammetry of CjTsdA C138H at
10 mV s™' (Fig. 8D) confirmed the presence of
hemes with E, values either side of = 0 V. The
peaks at lower potential have = 100 mV and are
assigned to His/His Heme 1 with E, = —100 mV.
The peaks at higher potential have similar values
for 8 and are assigned to His/Met Heme 2 with Ep,
= +160 mV. We therefore conclude that the nature
of the axial ligands is the major determinant of the
Heme 1 E, value being elevated close to that of
Heme 2 in CjTsdA C138M and remaining in the
same range (=60 to —-350 mV) as for the WT
proteins in CjTsdA C138H.

A notable feature of the 10 mV s’
voltammetry of CjTsdA C138H is that the peak
areas (Table S3) reveal the population of
electroactive His/His ligated Heme 1 to be
approximately 50% of those for His/Met ligated
Heme 2. However, this aspect of the voltammetry
was scan rate dependent, Fig. S3 and Fig. 6. At
5 mV s' all peaks have equal area indicating equal
electroactive populations of His/His ligated Heme
1 and His/Met ligated Heme 2; Q%/Q% = Q%
/Q = 1. At higher scan rates, the number of
electrons exchanged with His/Met ligated Heme 2
was unchanged but less electrons were exchanged
with His/His ligated Heme 1; Q%1/Q % = Q%Y/Q"d
<l.

Discussion

The complementary information afforded
by MCD and PFE has provided comprehensive
structural and thermodynamic descriptions of the
hemes in the as purified Av and Cj TsdA enzymes.
Hemes with three different axial ligand sets are
present in the wild type enzymes. One set, the

Heme ligation & redox chemistry in TsdA

His/Met pairing, occurs in monoheme cytochromes
(32,33) and as an electron transfer center in
multiheme enzymes, including the SoxAX
enzymes that perform the initial step in a thiosulfate
oxidation to sulfate (14,29). The E., value for the
Fe(Illl) & (II) couple of Heme?2 in AvIsdA
(+266 mV) falls within the +200 to +380 mV range
observed for numerous Class I cytochromes ¢ that
operate as electron shuttles in photosynthetic and
respiratory systems. Although E, for Heme 2 in
CjTsdA (+172 mV) lies below this range, there are
precedents for His/Met coordination with values
between +60 and +165 mV in several disparate
proteins such as cyt. bd, cellobiose oxidase,
cyt. bss2 and DosH (34-38). However, compared to
His/Met heme ligation, the additional ligand sets of
the TsdA enzymes are significantly less common
and would imply a degree of specialization.

The His/Cys™ coordination found for
Heme 1 in the TsdA enzymes is rare and, while the
purpose of such ligation is not always clear (39),
some examples are suggested to function as redox
sensors (40-42), others as receptors or regulators
(43-47). Reported En, values lie in the range —350
to —160 mV (40-43,47). Considering only the
Heme 1 E,, values, which fall within this low range,
it could be concluded that both TsdA enzymes
should be biased to perform tetrathionate reduction
more rapidly than thiosulfate oxidation. Such a
conclusion is clearly at odds with the catalytic
properties of the purified enzymes (Fig. 1) and the
cellular role of AvTsdA (3). However, prior to the
discovery of the TsdAs, His/Cys™ centers had also
been identified in the active sites of SoxAX
enzymes, where they display reversible
Fe(IIl) = Fe(Il) transitions with E., values at or
below —-400mV (14,29,48). Although these
potentials are markedly more negative than those
reported here for Heme 1, it has been proposed that
conjugation of thiosulfate to the cysteinate ligand,
forming a cysteinyl thiosulfate and releasing two
electrons, is an initiation step common to SoxAX
(49) and TsdA (4,6) (in the context of SoxAX and
TsdA, -SSO;~ has been referred to as a
“thiosulfonate” modification (5,6,8,50)).
Dissociation of the ligand, concurrent with this
modification, is likely to raise the heme reduction
potential, facilitating transfer of the electrons to the
pair of hemes in the respective enzymes. A rise in
the En of Heme 1 such that the potentials of both
hemes are comparable to that of the
tetrathionate/thiosulfate couple would be consistent
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with the facile thiosulfate oxidation displayed by
both Cj and AvTsdA with application of only small
overpotentials (1). A Cys — Ala substitution at the
active site of Starkeya novella SoxAX suggests that
the magnitude of this elevation in Ey, could exceed
500 mV (51). The SoxAX and TsdA enzymes
would then differ in the nature of the subsequent,
and redox neutral, steps during which the -SSO;3~
moiety of the cysteinyl thiosulfate is transferred
either to the cysteinate of the SoxYZ protein in the
case of SoxAX or to a second thiosulfate with TsdA
The generally low heme E, values we observe for
Heme 1 are likely to be a straightforward
consequence of cysteinate ligation (52,53), while
the 200-300 mV difference between SoxAX and
TsdA may reflect characteristics of the distal
pockets that promote the transfer of -SSOs3;™ to
distinct second substrates.

The reactivity of free thiolate makes it
susceptible to (SOx) modifications (54). TsdA (and
SoxAX) may have evolved a dual role for Heme 1
in that it acts, not only as an electron transfer center,
but also as a tether for the Cys™ thus offering a
degree of protection from these unwanted
modifications prior to reaction with substrate and
concomitant dissociation. Supporting the proposal
that this ligand can be chemically modified is the
observation of a cysteinate sulfane (persulfide)
modification in structures reported for AvTsdA (4).
It remains a possibility, for TsdA, that -SSO3~
addition occurs not to cysteine but to cysteine
persulfide as has been reported for SoxAX (50).

Furthermore, exposure to thiosulfate or
tetrathionate results in the formation of high-spin
heme, presumed to be Heme 1 lacking the Cys
ligand, and a +112 mass increase indicative of
thiosulfate conjugation (6). The structure of the as-
isolated TsdA from Marichromatium purpuratum
(8) reveals a dissociated cysteinate already bearing
the -SSO;™ modification. Intriguingly, this enzyme
is fused to a diheme electron acceptor, raising the
possibility that rapid electron transfer out of
Hemes 1 and 2 mitigates against artefactual
rereduction of the -SSO3;~ moiety to yield cysteine
persulfide and sulfite.

His/Lys, the second unusual heme ligation
naturally occurrent in AvTsdA, and engineered into
CjTsdA N254K, results in significantly lower
Heme 2 midpoint potentials than those observed for
the His/Met forms. While a lowering of potential is
consistent with replacing a thioether with an amine
ligand (55) and is typical for Met to Lys substitution
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(56,57), it is unlikely that the novel lysine ligation
in AvTsdA is present simply to lower the value of
En. A potential of =129 mV is well within the range
that can be achieved using His/His coordination
(58,59). While switching Heme 2 to a lower
potential may be the purpose of displacing the
methionine, the selection of lysine over histidine
may assist dissociation. Lability of the lysine ligand
is a common characteristic of the limited number of
His/Lys coordinated hemes reported to date (60-
63). However, in rapid turnover, Heme 2 would
remain His/Lys coordinated in AvITsdA. The
retention of an accessible His/Met form appears not
to be critical for catalysis. In contrast, Heme 2 in
CjTsdA N254K remains His/Met after the first
turnover and this may explain why tetrathionate
reduction is not compromised in this variant.

The limiting values we have obtained for
the rates of ligand exchange would imply that lysine
remains bound during turnover. But the low En
value determined for the His/Lys ligand set
(=171 mV) precludes reduction by the substrate
thiosulfate. The possibility that lysine ligation is in
some way responsible for the pronounced
directionality of the Av enzyme can also be ruled
out since the AvK208N variant displays the same
residual tetrathionate reductase activity as the wild
type enzyme (4). The exact purpose of the His/Lys
ligation at Heme 2 therefore remains to be
determined.

Before closing, we return to consider the
cyclic voltammetry of CjTsdA that suggests
His/Cys™ Heme 1l has a lower electroactive
population than that of His/Met Heme 2. This is
surprising given that, based on the structure of
AVTsdA, a heme edge-to-edge distance of 8 A is
predicted such that fast electron transfer is expected
(64). However, there is an indication that heme-
heme electron transfer may be more complex in the
CjTsdA enzyme from the cyclic voltammetry of
CjTsdA C138H. This reveals that, at increasingly
high scan rate, the electroactivity of Heme 1 is
tuned out while that of Heme 2 is unchanged in
behavior indicative of relatively slow heme-heme
electron exchange. Other possibilities can be
proposed to account for the voltammetry of
CjTsdA, for example Heme 1 exists in a number of
forms having different E, values and contributing
small un-resolved features to the voltammetry. This
situation could arise from modification(s) of the
Cys™, perhaps relevant to catalysis, although at
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present this suggestion appears to be at odds with
the MCD ligand assignments.

In conclusion our studies have
demonstrated the ability for MCD in combination
with PFE to provide chemically detailed
descriptions of TsdA redox activity. Our ongoing
experiments aim to exploit this approach to better
understand the catalytic mechanism(s) and relative
activities of the different TsdA family members.
For example, to resolve the redox properties of
these enzymes in the presence of their natural redox
partners, HiPIP for AvTsdA (65) and a monoheme
cytochrome ¢ for CjTsdA (3), and with Cys~
modifications that are proposed catalytic
intermediates.

Experimental Procedures

Protein Preparation: WT and variant
TsdAs were produced as described in (4) (for
AVTsdA) and (5) (for Cj proteins). Recombinant
CjTsdA contains the 309 amino acids predicted
from C8J_0815 without the signal peptide and with
an N-terminus having a Strep II-tag preceded by
three amino acids and followed by four amino acids
such that the predicted mass of the mature protein
with two c-hemes is 37103 Da. Recombinant
AVTsdA is comprised of 243 amino acids predicted
from Alvin_0091 without signal peptide followed
by a C-terminal extension of one additional amino
acid and the Strep tag (predicted mass of mature
protein 28142 Da with two c-hemes). The amino
acids of the Cj proteins are numbered from the first
of the three residues preceding the Strep II-tag (5)
and for AVTsdA from the first residue of the mature
protein (4).

Magnetic  Circular Dichroism: MCD
spectra were recorded using circular dichrographs,
JASCO models J810 for the wavelength range
250-800nm and J730 for the range
800-2000nm. An 8T magnetic field was
generated using an Oxford Instruments Special
Spectromag 1000 split coil superconducting
solenoid with a 50 mm ambient temperature bore.
Samples were exchanged into 50 mM HEPES,
50 mM NaCl at pH 7.0 for spectra in the range
250 — 800 nm and pH* 7.0 for spectra in the range
800 - 2000 nm (pH* being the apparent pH
recorded using a glass electrode for a solution
prepared in D,O). Sample concentrations were as
indicated in the figure legends and were calculated
from the absorption Soret maximum (extinction
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coefficients shown in Table S1).  UV-visible
electronic absorbance spectra of protein samples
were recorded using a Hitachi model 4100 UV-
visible-nIR  spectrophotometer. Spectra of the
oxidized enzymes are for the as prepared samples
unless traces of autoreduction were apparent from
the absorbance spectra in which case sub-
stoichiometric quantities of potassium ferricyanide
were titrated into the sample until the spectrum
showed the protein be fully oxidized.
Semi-reduced and fully reduced samples
for MCD were prepared in a N; chamber
(atmospheric O> < 10 ppm) by adding small
aliquots of concentrated solutions (~100 mM) of
sodium ascorbate and subsequently sodium
dithionite until no further changes were observed in
the absorption spectrum. Final concentrations of
1.5 mM, both for ascorbate and for dithionite, were
sufficient for all samples with the exception of
CjTsdA N254K, which required 5 mM dithionite
for full reduction. All potentials here, and
throughout the manuscript, are quoted versus SHE.
Although the reduction potential for the ascorbyl
radical anion/ascorbate couple is E*' = +330 mV, a
low concentration of the radical is maintained by
rapid  disproportionation and  consequently
ascorbate solutions produce an effective potential in
the region of +60 mV (66,67). This was verified
here by determining a value of +59 12 mV for a
1.5 mM solution of sodium ascorbate, using a
combination electrode placed in a solution
containing a mediator cocktail (2 uM each) of 3,6-
diaminodurene (DAD) (E,=+276 mV), 2-((3-
(3,6-dichloro-9H-carbazol-9-yl)-2-
hydroxypropyl)amino)-2-
(hydroxymethyl)propane-1,3-diol (DCAP)
(Em =+217 mV), 2,6-dichloroindophenol sodium
salt hydrate (DCPIP) (Exn = +217 mV), phenazine
methosulfate (PMS) (En=+80mV), phenazine

ethosulfate  (PES) (En=+55mV), juglone
(Em = +30 mV), methylene blue (En=+11mV),
duraquinone (Em =+5mV), menadione

(Em=-70 mV), indigo carmine (En,=-125mV),
anthraquinone-2,6-disulfonic acid disodium salt
(ADQS) (Em=-185mV), anthraquinone-2-
sulfonic acid sodium salt monohydrate (AQS)
(Em = =225 mV), phenosafranine (En = =252 mV),
safranine-O (Em =-280 mV), benzyl viologen
(Em=-350mV) and methyl viologen
(Em =—440 mV). At pH 7.0, the concentrations of
dithionite used produce potentials in the region of
=500 mV (68).
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PFE of TsdA: Working electrodes (30)
were comprised of inverse-opal indium-tin oxide
(IO-ITO) (20 um thickness, 0.25 cm?® footprint
(geometrical surface area) and 750 nm pore
diameter) on fluoride-doped tin oxide coated glass.
Solutions containing 50 — 100 uM protein (50 mm
HEPES, 50mM NaCl, pH7) and 1.25mM
neomycin sulfate were drop cast onto ice-cold
electrodes and left for 20 min before transfer to a
N, chamber (atmosphere < 10 ppm O,) where they
were rinsed (50 mM HEPES, 50 mM NaCl, pH 7) to
remove loosely-bound protein. Experiments were
performed in the N> chamber employing a
3-electrode cell configuration (69) containing
50 mM HEPES, 50 mM NaCl, pH 7 at 4 °C. Cyclic
voltammetry was performed with PGSTAT12 and
PGSTAT30 potentiostats (Autolab) under the
control of NOVA 1.11 software. Subtraction of an
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appropriate baseline response from the measured
voltammograms, see Figure S2, was performed
using the NOVA software prior to data analysis.
Protein (Faradaic) responses were fit assuming each
redox-active center displays Nernstian behavior
(31) for which the oxidative (reductive) peak has

the form:
. n?F? vIexp(nF(E — E,,)/RT)

B = R T+ exp(F(E —E,,)/RT))?
where i(E) is current as a function of electrode
potential E, v the scan rate, ['o* the population of
adsorbed redox center, R, F and T have their usual
meanings and the number of electrons transferred
in the half-reaction (n) is 1. For TsdA hemes, the Ep,
values reported below are averages obtained from
the corresponding oxidative and reductive peaks.
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Figure 1. Maximum turnover numbers (kc.) for thiosulfate oxidation (red) and tetrathionate reduction
(blue) by Av and Cj WT TsdA enzymes, and the Cj N254K variant, as determined by in vitro
spectrophotometric enzyme activity assays using ferricyanide as an electron acceptor for thiosulfate
oxidation and reduced methyl viologen as an electron donor for tetrathionate reductions. Adapted from

4.5).
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Figure 2. The structure of A. vinosum TsdA with the two heme cofactors highlighted in black. Expanded
regions show the ligands to Heme 1 and those to Heme 2 in the oxidized (Fe(IIl)) and reduced (Fe(Il))
states. Carbon atoms are shown in green, nitrogen in blue, oxygen in red and sulfur in orange. Where
appropriate, grey values in parentheses indicate the corresponding residues from C. jejuni TsdA, as deduced
from sequence alignment. Reproduced from pdb entries 4WQ7 and 4WQ9.
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Figure 3. The MCD spectra of oxidized A. vinosum (solid line) and C. jejuni (dashed line) TsdA in the
ranges (A) 300 — 750 nm and (B) 700 — 2000 nm. Protein concentrations were 34 pM (300 — 500 nm) and
180 uM (460 — 2000 nm) for AvTsdA and 17 uM (300 — 530 nm), 176 uM (460 — 750 nm) and 147 uM
(700 — 2000 nm) for CjTsdA. Data recorded at room temperature in 50 mM HEPES, 50 mM NaCl, pH 7 or
the same buffer in D,O pH* 7 for nIR MCD.
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Figure 4. MCD spectra of A. vinosum (panels A and B) and C. jejuni (panels C and D) TsdA following
incubation with sodium ascorbate (red lines) and sodium dithionite (blue lines). Protein concentrations
were: 35 and 20 puM (ascorbate and dithionite, 300 — 700 nm) and 178 uM (700 — 2000 nm) for AvTsdA; 37
and 36 puM (300 — 700 nm) and 145 puM (700 — 2000 nm) for CjTsdA. The broken lines are spectra of the
fully oxidized enzymes from Fig. 2 for comparison. Data recorded at room temperature in 50 mM HEPES,
50 mM NaCl, pH 7 or the same buffer in D-O pH* 7 for nIR MCD.
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Figure 5. Representative protein film cyclic voltammograms for CjTsdA and AvTsdA as indicted.
Experimental data (black solid lines) for 10 mV s scan rate in 50 mM HEPES, 50 mM NaCl, pH 7,4 °C.
For CjTsdA, the summation of two modelled contributions at E,—186 mV and +172 mV is shown (blue
circles). For AvTsdA, the summation (blue circles) comprises two modelled contributions from Heme 2
with Ey, values of +266 mV, —129 mV (blue dashed lines) and one from Heme 1 at —181 mV (dotted blue
lines).
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Figure 6. Ratio of moles of electrons transferred in high-potential (Oy;) and low-potential (Qi,) peaks for
oxidation (squares) and reduction (triangles): (A) CjTsdA (red), CjTsdA C138H (black), CjTsdA N254K
(cyan); (B) AvTsdA (blue). Data points represent average values from 4 scans recorded in 50 mM HEPES,
50 mM NaCl, pH 7, 4 °C.
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Figure 7. The MCD spectra of CjTsdA variants N254K (panels A and B), C138M (panels C and D) and
C138H (panels E and F), in the fully oxidized state (black traces), following incubation with sodium
ascorbate (red traces), and with sodium dithionite (blue traces). Protein concentrations used for the
300 — 650 nm and the 700 — 2000 nm regions were respectively 47 uM and 325 uM; 40 uM and 160 uMm;
18 uM and 169 pM. Data recorded at room temperature in 50 mM HEPES, 50 mM NaCl, pH 7 or the same
buffer in D,O pH* 7 for nIR MCD.
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Figure 8. Representative protein film cyclic voltammograms for adsorbed CjTsdA N254K, C138M and
C138H and as indicated. Experimental data (black solid lines) for 10 mV s™' scan rate in 50 mM HEPES,
50 mM NaCl, pH 7, 4 °C. For CjTsdA N254K; 1% scan, summation (open red circles) of three modelled
contributions with E, +203 mV and —115 mV (red dotted lines), =171 mV (red dashed lines). For CjTsdA
N254K; steady-state, summation (open blue circles) of two modelled contributions at E, =115 mV and
+203 mV. For CjTsdA C138M summation (open blue circles) of two modelled contributions at En +94 mV
and +174 mV (blue dashed lines). For CjTsdA C138H summation (open blue circles) of two modelled

contributions at E,,—100 mV and +160 mV.
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Scheme 1. The redox-linked His/Met = His/Lys ligand switch at Heme 2 in A AvTsdA and B
CjTsdA N254K.
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