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Protein-derived cofactors rely on precisely positioned heteroatoms to direct

redox chemistry, yet isolating their individual contributions remains challen-
ging. The indole N-H of tryptophan plays a central yet elusive role in bio-
genesis and function of the Met-Tyr-Trp (MYW) cofactor in catalase-
peroxidase (KatG). Here, we use genetic code expansion to replace cofactor-
forming Trpl05 with thiotryptophan (S-Trp), enabling a single-heteroatom
(N> S) substitution. Instead of forming the MYW crosslink, KatG bearing
S-Trpl05 undergoes site-specific monooxygenation to yield a chiral sulfoxide.
HPLC-MS, circular dichroism, and FT-IR spectroscopy identify selective oxy-
gen insertion at the sulfur, establishing enantioselective formation of an
(S)-configured sulfoxide. A 2.22 A cryo-EM structure visualizes the oxidized
S-Trpl05, revealing the S = O moiety orienting toward the iron and confirming
the absence of crosslinking. The S-atom oxygenation is heme-dependent and
proceeds via a two-electron oxygen-atom transfer, contrasting with the
radical-mediated one-electron chemistry of native tryptophan. This redirec-
tion suppresses catalase activity by perturbing cofactor formation. These
results show that a single-atom substitution reroutes the distal heme site from
radical crosslinking to stereoselective sulfoxidation, uncovering a
monooxygenase-like capability within KatG. This work highlights using non-
canonical amino acids to achieve atomic-level control over reaction pathways
and to interrogate cofactor biogenesis with unprecedented precision.

M Check for updates

Catalase-peroxidase (KatG) is a bifunctional enzyme broadly dis-
tributed across archaea, bacteria, and lower eukaryotes'. KatG com-
bines a high-turnover catalase activity, catalyzing the
disproportionation of hydrogen peroxide (H,0,) at rates of several
thousand turnovers per second, with a slower peroxidase activity that
oxidizes diverse substrates using H,0, as the oxidant>*. The catalase
function critically depends on a protein-derived cofactor formed by a

covalently crosslinked triad of methionine, tyrosine, and tryptophan
side chains (MYW), whereas the peroxidase activity relies solely on the
heme center”. In pathogenic organisms, the catalase activity of KatG is
essential for survival within the host, where detoxification of H,O,
produced by the immune response is required for persistence and
virulence’®.
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In contrast to monofunctional heme catalases, KatG employs the
MYW cofactor to enable catalase activity through a protein-based
radical mechanism (Fig. 1A). The MYW triad represents one of the most
structurally and mechanistically intricate protein-derived cofactors
known thus far, as its formation requires autocatalytic crosslinking of
residues drawn from three distant regions of the polypeptide chain’.
Elucidating the biosynthesis and function of MYW has proven chal-
lenging: cofactor formation occurs only once per polypeptide, gen-
erates weak and spectrally congested optical signatures, and is difficult
to observe directly in intact protein®. Previous studies using heme-free
KatG demonstrated that MYW formation can be initiated upon heme
reconstitution followed by peroxide treatment, establishing that
cofactor biogenesis is tightly coupled to heme-dependent oxidative
chemistry®’.

Structural and spectroscopic studies have revealed an alternative
natural form of the triad, MYW-OOH, in which the indole nitrogen of
tryptophan is peroxygenated (Fig. 1B). This species has been observed
crystallographically in as-isolated KatGs from multiple organisms®'%"
and, more recently, detected in solution as the predominant form of
Mycobacterium tuberculosis (Mtb) KatG cultured under ambient
conditions™. These observations highlight the functional importance
of the indole N-H of tryptophan. Although the indole nitrogen is the
closest heavy atom of the MYW cofactor to the heme iron, it is still
more than 4 A away. Its position and chemical properties therefore
support a role in hydrogen atom transfer (HAT) steps"™", which
initiate the radical-mediated crosslink formation during MYW bio-
genesis (Supplementary Fig. 1)5°'77,

During catalytic turnover promoted by KatG, the MYW catalytic
triad is oxidized to the MYW', via the indole nitrogen>®, which is
believed to be essential for catalase function, as it retains the oxidizing
equivalent in the distal heme pocket, allowing it to oxidize the next
H,0, rather than oxidizing a peroxidatic donor via the radical propa-
gation pathway'®. Despite its centrality, direct experimental inter-
rogation of the indole N-H group in these processes has remained
elusive.

Traditional site-directed mutagenesis has been the primary
strategy for studying protein-derived cofactors. However, this
approach is intrinsically limited for autocatalytically formed crosslinks
such as MYW. Substitution of any cofactor-forming residue typically
abolishes cofactor formation entirely, yielding variants that report
only on loss of function rather than on mechanistic detail’. As a result,

A

Trp1os

protein-derived radical cofactors have been largely inaccessible to
systematic structure-function interrogation at the atomic level. To
overcome these limitations, genetic code expansion has emerged as a
powerful strategy to introduce noncanonical amino acids (ncAAs) site-
specifically into proteins’®. We and others have shown that this
approach enables controlled perturbation of autocatalytically formed
cofactors, including Cys-Tyr dyads in iron- and copper-containing
enzymes, providing mechanistic insights unattainable by canonical
mutagenesis’ .

Here, we apply genetic code expansion to KatG by replacing the
MYW-forming tryptophan with the sulfur-containing analog thio-
tryptophan (3-benzothienyl-L-alanine, S-Trp)*?**. This single-atom
NH > S substitution preserves aromaticity while altering hydrogen-
bonding capacity and redox chemistry, offering a precise means to
redirect oxidative reactivity at a critical catalytic position. Rather than
yielding a simple loss-of-function variant, S-Trp substitution reveals an
unexpected alternative reaction pathway that illuminates how KatG
controls radical versus two-electron oxidation chemistry at the
protein-heme interface.

Results
Single-atom substitution at Trpl05 redirects KatG catalytic
function
To interrogate how the cofactor-forming tryptophan contributes to
KatG reactivity, we replaced Trpl05 in Escherichia coli KatG (EcKatG)
with thiotryptophan (-[3-benzo(b)thienyl]-L-alanine, S-Trp) using
genetic code expansion. EcKatG was selected for its robust hetero-
logous expression and well-characterized catalytic properties®. S-Trp
closely mimics the steric and aromatic features of tryptophan, with a
benzothiophene ring system in which sulfur replaces the indole
nitrogen. Critically, this NH~>S substitution preserves aromaticity
while eliminating the indole N-H proton, thereby precluding hydrogen
atom transfer from this position. This single-atom modification pro-
vides a precise means to redirect redox chemistry at Trpl105 without
grossly perturbing protein structure. Using a high-fidelity engineered
pyrrolysyl-tRNA synthetase (PyIRS)/tRNA pair specific for S-Trp*, we
achieved efficient and site-specific incorporation of S-Trp at position
105 (Supplementary Fig. 2).

Although Trp105 is located several angstroms from the heme iron,
substitution with S-Trp produces measurable changes in the optical
properties of KatG. The S-Trpl05 variant exhibits a red-shifted Soret
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Fig. 1| The indole N-H moiety of the protein-derived MYW cofactor in KatG is
the critical oxidation hub for KatG reactivity. A The indole N-H moiety is pro-
posed to be essential for hydrogen atom transfer (HAT) that elevates the MYW
oxidation state and drives the catalase cycle. B The protein-derived cofactor in

KatG is also naturally present in an oxygenated form with oxygen inserted into the
indole N-H moiety, MYW-OOH, allowing the cofactor to enter a reversible, catalase-
dormant yet primed state.
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Fig. 2 | Substitution of the indole nitrogen with sulfur results in changes to the
heme electronic environment. A UV-vis spectra of WT KatG (black) and KatG
S-Trpl05 (red) showing a red shift of the Soret band from 407 to 410 nm and
attenuation of the visible-region absorbance feature. The insignificant differences

Magnetic Field (mT)

of the o/B (Q-) bands are shown in an inset. B Comparison of the 10 K EPR spectra of
WT KatG (black) and KatG S-Trp105 (red). Both spectra show a mixture of two high-
spin ferric heme signals.

maximum, 410 versus 407 nm in wild-type (WT) (Fig. 2A), and lacks the
~370 nm shoulder observed in some KatGs and associated with
cofactor-related electronic transitions. In contrast, continuous-wave
X-band EPR spectra of the S-TrplO5 variant are essentially indis-
tinguishable from those of the WT enzyme (Fig. 2B), indicating that the
heme iron spin state and ligand field symmetry remain intact. Toge-
ther, these data indicate that the NH - S substitution at Trp105 induces
subtle but detectable perturbations of the heme electronic environ-
ment, detectable by UV-vis spectroscopy yet insufficient to alter the
paramagnetic properties probed by EPR spectroscopy.

Functional assays reveal that site-specific substitution of Trp
with S-Trp profoundly alters KatG catalytic behavior

The S-Trp105 variant displays an approximately 10°fold decrease in
catalase activity relative to WT KatG (Table 1). It also exhibits lower
activity than the Y226F variant, which is incapable of forming the MYW
cofactor (Supplementary Fig. 3). Together, these observations indicate
effective suppression of MYW-dependent catalysis. Peroxidase activity
is also reduced, with the S-Trp105 variant retaining approximately 6.3%
of WT activity (Table 1). The magnitude and pattern of these changes
are consistent with the effective suppression of MYW-dependent cat-
alysis, while the specific retention of residual peroxidase activity
prompted our investigation into the alternative reaction pathway
characterized in the following section.

Spectroscopic and mass spectrometric evidence for site-specific
sulfur oxygenation

Tryptic digests of S-Trp-incorporated KatG and the WT enzyme were
analyzed by HPLC coupled with optical detection. As expected, WT
KatG produced the characteristic Met-Tyr-Trp (MYW) crosslinked
peptide fragment (CLPF), which exhibits a diagnostic absorption
maximum at 330 nm and the predicted m/z value, eluting at a retention
time consistent with previous reports for KatG cofactors (Supple-
mentary Fig. 4)°. In contrast, no peptide corresponding to the MYW-
containing CLPF was detected at this retention time in the S-Trpl05
KatG digest (Supplementary Fig. 5). Instead, a distinct peptide eluted at
40.77min and displayed absorption maxima at 277 and 318 nm
(Fig. 3A), indicative of a chemically modified aromatic residue within
the same sequence context.

Table 1| Catalase and peroxidase kinetic parameters

Catalase activity Keat () Km (mM) Keat/Km (s'TM™)
WT KatG 3900+10 21+0.2 (19+£2) x 10°
KatG S-Trp105 7.3+0.2 8.3+0.4 900+50

KatG Y226F 13+0.2 3.5+0.2 3700+400
Peroxidase activity Keat (s™) Km (mM) Keat/Km (s'M™)
WT KatG 0.63+0.02 131 48+4

KatG S-Trp105 0.16£0.01 515 3+0.3

KatG Y226F 4.20+0.20 6.8+1.1 620 +100

The appearance of this peptide, together with the absence of the
canonical MYW CLPF, indicates that substitution of Trp105 with S-Trp
redirects cofactor biogenesis away from crosslink formation toward an
alternative, site-specific chemical modification. These HPLC and opti-
cal spectral signatures are consistent with modification at position
105—now bearing a S-Trp residue or an oxidized derivative—rather
than nonspecific degradation or loss of the cofactor-forming region,
setting the stage for molecular identification of the oxidative product
within S-Trp105 KatG.

High-resolution mass spectrometry (HRMS) was used to further
characterize this peptide. The calculated monoisotopic mass of
1165.48 Da corresponds to residues 103 — 112: '>*MAW*HGAGTYR™
The observed mass of 1181.47 Da (Fig. 3B) represents a +15.99 Da shift,
consistent with monooxygenation. Collision-induced dissociation
(CID) fragmentation of the doubly charged ion (m/z 591.75) localized
the oxidation to the S-Trpl05 residue. The 219.0332 Da mass differ-
ence between b2/b3 and y7/y8 fragment ions matched the calculated
mass of [S-Trp]-O (219.0354 Da) (Fig. 3B, Supplementary table 1). These
findings demonstrate that the genetically encoded S-Trpl05 under-
goes monooxygenation during expression.

Given this modification, we investigated the site of oxygen
incorporation. While sulfoxide formation is a common outcome of
oxidative products of heme or non-heme iron enzymes, including
hydroxytryptophan®, a benzothienopyrrole analogous to a pyrro-
loindole product®’, or 2-oxindole derivatives®®*', were also considered
(Fig. 4A). To determine whether oxygenation occurred at the sulfur
atom of S-Trpl05, FT-IR spectroscopy was used to probe for the
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Fig. 3 | LC-MS analysis reveals autocatalytic oxidation of S-Trp in KatG. A UV-vis
absorbance spectra of the peptide containing S-Trp105 (red), MYW-containing
peptide from WT KatG (black), free S-Trp (dark yellow), and monooxygenated
S-Trp standard (blue); all spectra are normalized to facilitate comparison. B High-

resolution mass spectrum of the peptide bearing S-Trpl05 (red), compared to the
predicted isotopic distribution (black) (C) CID fragmentation spectrum of the
S-Trp105 KatG-containing peptide; corresponding fragment ion assignments are
provided in Supplementary Table 1.

diagnostic S = O stretching vibration in the 1000 - 1100 cm region®*®,
Control samples included WT KatG, sulfoxide-modified S-Trp (O=S-
Trp) free amino acids in (R)- and (S)-configurations, and dimethyl
sulfoxide (DMSO). The S-Trpl05 KatG variant exhibits a pronounced
absorption band at 1036 cm™ that is absent in WT KatG (Fig. 4B). This
feature closely matches the S = O stretching frequencies observed for
free O =S-Trp and DMSO ( - 1041 cm™), providing strong spectroscopic
evidence for site-specific sulfoxide formation at Trp105.

Chiroptical signatures reveal enantioselective formation of a
chiral S-Trp sulfoxide

Having unambiguously established sulfur oxygenation at Trp105, we
next asked whether this oxidation is stereoselective within the KatG
active site. Although the benzothiophene ring of S-Trp is intrinsically
planar, monooxygenation at the sulfur atom generates a stereogenic
center, giving rise to two possible sulfoxide enantiomers. In a protein
environment such as KatG, where the modified residue is

conformationally constrained and oriented relative to the heme cen-
ter, oxygen atom transfer is expected to occur preferentially from one
face of the sulfur atom. Such spatial control provides a basis for
enzymatic stereoselectivity, potentially yielding a dominant sulfoxide
configuration rather than a racemic mixture.

To establish chiral reference standards, free O =S-Trp was syn-
thesized following a published procedure®, yielding two separable
diastereomers, designated P1 and P2. The two isomers exhibited
identical UV-vis spectra (Supplementary Fig. 5) and indistinguishable
mass spectra (Supplementary Figs. 6, 7, and 9), while showing subtle
but reproducible differences in their NMR profiles (Supplementary
Figs. 8 and 10). Circular dichroism (CD) spectroscopy revealed mirror-
image spectra for P1 and P2 (Fig. 4C), confirming that the two species
share the same configuration at the a-carbon but differ in stereo-
chemistry at the newly formed sulfur center (Fig. 4D).

To determine the stereochemical outcome of S-Trp oxidation
within KatG, we next recorded the CD spectrum of the isolated
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Fig. 4 | FT-IR and CD spectroscopies reveal regioselective sulfoxide formation
and suggest a stereoselective S-oxygenation in KatG S-Trp105. A Chemical

structures of potential monooxygenated and hydroxylated S-Trp species. B FT-IR
spectra of lyophilized samples: WT KatG (black), KatG S-Trp105 (red), synthetic free
0O =S-Trp amino acid standard (solid blue), and DMSO (dashed blue). C Structures
of two diastereomeric sulfoxides generated by non-enzymatic oxidation of S-Trp:
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(R,S) O=S-Trp and (§,S) O =S-Trp. D Circular dichroism spectra of free (R,S) (blue
dots) and (S,S) (red dots) O =S-Trp amino acid standards, compared to the KatG
peptide fragment that contains O =S-Trp105 (solid red trace). The peptide spec-
trum was smoothed using a Savitzky-Golay filter and normalized. Raw data are
provided in Supplementary Fig. 11.

S-Trp-containing peptide. Strikingly, its CD profile closely matches
that of synthetic diastereomer P2 (Fig. 4D; Supplementary Fig. 11),
indicating that oxygenation occurs selectively at a specific face of the
sulfur atom. This correspondence establishes that sulfoxidation in
KatG is highly stereoselective rather than stochastic. Moreover, the
observed CD signature closely resembles that reported for (1R)-3-
methylbenzo[b]thiophene 1-oxide in the 200-400 nm region®, sup-
porting assignment of the oxidized residue in KatG as the (S)-config-
ured sulfoxide, O =S-Trpl05.

Cryo-EM reveals atomic-level structural redirection to an (S)-
configured S-Trp sulfoxide
Previously reported MYW triad lacking variants apparently have large
structural differences from the MYW-bearing or MYW-OOH-containing
structures, and until now, no crystal structures of the MYW cofactor-
free or partially crosslinked KatG mutants are available. The advance of
cryo-EM technology has enabled the determination of a tryptophan
mutant structure of Mtb KatG at 3.3 A resolution, with the loop con-
taining the MYW crosslink triad disordered, except for the introduced
arginine®. Inspired by this prior work and through extensive optimi-
zation, we determined a high-resolution cryo-EM structure of full-
length KatG bearing S-Trp at position 105 (Fig. 5). The structure was
refined to 2.22 A resolution (Supplementary Table 2, and Supplemen-
tary Fig. 12 for the cryo-EM workflow). The enzyme assembles as a D»-
symmetric tetramer, consistent with the oligomeric organization
observed for WT KatG (Fig. 5A). The resulting density map is of suffi-
cient quality to allow unambiguous visualization of the heme cofactor,
surrounding conserved residues, and the modified S-Trpl05 side chain
within the active site (Fig. 5A).

The initial 2.29 A raw map reconstruction exhibits a largely uni-
form local resolution distribution (Supplementary Fig. 13). Well-
defined and continuous density is observed for the heme prosthetic

group and key active-site residues, including Argl02, His106, Met252,
and His267. The benzothiophene ring of S-Trpl05 adopts an orienta-
tion closely matching that of Trpl05 in WT KatG. Notably, additional
electron density (Fig. 6A) is consistently observed at the sulfur atom of
S-Trp105 in all four protomers, and the density is distinct from an
unmodified Trp or S-Trp residue (Fig. 6B), a feature absent at all other
tryptophan positions (Supplementary Fig. 14). This density is fully
consistent with the formation of a sulfoxide (S=0) moiety, corro-
borating the FT-IR and optical spectroscopic analyses. Modeling of
0=S-Trpl05 using geometric restraints appropriate for an sp*-hybri-
dized sulfur atom (Supplementary Table 3) unambiguously favors the
(5)-configuration at the sulfur center, with the sulfoxide oxygen
oriented toward the heme iron. In contrast, an (R)-configured sulfoxide
would direct the oxygen atom away from the heme and toward His106,
a geometry incompatible with the observed density. This structural
assignment independently confirms the stereochemical outcome
inferred from CD spectroscopy.

Comparison with WT KatG structure reveals that substitution of
Trpl05 with S-Trp does not induce major rearrangements in the local
active-site architecture. The side chain of O =S-Trp105 and neighbor-
ing residues (Argl02, His106, and Met252) remain closely aligned with
their WT counterparts (Fig. 5A), indicating that the observed chemical
redirection does not arise from global structural disruption. In con-
trast, pronounced differences are observed in the LL1 loop
(Gly223-Ser240), which contains Tyr226, a constituent of the MYW
cofactor.

In WT KatG, this loop is stabilized by covalent crosslinking and
remains visible despite partial disorder”’. In the S-Trpl05 variant,
however, a substantially expanded region of the LL1 loop
(Trp197-Ser240) is unresolved in all four protomers (Fig. 5B),
extending well beyond the disordered region observed in the WT
enzyme. This loss of structural order is consistent with the absence of
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Active site

Fig. 5 | CryoEM structure of KatG S-Trp105 reveals asymmetric sulfoxide for-
mation oriented toward the heme and absence of crosslinking. A Cryo-EM map
and atomic model of tetrameric KatG S-Trp105 at 2.22 A resolution (density
modified; raw map resolution 2.29 A); each protomer is shown in a distinct color
(PDB entry: 906A)*:. B Close-up view of the enzyme active site showing the cryo-EM
density and model fit. The sulfoxide adopts an (S) configuration, consistent with the

observed asymmetric density at S-Trp105. C Structural overlay of KatG S-Trp105
(salmon, this study) and WT KatG (gray, PDB: 7)Z6), showing an RMSD of 0.440 A
across 611 aligned Ca atoms. The LL1 loop is partially ordered in the WT structure
and unresolved in the S-TrplO0S variant. D Zoomed-in view of the heme active site
and distal pocket, highlighting key residues and interatomic distances (in A).

MYW crosslink formation and aligns with the spectroscopic, mass
spectrometric, and functional data.

Taken together, the cryo-EM structure of KatG S-Trp105 provides
direct, atomic-level evidence that a single-atom NH - S substitution
redirects oxidative chemistry at the active site from radical-mediated
crosslinking to stereoselective sulfoxidation (Fig. 6). The proximity of
the sulfoxide oxygen to the heme iron (~4.0A; Fig. 5C) offers a
structural basis for the altered electronic coupling and the pro-
nounced suppression of catalase and peroxidase activities observed
for this variant.

Two-electron oxygenation of S-Trp105 requires heme-
dependent peroxide activation

To probe the mechanism underlying S-Trp105 oxidation, we generated
a heme-deficient form of KatG S-Trpl05 by culturing cells in iron-
depleted medium. The resulting protein exhibited markedly reduced
heme incorporation, as indicated by a low R, value (0.080, compared

to 0.361 for WT KatG), where the R, value is defined as the ratio of the
absorbance of the Soret band to the absorbance of the protein peak.
Subsequent in vitro heme reconstitution yielded reconstituted EcKatG
S-Trpl05 (REcKatG S-Trp105) with a substantially increased R, value of
0.645 (Supplementary Fig. 15), confirming restoration of an intact
heme center.

To determine whether S-Trpl05 oxygenation requires heme-
mediated catalysis, both the heme-deficient and reconstituted
S-Trpl105 variants were treated with oxidants (5 equivalents of H,0, or
peracetic acid), followed by tryptic digestion and HPLC analysis. The
formation of the oxidized S-Trpl05 species, monitored by character-
istic absorbance at 330 and 318 nm, was observed exclusively in the
reconstituted enzyme (Fig. 7). No sulfoxide formation was detected in
the heme-deficient protein under identical conditions. High-resolution
mass spectrometry and CID analysis of the oxidized peptide (Supple-
mentary Fig. 16, Supplementary Table 1) confirmed that it is identical to
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Fig. 7 | Heme and peroxide are required for S-Trp105 oxidation. A HPLC profiles
of trypsin-digested samples: apo-KatG S-Trp105 treated with five equivalents of
peracetic acid (black solid line), untreated apo-KatG S-Trp105 (black dashed),
heme-reconstituted KatG S-Trp105 without oxidant (blue), and heme-reconstituted
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protein treated with peracetic acid (red) or H,0, (magenta). B UV-vis spectra of
HPLC fractions (retention time = 41.93 min). Only peptides from heme-
reconstituted protein oxidized with peroxide exhibit the 318 nm absorbance peak
characteristic of O =S-Trp.

the O =S-Trp-containing peptide detected in the as-isolated S-Trp105
KatG (Fig. 3B).

These results demonstrate that S-Trpl05 monooxygenation is
strictly dependent on the presence of a functional heme center and an
exogenous oxidant, establishing that sulfoxide formation is an active-
site-mediated process rather than a nonspecific chemical modification.
Together with the spectroscopic and structural data, these findings
support a heme-dependent two-electron oxygen-atom transfer
mechanism that autocatalytically converts the genetically incorpo-
rated S-Trp residue into a chiral sulfoxide in the mature enzyme. This
pathway contrasts sharply with the radical-mediated chemistry of
native Trpl05 and underscores how a single-atom substitution redir-
ects KatG reactivity.

Discussion

Hydrogen atom abstraction (HAT) and transfer are fundamental to
enzymatic redox catalysis, yet experimentally disentangling residue-
specific contributions within complex active sites remains a long-
standing challenge. In catalase-peroxidase (KatG), a heme-mediated
HAT from the indole N-H of the cofactor-bearing Trp residue has long
been proposed as the initiating step for both MYW cofactor biogenesis
and catalase function®”*'**7*0_ However, direct experimental inter-
rogation of the role of this specific proton has remained elusive. In this
study, we show that substituting the indole N-H with sulfur at this
single cofactor-forming position is sufficient to reroute the oxidative
chemistry of KatG, demonstrating that the indole N-H is not merely
permissive but obligate for enforcing the native radical pathway. By
replacing Trpl05 with thiotryptophan via genetic code expansion, we
uncover an unexpected, site-specific, and stereoselective sulfoxidation
catalyzed by the KatG heme center. This chemical redirection diverts
oxidative flux away from the canonical one-electron, radical-mediated
pathway responsible for MYW cofactor formation and instead reveals a
two-electron oxygen-atom transfer process that is normally inacces-
sible in the native enzyme (Table 2).

The engineered PyIRS used in this study is specific in that it
excludes the native Trp, indicating that it has achieved a high level of
stereoelectronic complementarity for the sulfur atom. The PyIRS
active site is precisely tuned to the distinct bond lengths and polariz-
ability of its cognate ncAA (S-Trp), highlighting the single-atom pre-
cision of this approach. The observed sulfoxidation is remarkable in

several respects. First, it occurs on an internally encoded residue
rather than an external substrate, demonstrating that KatG can cata-
lyze monooxygenase-like chemistry within its own active site. Second,
the reaction proceeds with regio- and stereo-selectivity, yielding the
(5)-configured sulfoxide. Third, this chemistry is revealed not by
altering the protein fold or active-site architecture, but by a minimal
NH > S substitution that preserves aromaticity while fundamentally
changing redox behavior. Together, these features indicate that KatG
possesses an alternative chemical capability that is normally con-
strained by the chemical identity of Trp105.

The MYW crosslinking process has been hypothesized to begin
with an HAT step on the indole N-H and three other HAT steps in two
rounds of H,0, oxidation (Fig. 8A, and for details see Supplementary
Fig. 1)%%'¢V_ Experimental evidence for this biosynthetic sequence is
difficult to obtain. Mechanistically, our data support a model in which
removal of the indole N-H group blocks the initial HAT for MYW bio-
genesis and thereby redirects oxidation to a two-electron oxygen atom
transfer (OAT) at the aromatic sulfur atom (Fig. 8B). The most plausible
oxidant is Compound I (cpd |, i.e., ferryl and porphyrin m-cation radi-
cal). The strict dependence on an intact heme center and peroxide
activation, together with the stereochemical outcome, argues against a
radical-based mechanism and instead favors a constrained Fe-O--S
transition state that enforces facial selectivity (Fig. 8B). Cryo-EM
observation of the sulfoxide oxygen oriented toward the heme iron
provides a structural rationale for both the stereoselectivity and the
pronounced perturbation of catalytic activity.

KatG’s ability to promote this transformation contrasts sharply
with related heme peroxidases such as cytochrome c peroxidase (CcP)
and ascorbate peroxidase (APX), where analogous active-site trypto-
phan residues are present and remain unmodified during catalysis**%
This distinction likely reflects differences in oxidant reactivity and
active-site dynamics: KatG favors highly reactive ferryl intermediates
capable of driving oxygen-atom transfer, whereas CcP stabilizes a long-
lived Compound ES (ferryl and an adjacent amino acid radical) state*.
Consistent with this view, S-Trp substitution in CcP does not result in
sulfoxidation despite the closer proximity of the sulfur atom to the
heme center?’. Thus, KatG’s distal pocket appears poised to enable
controlled, enzyme-mediated aromatic sulfur oxidation.

An additional advance of this study is the use of high-resolution
cryo-electron microscopy to visualize, at atomic detail, a site-specific
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Table 2 | Single-atom substitution redirects catalytic pathways in KatG

Native tryptophan (N-H)

Thio-tryptophan (S)

Radical-initiated HAT pathway

HAT pathway inaccessible

Formation of Trp-centered radical (Trp-N°)

Two-electron aromatic S-oxygenation

MYW crosslink formation

Monooxygenase-like modification of an internal residue

Canonical catalase and peroxidase activities

Suppressed catalase activity and attenuated peroxidase activity

A Trp10s Metzs,
{ {
N S
H) HAT /
-+ FelV=0 Tyraoe
(cpd 1)
B >K'l'rpms g TP 105
.t Fe'V—O F |V_6
(cpd 1)

Fig. 8 | Single-atom substitution redirects KatG reactivity from one-electron,
radical-mediated hydrogen atom transfer (HAT) chemistry for cofactor bio-
genesis to stereoselective sulfoxidation via a two-electron oxygen-atom
transfer (OAT). Native pathway (Path A) proceeds via a radical-mediated
mechanism initiated by an obligatory HAT from the indole N-H group to cpd I. This
leads to the autocatalytic assembly of the Met-Tyr-Trp (MYW) crosslinked

Metys

4 \
e

Trp10s

Tyroog @el g
>/Trp105 >KTr91os

Felll Fe|||

cofactor (for detailed arrow pushing of the biogenesis steps, see Supplementary
Fig. 1). S-Trp variant (Path B) circumvents the radical path and instead facilitates a
two-electron OAT. This direct oxidation, indicated by detailed arrow pushing,
proceeds through a constrained ferryl (Fe") transition state. This interaction
enhances facial selectivity, ultimately yielding the (S)-configured thiotryptophan
sulfoxide while returning the heme to the ferric (Fe") state.

post-translational modification of a genetically encoded noncanonical
amino acid within an enzyme active site, even though this technology
has previously been used to determine KatG structures®**’. The cryo-
EM structure reported in this study reveals how local chemical mod-
ification propagates to disrupt MYW crosslink formation without
inducing large-scale structural rearrangements. This represents a
direct structural observation of enzyme-catalyzed sulfoxidation of an
internally incorporated noncanonical residue.

More broadly, this work illustrates how ncAA substitution can be
used not merely to test functional necessity but to actively redirect
enzymatic reaction pathways and expose hidden catalytic capabilities.
The distinct FT-IR and CD signatures of sulfoxide formation provide
powerful spectroscopic handles for tracking regio- and stereochemical
outcomes, suggesting that S-Trp may serve as a general probe for
interrogating tryptophan-mediated redox chemistry. It is worth men-
tioning that genetic substitution of S-Trp into proteins is a recently
developed technique, with prior efforts mainly aimed at probing the
hydrogen-bonding roles of indole nitrogen in enzymes such as CcP,
deubiquitinase, and thioredoxin******, Given the prevalence of indole
and tryptophan in flavin- and metal-dependent oxidation systems, this
strategy may find broad application in dissecting and reprogramming
oxidative transformations across enzyme families.

Our results reveal the alternative chemical capability of the KatG
active site and show how the chemical identity of the indole N-H
proton channels reactivity into the native radical pathway. Active-site
tryptophan residues in heme peroxidases are intrinsically reactive:
although residues such as Trp51 in CcP and the proximal Trp in APX
often remain unmodified, perturbations in the distal pocket can pro-
mote one-electron oxidation to give protein-based radicals or covalent
heme-protein linkages. Examples, including the autocatalytic

Trp51-Tyr52 crosslink in CcP mutants and the Tyr-heme/Trp-heme
adducts observed in APX after peroxide treatment, illustrate that these
residues are poised for oxidative transformation**’. By contrast, the
redirection of KatG chemistry to a site-specific, two-electron sulfox-
idation of an internally encoded noncanonical residue represents a
mechanistic departure from the one-electron pathways described
above (Fig. 8). Moreover, peroxidase-catalyzed enantioselective oxi-
dations of free sulfides have been reported for various peroxidases,
such as haloperoxidases, lignin peroxidase, and engineered dye-
decolorizing peroxidases (DyPs)***, and human indoleamine
2,3-dioxygenase (IDO) has been shown to perform monooxygenation
on free S-Trp*. However, the endogenous aromatic sulfide modifica-
tion observed in S-Trp KatG is distinct from these precedents. Rather
than acting on an external substrate, the stereoselective sulfoxidation
occurs within the KatG scaffold itself, illustrating how a single-atom
substitution can reprogram the enzyme’s internal maturation
trajectory.

In summary, replacing a single heteroatom at Trpl05 transforms
KatG from a radical-based cofactor-forming enzyme into one that
catalyzes stereoselective aromatic sulfoxidation. This atomic-level
intervention reveals how enzyme function can be switched not by
altering structure, but by redirecting chemistry—highlighting a pow-
erful paradigm for probing and reengineering complex enzymatic
redox processes.

Methods

Materials

The primers were purchased from Integrated DNA Technologies (IDT).
All chemical reagents were purchased from Sigma-Aldrich or Thermo
Fisher Scientific and were of reagent grade or higher and used as
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received. DNA manipulations in Escherichia coli (E. coli) were carried
out according to standard procedures. Ampicillin (100 pg/mL) and
chloramphenicol (30 pg/mL) were used as antibiotics to select
recombinant strains.

Generation of site-specific S-Trp-encoded KatG variant

EcKatG was chosen for this study due to its significantly higher protein
expression efficiency compared to other available KatG expression
systems. The katG gene was amplified from E. coli (K-12) genomic DNA
and cloned into the pET-20b(+) vector containing a C-terminal six-
histidine tag, which was developed in the Goodwin laboratory at
Auburn University, Alabama, USA%. The resulting pET-20b(+)-EcKatG
plasmid was used to transform an E. coli protein expression host (BL21
[DE3]), and transformants were selected based on their ampicillin
resistance (100 pg/ml ampicillin). We generated WIOSTAG KatG
mutant using the primers provided below:

5- GGCCTAGCACGGCGCGGGGACTTACCGTTCAATCG -3’ and 5
GCCGTGCTAGGCCATACGAATAAACAG ACCGGCG-3. Polymerase
chain reaction (PCR) for generating the variants was performed using
Phusion High-Fidelity polymerase with GC-buffer (Thermo Fisher Sci-
entific). The PCR products were treated with Dpnl to eliminate the
template. Subsequently, E. coli DH10B was transformed with the Dpnl-
treated PCR products using a standard heat-shock procedure. Candi-
date plasmids were analyzed for complete sequence by Eurofins
Genomics to verify the intended alterations. The pET-20b(+)-EcK-
atG_WI105TAG plasmid was co-transformed into E. coli BL21(DE3) with
the plasmid expressing a previously reported orthogonal tRNA/aaRS
pair for S-Trp (pEVOL_PyIRS S-Trp plasmid)**, and the cells were plated
onto an LB agar plate containing 100 pg/ml ampicillin and 30 pg/ml
chloramphenicol.

Protein expression and purification

The expression plasmid construct of EcKatG S-TrplOS was trans-
formed into E. coli BL21(DE3), and transformants were selected based
on resistance to chloramphenicol/ampicillin for EcKatG S-Trpl05
expression. The bacteria were grown in an LB broth medium con-
taining ampicillin (100 pg/ml) and chloramphenicol (30 pg/ml) in a
baffled flask at 37 °C, 220 rpm. Arabinose, 6-aminolevulinic acid, and
ferrous ammonium sulfate were added to a final concentration of
10 mM, 200 pM, and 25 pM, respectively. When the optical density at
600 nm (ODgqp) reached 0.4, isopropyl B-D-1-thiogalactopyranoside
(IPTG) and S-Trp were added to a final concentration of 0.5mM and
1mM, respectively. After 12 — 14 h of incubation at 32 °C, 180 rpm, the
cells were harvested and frozen at -80 °C for further use.

KatG S-Trpl05 was purified by a fast protein liquid chromato-
graphy (FPLC) system. Cell pellets were resuspended in 100 mM
sodium phosphate (NaPi) buffer (pH 7.0) with -0.1mM phe-
nylmethylsulfonyl fluoride (PMSF) and then lysed by sonication. The
supernatant was recovered upon centrifugation (34,000 x g for
40 min) at 4°C and then applied to Ni-NTA agarose beads. After
loading, the Ni-NTA agarose beads were washed with 2 column
volumes of washing buffer (100 mM NaPi, 20 mM imidazole, pH 7.0).
The Hisg-tagged protein was eluted with elution buffer (100 mM NaPi,
500 mM imidazole, pH 7.0). The eluted KatG S-Trpl05 protein was
further purified by a Superdex 200 (Cytiva) gel-filtration column (16/
600) with 50 mM NaPi buffer (pH 7.0) as the mobile phase. The pur-
ified protein was either concentrated by ultrafiltration to the required
concentration for subsequent experiments or stored in 50 mM NaPi,
5% glycerol buffer (pH 7.0) at -80 °C. The concentration of active heme
protein was determined using the standard pyridine
hemochromagen assay.

Expression of apo-EcKatG S-Trp105 and heme-reconstitution
As previously described, the apo-EcKatG S-Trp (heme-free) was pre-
pared by cell culture in iron-free medium®. All glassware was rinsed

with 1M HNOj solution followed by deionized water (Millipore) before
use. The iron-free medium was prepared by dissolving 10 g of casa-
mino acids, 5 g of yeast extract, and 10 g of sodium chloride in 1L of
deionized water. Chelex 100 (30 g) resin was added to the medium and
stirred for 2 h to remove trace metals. After filtration, the medium was
transferred to a 2L glass baffled flask and autoclaved. Supplemental
ions and solutions, including 2 mM MgS0O,4, 0.1 mM CacCl,, vitamin mix
(10 ml of a 100 mL stock: 10 mg each of riboflavin, niacinamide, pyr-
idoxine monohydrate, and thiamine in 100 mL of H,0), and iron-free
trace metals mix (10 mL of a 100 mL stock: 0.5 g of EDTA, 5 mg each of
ZnCl,, CuCly, CoCl,, and H3BOj3, 160 mg of MnCl,, 50 mg of NiSO,,
100 ml of H,0), were added to the medium. The cell culture method
was the same as the KatG S-Trpl05, except that -aminolevulinic acid
and ferrous ammonium sulfate were not added. The protein purifica-
tion method was the same as for KatG S-Trpl05.

Heme reconstitution for apo-EcKatG S-Trp105 was performed in
50 mM HEPES buffer (pH 8). A 5mM stock solution of hemin was
prepared by dissolving hemin into 50 mM NaOH solution. Hemin (1.5
molar equivalents relative to the protein) was added dropwise to the
protein solution under stirring. The mixture was stirred at 4 °C for 2 h
to allow complete hemin binding. The mixture was centrifuged at
20,000 x g for 5 min to remove any precipitated hemin and protein.

Enzymatic activity and Kinetics assay

Catalase activity was evaluated by measuring the O, production rate
using Oxygraph (Hansatech Pentney, Norfolk, England). The instru-
ment was calibrated using sodium dithionite solution and air-saturated
water. The reaction was initiated by adding 5 — 500 nM KatG enzyme to
0.25 - 25 mM H,0; solution. All activity assays were carried out at 22 °C
under 100 rpm stirring in 50 mM NaPi buffer (pH 7.0). The oxygen
production speed was recorded and fitted with a hyperbolic curve
using Origin software. Peroxidase activity was evaluated by monitoring
the production rate of the 2,2’-azino-bis(3-ethylbenzothiazoline-6-sul-
fonic acid) (ABTS) radical (g4;7 =34.7 mM™cm™) using a Thermo Evo-
lution Pro UV-vis spectrophotometer. The reaction was initiated by
adding 5 to 500 nM KatG enzyme to 1 mM ABTS and 0.5 to 30 mM tert-
butyl hydroperoxide (tBuOOH). All assays were carried out at 22 °C
using 50 mM NaPi buffer (pH 7.0). Activity assays were performed in
triplicate (three independent replicates). Data are presented as
mean = SD, and individual replicate values are shown as overlaid points
on each plot.

Trypsin digestion of protein and HPLC assay

Protein was diluted to a 2 mg/mL stock solution in 50 mM NH,HCO;
buffer (pH 8.5). MS grade trypsin protease (Fisher Scientific) was dis-
solved in the same NH,HCO; buffer to a concentration of 1 mg/mL. A
protein stock (100 pL) was mixed with 4 pL trypsin solution, leading to
a 50:1 w/w ratio. The mixture was incubated at 37 °C for 48 h to ensure
complete digestion. The digested protein samples were analyzed by
SDS-PAGE to verify complete digestion. For the preparation and
digestion of the *EcKatG S-Trpl05 sample, 50 mM HEPES buffer (pH
8.0) was used for digestion and heme reconstitution.

The digested protein was centrifuged at 20,000 x g for 5 min to
remove any precipitate. A 100 pL sample was injected into an Inertsil
ODS-3 HPLC column, 3 um, 250 x4.6 mm (GL Sciences) using an Ulti-
Mate 3000 HPLC (Thermo Scientific). The separation was performed
using a linear gradient of buffer B (0.1% trifluoroacetic acid in acet-
onitrile) in buffer A (0.1% trifluoroacetic acid in water) from 0 — 60%
over 2h at a flow rate of 0.5mL/min. Fractions with absorbance at
330 nm were collected and stored for MS analysis.

Protein mass spectrometry

High-resolution electrospray ionization mass spectra (ESI-MS) were
acquired using a maXis plus quadrupole-time-of-flight mass spectro-
meter (Bruker Daltonics) operated in positive-ion mode. Samples were
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directly infused from HPLC fractions into the ESI source using a syringe
pump at a constant flow rate of 3 pL/min. Key source parameters were
as follows: capillary voltage, 3500 V; nebulizer gas pressure, 0.4 bar;
dry gas flow rate, 4.0 L/min; source temperature, 200 °C. CID was
performed with an average collision energy of approximately 25eV.
Mass spectra were averages of 1-minute scans collected at a rate of
1scan per second in the mass-to-charge ratio (m/z) range of 50 —1500.
Compass Data Analysis software version 4.3 (Bruker Daltonics) was
used for all mass spectral data processing. Theoretical masses for b-
and y-type fragment ions were calculated using the MS-Product utility
of  ProteinProspector  (https://prospector.ucsf.edu/prospector/
mshome.htm).

Synthesis and separation of S-monooxygenated S-Trp

(0 =S-Trp)

Free O =S-Trp amino acid was synthesized following a modified pub-
lished method**. Thiotryptophan (3-benzothienyl-L-alanine, or S-Trp)
(221mg, 1.0 equiv), 2mL of dichloromethane, and 2mL of tri-
fluoroacetic acid were added to a round-bottom flask and cooled to
0°C in an ice bath. An aqueous solution of H,0, (0.88 mL, 30 wt%, 1.2
equiv) was added dropwise to the mixture. The flask was removed
from the ice bath, and the mixture was stirred at room temperature for
1 h. The reaction was quenched with saturated NaHCO3 solution and
transferred to a separatory funnel. The organic layer was evaporated
using a rotary evaporator, and the resulting solid was redissolved in
water, combined with the aqueous layer, and lyophilized to yield an
off-white powder. The solid powder was redissolved in 0.1% formic
acid (FA) solution, filtered through a 0.22 um filter, and separated by
HPLC. For analytical HPLC, a 50 pL sample was injected onto an Inertsil
ODS-3 HPLC column (3 um, 100 x 4.6 mm, GL Sciences) using an Ulti-
Mate 3000 HPLC system (Thermo Scientific). Separation was achieved
using an isocratic mobile phase of 30% acetonitrile, 0.1% FA, and 69.9%
H>O at a flow rate of 0.5 mL/min. For preparative HPLC separation, a
500 pL sample was injected onto a Hypersil PREP HS C18 column (5 um,
250 x 10 mm, Thermo Scientific) using a preparative UltiMate 3000
HPLC system (Thermo Scientific). Fractions were separated using an
isocratic mobile phase of 30% acetonitrile, 0.1% FA, and 69.9% H,O ata
flow rate of 3.5 mL/min. The collected fractions were lyophilized to a
white powder and stored at —80 °C for future use.

Optical and circular dichroism (CD) spectroscopies

UV-vis spectra were recorded at 22 °C in 50 mM NaPi buffer (pH 7.0),
using a Thermo Evolution Pro UV-vis spectrophotometer. Fourier-
transform infrared spectroscopy (FT-IR) spectra were collected using a
Nicolet Nexus 470 FT-IR spectrometer with an ATR module. The
spectra were acquired using lyophilized protein and commercially
available chemicals. Circular dichroism (CD) spectra were recorded at
22 °C in deionized water using a Jasco J-1100 CD spectrometer under a
continuous N, purge with a cuvette path length of 1 mm.

Electron paramagnetic resonance (EPR) spectroscopy

X-band continuous-wave EPR spectra were recorded on a Bruker E560
spectrometer equipped with a cryogen-free 4 K temperature system
and an SHQE high-Q resonator, as described previously**’. The mea-
surements were performed at 9.37 GHz with 100 kHz modulation fre-
quency, 1mW microwave power, 0.6 mT modulation amplitude at
10K, and an average of four scans for each spectrum. The EPR samples
were 80 UM KatG protein (determined by heme concentration) in
50 mM NaPi buffer (pH 7.0) and were frozen in liquid nitrogen for
storage.

Cryo-EM sample preparation and data collection

Cryo-EM samples were prepared applying KatG S-Trp105 to grids at the
Stanford-SLAC CryoEM Center (S?C?). KatG S-Trpl05 protein samples
were diluted to 1.5 pM in a 50 mM Tris-HCI and 50 mM NacCl buffer at

pH 8.0. Grids were prepared using glow-discharged holey carbon grids
(Quantifoil R2/1 Cu 200 mesh) and plunged into liquid ethane using a
Thermo Fisher Scientific Vitrobot (Mk IV) cryo-plunger. Prior to sample
application, grids were glow-discharged (PELCO easiGlow) at 15 mA for
30 s at 0.26 mbar residual atmosphere. A 3 uL aliquot of the sample was
applied to each grid and blotted for 3 s under environmental chamber
conditions of 100% humidity and 4 °C.

Cryo-EM data were collected at S*C* using an Alpha Titan Krios G3i
transmission electron microscope (TEM) (Thermo Fisher Scientific)
operating at 300 keV, equipped with a Falcon 4i electron detector and
a Selectris X energy filter (10 eV silt). Images were collected at a mag-
nification of 130,000x, resulting in a pixel size of 0.954 A per pixel,
with an electron exposure of -50 e/A? at a dose rate of -1.14 ™ per
frame. The objective-lens defocus range was set between -1.0
and -2.0 pm.

Cryo-EM data processing, Model building and refinement
Cryo-EM data processing was performed using cryoSPARC (Version
4.5.3). A total of 18,517 movies were imported. Following motion cor-
rection and contrast transfer function (CTF) estimation, 15,512 micro-
graphs were retained for further analysis. Initial particle picking was
performed using the blob picker with a particle diameter range of
100 - 220 A. Particles were extracted from these micrographs with a
box size of 240 pixels (downsized to 60 pixels by 4x binning), yielding
7,762,366 particles. These particles underwent three rounds of 2D
classification, resulting in 2,821,979 particles. An ab initio reconstruc-
tion was then performed, sorting these particles into three volume
classes.

To enrich rare-view particles, the particles from the best volume
class were used as templates for template picking. This process gen-
erated 6,955,031 particles, which were then subjected to 2D classifi-
cation, selecting 731,599 rare-view particles. These rare-view particles
were combined with the previously retained particle set, resulting in a
merged dataset of 3,060,258 particles. This combined set underwent
heterogeneous refinement, and particle orientation was rebalanced,
reducing the dataset to 884,126 particles from the best volume class.
These particles were re-extracted with a box size of 240 pixels
(unbinned) and further refined through sequential steps of homo-
geneous, non-uniform, and CTF refinement to produce the final
reconstruction at 2.29 A resolution.

The raw map from CryoSPARC was improved using the resolve_-
cryo_em job in Phenix (version 2.0rc1-5599), resulting in a density-
modified map at 2.22 A resolution. The initial template was from PDB
7)Z6 and docked into the map using phenix.dock_in_map. The model
was refined using Coot (version 0.9.8.1) and phenix.real_space_refine-
ment. The restraint of O = S-Trp was generated based on the geometry
of sp* hybridization and reference small-molecule structures (CCDC
number 2236439). Statistics associated with data collection, 3D
reconstruction, and model refinement are included in Supplementary
Tables 2, and 3, and Supplementary Fig. 12.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All data described in this study are included in the manuscript and the
accompanying Supporting Information. The protein mass spectro-
metry datasets associated with Fig. 3 and Supplementary fig. 16 have
been deposited in the ProteomeXchange Consortium via the PRIDE
partner repository with the dataset identifiers PXD078006 for Fig. 2C
and PXD078069 for Supplementary fig. 16, respectively. The cryo-EM
raw data generated in this study have been deposited in the Electron
Microscopy Data Bank (EMDB) under accession number EMD-70168
[https://www.ebi.ac.uk/emdb/EMD-70168], and the corresponding 3D
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coordinates have been deposited in the Protein Data Bank (PDB) under
entry code 906A%*. The PDB code of the previously published struc-
ture used in this study is 7)Z6. Source Data are provided as a Source
Data file. Source data are provided with this paper.
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Supplementary figure 1. A proposed mechanism for MY W biogenesis involves four hydrogen atom
transfer (HAT) steps on the indole N-H moiety in two rounds of heme-mediated H202 oxidation.
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Supplementary figure 3. Catalase and peroxidase activities of WT, S-Trp105, and Y226F EcKatG
proteins. (A) Catalase activity comparison. (B) Magnified view of catalase activities for KatG S-Trp105
and KatG Y226F. (C) Peroxidase activity comparison. Activities for WT (black), KatG S-Trp105 (red), and
KatG Y226F (blue) are shown. Individual data points are overlaid on each bar. Error bars represent mean +
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Supplementary figure 4. HPLC and HRMS analysis of the MY W cofactor-bearing peptide in WT KatG.
(A) Comparison of HPLC profiles for the MYW cofactor peptide in WT KatG (black) and the
corresponding S-Trp-bearing peptide in KatG S-Trp105 (red), highlighting their distinct retention times.
(B) High-resolution mass spectrum (HRMS) of the MY W cofactor-bearing peptide from WT EcKatG (red)

overlaid with the simulated spectrum (black).
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Supplementary figure 5. HPLC separation and UV-vis spectra of S-monooxygenated S-Trp
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Supplementary figure 6. High-resolution mass spectrum of fraction P3 in Supplementary figure 5

showing experimental and simulated (inset) isotope distributions for 2-amino-3-(1,1-
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Supplementary figure 7. High-resolution mass spectrum of fraction P1 in Supplementary figure 5
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Supplementary figure 8. 'H NMR (500 MHz, D20) and '*C NMR (126 MHz, D20) spectra of fraction P1
in Supplementary figure 5.

'H NMR (500 MHz, D20) & 7.90 (d, J = 7.7 Hz, 'H), 7.64 (d, J = 4.0 Hz, 2H), 7.56 (dq, J = 8.3, 4.3 Hz, 'H),
7.07 (s, 'H), 4.03 (dd, J = 8.6, 5.4 Hz, 'H), 3.34 (dd, J = 15.6, 5.4 Hz, 'H), 3.15 (dd, J = 15.6, 8.6 Hz, 'H).
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52.82,29.44.
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Supplementary figure 9. High-resolution mass spectrum of fraction P2 in Supplementary figure 5

showing experimental and simulated (inset) isotope distributions for 2-amino-3-(1-oxidobenzo[b]thiophen-
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Supplementary figure 10. 'H NMR (500 MHz, D20) and *C NMR (126 MHz, D20) spectra of fraction
P2 in Supplementary figure 5.

"H NMR (500 MHz, D20) § 7.90 (dd, J = 7.5, 0.9 Hz, 'H), 7.64 (d, ] = 4.2 Hz, *H), 7.55 (dq, ] = 8.3, 3.5
Hz, 'H), 7.04 (s, 'H), 4.03 (dd, J = 8.2, 5.6 Hz, 'H), 3.32 (dd, J = 15.4, 5.6 Hz, 'H), 3.15 (dd, J = 15.4, 8.2
Hz, 'H).

3C NMR (126 MHz, D20) § 172.79, 146.38, 143.00, 137.04, 133.16, 131.82, 130.06, 126.52, 123.61,
52.73, 29.44.
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Supplementary figure 11. Original circular dichroism (CD) spectrum of the S-Trp105-bearing peptide
isolated from digested KatG S-Trp105 via HPLC.
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Supplementary figure 12. Cryo-EM data processing workflow. (A) A flow chart illustrates the cryo-EM
data processing pipeline, (B) Representative cryo-EM micrograph, (C) Representative 2D class averages,
(D) Gold-standard Fourier shell correlation (GSFSC) curves of the final reconstruction, (E) Viewing
direction distribution and posterior precision directional distribution of particles used in the final
reconstruction, and (F) Directional FSC plot of the final reconstruction.
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Supplementary figure 13. Local resolution of the cryo-EM density map. Local resolution map of the raw
cryo-EM density map calculated using CryoSPARC and visualized with ChimeraX. Side, front, and top
views are shown, with the resolution scale (in A) at the bottom right.
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Supplementary figure 14. Comparison of density map and model fitting on monooxygenated S-Trp
(molecular code in the structure: OSW) vs. unmodified Trp residues: (A) OSW105 density map fit with L-
Trp; (B) OSW (W*) density map fit with OSW; (C) Density map and model for W147; (D) Density map
and model for all other Trp residues in the chain A of KatG S-Trp105 protein
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Supplementary figure 15. UV-vis and Rz value comparison of KatG S-Trp105, apo-KatG S-Trp105, and
heme-reconstituted KatG S-Trp105. UV-vis spectra and corresponding R; values are shown for as-isolated
KatG S-Trp105 (black), apo-KatG S-Trp105 (blue), and heme-reconstituted KatG S-Trp105 (red).
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Supplementary figure 16. HRMS spectrum (A) and CID spectrum (B) for regenerated O=S-Trp bearing

peptide. The inset shows the fragment ion assignments.



Supplementary table 1. Fragment assignment for the CID spectrum in Figure 3C

Residue

formula for C11HoN102S:

W*

Pr§d1cted Detected b-ions | b-ion Residues | y-ion Detected ¥y Predicted y-ions
b-ions ions

-—- 1 M 10 -—-
203.0849 203.0851 2 A 9 1051.4436 1051.4414
422.1203 422.1208 3 W 8 980.4028 980.4043
559.1792 559.1800 4 H 7 761.3696 761.3689
616.2006 616.2013 5 G 6 624.3105 624.3100
687.2378 687.2385 6 A 5 567.2893 567.2885
744.2592 744.2599 7 G 4 496.2521 496.2514
845.3069 845.3064 8 T 3 439.2300 439.2300
1008.3702 | 1008.3702 9 Y 2 338.1826 338.1823
-—- 10 R 1 175.1190 175.119

The monooxygenated S-Trp residue was assigned as W*.

Theoretical masses for the b- and y-type fragment ions were calculated using the MS-Product utility of
ProteinProspector (https://prospector.ucsf.edu/prospector/mshome.htm) using [C11HoNO2S] for the
monooxygenated S-Trp residue (W*).




Supplementary table 2. Cryo-EM data collection, processing, and refinement statistics
(PDB DOI: https://doi.org/10.2210/pdb906A/pdb; EMDB: https://www.ebi.ac.uk/emdb/EMD-70168)

S-Trp105 EcKatG

Deposited Files EMDB-70168; PDB-906A
Data Collection and Processing SSRL
Electron Microscope Titan Krios G3i
Voltage (kV) 300 keV
Camera Falcon 4i
Defocus range (um) -1.0~-2.0
Total exposure time (s) 6.58
Energy filter width (eV) 10
Pixel size (A) (calibrated) 0.954
Total dose (e-/A2) 50
Number of frames 38
Does per frame (e /A?) 1.1357
Magnification (nominal) 130,000x
No. of initial micrographs 15512
No. of initial particles 7,762,366
No. of final particles 884,126
Symmetry D2
Map Resolution (A) 2.29
FSC threshold 0.143
Density modification Resolution (A) 2.22
Refinement and Validation
Map-sharping B-factors (A2) -7.92
Model composition
Chain 4
Protein residues 2576
Ligands (heme) 4
r.m.s. deviationsa
Bond lengthsd (A) 0.003
Bond angles (°) 0.601592
MolProbity score 1.0819
Ramachandrane
Favored (%) 98.4778
Allowed (%) 1.4918
Outlier (%) 0.04

ADP (B-factors) (min/max/mean) (A?)

Protein

0.01/77.15/20.17

Ligand

8.43/29.45/16.19

CCb Mask

0.79

root means square deviation
bcorrelation coefficient




Supplementary table 3. The stereochemical restraints of O=S-Trp during cryo-EM data processing.
The restraints were established based on reported small-molecule structures of benzothiophene S-oxide

analogs listed in the table.

3D structure Bond length | Bond angle | CCDC | Reference
(A) (©) number
S-C1 C1-S-C2
S-C2 C1-S-0
S-O C2-S-0
1.77 112.4 N/A This work
N \, 1.78 113.7
1.49 89.9
N
e
C1 G
1.79 109.2 1842115 | Ref. 1
1.80 112.9
1.49 89.4
1.78 113.4 2236439 | Ref. 2
1.77 111.5
1.49 90.3

The stereochemical restraints for S-monooxygenated S-Trp (OSW) are shown in a CIF file shown below.




The corresponding CIF File associated with Supplementary table 3:

data_comp_list

loop

_chem_comp.id

_chem comp.three letter code
_chem_comp.name
_chem_comp.group
_chem_comp.number_atoms_all
_chem comp.number atoms nh
_chem_comp.desc_level

OSwW OSW "Unknown "ligand 15 15 .
#

data_comp OSW

#

loop

_chem _comp atom.comp_id

_chem comp atom.atom id

_chem _comp_ atom.type symbol
_chem_comp_atom.type energy

_chem _comp atom.charge

_chem comp atom.partial charge

_chem comp atom.x

_chem comp atom.y

_chem comp atom.z

OSW N N NH2 0 . 119.5940 84.6760 146.4100
OSwW CA C CHI 0 . 118.4470 84.4860 147.2410
OoSwW cC CcCl 0 . 118.0770 85.7980 147.9700
OSwW O OO 0 . 1169390 86.1590 148.0120
OSwW CB C CH2 0 . 118.6830 83.3670 148.2660
OSwW CG C CHI 0 . 118.0430 83.6800 149.6580

OSW CDl C CH2 0 . 118.7890 83.9230 150.7400
OSW CD2 C CR6 0 . 116.5960 83.6100 149.9160
OSW CE2 C CR6 0 . 116.3310 83.8440 151.2730
OSW CE3 C CR16 0 . 115.5390 83.3480 149.0540
OSW Cz2 C CRI16 0 . 115.0460 83.8240 151.7930
OSW Cz3 C CR16 0 . 114.2450 83.2850 149.5800
OSW CH2 C CR16 0 . 113.9990 83.5040 150.9370

OSW Ol O OHl1 0 . 118.0340 83.4370 153.3300
OSW S S SHI 0 . 117.7860 84.3250 152.1560
#

loop

_chem_comp bond.comp id

_chem comp bond.atom id 1

_chem_comp bond.atom id 2

_chem_comp bond.type



_chem comp bond.value dist
_chem_comp bond.value dist esd
_chem _comp bond.value dist neutron

OSW N CA single 1.429 0.020 1.429
OSW CA C single 1.546 0.020 1.546
OSW CA CB single 1.536 0.020 1.536
OSW C O double 1.1950.020 1.195
OSW CB CG single 1.564 0.020 1.564
OSW CG CD1 single 1.337 0.020 1.337
OSW CG CD2 single 1.471 0.020 1.471
OSW CD1 S single 1.781 0.020 1.781
OSW CD2 CE2 aromatic 1.4020.020 1.402
OSW CD2 CE3 aromatic 1.3890.020 1.389
OSW CE2 CZ2 aromatic 1.3860.020 1.386
OSW CE2 S single 1.769 0.020 1.769
OSW CE3 (CZ3 aromatic 1.3980.020 1.398
OSW CZ2 CH2 aromatic 1.3900.020 1.390
OSW CZ3 CH2 aromatic 1.3960.020 1.396
OSW Ol S single 1.493 0.020 1.493

#

loop

_chem comp angle.comp id

_chem _comp angle.atom id 1

_chem comp angle.atom id 2

_chem comp angle.atom id 3

_chem_comp_angle.value angle
chem comp angle.value angle esd

OSW CB CA C 109.90 3.000
OSW CB CA N 111.20 3.000
OSW C CA N 110.70 3.000
oSw O C CA 120.07 3.000
OSW CG CB CA 112.67 3.000
OSwWw CD2 CG CDl1 114.56 3.000
OSW CD2 CG CB 123.30 3.000
OSw CD1 CG CB 121.91 3.000
OSW § CDl CG 111.73 3.000
OSW CE3 CD2 CE2 119.23 3.000
OSW CE3 CD2 CG 130.43 3.000
OSW CE2 CD2 CG 110.34 3.000
OSW S CE2 CZ2 125.39 3.000
OSW S CE2 CD2 111.90 3.000
OSW CzZ2 CE2 CD2 122.39 3.000
OSW CZ3 CE3 CD2 118.64 3.000
OSW CH2 CZ2 CE2 118.07 3.000
OSW CH2 CZ3 CE3 121.44 3.000
OSW CzZ3 CH2 CZ2 120.13 3.000



OSW Ol S CE2 111.56 3.000
OSW Ol S CDlI 113.42 3.000
OSW CE2 S (DI 90.29 3.000
#

loop

_chem comp_tor.comp id

_chem _comp _tor.id

_chem comp tor.atom id 1

_chem comp tor.atom id 2

_chem comp tor.atom id 3

_chem comp_ tor.atom id 4

_chem comp tor.value angle

_chem _comp tor.value angle esd
_chem comp _tor.period

OSW CONST 01 CH2 CZ2 CE2 CD2 2.74 000
OSW CONST 02 CH2 CZ3 CE3 CD2 1.23 0.00
OSW CONST 03 Cz3 CE3 CD2 CE2 -1.99 0.00
OSW CONST 04 CzZ3 CH2 CZ2 CE2 -3.47 0.00
OSW CONST 05 CZ2 CE2 CD2 CE3 0.01 000
OSW CONST 06 CZ2 CH2 CZ3 CE3 1.56 0.00
OSW Var 01 CE2 S CDl1 CG 10.05 30.01
OSW Var 02 CE2 CD2 CG (DI 1.02 30.0 1
OSW Var 03 Ch2 CE2 S CDI -9.45 30.01
OSW Var 04 S CDlI CG CD2 -8.19 30.0 1
OSW Var 05 CDl CG CB CA -111.72 30.03
OSW Var 06 CG CB CA N 142.24 30.03
OSW Var 07 O C CA N 134.53 30.03

#

loop

_chem comp_chir.comp id
_chem_comp_chir.id

_chem _comp chir.atom id centre
_chem_comp_chir.atom id 1
_chem_comp_chir.atom id 2
_chem_comp_chir.atom id 3

_chem comp_chir.volume sign
OSWchir 01 CA N C CB both
OSWchir 02 CG CD2 CDI CB both
OSWchir 3 S Ol CE2 CDI both
#

loop

_chem_comp plane atom.comp id
_chem_comp plane atom.plane id
_chem_comp plane atom.atom id
_chem_comp plane atom.dist esd

OSW plan-1 CA 0.020



OSW plan-1
OSW plan-1
OSW plan-2
OSW plan-2
OSW plan-2
OSW plan-2
OSW plan-2
OSW plan-2
OSW plan-2
OSW plan-2

C 0.020

0 0.020
CG 0.020
CD2 0.020
CE2 0.020
CE3 0.020
CZ2 0.020
CZ30.020
CH2 0.020

S 0.020



Supplementary table 4. Investigated potential heme-mediated autooxidation products in KatG
S-Trp105

Met Tyr S-Trp no crosslink

Met Tyr (O-Trp-S) no crosslink, C-monooxygenation
Met Tyr O=S-Trp no crosslink, S-monooxygenation
Met Tyr (Trp-S)O, S-dioxygenation

Met Tyr-(Trp-S) partial crosslink

Met Tyr-(Trp-S=0) partial crosslink

Met Tyr-(Trp-SO2) partial + dioxygenation

Met +-Tyr-(Trp-S) full crosslink, no oxygenation
Met+-Tyr-(Trp-S)O crosslink + S-oxygenation

Met+-Tyr-(Trp-S)O: crosslink + S-dioxygenation
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This file contains all reviewer reports in order by version, followed by all author rebuttals in order by version.

Version 0:
Reviewer comments:
Reviewer #1

(Remarks to the Author)

This paper looks at the unusual Met-Tyr-Trp cross-linked cofactor in a a catalase-peroxidase (KatG) enzyme. The paper
reports the replacement of Trp105 of the M-Y-W triad with a S-Trp non-canonical amino acid. The authors demonstrate that
the function of the enzyme switches from cofactor-forming to sulfoxide-forming reactivity when Trp is swapped with S-Trp.
They have therefore discovered a pseudo-monooxygenase activity that is switched on in the enzyme merely by replacement
of the two atoms of NH with one atom of S. The conclusions that are drawn — which are supported by mass spectrometry,
cryo-EM and other spectroscopic data of very convincing quality — have profound relevance for understanding of heme
protein reactivity. | am therefore very supportive of the paper, and have fairly minor comments.

- The most substantive point is the switch of reactivity that is facilitated by the Trp/S-Trp swap. There is a complete (?) switch
off of the cofactor formation, and a complete (?) switch on of the monooxygenase activity. And the authors have thus
confirmed that the NH group of Trp is essential for cofactor formation. And yet the title of the paper doesn’t quite convey
these concepts. It is not, to my reading, “catalytic switching through stereoselective sulfoxidation”. It is catalytic switching TO
stereoselective sulfoxidation FROM cofactor formation BY Trp swaps. | ask the authors to look at the title, and make sure that
the main message isn’t lost. Perhaps their phase at the end of the results “single atom substitution (at Trp1057?) redirects
KatG reactivity ..... from X to Y” better sums it up. But it is up to the authors to decide.

- At the end of the discussion, a mechanism is presented. All very sensible, but | did feel the paper needed a figure here so
that the reader can easily compare the two reactivities that are being switched on/off. | wasn’t sure that step 2 of Scheme 2
was enough as it doesn’t show the proposed Compound | formation. Is it possible to draw out a simple scheme where the
two reactivities are clearly shown, with the common steps (Compound | formation) shown? At the very least, formation of the
sulphoxide needs to be shown in full (with the heme intermediates and some arrow pushing as well??).

- | also felt that the discussion of the Fe-O-S transition state needed a picture, perhaps as part of the figure above. With this
and the other pictures above, the reader would easily be able to capture the relative reactivity of the Trp residues in the
similar peroxidase and KatG enzymes.

- The authors draw out comparisons with the peroxidases in the Discussion. | agree with the authors (half way down p11)
that CcP and APX do typically remain unmodified under normal turnover conditions. There is, however, evidence from a
while back for radical formation on Trp 51 of CcP/mutants (JMB (2003) 328, 157; Biochemistry (2009) 48, 3593) and APX
(Biochemistry (2007) 46, 2174) and covalent links, even to the heme, can be formed in some cases (e.g. Biochemistry (2007)
46, 13269). At the time this work was published, much less was known on KatG and the mass spec methods have moved on
— so if the authors think this is still relevant, it would be good to know what their view is on the comparisons between KatG
and these reported peroxidase reactivities.

- Formation of sulphoxides, during peroxidase-catalysed of (exogenous) sulphides, has been known for a long time.
Different mechanism of course, but it might just be worth flagging some of this early work (Dunford or Paul Ortiz de
Montellano may have reviewed it at some point), to make the direct comparison with substrate sulphoxidation.

- Minor issue that the last 4 lines of p3 seems to repeat themselves.



- Ditto the last 4 lines of p10 (“in the absence.....”).

- A very nice paper overall.

Reviewer #2

(Remarks to the Author)

This work shows that replacing tryptophan 105 in the enzyme KatG from E.coli by the unnatural amino acid thiotryptophan
predictably leads to the loss of original catalytic function, but is surprisingly accompanied by an irreversible stereoselective
autooxidation of thiotryptophan. Although this a cul-de-sac for the enzyme, the observation and characterization of the
thiotryptophan sulfoxide is novel.

The multi-method experimental approach is comprehensive, the experiments are meticulously executed, and the
penmanship is excellent.

Minor comments are listed below.

Page 5 line 13: "but functionally significant" - The slight change in the UV/vis spectrum does not support this conclusion
about functional significance (although later data does). Rephrase.

Page 4 lines 23-26: "The magnitude and pattern..." - Again, the conclusion that reactivity is redirected is not directly
supported by the activity assays - they just show reduced activity, not pointing to an "alternative reaction pathway". The next
section does though. | suggest rephrasing.

Page 6 line 8: "alternative, site-specific oxidative modification" - from the HPLC and UV/vis data, it is not obvious why this
would indicate an oxidative modification, rather than just the aromatic substitution. Clarify. (The following sentence is clearer
in this regard).

Page 7 line 26: Unclear what "Those" refers to.

Page 7 line 29: Mtb undefined.

Page 9 line 11: Define what Rz is; this might be unfamiliar to many readers

Page 10 line 22: It is a bit of a stretch to call this autooxidation of a non-functional mutant "latent catalytic plasticity”.

Page 11 line 13: 43 superscript

Reviewer #3

(Remarks to the Author)

The Authors present a study where genetic code expansion has been used to replace residue Trp105 of
catalase/peroxidase KatG. This residue has previously been implicated in the formation of cross-links between methionine,
tyrosine and tryptophan to form the MYW peptide that is essential for the catalase activity of KatG. The formation of cross-
links is proposed to occur via a radical atom that relies on hydrogen atom transfer via the indole nitrogen of trp105.
Replacing this atom with S in thiotryptophan removes the hydrogen atom that is believed to be transferred in an attempt to
probe the early stages of cross-link formation. However, unexpected oxygenation of the sulfur atom occurred in the variant
enzyme and the authors present structural and spectroscopic data to confirm formation of a sulfoxide on thiotrp 105 and also
investigate the stereochemistry of the product and show it's formation is dependent on the presenece of haem and peroxide.

| found the paper to be well written and the evidence presented to be largely compelling and fully supportive of the
conclusions drawn. The cryoEM structure clearly showed the modification of Trp105 and the spectroscopy largely supported
this (see comment below).

| have a few minor comments, which are more points of curiosity rather than criticisms of the work presented.

| found the substitution of trptophan with thiotryptophan an interesting choice, clearly there is a precedent for this in the
literature but | wondered if there was any specific reason why the indole ring was not replaced with a benzofuran where the
N is replaced by O? This should retain the chemical characteristics of thiotryptphan (aromaticity etc) but adds a heterotaom
that only differs by one proton/electron. Given the general readership of nature comms | think a comment in the introduction
would be appropriate.

Also are there plans to attempt the same experiment but replacing the N with P (phosphoindole) which would replace N with



an atom of the same group but with different protonation/deprotonation behaviour?

Addition of a reaction mechanism for the proposed 2-electron oxygen atom transfer similar to the scheme S1 would be a nice
addition.

In figure 3 there is no indication of the peak heights in the FTIR, could this be added? Also the blue trace (free O=S-trp) is
very noisy and not very convincing. The diagnostic peak is similar size to what are presumably noise peaks.

In figure 4 the legend should state the 2.22 A resolution is density modified and the resolution of the raw amps is 2.29 A.
Showing density for an unmodified trp would also be a useful for comparison to that of O=S-trp.

If these comments can be addressed | have no hesitation in recommending this manuscript for submission.

Open Access This Peer Review File is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate
credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were
made.

In cases where reviewers are anonymous, credit should be given to 'Anonymous Referee' and the source.

The images or other third party material in this Peer Review File are included in the article’s Creative Commons license,
unless indicated otherwise in a credit line to the material. If material is not included in the article’s Creative Commons
license and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder.

To view a copy of this license, visit https://creativecommons.org/licenses/by/4.0/



NCOMMS-26-016386 - Point-by-Point Response to the Reviewers' Comments

Reviewer #1 (Remarks to the Author):

This paper looks at the unusual Met-Tyr-Trp cross-linked cofactor in a a catalase-peroxidase
(KatG) enzyme. The paper reports the replacement of Trp105 of the M-Y-W triad with a S-Trp
non-canonical amino acid. The authors demonstrate that the function of the enzyme switches
from cofactor-forming to sulfoxide-forming reactivity when Trp is swapped with S-Trp. They have
therefore discovered a pseudo-monooxygenase activity that is switched on in the enzyme
merely by replacement of the two atoms of NH with one atom of S. The conclusions that are
drawn — which are supported by mass spectrometry, cryo-EM and other spectroscopic data of
very convincing quality — have profound relevance for understanding of heme protein reactivity. |
am therefore very supportive of the paper, and have fairly minor comments.

We thank the reviewer for the very positive comments.

- The most substantive point is the switch of reactivity that is facilitated by the Trp/S-Trp swap.
There is a complete (?) switch off of the cofactor formation, and a complete (?) switch on of the
monooxygenase activity. And the authors have thus confirmed that the NH group of Trp is
essential for cofactor formation. And yet the title of the paper doesn’t quite convey these
concepts. It is not, to my reading, “catalytic switching through stereoselective sulfoxidation”. It is
catalytic switching TO stereoselective sulfoxidation FROM cofactor formation BY Trp swaps. |
ask the authors to look at the title, and make sure that the main message isn’t lost. Perhaps
their phase at the end of the results “single atom substitution (at Trp105?) redirects KatG
reactivity ..... from X to Y” better sums it up. But it is up to the authors to decide.

We thank the reviewer for this insightful suggestion. We agree that "redirects" more accurately
captures the fundamental shift in chemical outcome. We have revised the title to: "Single-atom
substitution redirects KatG reactivity from cofactor biogenesis to stereoselective
sulfoxidation." As the reviewer noted, the switch is indeed complete; we observe no MYW
cofactor formation in the as-isolated S-Trp KatG, nor during in vitro reconstitution experiments.

- At the end of the discussion, a mechanism is presented. All very sensible, but | did feel the
paper needed a figure here so that the reader can easily compare the two reactivities that are
being switched on/off. | wasn'’t sure that step 2 of Scheme 2 was enough as it doesn’t show the
proposed Compound | formation. Is it possible to draw out a simple scheme where the two
reactivities are clearly shown, with the common steps (Compound | formation) shown? At the
very least, formation of the sulphoxide needs to be shown in full (with the heme intermediates
and some arrow pushing as well??).

- | also felt that the discussion of the Fe-O-S transition state needed a picture, perhaps as part
of the figure above. With this and the other pictures above, the reader would easily be able to
capture the relative reactivity of the Trp residues in the similar peroxidase and KatG enzymes.

We have refined Scheme 2 to include detailed arrow pushing that explicitly illustrates the two-
electron nature of the sulfoxidation pathway. In Path B, we show the concerted but
asynchronous transfer where one electron from the ferryl-oxo quenches the porphyrin pi-cation
radical, while the sulfur lone pair initiates an attack on the iron-bound oxygen. This provides a
clear electronic rationale for why the transition state is assigned as an Fe(lV) species with a
single Fe-O bond at one side and a dashed bond between the S and O. This mechanistic detail
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contrasts with the one-electron radical propagation seen in the native Path A. This distinguishes
the two-electron OAT in the S-Trp variant from the one-electron HAT steps in the native enzyme.

- The authors draw out comparisons with the peroxidases in the Discussion. | agree with the
authors (half way down p11) that CcP and APX do typically remain unmodified under normal
turnover conditions. There is, however, evidence from a while back for radical formation on Trp
51 of CcP/mutants (JMB (2003) 328, 157; Biochemistry (2009) 48, 3593) and APX
(Biochemistry (2007) 46, 2174) and covalent links, even to the heme, can be formed in some
cases (e.g. Biochemistry (2007) 46, 13269). At the time this work was published, much less was
known on KatG and the mass spec methods have moved on — so if the authors think this is still
relevant, it would be good to know what their view is on the comparisons between KatG and
these reported peroxidase reactivities.

We appreciate the reviewer pointing out these critical precedents. The radical formation on
Trp51 in CcP and the covalent heme-links in APX mutants demonstrate the high reactivity of
these distal tryptophans when the protein scaffold is perturbed. These cases underscore the
unique "evolutionary choice" of KatG to use this reactivity for beneficial cofactor biogenesis
rather than deleterious off-pathway modifications. We have added a discussion of these
precedents to the manuscript, noting that while one-electron chemistry is seen in CcP/APX
mutants, the redirection to a two-electron oxygenation in our KatG S-Trp variant represents a
distinct catalytic "switch" revealed by single-atom precision. Additionally, we have compared a
recent report of human indoleamine 2,3-dioxygenase (IDO), which can take free S-Trp as an
alternate substrate and inserts one oxygen into its carbon but not sulfur. We added a discussion
(the second last paragraph of the Discussion section) and cited these references on page 12.

- Formation of sulphoxides, during peroxidase-catalysed of (exogenous) sulphides, has been
known for a long time. Different mechanism of course, but it might just be worth flagging some
of this early work (Dunford or Paul Ortiz de Montellano may have reviewed it at some point), to
make the direct comparison with substrate sulphoxidation.

We have included citations to the seminal work by Dunford and Ortiz de Montellano regarding
peroxidase-catalyzed sulfoxidation of exogenous sulfides. We note that while substrate
sulfoxidation is a known peroxidase capability, our work demonstrates the first instance of an
endogenous residue being co-opted for this chemistry via genetic code expansion, transforming
the enzyme's internal life cycle.

- Minor issue that the last 4 lines of p3 seems to repeat themselves.

- Ditto the last 4 lines of p10 (“in the absence.....”).

- A very nice paper overall.

We have corrected the repetitive text on pages 3 and 10. We thank the reviewer for their careful
proofreading.

Reviewer #2 (Remarks to the Author):

This work shows that replacing tryptophan 105 in the enzyme KatG from E.coli by the unnatural

amino acid thiotryptophan predictably leads to the loss of original catalytic function, but is
surprisingly accompanied by an irreversible stereoselective autooxidation of thiotryptophan.
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Although this a cul-de-sac for the enzyme, the observation and characterization of the
thiotryptophan sulfoxide is novel.

The multi-method experimental approach is comprehensive, the experiments are meticulously
executed, and the penmanship is excellent.

We appreciate the above positive and encouraging summary.

Minor comments are listed below.

Page 5 line 13: "but functionally significant” - The slight change in the UV/vis spectrum does not
support this conclusion about functional significance (although later data does). Rephrase.

We agree that UV-vis data alone do not establish functional significance. We have rephrased
this to: "...induces subtle but detectable perturbations of the heme electronic environment
(where the substituted word is underlined to replace "functionally significant" in the original text).

Page 4 lines 23-26: "The magnitude and pattern..." - Again, the conclusion that reactivity is
redirected is not directly supported by the activity assays - they just show reduced activity, not
pointing to an "alternative reaction pathway". The next section does though. | suggest
rephrasing.

We have tempered this conclusion to better reflect the logical flow of the manuscript. The text
now states: "The magnitude and pattern of these changes are consistent with the effective
suppression of MYW-dependent catalysis, while the specific retention of residual peroxidase
activity prompted our investigation into the alternative reaction pathway characterized in the
following section.

Page 6 line 8: "alternative, site-specific oxidative modification" - from the HPLC and UV/vis data,
it is not obvious why this would indicate an oxidative modification, rather than just the aromatic
substitution. Clarify. (The following sentence is clearer in this regard).

We agree that the term "oxidative" jumps ahead of the evidence provided by mass
spectrometry. We have revised this to: "...toward an alternative, site-specific chemical
modification" (where "oxidative" has been replaced).

Page 7 line 26: Unclear what "Those" refers to.

We have clarified this sentence to specify that it refers to the broader set of variants explored in
literature. It now reads: "Previously reported KatG variants lacking the MYW triad exhibit ..."

Page 7 line 29: Mtb undefined.
Mtb is now defined on page 3. We appreciate catching this oversight.
Page 9 line 11: Define what Rz is; this might be unfamiliar to many readers

R is now defined in the revised text.
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Page 10 line 22: It is a bit of a stretch to call this autooxidation of a non-functional mutant "latent
catalytic plasticity".

We understand the reviewer's point that this modification represents a loss of the enzyme’s
primary biological function. However, the high degree of enantioselectivity observed for the
sulfoxidation—driven by the specific orientation of the residue relative to the heme—suggests a
sophisticated, active site-mediated transformation rather than a stochastic autooxidation. To
address the reviewer's concern, we have revised "latent catalytic plasticity" to "alternative
chemical capability" to more accurately describe this reprogrammed reactivity.

Page 11 line 13: 43 superscript

Response: We have reformatted the reference citation to superscript.

Reviewer #3 (Remarks to the Author):

The Authors present a study where genetic code expansion has been used to replace residue
Trp105 of catalase/peroxidase KatG. This residue has previously been implicated in the
formation of cross-links between methionine, tyrosine and tryptophan to form the MYW peptide
that is essential for the catalase activity of KatG. The formation of cross-links is proposed to
occur via a radical atom that relies on hydrogen atom transfer via the indole nitrogen of trp105.
Replacing this atom with S in thiotryptophan removes the hydrogen atom that is believed to be
transferred in an attempt to probe the early stages of cross-link formation. However, unexpected
oxygenation of the sulfur atom occurred in the variant enzyme and the authors present
structural and spectroscopic data to confirm formation of a sulfoxide on thiotrp 105 and also
investigate the stereochemistry of the product and show it's formation is dependent on the
presenece of haem and peroxide.

| found the paper to be well written and the evidence presented to be largely compelling and
fully supportive of the conclusions drawn. The cryoEM structure clearly showed the modification
of Trp105 and the spectroscopy largely supported this (see comment below).

We thank the reviewer for their positive and supportive comments. We are pleased that the
reviewer found our structural and spectroscopic evidence compelling and the paper well-written.

I have a few minor comments, which are more points of curiosity rather than criticisms of the
work presented.

I found the substitution of trptophan with thiotryptophan an interesting choice, clearly there is a
precedent for this in the literature but | wondered if there was any specific reason why the indole
ring was not replaced with a benzofuran where the N is replaced by O? This should retain the
chemical characteristics of thiotryptphan (aromaticity etc) but adds a heterotaom that only differs
by one proton/electron. Given the general readership of nature comms | think a comment in the
introduction would be appropriate.

Also are there plans to attempt the same experiment but replacing the N with P (phosphoindole)

which would replace N with an atom of the same group but with different
protonation/deprotonation behaviour?
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We appreciate these forward-thinking suggestions regarding the scope of genetic code
expansion. We chose thiotryptophan (S-Trp) specifically because sulfur’s unique redox-
sensitivity enables the two-electron oxygen-atom transfer (OAT) that is central to this study—a
property that the oxygen analog (benzofuran) would likely lack, Also, L-3-(3-benzofuranyl)-
alanine has limited availability.

Our engineered PyIRS is specific that it excludes the native Trp, indicating that it has achieved a
high level of stereoelectronic complementarity for the sulfur atom. However, developing a new
high-fidelity pyrrolysyl-tRNA synthetase (PyIRS) for another atomic analog is a non-trivial
challenge. Our current evolved PyIRS/tRNAcua pair exhibits exceptional orthogonality, strictly
discriminating against the native indole nitrogen to achieve high stereoelectronic
complementarity for the sulfur atom. As added to the text: "The PyIRS active site is precisely
tuned to the unique bond lengths and polarizability of its cognate ncAA (S-Trp), highlighting the
single-atom precision of this approach." The significantly smaller nitrogen (approx. 71 pm) or
oxygen (approx. 66 pm) analogs than S-Trp (approx. 105 pm covalent radius) likely fail to
establish the requisite steric contacts and induced-fit interactions necessary for efficient
aminoacetylation. At this time, no PyIRS is available for incorporating O-Trp or P-Trp.

Addition of a reaction mechanism for the proposed 2-electron oxygen atom transfer similar to
the scheme S1 would be a nice addition.

This is also suggested by Reviewer 1. The revised Scheme 2 has addressed this need.

In figure 3 there is no indication of the peak heights in the FTIR, could this be added? Also the
blue trace (free O=S-trp) is very noisy and not very convincing. The diagnostic peak is similar
size to what are presumably noise peaks.

We have updated Figure 3 to explicitly indicate that the Y-axis represents normalized
absorbance. Regarding the blue trace (free O=S-Trp), it is worth mentioning that this pure amino
acid sample is in a solid crystalline state, and therefore its peak intensity cannot be directly
compared with that of a liquid sample (DMSO) or a lyophilized protein. While it exhibits some
background features due to the high concentration required for detection in the ATR-FTIR
module, the diagnostic S=0 stretching vibration at 1,041 cm" is prominent and reproducible.
This feature is clearly mirrored by the 1,036 cm™ peak in the KatG S-Trp105 variant (red trace)
and is entirely absent in the WT enzyme (black trace), providing definitive spectroscopic
evidence for sulfoxide formation.

In figure 4 the legend should state the 2.22 A resolution is density modified and the resolution of
the raw amps is 2.29 A. Showing density for an unmodified trp would also be a useful for
comparison to that of O=S-trp.

We have updated the legend for Figure 4 to clarify the resolution. It now reads: "(A) Cryo-EM
map and atomic model of tetrameric KatG S-Trp105 at 2.22 A resolution (density modified; raw
map resolution 2.29 A)".

Following the reviewer’s suggestion, we have updated the original Fig. S13 that shows O=S-Trp
in all four chains with a density map that attempting to fit by a Trp compared to O=S-Trp, and
moved to the main text as Figure 5 for the sake of clarity (see on the next page). We replaced
Fig. S13 with a side-by-side comparison of the density for the modified O=S-Trp105 against all
native tryptophan residues elsewhere in the same KatG variant structure. This clearly illustrates
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the additional, asymmetric density at position 105 that characterizes the sulfoxide modification.
This is a brilliant move to add such a comparison. We appreciate reviewer's suggestions.

%
KA
bl

W*105 (OSW)

chain a

chain c

Figure 5. Stereogenic center of O=S-Trp105 in the cryo-EM structure of the engineered KatG
variant. (A) Comparison of density map and model fitting on unmodified Trp, monooxygenated S-
Trp (W*, molecular code in the 3D structure: OSW), and Trp147. Fig. S13 shows the comparison
of O=S-Trp electron density with all other Trp residues in the same KatG structure. (B) The S-
configured aromatic sulfur atom-centered configuration is uniformly observed in all four chains of
the asymmetric unit. The cryo-EM density map contoured at 4.5 o (ChimeraX).

If these comments can be addressed | have no hesitation in recommending this manuscript for
submission.

Response: We appreciate your support.
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