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Abstract

Rieske oxygenases (ROs) are a diverse metalloenzyme class with growing
potential in bioconversion and synthetic applications. We postulated that ROs
are nonetheless underutilized because they are unstable. Terephthalate dioxy-
genase (TPApo PDB ID 7QO05) is a structurally characterized heterohexameric
asPs RO that, with its cognate reductase (TPAgrgp), catalyzes the first intracel-
lular step of bacterial polyethylene terephthalate plastic bioconversion. Here,
we showed that the heterologously expressed TPApo/TPAggp System exhibits
only ~300 total turnovers at its optimal pH and temperature. We investigated
the thermal stability of the system and the unfolding pathway of TPApo
through a combination of biochemical and biophysical approaches. The sys-
tem's activity is thermally limited by a melting temperature (T,) of 39.9°C for
the monomeric TPAggp, while the independent T,,, of TPApg is 50.8°C. Differ-
ential scanning calorimetry revealed a two-step thermal decomposition path-
way for TPApo with T, values of 47.6 and 58.0°C (AH =210 and
509 kcal mol ', respectively) for each step. Temperature-dependent small-
angle x-ray scattering and dynamic light scattering both detected heat-induced
dissociation of TPAp subunits at 53.8°C, followed by higher-temperature loss
of tertiary structure that coincided with protein aggregation. The computed
enthalpies of dissociation for the monomer interfaces were most congruent
with a decomposition pathway initiated by B-p interface dissociation, a pattern
predicted to be widespread in ROs. As a strategy for enhancing TPApq
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1 | INTRODUCTION

Enzymes offer the possibility of green solutions to many
urgent societal needs. As catalysts, enzymes are charac-
terized by their astonishing rate enhancements (<10'*-
fold), exceptional substrate and reaction specificity, high
yields, a preference for aqueous solvents and low temper-
atures, renewable and non-toxic production, and seem-
ingly endless adaptability through directed evolution and
protein engineering. Yet, the promise of these molecules
has not been fully realized, in part because of the intrin-
sic thermal instability of their structures.

Stability is an emergent property depending on many
levels of protein structure, any of which could limit the
functional lifetime of the enzyme. Functionally signifi-
cant substructures include active sites and substrate
channels, protein—protein interaction surfaces, and subu-
nit interfaces, in addition to the tertiary and secondary
structures of individual enzyme subunits. Low stability
may be adaptive in the native cellular context where pro-
tein motions or binding of proteins to ligands may
depend on structural flexibility. However, instability can
also limit enzymes' functional lifetime and consequently
their biotechnological value.

Directed evolution and computational approaches
have successfully stabilized enzymes from several classes,
bringing them into the biotechnological toolbox. Results
for some monomeric and/or cofactor-free proteins that
lack quaternary structure have been impressive (Ao
et al., 2023; Calvo-Tusell et al., 2023; Kim et al., 2016;
Kunzendorf et al., 2023; Reetz, 2013; Roda et al., 2023;
Tournier et al., 2020; Zhang et al., 2023). Many complex,
multicomponent metalloenzyme families, however, have
no representative in commercial catalogs. The same
enzymes have also not been widely adopted for metabolic
engineering applications despite their potential value and
years of research aimed at understanding their mecha-
nisms. The multi-protein, multi-cofactor nature of com-
plex enzymes presents intrinsic challenges for protein
engineering, and the native enzymes themselves may be
insufficiently robust for direct use.

The Rieske oxygenases (ROs) are multimeric as or
azf3 enzymes that depend on an active site mononuclear

stability, we propose prioritizing the re-engineering of the § subunit interfaces,
with subsequent targeted improvements of the subunits.

circular dichroism, differential scanning calorimetry, dynamic light scattering,
metalloenzyme, plastic bioconversion, polyethylene terephthalate, Rieske oxygenase, small
angle x-ray scattering, thermostability

non-heme iron and a bis-histidyl, bis-cysteinyl coordi-
nated “Rieske” Fe,S, cluster. These cofactors bridge the
interface between the a subunits and constitute the site
of reactions between substrates and O,. ROs interact with
an accompanying reductase that accepts an NAD(P)H-
derived hydride at a flavin adenine dinucleotide (FAD) or
mononucleotide (FMN) cofactor. The reductase delivers
electrons one at a time to the oxygenase via Fe,S, clusters
that are housed within the reductase and/or an accompa-
nying ferredoxin protein (Cosper et al., 2002; Ferraro
et al., 2005; Kincannon et al., 2022; Li et al., 2020). The f
subunits do not contain catalytic cofactors and their roles
have not been explicitly clarified in every RO subtype;
however, a binding site for ferredoxin that spans the o
and B subunits has been identified (Tsai et al., 2022), and
the p subunits appear to have an important role in main-
taining ferredoxin affinity. Functionally, ROs resemble
the heme-dependent cytochrome P450 enzymes (P450s),
which have been adopted in at least some in vitro and
metabolic engineering applications (Hobisch et al., 2021;
Hollingsworth & Poulos, 2015; Li et al., 2020; Poulost
et al., 1987; Serioukova et al., 1999; Tripathi et al., 2013).
Like P450s, ROs may catalyze the insertion of one oxygen
atom into a substrate (monooxygenation) or simple
2-electron oxidations (Guengerich, 2018). Unlike P450s,
they also catalyze a wide range of two oxygen atom inser-
tions (dioxygenations) on natural and non-natural aro-
matic substrates.

The Rieske dioxygenases are consequently valuable
targets for use in green chemical applications involving
aromatic molecules (Brimberry et al., 2023). Bacterial
assimilation of polyethylene terephthalate (PET) plastic,
a copolymer of aromatic terephthalate (TPA) and ethyl-
ene glycol, depends on a RO/reductase pair for TPA
catabolism. Terephthalic acid dioxygenase (TPApo) iso-
lated from Comamonas strain E6, a soil bacterium with
an optimum growth temperature of 30°C, is an asp; RO
with a catalytic mononuclear Fe at the tail end of each of
its comma-shaped, a subunits (each 48.1 kDa), approxi-
mately 12 A from a Rieske cluster at the adjacent sub-
unit's head (Figure 1). Its triad of § subunits (each
17.2 kDa) is cofactor-free. The role of the  subunits are
further hypothesized to complete the docking area for the
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The structure of and reaction catalyzed by TPApo (PDB ID 7QO05). (a) Top-down view along the enzyme's molecular C; axis

shows the catalytic trimer of « subunits, each of which contains a Rieske iron sulfur cluster and a mononuclear non-heme iron (spheres:
iron = rust; sulfur = yellow). (b) The B trimer (subunits in varying shades of green) lies directly below the a5 trimer, shown here in a side-

on view parallel to the C; axis. (c) Active site residues and cofactors are shown with carbons colored as in (a). Additionally: oxygen = red,
nitrogen = blue, and sulfur = yellow. TPA is shown in cyan. (d) An AlphaFold (Jumper et al., 2021; Varadi et al., 2022) generated structure
of cofactor-free TPAggp (blue) is shown overlayed with 4WQM (Acheson et al., 2015), a toluene 4-monooxygenase reductase with the

highest sequence similarity to TPArgp (28% sequence similarity). Cofactors FAD (sticks) and plant-type FeS cluster (spheres) from 4WQM
are shown. All structure figures were produced using Pymol. (e) Scheme showing reactions catalyzed by TPAggp, TPApo, and DH.

electron transport proteins and potentially aid in electron
transfer despite lacking cofactors or conserved active site
residues (Tsai et al., 2022). Along with its cognate
FAD/Fe,S,-dependent reductase (TPAggp), TPApo cata-
lyzes the stereo- and regioselective conversion of NADH,
0,, and TPA to NAD" and the cis-dihydroxylation prod-
uct:  1,2-dihydroxy-3,5-cyclohexadiene-1,4-dicarboxylate
(DCD) (Fukuhara et al., 2008; Kincannon et al., 2022). A
dehydrogenase (DH) from the same operon oxidatively
re-aromatizes DCD, producing protocatechuic acid (PCA)
while regenerating NADH. PCA can be completely
metabolized by many bacteria or used as a substrate in
metabolic pathways that have been engineered to pro-
duce valuable chemicals (Alejandro-Marin et al., 2014;
Clarkson et al.,, 2017; Contzen & Stolz, 2000; Dagley
et al., 1968; Jamaluddin et al., 1970; Philipp et al., 2002;
Sasoh et al., 2006; Walsh & Ballou, 1982; Yun
et al.,, 2004). Bacterial species have an abundance of

homologous 3-enzyme cascades capable of metabolizing
major lignin-derived compounds, naphthalene, steroids,
and a wide variety of other aromatic substances
(Fetherolf et al., 2020; Gibson & Parales, 2000; Kamimura
et al., 2017; Kauppi et al., 1997; Kokkonen et al., 2021;
Morawski et al.,, 2000; Neidle et al.,, 1991; Takahashi
et al., 2014; Takahashi et al., 2018; Tavakoli et al., 2016;
Tsang et al., 1996; Wei et al., 2014).

Understanding the stability of native ROs is crucial
for developing protein engineering strategies to optimize
their performance. In this study, we demonstrated that
the total turnover number (TTN) for the TPApo/TPArep
system was approximately ~300 molecules of TPA per
TPApo active site. This observation confirmed our expec-
tation that the native enzyme is not sufficiently stable for
biotechnological use. We subsequently aimed to link the
loss of function with structural changes in TPApg, with
the ultimate goal of tailoring engineering strategies to
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address specific structural weaknesses. To that end, we
correlated functional and thermodynamic stability mea-
sured by differential scanning calorimetry (DSC) with a
description of thermally-driven, solution-state changes in
the TPApo structure using a combination of light scatter-
ing and spectroscopic approaches. Our findings identified
substructures near the B-subunit interfaces that are most
vulnerable to thermal disruption and therefore constitute
primary targets for re-engineering.

2 | RESULTS

TPA dioxygenation under optimal conditions was limited
to roughly 300 turnovers per dioxygenase active site.
TPAggp and TPApo were expressed, purified, and ana-
lyzed for purity and cofactor content as previously
described, (Kincannon et al., 2022) resulting in protein
yields of 2.0 mg and 0.70 mg g of wet cell paste, respec-
tively (48 and 13 mg L™ of culture). Typical results are
shown in Figure S1. Atomic absorption (AA) and
UV/visible absorbance (UV/vis) analyses indicated close
to stoichiometric cofactor incorporation (Figure S2).
Averaging results for three purifications yielded: TPApo,
7.9 + 0.5 equivalents of iron per protein; TPAggp, 1.7
+ 0.08 equivalents of iron and 0.95 + 0.08 of flavin ade-
nine dinucleotide (FAD). Size exclusion chromatography
(SEC) confirmed the expected subunit composition,
molecular weight, and purity of each enzyme (data not
shown).

The optimal steady state ratio of TPAgrgp:TPApo
was then determined by measuring activity as a func-
tion of increasing molar ratio of TPAgrgp to TPApo,
resulting in a value of approximately three TPAggp to
one TPApo (one TPAggp per TPApo active site)
(Figure S3). A stoichiometric relationship between
these active sites indicates that electron transfer from
the reductase to the oxygenase reaches a saturating
rate without the need for excess reductase. Apparent
Ky values for NADH and TPA were subsequently
measured for the system with 3:1 TPAggp:TPApo in
ambient air, which reflects a functionally relevant but
potentially sub-saturating O, concentration yielding
KM(NADH) = 15.8 pM, Kv(TPA) = 40.8 pM, and ket
(TPA) = 23.6 min~ ' (Figure S3). All kinetic quantities
are reported per-TPApo active site, assuming 3 active
sites per TPApo, throughout this work.

The approximate catalytic lifetime of the TPApo/
TPAggp System was estimated by continuously monitor-
ing consumption of NADH over time via UV/vis absor-
bance spectroscopy (UV/vis, Figure S4). The total
turnover number (TTN) for the TPApo/ TPAggp System
was then quantified over a similar time interval by
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FIGURE 2 A total turnover number of approximately

300 molecules of TPA per TPAp active site was determined for the
TPApo/TPAggp system using HPLC. (Top) HPLC traces with peaks
due to NADH (16.4 min retention time) and TPA (23.3 min) were
measured every 10 min for 180 min. Data are shown for t = 0 (red),
60 (orange), 120 (green), and 180 (blue) min. (Bottom) Peaks
showing consumption of NADH (left) and TPA (right) over time
are shown on a larger scale. Conditions used were: 1 mM TPA,

1 mM NADH, 1.9 uM TPApo, 5.7 pM TPAggp in 20 mM MOPS

pH 7.2, 150 mM NacCl, 20% v:v DMSO, 28°C.

discontinuously measuring consumption of TPA and
NADH via high-performance liquid chromatography
(HPLC) peak integration relative to standard curves
(Figure 2). TPA and NADH substrates were added in
increments until no additional NADH consumption was
observable (Kincannon et al., 2022). TTN per TPApo
active site was: 310 + 23 (continuous UV/vis) or 260 + 55
(HPLC) for NADH, and 250 + 43 for TPA (HPLC). The
values for NADH consumption were the same within
error whether measured by continuous or discontinuous
methods. Moreover, NADH and TPA were consumed in
an approximately 1:1 ratio. This suggested that the
TPApo/TPAgep system effectively coupled NADH con-
sumption to TPA dihydroxylation under the conditions
used, without significant generation of H,O, as a side
product. The overall TTN was nonetheless low compared
to values measured for P450 oxygenases, which can range
from 1000 to 50,000 (Hobisch et al., 2021). TTN was also
low relative to values commonly targeted for biocatalysis
applications, though TTN benchmarks can vary widely
depending on the enzymes themselves and the process in
which they are to be used (Bommarius, 2015; Dias
Gomes & Woodley, 2019).
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FIGURE 3 Temperature tolerance of TPApg (orange) and FIGURE 4 DSC profiles identified a two-phase thermal

[TPApo + TPARgp] (blue) were evaluated by incubating the
enzyme pair or TPApo alone at a series of elevated temperatures for
20 min, equilibrating the enzyme system to 28°C, and measuring
their activity via continuous monitoring of NADH absorbance.
Measured activities were referenced to V.., a value obtained when
both enzymes were maintained at the control temperature (28°C)
throughout the equilibration period. Data points are the average of
at least 3 measurements, and error bars represent +1 standard
deviation. The data were fitted to a reverse sigmoidal curve. (See
Methods.) Ty, is equal to the temperature at which v;/Vi,.x = 50%.
The two-enzyme system was limited overall by the thermotolerance
of TPAggp. Conditions used were: 100 pM TPA, 200 pM NADH,

1.9 uM TPAp, 5.7 pM TPARgp in 20 mM MOPS pH 7.2, 150 mM
Nacl, 20% v:v DMSO.

TPApo activity (v;) was lost with T, = 50.8°C. The
thermal stability of TPApo/ TPAggp activity, where the
enzymes were used in a 1:3 ratio and at saturating con-
centrations of NADH and TPA, was determined by incu-
bating both enzymes at a series of increasing
temperatures for 20 min. After heating, the enzymes
were re-equilibrated to their functional optimum of 28°C
where v; = V. (Kincannon et al., 2022). The enzymes
were then mixed and their residual activity assayed by
measuring the decrease in NADH absorbance (340 nm)
over time (100 uM TPA, 200 pM NADH, 1.9 uM TPApo,
5.7 uM TPARggp in 20 mM MOPS pH 7.2, 150 mM NaCl,
20% v:v DMSO). Activities were referenced to the value
of V,,,x measured when the enzymes were incubated at
the control temperature (28°C). The data fit well to a
reverse sigmoid curve, indicating a dose-response rela-
tionship between v;/V .« and temperature. Loss of activ-
ity began at 35°C, with a midpoint temperature (T,,) of
39.9°C (Figure 3).

We reasoned that activity could be limited either by
the thermal stability of TPApo or TPAggp. In order to
independently assess the thermal stability of TPApo func-
tion, the experiment was repeated in exactly the same

dissociation pathway for TPApo (orange) and a single-phase
pathway for TPAggp (blue). Representative data are shown. See
Table 1 for T, and AH values determined from the average of three
independent measurements.

fashion; however, only TPApo was heated, while TPAggp
was incubated in each case at 28°C. The heated TPApo
was re-equilibrated to 28°C prior to mixing with TPAggp
and carrying out the activity assay. The system retained
full activity above 45°C, with a Ty, of 50.8°C (Figure 3).
Because the TPApg active site consists of iron cofactors
deriving from the head (mononuclear Fe) and tail
(Rieske cluster) of adjacent o subunits, we reasoned that
at least an intact o5 structure and the iron ions would be
required for full activity. Whether the § subunits would
be necessary for retaining TPApo activity was unknown
prior to this investigation. Our attempts to heterologously
express the a subunits alone resulted in no soluble pro-
tein or enzymatic activity (data not shown). The thermo-
dynamic limits on the active forms of the enzymes were
further investigated.

Thermal dissociation of TPApp occurred via two suc-
cessive and partially overlapping transitions, while
TPAgep unfolded in a single step. TPArgp and TPApo
were examined via capillary DSC. This method monitors
the heat absorbed (q) by a sample of molecules main-
tained at a constant pressure as a function of increasing
temperature. Data were plotted as the constant-pressure
molar heat capacity (Cp) versus temperature, where Cp is
equal to q/T and AH/T. The temperature at which each
structural transition occurred was determined by fitting
the midpoint of the peak, and AH was determined from
the peak area.

A DSC profile for a multi-subunit protein can consist
of a single peak, in which quaternary and tertiary struc-
tures are disrupted in a concerted, cooperative manner.
Alternatively, multiple peaks indicate stepwise,
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TABLE 1
T 1) (°C) AH @) (kcalmol™) T, (2) (°C)
TPApo 47.6 (+0.45) 210 (+12) 58.0 (+0.26)
TPAgrpp  48.4(+0.054)  79.8 (+4.1) 71.6 (+1.2)

Thermal unfolding transitions observed for TPApo, TPAggp, and the TPApo-TPAgrgp complex.

AH (2) (kcal mol ™) Tm (3) (°C) AH (3) (kcal mol %)
509 (+16) 724 (+0.50) 71 (+11)
14 (+3.2)

Note: 20 mM Tris, pH 8, 150 mM NaCl, 10% v:v glycerol [TPApo] = 0.5 mg mL™%; 20 mM Tris, pH 8, 300 mM NacCl, 15% v:v glycerol [TPAggp]

=0.5mgmL""

non-cooperative unfolding (Carvalho et al., 2012).
Because TPApo is an oligomer with distinct a-a, o-p, and
B-p subunit interfaces, we reasoned that subunit dissocia-
tion could either precede or coincide with the loss of the
a and f tertiary and/or secondary structures, depending
on the relative free energy associated with each transition
and the mechanism of thermal denaturation. Moreover,
if the subunits dissociate partially from one another prior
to losing their tertiary structures, they could separate to
yield one or more semi-stable intermediates. See for
example the variety of thermally available quaternary
structures assumed by insulin in the presence of zinc
(Carpenter & Wilcox, 2014; Lisi et al., 2014).

Heat flow to purified TPApo was monitored as tem-
peratures were ramped from 30°C to 80°C. The DSC trace
revealed two transitions  with Tm 47.6°C
(AH = 210 kcal mol ™) and 58.0°C
(AH = 509 kcal mol '), based on the average of three
independent measurements. (See Figure 4 for representa-
tive plots and Table 1 for averaged parameters.) The pres-
ence of two, partially overlapping DSC transitions
indicated that TPApo unfolded in a non-cooperative
manner, suggesting an unfolding intermediate (Table 1).
The first transition occurred with roughly the same Tj,
observed in the plot of fractional activity versus tempera-
ture for TPApo (50.8°C, Figure 3). This suggested that
activity loss was associated with the lower temperature
structural transition.

By contrast, DSC analysis of the much smaller
(37 kDa) monomeric TPAgpp identified one well-defined
transition with T, =48.4°C (AH = 79.8 kcal mol %).
Interestingly, this T, was well above the midpoint tem-
perature associated with activity loss by TPAggp (39.9°C,
Figure 3). This implies that the activity loss associated
with TPAgrgp was likely thermally regulated by factors
other than the structural transitions observable by DSC.
These could include active site structural re-
arrangements that disfavor catalysis, dissociation of the
Fe,S, cofactor from the protein, or localized unfolding
around the protein surface where TPAggp interfaces with
TPApo. These hypotheses will be addressed in future
work focusing specifically on RO reductases.

Finally, an additional small shoulder with T}, = 71-
72°C was observed for both enzymes, after which the

DSC traces curved toward the baseline. These high-
temperature peaks were attributed to loss of all residual
folded substructures.

TPApo secondary structure loss occurred gradually,
with o-helical content sensitive to thermal denatur-
ation even at low T. The thermal decomposition of
TPApo secondary structure was monitored using circu-
lar dichroism (CD) spectra measured as a function of
temperature. CD provides a composite estimate of a
protein's a-helicity and B-sheet content
(Greenfield, 2006). The TPApo spectrum was measured
first at 25°C, for which the BeStSel server (Micsonai
et al., 2018) predicted 10.2% helix (32% expected) and
27.2% sheet (31% expected), with the remaining struc-
ture consisting of loops and turns. Spectra were then
measured at 1°C increments from 40 to 60°C to gauge
the thermal stability of each type of secondary struc-
ture (Figure 5a). We observed a gradual decrease in
CD signal with temperature across this temperature
range, with no discrete Ty,,. The helical content observ-
able in the room temperature CD spectrum was more
heat sensitive than the p-sheets and was mostly elimi-
nated even before the first step of thermal dissociation
observed by DSC (T, = 47.6°C). By contrast, CD indi-
cated that significant fB-sheet secondary structure was
maintained beyond the first unfolding event and up to
50°C. Most of the a-helices in the TPApg crystal struc-
ture are solvent exposed, with the notable exception of
one 20-residue long N-terminal helix at the p; interface
and three helices that shape the active site (Figure 5c).
Loss of o-helix content at low temperatures suggested
that the active site iron cofactors may be particularly
susceptible to dissociation from the aspf; complex
(Micsonai et al., 2015; Micsonai et al., 2018).

The initial unfolding event observed by DSC corre-
sponded to structural elongation in the f; unit, consistent
with SAXS data. Purified TPApo was initially character-
ized by small angle x-ray scattering on protein eluting
from an in-line size exclusion column (SEC-SAXS) to
investigate the solution phase native structure of the pro-
tein. SEC-SAXS data (Table S3) demonstrated that
TPApo possessed a compact and globular structure with
a radius of gyration (Rg) of 38.2A and a molecular
weight of ~194 kDa (Figure S5). The SEC-SAXS data
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FIGURE 5 Circular dichroism spectroscopy data illustrating the temperature-dependent loss of secondary structure for TPApo. Left:
The protein was allowed to equilibrate to increasing temperatures at 1°C increments, after which CD spectra were measured. Data are
plotted at selected temperatures here. A gradual loss of secondary structure was observed above 40°C. The trough near 220 nm reflects the

retention of some p-sheet structure at 50°C. Right: Secondary structural elements for a single a/p pair and their interface, viewed

perpendicular to the protein's C; axis with the cofactor-containing o subunit at the top and the p subunit at the bottom.

FIGURE 6 Temperature- (a) 1014 (b) 1.4 xm{z
dependent SAXS measurements — 25°C
of TPApo indicated changes in 121 - gg:g
the solution structure with added 1.0 —— 40°C
. . 10 12 | .
heat. (a) Indirect Fourier 42°C
transform fit using the GNOM 3 =0.81 “‘ 44°C
package from ATSAS provided an 60°C gf 46°C
imate of the I, Ry, P(r), and 10104 061 a8
estimate of the I, Ry, P(r), an 56°C —— 50°C
maximum dimension of the 0.4 1 — 52°C
macromolecule (Svergun, 1992). 52°C 021
These structural features were — 1081 . '
used to quantify changes in > 50°C 0.0 A . T
. . o 0 200 400 600
protein structure as a function of =~ 48°C (A]
temperature. (b) Extracted pair ‘u:; 1061 (c) r
distance distribution functions (P GCJ 46°C  _ 1507 —¢— Guinier
(r)) from SAXS data measured at = = 100 —* cnom
various temperatures, excluding - 1041 44°C e
temperatures at which Guinier 42°C 50 ;
regions were not reliably — —4— Guinier
identified. (c) R, Ip, and MW are 1021 40°C r?i 5007 —— GNoM
plotted as a function of
temperature. 35°C
100 30°C
25°C
-2 T y T
10 30 40 50

were well fit with the high-resolution structure of TPApo.
The SEC traces from TPApo show two shoulders book-
ending the major azf; species peak corresponding to the
minor presence of aggregated or subunit-dissociated
states. The well-fit SEC-SAXS data, however, suggests

Temperature [°C]

that the major species present preserved the crystallo-
graphic a;p; structure.

We then used temperature-dependent SAXS to inves-
tigate structural changes around the transition tempera-
tures identified by DSC and CD. To ensure both
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FIGURE 7 Temperature-dependent dynamic light scattering
(DLS) measurements identified the onset of two distinct transitions.
T, and T, were determined as the intersections of linear fits within
three distinct hydrodynamic radius (Ry,) regions, as marked by the
fitted red lines. The inset plot provides a close-up look at the Ry,
versus temperature graph associated with the onset of the first
transition at T.

temperature stability and to prevent radiation damage
during SAXS measurements, the protein samples were
incubated for 60s at temperature intervals between
25 and 60°C, while using different sample aliquots in an
overlapping manner for each temperature point. The
SAXS profiles obtained at different temperatures
(Figure 6a) were initially analyzed using an indirect Fou-
rier transform (IFT) fitting approach with the GNOM
package (Svergun, 1992). Fits were overlaid on the mea-
sured data up to 52°C. The corresponding pair-distance
distribution function (P(r)), R,, and the forward scatter-
ing intensity at zero angle (I) are provided in Figure 6b,
C. Ry and I, values were also determined independently
using the Guinier fit, and molecular weights were calcu-
lated using an adjusted Porod volume method (Figure 6c)
(Fischer et al., 2010). Both data fitting procedures gave
identical values. Complete measurement details and
fitted parameters are summarized in Tables S4 and S5.

In the temperature-dependent SAXS experiments
starting at 25°C, we observed an initial slight reduction
in Rg, I, and MW with increasing temperature up to
42°C. These changes were likely associated with the dis-
sociation of bound subunits that previously formed
incomplete oligomers, which were suggested to be pre-
sent in the sample by the shoulder in the SEC-SAXS pro-
file (Figure S5). From 42 to 52°C, we noted a gradual
increase in Ry, Ip, and MW, accompanied by a notable
elongation in the normalized P(r) function that may be
due to the elongation in the protein shape. Elongation
would lead to exposure of hydrophobic surfaces to water,

and non-specific aggregation of the complex. A
pronounced upturn in the SAXS profile was evident at
temperatures of 56 and 60°C, consistent with accelerated
protein aggregation due to the added heat. Consequently,
IFT and Guinier fits could not be reliably performed at
these elevated temperatures.

To complement the investigation of TPApg's thermal
response by SAXS, we used dynamic light scattering
(DLS) measurements, which monitor the dynamic behav-
ior of the protein particles using non-ionizing, visible
light. Figure 7 shows a plot of the DLS-derived hydrody-
namic radius (Ry,) as a function of temperature (correla-
tion functions given in Figure S6). We identified three
regions with different, approximately linear temperature
dependencies separated by two distinct onset transition
points, T, and T,. These were identified as the inter-
section points of linear fits to the three regions of the Ry
versus temperature plot (Figure 7; Table S6). We
observed a decrease in Ry, across the first region (25.0-
43.2°C), followed by a gradual increase in R, up to
53.8°C. Beyond this temperature, there was a rapid
upsurge in Ry. T; and T, coincided with the transition
points observed by SAXS and the onset temperature cor-
responded to the first and second transitions observed by
DSC. This provided further strong evidence that the
changes observed in the SAXS measurements are inher-
ent to the TPApo molecule’s structural response to tem-
perature and were not a consequence of x-ray radiation
damage.

The mononuclear Fe site is highly labile. The func-
tion of TPApo depends on three iron ions coming respec-
tively from a Rieske-type Fe,S, cluster and a
mononuclear non-heme iron center in adjacent o sub-
units (Figure 1). We examined the relative lability of
these iron species at 25°C via their susceptibility to chela-
tion by ethylenediaminetetracetic acid (EDTA).

Atomic absorption spectroscopy was used to deter-
mine total iron content per protein before and after dialy-
sis against 5 mM EDTA, a strong chelator which should
remove any weakly associated iron species. Prior to treat-
ment with EDTA, the newly purified TPApo sample con-
tained 9.0 (+0.9) equivalents of iron per protein.
Afterward, this number dropped to 4.1 (£0.6). UV/vis
absorbance spectra of the pre- and post-dialysis protein
indicated that the characteristic Fe,S, cluster spectrum
was mostly retained, suggesting the mononuclear Fe ions
might have been removed (data not shown). Weak bind-
ing of the mononuclear Fe, which is nestled in an active
site surrounded by a-helices (Figure 5), is consistent with
the T-dependent CD analysis, which indicated the low-
temperature loss of a-helical structures.

The available crystal structures are also consistent
with weak mononuclear Fe binding (Kincannon
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et al., 2022). In the substrate-free state (PDB ID 7Q04),
the mononuclear Fe was modeled in a highly distorted
2-coordinate geometry and was observed at only one of
the three TPApo active sites (Figure S7). In the TPA-
bound and 2-hydroxy-TPA bound structures (PDB IDs
7Q05 and 7Q06), the observed coordination numbers
increased to 3 and 4, respectively, and a portion of a-helix
at the boundary of the active site rotated toward the
metal. We speculate that the weakly bound mononuclear
Fe dissociated from the protein during crystallization of
the substrate-free protein, and that substrate binding par-
tially stabilized the otherwise flexible activate site
structure.

X-ray absorption spectroscopy (XAS) was used to
investigate the structures of the TPApo iron centers in
solution. As-isolated and post-dialysis proteins were con-
centrated to an iron concentration of 2 mM. The Fe
K-edge XAS data of the as-isolated protein is expected to
exhibit a weighted average of 1/3 non-heme Fe-like fea-
tures and 2/3 Rieske Fe-like features (Cho et al., 2011;
Cosper et al, 2002; Hermes et al., 2006; Sarangi
et al., 2008; Schmitt & An, 2017; Tsang et al., 1989). A
loss of non-heme Fe occupancy in the post-dialysis pro-
tein is expected to result in an increased average in pre-
edge intensity and decrease in maximum absorption
based on published data on non-heme and Rieske Fe
XAS. However, the Fe K-edge spectra (Figure S8A) for
both the as-isolated and post-dialysis proteins showed
pre-edge and maximum absorption intensities that
strongly resembled the spectral signatures typical of
Rieske Fe sites (Cosper et al., 2002; Tsang et al., 1989),
suggesting low occupancy of the mononuclear Fe sites
with or without treatment of the protein with chelators.
The spectrum did not change upon introduction of TPA
to the as-isolated protein, consistent with low Fe occu-
pancy of the non-heme Fe sites where substrate is
expected to bind.

Deconvolution of the pre-edge feature showed no
change in intensity and only a slight decrease in energy
for the post-dialysis protein, consistent with the lack of
structural change between these samples (Figure S9,
Table S7). The extended x-ray absorption fine structure
(EXAFS) data were well-modeled using scattering paths
from Rieske Fe only (1 Fe-N, 3 Fe-S, 1 Fe-Fe)
(Figure S10). The fitted structural parameters were con-
sistent with previously reported bond distances for
Rieske-type proteins (Cosper et al., 2002; Link, 1999;
Tsang et al., 1989) and showed no differences for all sam-
ples within the uncertainty of the model (Figures S9B,
S11, and Table S8). Attempts to include scattering contri-
butions from a potential non-heme Fe site worsened the
quality of the fits.

Together these results strongly indicate that the
non-heme Fe site in TPApg is labile. We propose that
concentrating the protein for XAS measurement (at 4°C)
depleted most or all of the non-heme Fe sites via the law
of mass action, even without the use of chelators or input
of thermal energy. However, loss of catalytic activity is
correlated with the initial thermal transition observed via
DSC and described structurally by T-SAXS. This suggests
that as long as the protein's architecture remains intact,
the mononuclear Fe may be able to dissociate from and
rebind at the active site. The lability of the mononuclear
iron has been well documented with other ROs, with
reports of systems requiring supplemental iron to restore
maximum activity due to iron loss during purification
(Bernhardt & Meisch, 1980; Correll et al., 1992; Suen &
Gibson, 1993; Wolfe et al., 2002; Wolfe &
Lipscomb, 2003) and may be dependent upon the oxida-
tion state of the iron center (Ohta et al., 2008). The
absence of mononuclear iron signal in TPApg after
robust handling in preparation for XAS analysis supports
the canonical understanding of this weakness of RO
systems.

2.1 | Predictions based on informatics
and structural analyses

EMBL PISAePDB was developed as a tool for predicting
solution-state protein assemblies based on x-ray crystallo-
graphic structures. It identifies noncovalent interactions
within/between protein subunits and uses these to pro-
pose both the strength of interaction between and dissoci-
ation pathways for the monomers composing protein
oligomers (Evgeny Krissinel, 2003; Krissinel &
Henrick, 2007; Krissneil & Henrick, 2005). Four features
are summarized: numbers of hydrogen bonds (H-bonds),
salt bridges, cysteine cross links, and buried surface area
that is solvent-protected by inter-subunit associations.
These together contribute to the enthalpy of subunit dis-
sociation for a particular subunit-subunit interface
(AHgissociation). We analyzed the TPA-bound TPApo
structure (PDB ID 7Q05) using EMBL PISAePDB
(https://www.ebi.ac.uk/msd-srv/prot_int/pistart.html) to
enumerate structural features promoting the stability of
its quaternary and tertiary structures (Evgeny
Krissinel, 2003; Krissneil & Henrick, 2005). The free ener-
gies of dissociation and solvation for protein oligomers
are challenging to model with accuracy; hence, the dis-
cussion of PISAePDB outputs here is structure-driven
and qualitative.

PISAePDB predicted that the -crystallographically
observed asp; TPAp is the thermodynamically preferred
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TABLE 2  Structural features of TPApo subunit interfaces summarized by PISAePDB.
TPApo (Comamonas E6, Average values for 12 Naphthalene dioxygenase (Rhodococcus sp.
PDB ID 7Q05) homologous aff ROs NCIMB 12038, PDB ID 2B1X)
a-o p-p o -0 o oa-o p-B o—f
H-bonds 6 3 21 24 28 28 16 28
Salt bridges 7 6 11 11 13 10 7 14
Interface area (Az) 1258 587 1510 1620 1281 1704 1552 1118 1750

Note: See Table S1 for complete PISAePDB output and further information on the set of enzymes included in the averages. There were no intersubunit cysteine
disulfides identified via crystallographic structure determination in any of the proteins described in this study.

oligomeric state in solution. This was corroborated here
by SEC-SAXS and prior size exclusion chromatography
(Figure S5, Table S3) (Kincannon et al., 2022). The het-
erohexamer was predicted to be ~40 kcal mol™" more
stable than the next-most-stable structure, an as-only
TPApo assembly. The stability of the a; unit was similar
in magnitude to that computed for ROs that naturally
lack B subunits and are a-homotrimers, such as phthalate
dioxygenase (Figure S14) (Mahto et al., 2021). The pre-
dicted moderate stability of the TPApp a3 assembly
reflects the small number of §-p subunit interactions rela-
tive to the a-p and a-a interfaces (Table 2). Accordingly,
PISAePDB also predicted an as; + 3p dissociation path-
way for TPApo  (AHgissociation = 109 kcal mol ?,
Table S1). We note that this pathway is broadly consis-
tent with the DSC-measured AH = 210 kcal mol ' asso-
ciated with the first DSC transition (Figure 4, Table 1)
and the much larger AH associated with the second DSC
transition. We attribute the latter to cooperative dissocia-
tion of the a; unit and loss of tertiary structures from the
o and p subunits.

To put the PISA predictions into the context of other
structurally characterized ROs, the structure of TPApo
was used as a query for EMBL PDBeFold (https://www.
ebi.ac.uk/msd-srv/ssm), which identified several similar,
empirically determined structures of homologous pro-
teins in the Protein Data Bank (Krissinel &
Henrick, 2004). Results were sorted by secondary struc-
ture elements, and structures with >40% similarity to
TPApo were compiled. The resulting set included 12 off
ROs, one of which (the naphthalene dioxygenase from
Rhodococcus sp. strain NCIMB12038, PDB ID 2B1X) was
previously shown to be thermostable via temperature-
dependent CD spectroscopy up to 95°C (Gakhar
et al., 2005). In addition, six a-only ROs were identified,
of which five had o; and one had an o4 oligomerization
state (full results in Tables S1 and S2, Figure S14). In
every case, the predicted solution phase oligomerization
state was also the one that was crystallographically
observed. Other than the Rhodococcus enzyme above, for
which CD spectra but not activity were monitored, we

were unable to identify melting temperatures or other lit-
erature data relevant to the thermal stability of the
enzymes. None derived from a known thermophilic
organism.

Each structure was analyzed by EMBL PISAePDB,
and the full list of PISA-generated parameters was exam-
ined to identify any trends. First, an a3 + 3p deoligomeri-
zation pathway was predicted for 11 of the
12 heterohexamers, with one oz + P; dissociation. We
noted that the average AHgissociation 101 the azps hetero-
hexamers was about twice that for the a-only enzymes
(including the oy structure), similar to the predicted rela-
tionship between the asf; and a hypothetical as-only
TPApo. The 5 unit, which does not contain any catalyti-
cally essential cofactors, clearly contributes substantially
to the thermal stability of the asp; oligomer. Second, the
one experimentally documented thermostable RO from
the list (naphthalene dioxygenase, PDB ID 2B1X) was
predicted to have the highest overall AHgissociation and
AGgissociations consistent with the complex's expected sta-
bility. This observation provided some qualitative valida-
tion for the PISAePDB output. Finally, when comparing
the a3f3 ROs to one another, no single structural parame-
ter appeared to correlate strongly with either the pre-
dicted APIdissociaLtion or AGdissociation- For example9 TPIADO
had the smallest B-p surface area among all of the struc-
turally characterized asp; ROs. However, neither the pre-
dicted AGyissociation fOr this interface nor for TPApg as a
whole was exceptionally small (Table S1). The small sur-
face area was not compensated by a large number of
H-bonds or salt bridges, compared with the average num-
bers of noncovalent linkages for the azf3; ROs, or for the
thermally stable structure 2B1X. Moreover, no single
structural parameter appeared to point toward 2B1X as a
thermostable protein, either on its own, when compared
with others in the set, or when compared to the averaged
parameters for the entire list of asp; ROs. However, the
B-p interface of TPApo was markedly smaller and had
several fewer noncovalent interactions than either 2B1X
or the average a;p; enzyme, suggesting that it is a partic-
ularly weak interface.
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3 | DISCUSSION

Discovery, evolution, and engineering approaches have
elevated the status of many enzymes from being merely
interesting to becoming useful in practice. However,
other enzyme families, including the RO/reductases,
remain largely outside of the biotechnological toolbox.
These enzyme systems have not been widely adopted as a
class in either in vitro or synthetic biology applications,
despite their potential value for important applications
including plastic and lignin bioconversion (Clarkson
et al., 2017; Fetherolf et al., 2020; Kamimura et al., 2017;
Kincannon et al., 2022; Kontur et al.,, 2019; Takahashi
et al., 2014). We hypothesized that a limited functional
lifetime may be a key barrier preventing these enzymes
from being used.

We consequently examined the stability of the plastic-
converting TPApo enzyme from Comamonas strain E6,
measuring its catalytic lifetime and probing its thermal
dissociation trajectory via complementary thermody-
namic and structural approaches. The results revealed a
remarkably fragile TPApo/TPAggp System that com-
pleted only 300 turnovers of TPA before irreversibly inac-
tivating, even at the temperature determined to be
optimal for its activity (Figure 2). Following incubation at
increasing temperatures, the TPApo complex lost all cat-
alytic activity with a Ty, at 50.8°C, which is likely not
suitably thermostable for several applications including
downstream bioconversion of PET near its glass transi-
tion temperature (Yoshida et al., 2016). We correlated
activity loss with a thermal transition observable by DSC
at roughly the same temperature (T, =47. 6°C,
AH = 210 kcal mol™ %, Table 1), which we ascribed to dis-
sociation of the asf; subunits. In support of this model,
the SAXS-determined solution-phase structure also
underwent a thermal transition beginning at 42°C in
which the TPApo radius of gyration expanded, consistent
with changes in the quaternary structure (Figure 6,
Table S5). Enthalpic arguments based on the TPApg
structure (PISAePDB) suggested that the weakly associ-
ated p subunits become detached from one another and
ultimately from the o3 unit with added heat. A second,
higher temperature and higher enthalpy transition was
observed by DSC (T, = 58°C) (Figure 4). The same tem-
perature range was marked by a pronounced expansion
in the SAXS profile and a significant increase in Ry
observed by DLS, consistent with loss of tertiary structure
followed by protein aggregation.

Protein stability results from many small, additive,
contributing factors. The structural and thermodynamic
description of TPApo presented here highlights the
importance of the subunit interfaces in stabilizing
the enzyme's structure as a whole. Subunit dissociation,

either partial or complete, occurred as a discrete step
observable by DSC (Figure 4). The stabilities of TPApg
and other structurally characterized osp; ROs, while
impossible to predict with accuracy, are reflected in the
relative values of AGgissociation (aNd AHgissociation) COM-
puted by PISAePDB, which were far more endergonic
(and endothermic) in osf; ROs than for o3 ROs
(Table S1). This suggests that the  subunits via both p-f
and o-p interfaces contribute substantively to RO
stability.

Analysis of these interfaces among TPApo and its
structurally characterized homologs is instructive. TPApg
(PDB ID 7Q05) contains four salt bridges and two hydro-
gen bonds in each f-p interface. These noncovalent inter-
actions, however, are exclusively located between one
pair of residues, D142 and R80 (Figure S11). Conversely,
the B-p interface of the structure of a thermotolerant RO
(PDB ID 2B1X), has 10 salt bridges from three unique
pairs of residues and 21 hydrogen bonds spread among
18 unique residue pairs (Table S9). This comparison sug-
gests that engineering stability into interfaces along the
B35 triad could provide a strategy for improving the stabil-
ity of TPApo and possibly asp; ROs more broadly. Inter-
estingly, the PISAePDB dissociation model for most o3
ROs predicts an initial dissociation of f subunits from
each other and the o3 trimer. The B-p interface has the
added advantage of being set apart from functionally sig-
nificant parts of the enzyme, including the active site and
potential docking sites for TPAggp. Engineering at the f
interfaces may benefit from an expansion of not only the
overall number of noncovalent interactions, but in
the number and spacing of bonded residue pairs. The a-f
interface is also apparently weaker in TPApo than in the
homologous structures, though the p-f interface is by far
the weakest surface within the TPApo quaternary struc-
ture (Tables 2 and S1). The a-f interface may also par-
tially overlap with the surface where TPApo and TPAggp
dock, though the site of protein-protein interaction in
this RO system remains to be determined.

In addition to the subunit structure, TPApo is
expected to possess some degree of instability near its two
cofactors. Peptide flexibility near the iron centers is
clearly necessary for maintaining catalytic function. The
iron sites need to accommodate the substrate entry/
product release, oxidation-state-dependent changes in
bond lengths and hydrogen bonding interactions, and
particularly dramatic rearrangements in the coordination
environment at the mononumclear iron (Figure S15).
Extensive prior work with related ROs has shown that
substrate binding displaces a water molecule from the
fully reduced active site, opening a coordination position
on the mononuclear Fe(II) for O,. The coordination state
of the mononuclear iron then shifts from square
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pyramidal to trigonal bipyramidal. (Baratto et al., 2019;
Ohta et al., 2008; Wolfe et al, 2002; Wolfe &
Lipscomb, 2003), resulting in a more tightly bound metal.
We noted a greater susceptibility toward chelation of the
mononuclear Fe versus the Rieske cofactor (Figures S9
and S10). The mononuclear iron can likely reversibly
bind to the TPApo active site, since activity remains
intact until the temperature at which subunit interactions
are interrupted is reached (Figure 3). The Rieske cluster
remains protein-associated despite being bound within a
collection of flexible loops that could have permitted its
departure from the protein (Figure 5). The head-to-tail
orientation of the o subunits results in the Rieske domain
overlapping with an a-helix of the adjoining subunit (res-
idues 353-367) that is located proximal to the protein
core. This arrangement may shield the Rieske cluster
against dissociation without compromising flexibility that
may be critical for catalysis. Conversely, the mononuclear
non-heme iron coordinates two histidine residues, H210
and H215, and D356 in a bidentate mode in a portion of
the o subunit with a well-defined secondary structure
(a-helices). The crystal structures of substrate-bound and
substrate-free TPApo (Figure S7) reveal a rotation in the
stretch of a-helix containing both H210 and H215, as well
as shifts in the positions of the coordinating residues that
allow them to bind to the iron after TPA binds. These
changes in coordination and the structural flexibility they
imply appear to be necessary for catalysis (Kincannon
et al., 2022). Hence, preserving activity in this RO system
demands a balance between flexibility in the structure
and retention of the active oligomeric state.

4 | CONCLUSIONS

We observed that TPApg is a remarkably fragile enzyme,
with its chief thermal limitations at the quaternary level
and likely focused at the - interfaces. Though the inclu-
sion of the P; triad is not essential for catalysis, it adds
significantly to the overall predicted stability of the
enzyme provided that it remains intact. Future work will
build on these findings using computationally-guided
redesign.

5 | MATERIALS AND METHODS

5.1 | Protein expression

Genes encoding the TPA oxygenase alpha subunit
(tphA2, BAE47077), beta subunit (tphA3, BAE47078) and
TPA reductase (TPArgp) (tphAl, BAE47080) were syn-
thesized in pET-Duet and pET45b expression vectors,

respectively, by GenScript. Lemo21(DE3) E. coli cells
(New England Biolabs) harboring the pETDuet-TPApg
or pET45b-TPAgrgp constructs were grown overnight
from a glycerol stock at 37°C in 50 mL LB media (5g
sodium chloride, 5 g yeast extract, 10 g tryptone per 1 L
MilliQ water) and used to inoculate 500 mL Terrific
Broth in 2.8 L Fernbach flasks (1:100 v:v dilution). The
medium  was  supplemented with  ampicillin
(0.050 mg mL "), chloramphenicol (0.034 mg mL™"), and
rhamnose (2 mM). Cultures were grown at 37°C, 225 rpm
on an Innova shaker incubator until the optical density
(ODggonm) >2.5 (5-6 h). Flasks were cooled by complete
submersion in ice for 45 min. The ice-chilled cultures
were supplemented with 0.1 mM ferric chloride and
10 mg/L L-cysteine hydrochloride monohydrate. The
TPAgrgp cultures were further supplemented with
02mgmL~"' (—)riboflavin. Protein production was
induced with 1 mM (TPApo) or 0.4 mM (TPAggp) isopro-
pyl B-D-1-thiogalactopyranoside (IPTG). Flasks were
incubated at 25°C, 200 RPM for 18 h, then cells were har-
vested via centrifugation at 4°C. Cell paste was frozen in
liquid N, and stored at —80°C.

5.2 | Protein purification
Proteins were purified by immobilized metal (Ni*") affin-
ity chromatography. TPApo cell pellets were resuspended
in buffer A (20 mM TrisHCI, 150 mM NacCl, 10% glycerol
v:v%, pH 8.0), with approximately 30 g cell paste to
200 mL of buffer. The protease inhibitor phenylmethyl-
sulfonyl fluoride (PMSF) and chicken egg white lysozyme
were added to 1 mM and 1 mg mL ™", respectively. Solu-
tions were incubated at room temperature with stirring
for 15 min to initiate lysis followed by sonication
(Branson) on ice: 25 min, with a pulse sequence of 10 s
on and 25 s off, at 40% amplitude. Lysates were clarified
via centrifugation (18,000 x g, 30 min, 4°C). Superna-
tants were loaded onto a 20 mL Ni** charged nitrilotria-
cetic acid (MCLAB) affinity column pre-equilibrated in
buffer A. The column was washed with 200 mL buffer A
then 600 mL 60% buffer A and 40% buffer B (buffer
A with 0.25M imidazole). Proteins were eluted with
100% buffer B and pure fractions (>95% assessed by SDS-
PAGE) were concentrated approximately 10-fold to a
final volume of 5 mL using a 30 MWCO using Amicon
centrifugal filtration devices and desalted into buffer A
using a PD-10 column (BioRad), reconcentrated to a final
concentration close to 10 mg mL™}, aliquoted, and flash
frozen in liquid N, before storing at —80°C until use.
TPAggp cell pellets were resuspended in buffer C
(20 mM TrisHCI, 300 mM NaCl, 15% glycerol v:v%,
pH 8.0), with 20 g cell paste in 160 mL of buffer. Cells
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were lysed as described above. Clarified lysate was loaded
onto a 20 mL Ni*" charged nitrilotriacetic acid (MCLAB)
affinity column, washed with 600 mL buffer C, and
eluted via mixtures of buffer C and buffer D (buffer C
with 250 mM imidazole). Proteins were eluted at 5%-50%
buffer D. Pure proteins were pooled and concentrated
with 10 MWCO Amicon centrifugal filtration devices,
desalted into buffer C using a PD-10 column (BioRad),
concentrated, and stored as above.

5.3 | Protein analyses

Protein concentrations were routinely measured via the
Bradford assay (Noble, 2014). Iron-containing cofactors
were quantified per protein using AA spectroscopy,
assuming that 9 atoms are needed per TPApo holoprotein
and 2 per TPAggp. Iron quantitation was completed
using a SpectrAA 220 Fast Sequential Atomic Absorption
Spectrometer (Varian, Palo Alto, CA, USA) An iron AA
standard (Ricca, 1000 ppm in 3% HCI) was used to gener-
ate a calibration curve by creating standards ranging
from 1 to 72 pM. P TPApo samples were diluted to 0.7-
2.5 uM protein (~6-23 uM Fe). TPAgrgp samples were
diluted to 1-5 pM protein (~2-10 pM Fe). To prevent
damage to the instrument due to protein presence, pro-
tein samples were inoculated with 500 pL of a 30% nitric
acid solution, boiled at 100°C for 5 min, then filtered
through a 0.22 pM filter to remove bulk precipitated pro-
tein particulates. The resulting clarified samples were
then analyzed (Figure S2). A regression analysis of the
linear curve fit to each protein sample determined an
error of 0.5 for the slope of TPApo and 0.08 for the slope
of TPAggp (Figure S2).

FAD was quantified using UV-Visible spectroscopy.
TPAgrgp Was diluted to 11, 15, and 20 pM in triplicate.
Full spectra (280-700 nm) scans were taken for each con-
centration. FAD was released from TPAggp by denatur-
ing 200 pL of diluted protein solution with 50 pL
saturated ammonium sulfate, 7% v:v H,SO,, similar to
studies with related cytochrome P450s (Swoboda, 1969).
Precipitated protein was pelleted by centrifugation and
the UV-Visible spectrum of the FAD-containing superna-
tant was measured from 280 to 700 nm. The absorbance
at 450 nm, epap = 11.1 mM ' cm™! (Macheroux, 1999),
and total protein concentrations were used to determine
[FAD] bound to TPAggp. The concentration of acid-
extracted flavin was then used to calculate the extinction
coefficient for flavin in the TPAggp protein
(16.13 mM ' cm ™). Both free and protein bound flavin
concentrations were plotted against TPArgp concentra-
tions and fit with a straight line with standard deviation
represented by error bars. A regression analysis of the

linear curve fit determined an error of 0.081 for the slope
(Figure S2).

5.4 | Quantification of substrate
turnover HPLC

The TTN of the system (number of TPA molecules oxi-
dized per TPAp active site) was measured at 28°C. 2 mL
reactions in quartz cuvettes contained TPApo (1.9 pM
active site) and TPA reductase (5.7 pM active site) in 20%
v:v DMSO, 150 mM NaCl, 20 mM MOPS pH 7.2. To initi-
ate the reaction, 25pL each TPA and NADH from
1.6 mM stocks (final concentration 200 pM each) were
added to the cuvettes, which were aerated periodically by
pipette aspiration. Samples were withdrawn every 5 min
for 180 min, quenched with ice-cold methanol, and ana-
lyzed for NADH and TPA concentration by HPLC with a
Shimadzu instrument with a diode array detector and
Thermo Scientific™ Hypersil GOLD™
(4.6 mm x 250 mm, 5 pm particle size) column. The col-
umn was pre-equilibrated in 95% buffer A and 0% buffer
B. Buffer A consisted of 0.1% (v/v) TFA (Fisher) in water.
Buffer B consisted of 0.1% (v/v) TFA (Fisher) in HPLC
grade acetonitrile (Fisher). The reaction components
were eluted at a rate of 1 mL min~' with the following
program: 5% B from 0.0 to 10.0 min, 0 to 15% B from 10.0
to 18.0 min, 15 to 75% B from 18.0 to 24.0 min, 75 to
100% B from 24.0 to 24.1 min, 100% B from 24.1 to
30.1 min, 100% to 0% B from 30.1 to 30.2 min, and 0% B
from 30.2 to 38.0 min. NADH (Alfa Aesar) and TPA
(Sigma-Aldrich), were used to generate standard curves
via integration of peaks monitored at the 240 nm and
retention times of 16.25 and 23.1 min, respectively. The
reaction endpoint was confirmed by addition of fresh
substrates which remained unconverted into products.

5.5 | Steady state kinetics

Initial rates of reaction were measured using a Thermo
Varioskan spectrophotometer 96 well plate reader,
recording absorbance changes due to NADH at 340 nm
(e =6.22mM ' cm ™!, [Wood, 1987]) under ambient air
(~250 pM O,) at 28°C in 250 pL volume wells. TPApg
(1.9 pM active site) and TPAggp (variable concentrations)
were first diluted from a stock concentration in storage
Tris buffer to 20 mM MOPS pH 7.2. Enzymes were added
to a reaction buffer which contained final volumes
200 uM NADH, 20% v:v DMSO, 150 mM NacCl in 20 mM
MOPS pH 7.2 Reactions were initiated by addition of
25pL  TPA  from a 1mM  stock  (final
concentration = 100 uM). Rates of reactions were
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determined from the slope of a line fit by linear regres-
sion to the initial 60 s of the time course.

Rates were measured as a function of variable reduc-
tase concentration (0.45-13.3 uM active site) in order to
determine the optimal ratio of TPAggp: TPApo and fit
to a Langmuir isotherm (Figure S3) using Kaleidagraph.
For all further reported kinetic measurements, a 5 x K
ratio (fitted K = 0.63 + 0.09 pM) was used to approxi-
mate a saturating concentration of TPAggp, resulting in a
working concentration of 1.9 pM active site TPApo and
5.7 M active site TPAggp. We then determined k¢, and
Ky values for NADH and TPA in air referencing the total
concentration of TPApo active site when determining
k.a:- Because Ko, was not known, it is not certain that
ambient air results in a saturating concentration of O,;
hence, these values are apparent. [NADH] was varied
over 0-300 uM and reactions were initiated by addition
of TPA (200 pM) while [TPAgrgp] was maintained at
5.7 uM. Alternatively, saturating NADH (200 pM NADH)
was included in each reaction and [TPA] was varied over
0-1000 pM. Initial rates were plotted as a function of the
variable substrate concentration and fit (Kaleidagraph) to
the Michaelis—Menten expression (NADH) (Equation 1)
or the same expression with a substrate inhibition con-
stant (K;) included in Equation (2):

_ Vomax -[TPA] )
" Kum+[TPA]-
V max - [TPA]
Ky +[1PA] - (1+ (T22)))
5.6 | Activity as a function of
temperature

To determine the temperature optimum of the TPApo/
TPARggp System, each enzyme was independently diluted
from its stock concentration (20 mM Tris storage buffer)
at 86 and 250 pM to 9.5 and 29 uM for TPApo and
TPARgp, respectively in 20 mM MOPS, 150 mM NacCl,
pH 8.0. The working enzyme solutions were then ali-
quoted into separate 200 pL tubes. Each protein tube was
incubated either at the target temperature (35, 40, 45, 50,
55, or 60°C) or the control temperature (28°C) in an
Eppendorf Mastercycler thermocycler for 20 min, then
equilibrated to the reaction temperature (28°C) for
10 min. Following incubation, 50 pL of each enzyme was
added to three identical 96-well plate reaction wells con-
taining 125 pL reaction buffer Reactions were initiated by
addition of 25 pL TPA from a 2 mM stock (final concen-
tration 200 pM). The final concentrations of the assay
were: TPApo 1.9 pM (intact active site, based on number

of iron equivalents per enzyme by AA) and TPA reduc-
tase 5.7 pM (active site, based on AA and FAD, which
invariably gave concurrent values), 200 pM NADH, 20%
v:v DMSO, 150 mM NacCl in 20 mM MOPS pH 7.2 in air,
with <1 mM residual Tris. Reactions were monitored at
28°C in a 96 well plate via UV/Vis absorbance changes
at 340 nm due to NADH oxidation (vide supra). Activities
(v;) were reported as micromolar (uM) NADH consumed
min~' uM ™' TPAp, active site, as a percentage of the
activity measured following incubation of both enzymes
at the control temperature (28°C) (Viax). Measurements
were made in triplicate and averaged, and errors were
given as +1 standard deviation. A plot of activity as a
function of T was fit to the reverse sigmoidal expression
Equation (3). The midpoint of the sigmoid was reported
as T,

L
1+ nekx—xo)”

(3)

5.7 | Circular dichroism spectroscopy
Circular dichroism (CD) measurements were performed
on a JASCO J-1500 spectrometer, equipped with a Peltier
model PTC-517 thermostat cell holder. Temperature
interval measurement experiments were run using a
range of 40-60°C. The wavelength range scanned was
260-185 nm with a 1°C data interval. Temperature gradi-
ent was set to 2°C min %, pitch to 1.0 nm and a scan
speed of 50 nm min~'. Digital integration time was set to
4 s and the bandwidth to 1.0 nm. The quartz cell used
had a 1 mm path length. The proteins were prepped as
previously described and the final protein concentrations
used were 0.5 mg mL ™', Data were analyzed using both
the Jasco Spectra Manager software and the online Best-
sel server.

5.8 | Differential scanning calorimetry

Differential scanning calorimetry (DSC) measurements
were carried out using MicroCal VP-capillary DSC (now
Malvern Panalytical). Data were collected over a temper-
ature range of 25-100°C with a scan speed of 90°C h™'. A
buffer reference experiment was run to use for baseline
subtraction. The cell was loaded with 400 pL of protein at
a concentration of 0.5 mg mL~'. The running software
was VPViewer2000. The analysis software was Microcal,
LLC Cap DSC Version Origin70-L3 which was used to
convert the raw data into molar heat capacity (MHC).
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5.9 | Size exclusion chromatography
SAXS measurement

Size exclusion chromatography coupled small angle
x-ray scattering (SEC-SAXS) was performed at beamline
4-2 at the Stanford Synchrotron Radiation Lightsource
(SSRL), California, USA. The SEC was performed using
a ThermoFisher Scientific UltiMate 3000 UHPLC sys-
tem, utilizing a Superdex 200 column. The column was
equilibrated with a buffer containing 20 mM Tris at
pH 8.0 and 150 mM NaCl. Prior to sample injection,
the column was pre-equilibrated with the same buffer
and 30 pL TPApo was injected into the column. More
details of the SEC-SAXS measurement is given in
Table S3. To monitor the eluted protein, absorbance at
280 nm was measured, and the outlet of the SEC sys-
tem was connected to the Small-angle X-ray scattering
(SAXS) setup at the 4-2 beamline. The x-ray beam
with dimensions of 300 x 300 ym® and an energy of
11 keV, along with a Pilatus 1 M detector was used for
SAXS measurements. The sample-to-detector distance
(SDD) was set at 1.7 m, calibrated using standard silver
behenate samples. The protein sample was exposed to
the x-ray beam for 1s to record the scattering pattern
continuously. The background scattering was sub-
tracted by referencing a buffer sample.

510 | Temperature-dependent SAXS
measurement

We conducted SAXS measurements at various tempera-
tures ranging from 25 to 60°C. A temperature-controlled
capillary flow cell was employed to ensure precise tem-
perature control during the experiment. To mitigate radi-
ation damage, we utilized fresh aliquots, measuring them
in an interleaved manner for each temperature point.
Furthermore, the aliquots were oscillated within the
measuring capillary to prevent overexposure of the sam-
ple at the same position to x-ray radiation. The
temperature-dependent SAXS measurements for TPApg
were replicated three times. For each temperature, the
sample and buffer were irradiated for 1s, and a total of
12 frames were recorded. To ensure data quality, any
frames showing radiation damage were excluded from
the analysis. The remaining frames were then averaged
to obtain a representative scattering pattern for the spe-
cific temperature. The same SAXS configuration utilized
in the SEC-SAXS setup at beamline 4-2 was employed
for temperature-dependent measurements as well. This
configuration consisted of a beam size of 300 x 300 pm?,
an energy of 11 keV, an SDD of 1 m, and a Pilatus 1 M
detector.

511 | SAXS data reduction and analysis
The collected SEC-SAXS and temperature-dependent
SAXS data were initially processed to obtain 1D SAXS
profiles using the Blu-Ice program available at beamline
4-2. To eliminate the contribution of buffer scattering,
the buffer scattering was subtracted from the enzyme
samples. The PRIMUS, a tool from the ATSAS software
package, was utilized for determining the radius of gyra-
tion (Rg) and forward scattering 10 by Guinier analysis
(Manalastas-Cantos et al., 2021). Furthermore, the pair
distance distribution function P, was obtained through
inverse Fourier transformation of the scattering curve
using the GNOM package (Svergun, 1992). From the P(r)
analysis, the radius of gyration (Rg) and the maximum
particle dimension (D,,,x) were determined. CRYSOL
package from ATSAS was used for fitting the SEX-SAXS
data using high-resolution crystal structure. The Python
scripts were used for generating the figures.

512 | Temperature-dependent dynamic
light scattering measurement

Dynamic light scattering (DLS) measurements were con-
ducted within a temperature range of 25-60°C using a
Wyatt Technology DynaPro Plate Reader equipped with
a temperature-controlled sample block, allowing for pre-
cise temperature monitoring at a rate of 1°C per min.
The experimental sample was prepared and loaded into a
96-well plate. To ensure reliable data, 10 frames were
captured every 5s and subsequently averaged to repre-
sent each recorded temperature. The acquired DLS data
were subjected to analysis using the Wyatt Technology
Dynamics software and custom Python scripts. The auto-
correlation function was extracted from the raw intensity
data, which served as the basis for determining particle
size. The particle size was determined through the utili-
zation of the cumulant (ISO 22412 and ASTM 2490-09)
and regularization method, a widely accepted technique
for size calculations in dynamic light scattering studies.

5.13 | Metal analysis by X-ray absorption
spectroscopy

Iron content was quantified for purified protein
(As-Isolated) samples by AA as above. Full spectra (200-
800 nm) scans were taken from a 1.5 pM TPApo outlin-
ing the characteristic iron sulfur cluster peaks. The sam-
ple was then dialyzed in 12 kDa MWCO dialysis tubing
(Spectrum Labs, Rockleigh, New Jersey) at 4°C gently
stirring for two changes of 1L (12 h total) in TPApo
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Buffer A with an additional 5 mM EDTA. The next morn-
ing, protein was buffer exchanged to remove EDTA using
a PD10 column (Cytiva), concentrated using a 10 kDa
MWCO Amicon centrifuge concentrator to a final iron
concentration 1.9 mM (42 mg mL ™" protein). UV-Visible
spectra and AA samples were taken for the dialyzed sam-
ples following the same procedure as the day prior. Fe
K-edge X-ray absorption spectra were collected at the
Stanford Synchrotron Radiation Lightsource (SSRL) on
the wiggler side-station beam line 9-3 under standard
ring conditions of 3 GeV and ~500 mA. Higher har-
monics (above ~13 keV) were rejected using a vertically
collimating Rh-coated M1 mirror. A liquid N,-cooled
Si(220) double crystal monochromator with crystal orien-
tation ¢ = 0° was used for energy selection. Cuboidal
solution cells wrapped with 30 pm Kapton tape were
filled with sample solution and flash-frozen in liquid
nitrogen. During data collection, samples were held in an
Oxford liquid He cryostat and maintained at ~10 K
throughout the measurement. Spectra were measured to
k=16 A" in fluorescence mode. Incident beam inten-
sity was measured with a N,-filled ionization chamber
and fluorescence was measured using a Canberra
100-element liquid N,-cooled Ge detector selecting the Fe
Ka emission line (~6403.8 €V). A 6 pm Mn filter was
placed in front of the Ge detector to reduce the signal
from the scattered beam. An Fe foil was placed down-
stream of the sample cryostat and data were recorded
using a N,-filled ionization chamber simultaneously for
energy calibration. The first inflection point of the Fe foil
spectrum was fixed at 7112 eV.

Data were first processed using SIXPack
(Webb, 2005), in which fluorescence channels that exhib-
ited artifacts (e.g., ice diffraction) were removed, and the
remaining channels were averaged. For each sample,
measuring the same sample spot twice resulted in a
slightly red-shifted spectrum, indicating photoreduction
of the sample. Therefore, measurements were collected
on six different sample spots to ensure replicate spectra
were minimally influenced by beam damage. The six rep-
licate spectra were aligned, merged, and energy cali-
brated in the Athena software of the Demeter package
(Ravel & Newville, 2005). Linear pre-edge and post-edge
lines were used for baseline subtraction to obtain
normalized XAS spectra. XAS pre-edge deconvolution
was performed in Matlab using a fixed error function
background and series of Gaussian components with
varying energies and peak heights. The width of the
pre-edge features was also allowed to vary but was con-
strained to be the same value for all Gaussian compo-
nents. Pre-edge fits were performed using the fminsearch
function in Matlab to minimize the sum of squared resid-
uals between the measured and modeled spectra.

EXAFS background was modeled in the Pyspline pro-
gram using a three-region spline of orders 2, 3, and
3. EXAFS was modeled using the Artemis program of the
Demeter package. Theoretical EXAFS signals y(k) were
calculated using FEFF6. The EXAFS models were opti-
mized in k-space using k', k%, and k*>-weightings, with the
models obeying the Nyquist criterion. EXAFS fits were
performed on a k-range of 2-11 A" and an R-range of 1-
3 A. The structural parameters varied during the fitting
were the bond distance (R) and the bond variance (¢?).
The non-structural global parameter, AE, (E, is the
energy at which k = 0) was also fit. Coordination num-
bers were systematically varied over the course of fitting
to assess different models but were fixed during a given
fit. The value of S,”> was fixed to 0.9 for all fits.

514 | Computational structure,
interface, and informatics analyses

Similar RO structures were identified by the EMBL
eFOLD tool. TPApg a subunit sequence was input as the
query, with results sorted by secondary structure ele-
ments. Resulting structures were annotated with sub-
strate and host organism (Table S1). An analysis of the
stability of the quaternary structure was conducted using
EMBL Proteins, Interfaces, Structures and Assemblies
(PDBePISA) tool for TPApo (PDB ID 7Q05) as well as all
structures presented in Table S1 (Evgeny Krissinel, 2003).
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