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In bacteria the formation of disulphide bonds is facilitated by a family of enzymes known as the disulphide bond
forming (Dsb) proteins, which, despite low sequence homology, belong to the thioredoxin (TRX) superfamily.
Among these enzymes is the disulphide bond-forming protein A (DsbA); a periplasmic thiol oxidase responsible
for catalysing the oxidative folding of numerous cell envelope and secreted proteins. Pathogenic bacteria often
contain diverse Dsb proteins with distinct functionalities commonly associated with pathogenesis. Here we
investigate FtDsbAl, a DsbA homologue from the Gram-negative bacterium Francisella tularensis. Our study
shows that FtDsbA1 shares a conserved TRX-like fold bridged by an alpha helical bundle showcased by all DsbA-
like proteins. However, FtDsbA1 displays a highly unique variation on this structure, containing an extended and
flexible N-terminus and secondary structural elements inserted within the core of the TRX fold itself, which
together twist the overall DsbA-like architecture. Additionally, FtDsbA1 exhibits variations to the well conserved
active site with an unusual dipeptide in the catalytic CXXC redox centre (CGKC), and a trans configuration for the
conserved cis-proline loop, known for governing DsbA-substrate interactions. FtDsbAl’s redox properties are
comparable to other DsbA enzymes, however, consistent with its atypical structure, functional analysis reveals
FtDsbAl has a high degree of substrate specificity suggesting a specialised role within F. tularensis’ oxidative
folding pathway. Overall, this work underscores the remarkable malleability of the TRX catalytic core, a ubig-
uitous and ancestral protein fold. This not only contributes to broadening the structural and functional diversity
seen within proteins utilising this core fold but will also enhance the accuracy of Al-driven protein structural
prediction tools.

1. Introduction folding [24,43]. In Gram-negative bacteria these oxidative folding re-

actions occur in the periplasm and are carried out by a group of enzymes

Members of the thioredoxin (TRX) protein superfamily are wide-
spread in nature where they facilitate essential processes including
protein folding and redox signalling as well as contributing to oxidative
stress responses and detoxification [47,59]. TRX-like proteins are
defined by a common architecture centred on a core fap-a-ppa scaffold,
where different inserts between the pap and ppa motifs along with ex-
tensions to the N and C termini expand the functional capabilities of this
protein family (reviewed in [2,49,64]). The TRX fold is particularly
prevalent among redox active proteins that participate in the introduc-
tion of disulphide bonds into substrates, a process known as oxidative
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known as the disulphide bond forming proteins (Dsb) [4,43]. Owing to
the abundance of disulphide bonds in secreted virulence factors and cell
envelope proteins, these Dsb molecular machines are implicated in a
wide array of pathogenesis processes and antimicrobial resistance
mechanisms across a range of pathogens [20,24,75].

The canonical bacterial model for oxidative folding comes from
Escherichia coli K-12 which comprises the DsbA/DsbB oxidative pathway
[24,33], where monomeric DsbA introduces disulphide bonds into
substrate proteins and is then re-oxidised by the membrane protein DsbB
[5]. The additional DsbC/DsbD isomerase pathway corrects non-native
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bonds via the periplasmic dimer DsbC [92], which is kept reduced by the
membrane embedded DsbD [43,73].

DsbA is at the spearhead of the oxidative folding pathway and is the
best characterised Dsb protein in bacteria [41,42,63] with DsbA from
E. coli (EcDsbA) serving as the prototypical model for unravelling the
structural and functional properties of this protein family. The highly
oxidising EcDsbA encompasses a core TRX-like domain which is inter-
rupted by a long alpha helical insertion embedded between the pap and
Bpo motifs, and contains an active site utilising a CPHC redox motif and
GVcisP loop - all highly conserved features of the DsbA family [24,50,
75].

While the structure and catalytic residues of EcDsbA are highly
conserved across DsbAs from many bacterial species [78] it is increas-
ingly apparent that more diverse catalytic machinery exists, notably
within pathogenic bacteria [84,14,24,43].

Here, we report the crystal structure of DsbAl from Francisella
tularensis (FtDsbA1l); a highly infectious Gram-negative coccobacillus
responsible for the condition tularaemia [71,74]. The overall structure
reveals a distorted TRX-like architecture marked by an extended N-ter-
minus, insertions within the fold core motifs, and a highly unusual active
site, all atypical features that deviate from canonical DsbA-like proteins.
However, biophysical and biochemical analyses of FtDsbAl reveals
redox properties comparable to other DsbA proteins although, attributed
to its unique structural elements, this protein features narrowed sub-
strate specificity suggesting a specialised function within F. tularensis’
oxidative pathway. These findings provide insights into the structural
plasticity of the ubiquitous TRX fold that enables a remarkable func-
tional diversity within the TRX superfamily.

2. Experimental procedures
2.1. Cloning, expression, and purification

Codon optimised FtDsbA1 (locus FTT_0507) with the signal sequence
removed and an N terminal TRX-Hise tag was cloned into a modified
version of a pMCSG7 vector [17,26] to create pMCSG7:
TRX-Hise-FtDsbA1 (Epoch Life Science). FtDsbA1l was then expressed in
E. coli BL21(DE3) using autoinduction media (24 h at 30 °C) in the
presence of ampicillin (100 pg/mL) [81]. Cells were then harvested,
resuspended in Tris buffer (20 mM Tris, 150 mM NaCl, 20 mM imid-
azole, pH 7) and lysed by sonication (Misonix S-4000 Ultrasonic Liquid
Processor (Qsonica)). N-terminal Hise-tagged FtDsbAl was purified
from cytoplasmic extracts by nickel affinity chromatography followed
by Hise-tag cleavage by TEV protease and reverse nickel affinity chro-
matography. The protein was oxidised using 10 molar equivalents of
oxidised glutathione (GSSG; Sigma-Aldrich, USA) and was subsequently
purified to homogeneity by size exclusion chromatography using a
HiLoad® 16/600 Superdex® column (GE Healthcare) equilibrated in
HEPES buffer (25 mM HEPES, 150 mM NacCl, pH 7). Protein purity was
assessed by sodium dodecyl sulphate-polyacrylamide gel electrophoresis
(SDS-PAGE).

For cell-based assays, a second plasmid construct was utilised. Prior
to cloning, the EcDsbAss-Ass-CcScsC cassette was subcloned from
pSC108 into a pWSK29 vector. For periplasmic expression in the pre-
viously described E. coli K-12 strains JCB817 [5] and PL263 (MC4100
AdsbC AmdoG)[46], the mature form of FtDsbAl was cloned into
PWSK29::EcDsbAss-Ass-CcScsC vectors such that the FtDsbA1 gene ex-
changes the CcScsC gene at the Ncol/Hindlll cut sites. This results in a
mature FtDsbA1l construct which carries an N-terminal EcDsbA signal
sequence for periplasmic translocation = (pWSK29::  EcDs-
bAss-Ass-FtDsbA1). For simplicity, this plasmid will be referred to as
PWSK29-FtDsbA1.

2.2. Crystallisation

FtDsbA1 crystals were grown via the hanging drop vapour diffusion
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method at 293 K over the course of 2 weeks. Crystallisation conditions
were determined following initial high-throughput commercial
screening. Initial hits were obtained via the sitting drop diffusion
method with 0.2 pL droplets at 293 K in the 36" PACT premiere con-
dition (Molecular Dimensions, UK) (0.01 M ZnCl,, 0.1 M HEPES (pH 7),
20 % v/v PEG 6000). Diffraction quality crystals were produced in 2 pL
droplets containing 1 pL of reservoir solution consisting of 0.1 M HEPES
(pH 7.58), 0.01 M ZnCl; and 20% PEG 3350 (v/v), and 1 pL of protein at
58 mg/mL in 25 mM HEPES, 150 mM NaCl, pH 7. Crystals were trans-
ferred to a cryoprotectant solution containing crystallisation solution
supplemented with 20 % glycerol (v/v) and cryocooled in liquid nitro-
gen prior to data collection.

2.3. Structural determination and refinement

Diffraction data was collected at the Australian synchrotron using
the MX2 beamline (100 K, 13 KEV) using an EIGER x 16 M detector. Data
was collected covering 360° with 0.1° per frame with 0.02 s exposure
(average x-ray dose for the exposed region 35.6 MGy (calculated using
Raddose-3D [93])). The data was indexed and integrated using XDS [37]
and scaled using POINTLESS [18] and SCALA [37]. Crystals belonged to
spacegroup P2,2;2; with cell dimensions of a = 43.9 1°\, b=57.5 [o\, c=
168.8 A and o = p = y = 90.0°, diffracted at a resolution of 1.95 A and
contained two molecules per asymmetric unit [52]. The crystal structure
of FtDsbA1l was solved using Phaser by molecular replacement [70]
using an AlphaFold2 [85,36,55] partial computational model of
FtDsbAl. The resulting model was refined using REFMACS5 [57] and
further built using COOT [15]. The quality of the model was monitored
during refinement by the Rfree value, which represented 5 % of the data.
The structure was validated by the MolProbity server [11] and
Figures were created with PyMOL [12]. Details of data-processing and
final refinement statistics are summarised in Table 1.

2.4. Sedimentation velocity analytical ultracentrifugation (SV-AUC)

SV-AUC using an Optima XL-A analytical ultracentrifuge (Beckman)
was used to determine the quaternary structure of FtDsbA1l in both its
oxidised and reduced forms. FtDsbAl was loaded into double sector
quartz cells (370 pL) at 2.5, 1 and 0.25 mg/mL in HEPES buffer (25 mM
HEPES, 150 mM NacCl, pH 7) using a An50-Ti rotor. Initial scans were
performed at 3000 rpm to determine the optimal wavelength and radial
positions. Absorbance readings were collected at 270 nm and 40,000
rpm at 20 °C. Solvent density, solvent viscosity and estimates of the
partial specific volume of FtDsbAl (0.7371 mL g~ 1) at 20 °C were
calculated with SEDNTERP [44]. Data was fitted using SEDFIT [76] to
determine the c(s) and c(M) values with Z test values < 40 and RMSD <
0.008 for all data fitting.

2.5. Determination of redox potential

The redox equilibrium of FtDsbAl was determined as described
previously [31]. Briefly, oxidised FtDsbAl was diluted to 12 pM in 100
mM sodium phosphate (pH 7), 1 mM GSSG (Sigma-Aldrich, USA) and
32 different concentrations of reduced glutathione (GSH; Sigma-Aldrich,
USA) (7.1 uM to 3.8 mM). After overnight incubation, the redox state of
FtDsbA1 was analysed in a Spectra max M5e plate reader (Bio-strategy)
by measuring the fluorescence emission at 330 nm after excitation at
280 nm. The equilibrium constant Keq and redox potential were deter-
mined using the standard equations [56]. Briefly, the data was then
fitted using GraphPad Prism (GraphPad Software, Inc., San Diego, CA,
USA) and the equilibrium constant Keq estimated according to the
equation below:

Yobs=( Yox+ (M/ Keq)Yred) / 1+ M/ Keq),

where Y,ps is the fraction of reduced protein at equilibrium, Yox and Yeq
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Table 1

Data collection and refinement statistics.

PDB ID: 9EDL

Data Collection
Resolution range (A)
Wavelength A)

Space group

Unit cell parameters @A, °)

Number of molecules per asymmetric

unit
Total number of reflections
Number of unique reflections

47.39 - 1.95 (2.06 - 1.95)
0.95373
P212:2;

a=43.74,b=57.28,c=1688la=p =y =

90.00
2

137047 (16557)
31035 (3729)

Completeness (%) 99.2 (94.3)
Redundancy 4.4 (4.4)
1I/o(I) 8.2 (1.8)
Rmerge 0.108 (0.685)
Rmeas 0.123 (0.778)
Rpim 0.058 (0.364)
CC(1/2) 0.996 (0.802)
Refinement

Resolution (;\) 47.39 - 1.95 (2.06 — 1.95)
Rwork/Rfree 18.36/22.58 (26.14/28.44)
Ccwork 0.926 (0.88)
No. of atoms (excluding H)

Protein 3494

Solvent 266

Zn** 6

PEG 7

Protein Residues 448

R.M.S.D from ideal geometry

Bonds (A) 0.006

Angles (°) 0.73
Ramachandran (%)

Favoured 98.87
Allowed 1.13

Outliers 0.00
Rotamer Outliers (%) 0.53
Clashscore (%) 2.70

Average B-factors

Overall 32.95

Protein 32.55
Solvent 37.24

*Values in parentheses represent the highest resolution shell

are the signals for the oxidised and reduced proteins, respectively, and M
is the ratio of [GSH]?/[GSSG].

The redox potential was determined from the Nernst equation:

EV= EgSH/GSSG(RT/Z F) x In Keqy where EgSH/GSSG is the standard
potential of —240 mV, R is the universal gas constant 8.314 J K 'mol ™},
T is the absolute temperature in K, F is the Faraday constant 9.648 x 10*
Cmol ™}, and Kegq is the equilibrium constant. Keq was calculated as mean
+ standard error of the mean (SEM) with three independent replicates.

2.6. Thermal unfolding by circular dichroism (CD)

Conformation of the secondary structure and temperature induced
stability curves of the protein were investigated by circular dichroism
(CD) spectroscopy using a JASCO Model J-1100 CD spectrophotometer
(JASCO, USA). For analysis, 0.3 mg/mL of protein was oxidised or
reduced with a 10 times molar excess of GSSG or DTT respectively in a
100 mm sodium phosphate buffer (pH 7) supplemented with 1 mM
EDTA. Wavelength scans were performed in triplicate measuring be-
tween 190 nm and 250 nm in 0.5 nm intervals at 20 °C while thermal
unfolding was monitored at 222 nm between 20 °C and 90 °C with a
heating rate of 0.5 °C/min. Three replicates were taken for both oxidised
and reduced protein. The melting temperature was calculated according
to the below equation assuming a two-state model using GraphPad
Prism (GraphPad Software, Inc., San Diego, CA, USA):
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_ ((yf+ (mf*x)) — (Yu + (my *x))) »wxp(ﬁ)*((ﬁ)*l)
1 +exp(ﬁ>*<(ﬁ>fl))

+ (Yu+ (my % X))

where Y is CD signal (mdeg), x is temperature (°C), t is temperature x in
Kelvin (K), Tm is the midpoint of the thermal unfolding curve (K), y¢ is
the intercept of the fully folded baseline pre-transition, m¢is the gradient
of the fully folded baseline pre-transition, yy is the intercept of the fully
unfolded baseline post-transition, m, is the gradient of the fully
unfolded baseline post-transition, h is the change in enthalpy for
unfolding at Tm [58].

2.7. Thiol-oxido-reductase activity

The thiol-oxidase activity was measured in vitro using a Fluorescence
Resonance Energy Transfer (FRET) based assay against a substrate
peptide derived from the arylsulfate sulfotransferase (ASST) enzyme
[89]. Oxidation of the cysteine pair in the peptide ASST (CNENGLCK)
causes peptide cyclisation that results in the N-terminal 1,4,7,10-tetraa-
zacyclododecane-1,4,7,10- tetraacetic acid (DOTA) - europium Ed®H) to
come into close proximity with a methylcoumarin amide linked to a
C-terminal lysine. This causes excitation of the coumarin moiety at
340 nm with a fluorescence emission that was detected at 615 nm.

To perform the assays, 50 pL reaction mixtures containing 500 nM of
the protein, 2 mM GSSG and 15 uM ASST peptide in 50 mM MES (pH
5.5), 50 mM NaCl, 2 mM EDTA, were added into a PerkinElmer 384-well
white opaque microplate (OptiPlate—384). The time-resolved fluores-
cence (excitation A = 340 nm and emission A = 615 nm) was monitored
over the course of 30 min using a CLARIOstar plate reader (BMG Lab-
tech) fitted with a TR-FRET module. Measurements were carried out in
triplicate and data were analysed and mean =+ standard error of the
mean (SEM) was plotted using GraphPad Prism 8 (GraphPad Software,
Inc., San Diego, CA, USA).

The ability of FtDsbA1l to reduce disulphide bonds in vitro in the
presence of DTT was analysed using the insulin reduction assay [30].
Briefly, reaction samples were prepared by adding 131 pM insulin to
10 upM FtDsbA1l (or controls EcDsbA and EcDsbC) in 100 mM sodium
phosphate (pH 7), 2 mM EDTA and 0.35 mM DTT. Reduction of insulin
was monitored by measuring the change in optical density at 650 nm
over 80 min

2.8. Kinetics of FtDsbA1 mediated oxidation

The kinetics of oxidation of DTT, PapD peptide [89,35]
(FICNGSRCSV) and FtPilA peptide (TCNIDGVSASQVPSNCN) by
FtDsbA1 was monitored following the change in intrinsic fluorescence of
FtDsbAl upon reduction using a SX20 Stopped-flow Spectrometer
(Applied Photophysics). In preparation for the analysis, 20 pM FtDsbA1
and EcDsbA were fully oxidised with an excess of GSSG (Sigma—Aldrich,
USA) for 1 h and buffer exchanged to remove oxidising agent. The oxi-
dised proteins (2 pM) were individually mixed in increasing concen-
trations of DTT (Sigma), FtPilA or PapD peptide (2-10 pM) at 30 °C in
25 mM Tris (pH 7), 50 mM NaCl, 1 mM EDTA. The change in fluores-
cence upon reduction was monitored using a Aep; 330 nm emission filter
(Mex 295 nm). Data was processed and analysed using Pro-Data SX
(Applied photophysics), and the initial rates (r) of oxidation were
determined from the linear portion of the fluorescence data. Initial rates
calculated as mean =+ standard error of the mean (SEM) with three in-
dependent replicates.
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2.9. In vivo swimming motility assay were normalised to an ODggp of 1.0 and inoculated on the left side of
wells containing 0.25 % w/v LB-Lennox agar (Gibco™ Bacteriological
The ability of FtDsbA1 to oxidatively fold a component of the E. coli agar) supplemented with IPTG (500 pM) and chloramphenicol
flagellar motor, FIgI [28], was assessed. The pWSK29-FtDsbA1 construct (17 pg/mL). As bacteria migrate across the agar surface, a radius of
was transformed into JCB817 (AdsbA) cells to assess its ability to reduce motility corresponding to an increased ODgoo was observed and moni-
bacterial swimming motility, indicative of thiol-oxidase activity, on a 24 tored over 18 hrs using a CLARIOstar pate reader (BMG, Australia).
well Nunc plate as previously described [86]. Briefly, overnight cultures

18 residues
EcTRX : s G—
A 90 residues
. A

EcDsbA
EcDsbC 59 residues N
FtDsbA1l (predicted) 86 residues

A A
FtDsbA1 (experimental) 86 residues

A N

FtDsbA1l

B. EcDsbA

c
')
B2| a1

Hydrophobic
Patch

Active Site

Hydrophobic
Groove

Fig. 1. Comparison of FtDsbA1l to EcDsbA. (A.) Domain organisation of model TRX-like proteins compared to predicted and experimental domain organisation of
FtDsbA1. EcTRX consists of a canonical thioredoxin motif containing the pap and ppa domains linked by an 18-residue « helical motif. Monomeric Dsb oxidases like
EcDsbA contain a long ~90-residue « helical insertion linking the fof and fpa elements, while oligomeric Dsb isomerases like EcDsbC have a N-terminal oligo-
merisation domain preceding the TRX fold and contain a ~59-residue alpha helical insertion between the pap and ppa elements. FtDsbA1 was predicted to contain
both an N- and C- terminal extension. The experimental domain organisation of FtDsbA1l however includes a 45-residue N-terminal extension encompassing two
alpha helices flanked by loops, and three « helical insertions into the core of the TRX fold. (B.) Topology schematics of the FtDsbA1 (left) and EcDsbA (PDB ID 1FVK
[22] (right) structures with cylinders representing o-helices and arrows representing p-sheets. Catalytic cysteines are shown as yellow circles. FtDsbA1 features a
Class II B-sheet topology (1—3-2—4-5) while EcDsbA features a Class I f-sheet topology (3—2-4—5-1) [54]. (C). Cartoon depictions of FtDsbA1l. Secondary elements
are labelled and coloured according to B. FtDsbA1 features an extended N terminus with two helices (a,.), two additional helices between B4 and fs (0.q), and a third
additional helix between Bs and a; (o). (D.) Cut-outs of the additional helices a,.. of FtDsbAl. (E.) Cartoon depictions of reference protein EcDsbA (PDB ID 1FVK
[22]). Secondary elements are labelled and coloured according to B. (F.) Superimposition of FtDsbA1l (light blue) and EcDsbA (dark blue). The two proteins su-
perimpose with a high RMSD value of 3.13 A over 118 equivalent Ca atoms indicating significant structural differences. (G&H.) Electrostatic surface representation
of FtDsbA1 (left) and EcDsbA (right). EcDsbA features an overall hydrophobic surface with a hydrophobic patch above the active site and a hydrophobic groove
below. FtDsbA1 features an overall basic surface with a positively charged patch above the active site and a broad basic cleft enveloping the catalytic cysteines. The
electrostatic potential was calculated with APBS [3] in PyMOL [12] showing positive charges in blue (saturating at 5 kT/e) and negative charges in red (saturating at
-5 kT/e).
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2.10. Mucoidal morphology assay

To assess the in vivo disulphide reductase activity (indicative of
isomerase activity) of FtDsbA1, the production of colanic acid resulting
in a distinctive mucoidal plate morphology was assessed as previously
described [46]. Briefly, PL263 (AdsbC, AmdoG) cells -carrying
PWSK29-FtDsbA1 were patched onto 1.5 % (w/v) solid agar containing
M9 media (2 mM MgSO4, 100 pM CaCly, 0.4 % v/v glycerol, 0.1 % w/v
casamino acid, 1x M9 salt) supplemented with IPTG (500 pM) and
chloramphenicol (17 pg/mL). Following 48 h of incubation at 29 °C,
plates were imaged using a ChemiDoc MP Imaging System (Bio-Rad) and
visually inspected for changes in mucoidal morphology.

3. Results
3.1. FtDsbA1l contains DsbA-like architecture

Sequence analysis of FtDsbAl (Supplementary Figure Al) antici-
pated the presence of a TRX DsbA-like architecture, identified by the
prediction of the fop and ppoa motifs linked by a 90 residue long alpha
helical insertion domain, a CXXC catalytic motif (C57GsgK59Cgp), and a
proline loop (Q172G173P174). However, this analysis also proposed 20-
and 30-residue N and C terminal extensions, respectively. This predicted
domain organisation differs both from previously characterised DsbA-
like proteins, which typically lack both N or C terminal elements, and
oligomeric Dsb proteins like DsbC, which have an N-terminal extension
to allow oligomerisation but lack extensions at the C-terminus (Fig. 1A).

To gain insight into the structure of this unusual Dsb-like protein we
determined the crystal structure of FtDsbAl at 1.95 A resolution by
molecular replacement and refined it to Rfactor and Rfree values of 0.19
and 0.24, respectively. Two symmetrically independent FtDsbA1 mole-
cules were built in the asymmetric unit, with monomer A and B covering
residues 12-233 and 8-233, respectively (Table 1). Both monomers are
structurally very similar with a root-mean-square deviation (RMSD) of
0.49 A over 221 Cu atoms. The structural alignment deviates slightly in
the C- terminal alpha helices (residues 205-233) and more considerably
at the N-terminus (residues 12-17) where chain A and B adopt different
configurations (Supplementary Figure A2). While FtDsbA1 was oxidised
prior to crystallisation, the catalytic cysteines appear reduced in both
monomers. The reduction of the previously oxidised catalytic cysteines
may be attributed to radiation damage caused during data collection or
may have been caused by the coordination of the Zn?* cation. Since
overall, no significant differences were observed between the two mol-
ecules in the asymmetric unit subsequent structural analyses were per-
formed with monomer A.

As predicted from the sequence analysis (Fig. 1A), the structure of
FtDsbAl contains a TRX-like domain encompassing motifs paa;f3 (res-
idues 46-83) and P4fs0; (residues 169-212) which are bridged by an
inserted alpha-helical domain comprised of a three helical bundle,
0304 (residues 90-143), one additional a-helix, ag (residues 147-157)
and a short ag (residues 161-165) (Fig. 1B and C). As predicted bio-
informatically, FtDsbA1 also features a 45-residue extended N-terminus,
consisting of helices a, and o, (residues 17-23 and 25-33 respectively)
and several connecting unstructured loops preceding the p; strand
(Fig. 1C and D). Although FtDsbA1 was anticipated to have a C-terminal
extension, the crystal structure revealed that it instead contains two
insertions embedded within the TRX-like domain. Specifically, it in-
corporates a 19-residue insertion in the loop connecting B4 and fs, which
features two short alpha helices o, and aq (residues 182-186 and
189-198, respectively). The second additional inserted element is a 6-
residue long a, alpha helix (residues 204-210), which connects 5 and
ay (Fig. 1C and D). Altogether, these insertions twist the overall TRX-like
structure of FtDsbA1l.
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3.2. Comparison of FtDsbA1 to DsbA homologues

Although FtDsbAl contains the structural features of DsbA-like
proteins, the overall structure diverges from canonical EcDsbA (PDB
ID 1FVK [22]) (Fig. 1E) with the two protein structures aligning with a
root-mean-square deviation value of 3.13 A over 118 equivalent Ca
atoms (Fig. 1F). An area of significant difference between the two pro-
teins is the N-terminus, with FtDsbA1 harbouring the additional o, and
op, helices prior to the first f-strand (1), in contrast to the shorter and
unstructured N-terminus preceding the EcDsbA p;. Furthermore, the
topology of their respective N-terminal regions differ, whereby in
FtDsbA1 p; forms hydrogen bonds to 3 on the non-catalytic side of the
protein mimicking the p-sheet topology of Class II DsbA proteins,
whereas in EcDsbA f; is hydrogen bonded to ps on the catalytic side,
which is the p-sheet topology of Class I DsbA proteins [54] (Fig. 1B,C and
E).

Another notable difference between FtDsbAl and EcDsbA lies in the
helical domain integrated within the TRX fold. In EcDsbA, this region
comprises of a three helical bundle (a2—04), an additional helix (as) and
an extension of the connecting helix ag. The helical domain of the
FtDsbA1 protein also adopts the three helical bundle (az—a4) but exhibits
a longer loop connecting o4 and o5 and lacks the extended helix og seen
in EcDsbA, resulting in a different topology and a poor overlap between
the helical domains of the two proteins (Fig. 1B-F and Supplementary
Figure 3A). Other differences between the two proteins are the in-
sertions of the « .. helices between p4-f5 and ps-a7 in FtDsbA1 in place of
the short loops present in EcDsbA and other DsbA proteins [78,50]. In
EcDsbA, the B4fsa; motif forms one side of a peptide-binding groove
adjacent to the catalytic cysteines, which has been shown to be involved
in binding the partner oxidase EcDsbB and substrate proteins [34,60].
The insertion of a  between pso; changes the configuration of this motif
in FtDsbA1 resulting in a twisted and truncated groove (Fig. 1C, E, G, H
and Supplementary Figure A3). In accordance with the low sequence
identity between FtDsbA1l and EcDsbA (17 %), their surface properties
differ markedly (Fig. 1F and G). Neighbouring the catalytic site in
EcDsbA is a hydrophobic substrate binding patch [60] and a long hy-
drophobic groove required for interaction with the cognate oxidase
[34]. Conversely, FtDsbAl incorporates a charged path in the region
corresponding to the EcDsbA substrate binding site and a truncated basic
groove adjacent to the active site (Fig. 1F and G).

A Dali search [29] identified the protomers of two trimeric DsbA-like
proteins as the closest structural homologues of FtDsbA1l, Salmonella
Typhimurium BcfH (PDB ID 7JVE [83]) (31 % sequence identity,
Z-score 22.1 and RMSD of 1.8 A across 161 equivalent Ca atoms), and
Wolbachia pipientis WpDsbA2 (PDB ID 6EEZ [88]) (21 % sequence
identity, Z-score 18.3 and RMSD of 2.3 A across 140 equivalent Ca
atoms) (Fig. 2A and B). In addition to the anticipated similarities in the
TRX domain motifs, the FtDsbA1 N-terminus bears a resemblance to the
N-terminal regions of BcfH and WpDsbA2 through which they both
oligomerise [83,88] (Fig. 2A and B, D, Supplementary Figure A4).
Additionally, similar to FtDsbA1, BefH has an insertion in the C-terminus
of the TRX-like domain linking 4 and fs, however this insertion is
comparatively smaller with only one short helix present (Fig. 2C).

3.3. FtDsbAl features a unique active site

The CXXC motif is the redox catalytic centre in Dsb proteins, map-
ping at the N-terminus of o in the TRX-like domain adopting a right-
hand hook configuration [32,69]. The specific amino acids forming the
XX dipeptide between the catalytic cysteines are important in control-
ling the redox properties of Dsb proteins with over 80 % of DsbAs con-
taining a histidine in the C-terminal position (CXHC) [24,69].
Conversely, FtDsbA1 lacks this conserved histidine and instead contains
a Cs57GsgKs59Cep motif, which represent a rare dipeptide, occurring only
within other Francisella species [24] (Fig. 2F).

Neighbouring the CXXC motif is the FtDsbAl proline loop



S. Penning et al. Computational and Structural Biotechnology Journal 23 (2024) 4324-4336

Fig. 2. Comparison of FtDsbAl Structure and Active Site with Structural Homologues. (A.) Superimposition of FtDsbAl and BcfH (PDB ID 7JVE [83]). BefH
(lavender) and FtDsbA1l (light cyan) superimpose with a RMSD of 1.8 A across 161 equivalent Ca atoms indicative of broad structural similarities across the N
terminus, o-helical insertion domain and additional TRX-like elements. (B.) Superimposition of FtDsbAl and WpDsbA2 (PDB ID 6EEZ [88]). WpDsbA2 (dark cyan)
and FtDsbA1 (light cyan) superimpose with a RMSD of 2.3 A across 140 equivalent Ca atoms reflecting larger differences in their a-helical insertion domains and
WpDsbA2’s lack of additional inserted TRX helices. (C&D.) Comparison of the (C.) B4 ps loop and (D.) N-terminus in FtDsbA1l (light cyan), BefH (lavender) and
WpDsbA2 (dark cyan). Like other DsbA-like proteins, WpDsbA2 lacks any secondary structural elements in the TRX ppo motif, rather has a short loop to connect p4
and fs. In contrast, BcfH uniquely features a half helical turn in this region and FtDsbAl features two helices. All three DsbA-like proteins feature an elongated and
crooked N terminus which, in BefH and WpDsbA2, facilitate their trimerisation. (E.) Cartoon representation of, from left to right, FtDsbA1l, BcfH (PDB ID 7JVE [83]),
WpDsbA2 (PDB ID 6EEZ [88]) and EcDsbA (PDB ID 1FVK [22]) with domains coloured as per Fig. 1. (F.) Comparison of the active sites of, from left to right, FtDsbA1,
BcfH (PDB ID 7JVE [83]), WpDsbA2 (PDB ID 6EEZ [88]) and EcDsbA (PDB ID 1FVK [22]). FtDsbA1l and BcfH feature trans-proline loops which orient the carbonyl of
the pro-1 residue (Gj73 in FtDsbA1l and T in BefH) away from the catalytic cysteines. In comparison to EcDsbA and WpDsbA2 which harbour cis-proline loops
where the Pro-1 residue carbonyl group (Viso in EcDsbA and Tsy; in a-WpDsbA2) is oriented towards the catalytic cysteines.

(Q172G173transPy74) bridging ag and 4 (Fig. 2F). Unlike most Dsb pro- more conserved GaooTa21cisPago loop (Fig. 2F).
teins, which contain a similar loop with proline in a cis configuration (e.
g EcDsbA features a G149V150cisP151 loop), both FtDsbAl protomers in

the asymmetric unit showcase this proline in a trans-configuration 3.4. FtDsbA1 is a monomeric highly oxidising protein

(Fig. 2F). When proline is in the cis-conformation, the carbonyl of the

residue preceding the proline (Pro-1) is oriented toward the CXXC motif, To date, monomeric Dsbs have been found to be oxidases, whereas
within hydrogen bond distance of the N-terminal cysteine (3.7 A in oligomeric Dsbs are primarily isomerases [94]. Given the presence of an
EcDsbA, Fig. 2F). Additionally, the sidechain of this Pro-1 residue extended N terminus in FtDsbA1l, its oligomeric state in solution state
(typically either a Val or Thr in DsbAs) has been demonstrated to was determined in an initial approach to define the putative function of
interact with the N-terminal catalytic cysteine and regulate redox this protein. Analytical ultracentrifugation was performed on FtDsbAl
properties in TRX proteins [72]. In FtDsbA1, the trans-Pro,74 loop maps at three concentrations (0.25 mg/mL, 1 mg/mL, 2.5 mg/mL) in its oxi-
far from the catalytic cysteines, with the carbonyl of the Pro-1 residue dised and reduced forms. At all concentrations FtDsbA1 formed a single
oriented away (9.4 A) from the CGKC motif. Additionally, since this peak at 2.5 S, corresponding to a 26 kDa monomer (Fig. 3A and B),
Pro-1 residue is a glycine (Gly173), it lacks a functional group side chain, confirming FtDsbAl is a monomer regardless of redox state or concen-
further preventing any interactions with the catalytic cysteines [72]. tration, which is consistent with typical DsbA oxidases.

Notably, one of the protomers in BefH, the closest FtDsbAl structural The propensity of a DsbA protein to donate its disulphide bond to
homolog, has been shown to also contain proline in a substrates, and thus its function, is in part dictated by its redox potential

trans-configuration [83] (Ga15T216transPa17), while WpDsbA2 has a and the stability of its oxidised and reduced form. The redox potential of
FtDsbA1l was determined using a fluorescence-based assay measuring
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Fig. 3. Redox Characterisation of FtDsbAl. (A&B.) Overlay of AUC continuous standardised sedimentation coefficient (s20,w) distribution of (A.) oxidised and (B.)
reduced FtDsbA1 at 2.5 (solid line), 1 (dashed line) and 0.25 (dotted line) mg/mL. Residuals from the c(s) distribution best fits plotted as a function of radial position
from the axis of rotation. (C.) FtDsbA1 redox potential. FtDsbAl was incubated with various concentrations of reduced glutathione (GSH) overnight and was analysed
fluorometrically. The fraction of reduced protein was plotted against log([GSH]?*/[GSSG]) to determine the Keq (1.85 x10™* M) and redox potential was then
calculated (—129 mV). Data represents one biological replicate with three technical replicates that is representative of three independent replicates. (D.) Thermal
melt of oxidised (open circles o) and reduced (closed circles o) FtDsbAl. CD thermal melts are plotted as a fraction of a-helical content (based on molar ellipticity [0]
at 222 nm) and temperature (°C). Thermal melts represent three technical replicates.

the reduction potential of FtDsbA1 against the standard redox potential
of the GSH/GSSG redox pair. This resulted in a Keq of 1.48 ( + 0.4) x10™
M equating to an intrinsic redox potential of —127 mV (+ 3 mV)
(Fig. 3C). This redox potential is comparable to that of EcDsbA (—122
mV) [91,33] and is slightly more oxidising than FtDsbA2 (—131 mV)
[71]. Thermal stability of FtDsbAl was assessed in both redox states at
222 nm from 20 to 90 °C. Interestingly, the reduced state was found to
be equally stable to the oxidised state with Tm values of 71.8 £ 0.8 °C
and 70.7 £ 1.13 °C, respectively (Fig. 3D). This may indicate that
FtDsbAl would act as a comparatively weaker oxidase to DsbAs with a
larger difference in thermostability.

3.5. FtDsbA1 displays high substrate specificity

Next, we sought to investigate FtDsbAl’s oxidoreductase activity.
First we determined the disulphide reductase activity of FtDsbAl by
measuring changes in the optical density of a solution caused by the
precipitation of insulin due to disulphide reduction [30]. FtDsbAl did
not show reductase activity against insulin (Fig. 4A). The thiol oxidase
activity of the protein was first assessed using a peptide oxidation assay
with a fluorescently labelled peptide (CNENGLCK) derived from the
EcDsbL substrate ASST in the presence of GSSG to maintain the oxidised
form of the protein [89,45] (Fig. 4B). In a parallel approach, the ability
of FtDsbAl to oxidise a peptide derived from PapD (FICNGSRCSV), an
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EcDsbA substrate [35], was measured using stopped-flow fluorescence,
monitoring the change in tryptophan fluorescence of FtDsbAl upon
reduction. FtDsbAl did not show activity against either substrate
(Supplementary figure A5). This lack of oxidative activity may suggest
that FtDsbA1 displays heightened substrate specificity and is thus unable
to interact with peptides derived from E. coli proteins. To investigate this
further, a peptide derived from a F. tularensis PilA homologue, FtPilA
(TCNIDGVSASQVPSNCN) was tested against FtDsbAl using
stopped-flow fluorescence. FtDsbAl showed no activity against the
FtPilA peptide while EcDsbA reacted rapidly, highlighting the substrate
specificity of the former enzyme and the promiscuity of the latter
(Fig. 4C). Given the possibility that FtDsbAl shows narrow substrate
specificity for an unknown substrate, we next used stopped-flow fluo-
rescence to monitor the oxidation of DTT and assess redox activity.
EcDsbA catalysed oxidation of DTT displays second order kinetics and
proceeds at a much more rapid rate (3.57 (+ 1.11) x10° M''sec’)) than
the uncatalysed reaction. Importantly, we found a similar rate for
FtDsbA1 oxidation of DTT (3.88 (& 0.45) x10° M'lsec'l) supporting an
oxidative role for this enzyme (Fig. 4D and Supplementary Figure A5).

To determine the in vivo activity of FtDsbA1, a pWSK29 vector har-
bouring the EcDsbA signal sequence followed by the mature FtDsbAl
gene was constructed to facilitate its translocation into the periplasmic
space of E. coli. The plasmid was then transformed into E. coli strains
lacking either EcDsbA (JCB817 [5]) or EcDsbC (PL263 [46]). A
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Fig. 4. Disulphide Oxidase Activity of FtDsbAl. (A.) In vitro disulphide reductase activity. Increase in absorbance (650 nm) indicates the dissolution of insulin
following disulphide cleavage. Neither FtDsbA1l (closed circles o) nor EcDsbA (open squares []) show disulphide reductase activity to insulin while EcDsbC (an
isomerase) (closed squares [ll) shows activity. A buffer control containing GSH only, showing no activity, was omitted for clarity. (B.) In vivo thiol oxidase activity.
Fluorescence curves taken at 340 nm indicate oxidation of the peptide substrate ASST by EcDsbA (open squares []), FtDsbA1l (closed circles o) or buffer control
(closed squares ). FtDsbA1 shows little catalytic activity towards ASST and reacts comparably to the buffer control. (C.) Real time oxidation of the FtPilA peptide by
EcDsbA and FtDsbA1l. Change in fluorescence (hex 295 nm, hem 330 nm) indicates the reduction of DsbA enzymes (2 uM) resulting from the oxidation of the peptide
substrate (2 pM). EcDsbA (light grey) reacts rapidly with the FtPilA peptide, becoming fully reduced within 4 s while FtDsbA1 (black) remains fully oxidised,
indicating no activity towards the peptide. (D.) Initial rates of reaction of FtDsbA1l (closed circles o) and EcDsbA (open squares []) against the reductant DTT plotted
to give rate constants. Both DsbA enzymes catalyse the oxidation of DTT with second order kinetics at comparable rates, indicating FtDsbA1 plays an oxidative role.
(E.) Swimming motility assay. Optical density curves taken at 600 .5, indicate the migration of cells over time. Cells containing FtDsbA1 (closed circles e) did not
migrate due to flagella mediated motility and displayed migration comparable to an empty vector control (omitted from graph for clarity) while EcDsbA transformed
cells (open squares []) did display flagella mediated motility. (F.) Mucoidal morphology assay. The production of colanic acid results in morphological changes which
can be seen as a haze surrounding cells. Cells expressing EcDsbC display this haze, indicating in vivo isomerase activity while both isolates of FtDsbA1 transformed
cells (only one shown for clarity) show no difference in phenotype compared to an empty vector control (VC).
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swimming motility assay was performed to determine the FtDsbAl
thiol-oxidase activity [86], given that surface migration required the
disulphide bond dependant folding of Flgl [28]. However, FtDsbAl
failed to restore the motility in the AdsbA strain, showing migration
levels similar to the negative vector control (VC), suggesting an inability
to fold FlgI (Fig. 4E). This lack of activity could also be attributed to the
inability of EcDsbB to re-oxidize FtDsbAl. This seems less likely, as
EcDsbB has been demonstrated to oxidise heterologous DsbA proteins
[40] and can be complemented by FtDsbB [65] suggesting a conserved
mechanism that is supported by their significant (40 %) sequence
identity. PL263 (AdsbC, AmdoG) was used to assess the disulphide
isomerase activity of FtDsbA1 in vivo as previously described [46]. The
strain is unable to synthesise membrane-derived oligosaccharides,
which consequently triggers RcsF dependant colanic acid synthesis,
resulting in a distinctive mucoidal phenotype. RcsF contains
non-consecutive cysteine bridges that demand disulfide isomerisation,
as such, only Dsb-like proteins with disulphide isomerase activity can
restore this mucoidal phenotype. Cells expressing FtDsbA1l showed no
difference in mucoidal morphology compared to the empty VC and
exhibited a significantly diminished phenotype compared to the EcDsbC
expressing control, as visually assessed by the absence of a haze sur-
rounding the cell mass on the agar surface (Fig. 4F).

4. Discussion

The periplasm of Gram-negative bacteria harbour enzymes known as
Dsb proteins, which catalyse the formation of disulphide bonds in a wide
range of cell envelope and secreted proteins that facilitate bacterial
colonisation, proliferation and persistence [79,20,24,38,4]. The proto-
typical Dsb system includes thiol oxidases DsbA, DsbB and disulfide
isomerases/reductases DsbC and DsbD, although there is significant
diversity in the Dsb pathways among bacterial species [43]. This di-
versity is often manifested through the presence of multiple DsbA ho-
mologues or modifications to the shared thioredoxin fold which confer
distinct functionalities [8,77,83,82,84,25,43].

One bacterium that showcases variations to the oxidative folding
system is Francisella tularensis, causative agent of tularaemia and one of
the most infectious bacterial pathogens known [80,13]. Owing to its
infectivity and ability to be transmitted through multiple routes
including insect bites, contact with infected animals or water, and
inhalation of aerosolised organisms, this zoonotic bacterium has the
potential to be misused as an agent of biological warfare [9,10]. The
ability of this bacteria to infect hosts and to evade current antibiotic
agents have been tied to its distinct disulphide catalysis pathway [68,
71], which encompasses two DsbA proteins; FtDsbA1 [74] and FtDsbA2
[66], and a DsbB homologue; FtDsbB [65]. Notably its catalysis pathway
lacks any distinct isomerase machinery, a crucial function accommo-
dated for by the bifunctional FtDsbA2 [7,67,71].

The present study aimed to investigate the mostly uncharacterised
FtDsbA1l. Through structural analysis we show that this protein has a
novel DsbA-like architecture, which retains the identifiable TRX-like
domain (B201B3 - PaPsay) and the alpha helical insertion domain (g —
as) characteristic of DsbA-like oxidases [78], but includes several
non-canonical structural elements. For example, FtDsbAl has an
extended N-terminus with a long unstructured loop and two alpha he-
lices that wrap around the TRX-fold. Its closest structural homologues,
the trimeric BefH and WpDsbA2 [83,19,62], or dimeric Dsb proteins like
EcDsbC [53] and EcDsbG [23], use their long N-terminal extensions for
oligomerisation. However, FtDsbAl is monomeric as shown by AUC and
X-ray crystallography. As FtDsbAl is predicted to be
membrane-associated due to the presence of a putative lipid-binding
motif in the signal sequence [48], the extended N-terminus may pro-
vide conformational flexibility to better orient the enzyme’s catalytic
face when attached to the membrane.

A notable observation in the structure of FtDsbA1 is that it features
three helices inserted within the p4psa; motif, two between the p strands
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and a third preceding the last a7 helix (Fig. 1C). Long insertions in this
core component of the TRX motif are highly atypical, with some DsbAs
only featuring a short a-helix turn directly preceding ps (BcfH [83] and
a-WpDsbA1l (PDB ID 3F4R [41])) or prior to oy (Class Ia and Ib DsbAs
such as S. enterica DsbA (PDB ID 3L9S [25]) and Vibrio cholerae DsbA
(PDB ID 4DVC [87]). Instead, FtDsbA1 has a 17-residue a¢-loop-og motif
linking p4 and s and a two turn o-helix (®e) preceding ay. These in-
sertions completely change the overall TRX topology of FtDsbAl
(Fig. 1G and H), particularly regions adjacent to the CXXC catalytic
centre. Structural changes compounded by the sequence divergence also
alter the surface properties of FtDsbAl. Unlike the canonical EcDsbA,
which features a hydrophobic patch and a long hydrophobic peptide
binding groove [78,50] to facilitate the binding of cognate oxidase and
substrate proteins [34,60], FtDsbA1l has a mostly basic surface and lacks
the deep peptide-binding hydrophobic channel near the active site. This
suggests that FtDsbAl has different substrate specificity compared to
typical DsbAs.

FtDsbA1 also possesses a distinctive active site characterised by a
CGKC motif, which lacks the histidine residue commonly found in DsbA
enzymes [78,69], and an atypical Pro-1 residue (Gly;73). In EcDsbA, a
C-terminal histidine (CXHC) has been shown to stabilise the thiolate
group of the reduced N-terminal catalytic cysteine through electrostatic
interaction with its sidechain and a hydrogen bond via its amide back-
bone [22]. These interactions, absent in the oxidised form, contribute to
the higher stability of the reduced form compared to the oxidized form
[5,46] and promotes oxidative activity by making the reduction of DsbA,
through the oxidation of its substrates, thermodynamically favourable
[22,21,69]. However, the crystal structure of FtDsbAl reveals that the
equivalent residue, Lyssg, likely does not interact with the N-terminal
cysteine thiolate and rather is oriented firmly towards the solvent
exposed surface of the enzyme. Consequently, FtDsbA1 exhibits similar
stability in both its oxidised and reduced forms, as demonstrated by
thermal unfolding experiments (Fig. 3D). Since DsbA homologues
frequently have a destabilising disulphide bond which facilitates the
donation of the disulphide bond to substrates [91], this may result in
FtDsbA1 being a less efficient oxidase activity.

Another characteristic property of TRX-like proteins is a conserved
cisPro loop, which precedes the ppa motif and is adjacent to the CXXC
site in the three-dimensional structure. This loop was previously shown
to be critical for substrate binding and modulating the redox properties
of TRX proteins by interacting with the N-terminal catalytic cysteine
[38,60,72]. In the case of FtDsbAl the equivalent proline is in a trans
configuration,which rarely seen, with examples limited to one monomer
of the trimeric DsbA-like protein BefH [83], and in Epslp- a TRX-like
protein from Naumovozyma dairenensis [6]. This altered conformation
results in the Qp79Giys3-transP174 loop mapping away from the
Cs57Gs8Ks59Ce0 motif, preventing any interactions between the loop res-
idues and the catalytic cysteines. However, while Glyj73 is unable to
interact with the N terminal cysteine (Cyssy) the sidechain of Hisyys is
only 4 A away from this cysteine, suggesting it may- albeit weakly,
interact. Confounding this however is a Zn?" ion present within the
active site of FtDsbAl (an artifact from the crystallisation solution)
which His;zs is only 2.3 A away from, obscuring this residue’s true
orientation in the FtDsbA1 active site.

Although the function of the trans-proline loop is unclear, it has been
speculated that this conformation may slow-down the catalytic rate by
influencing substrate retention [83]. Additionally, a consequence of the
unique sequence elements utilised by FtDsbA1 is completely altering the
outline of the groove that in DsbA proteins in involved in substrate
binding. However, despite the numerous structural differences, FtDsbAl
appears to function as a thiol-oxidase, being monomeric in solution —
characteristic of DsbA oxidases, having a comparable redox potential to
EcDsbA [91,33], and an ability catalytically oxidise DTT at rates com-
parable to EcDsbA (Fig. 4A and B). However, FtDsbA1 lacks the hall-
marks of the canonical oxidases, such as hydrophobic surface properties
for unfolded substrate interaction and stabilisation or a cis-proline loop
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for binding and positioning the substrate protein near the CXXC centre
for catalysis. The highly atypical structure and modifications to the
active site likely limits FtDsbA1’s substrate specificity as shown by this
protein being unable to interact with and catalyse thiol oxidation in a
F. tularensis substrate and reference E. coli DsbA substrates both in vitro
and in cell-based assays.

5. Significance and conclusions

In conclusion, the present study underscores the remarkable adapt-
ability and functional diversity of thioredoxin (TRX) fold proteins,
which are essential across all forms of life for their roles in redox
regulation, protein folding, and defence against oxidative stress [79,20,
24,38,4]. By incorporating new variations into an ancestral fold through
structural modifications, such as extensions, insertions and recombina-
tion of domains, these proteins have evolved diverse functions (Fig. 5).
Our findings on FtDsbA1 emphasize the extreme levels of structural and
functional structural malleability of TRX fold proteins, demonstrating
that this fold supports insertions within its core modules to fine-tune
protein functionality and specificity. This new knowledge will not
only enhance the precision of structural predictions, particularly for TRX
proteins, but will also have significant implications for biomedical
research and drug discovery, give the multifaceted roles of TRX-like
proteins in cellular processes, redox signalling pathways, and disease
states [20,24,4].

Four main sites within the thioredoxin-core fold have been identified
that can tolerate structural modifications, which in turn lead to func-
tional diversity between members of the TRX-like protein superfamily.
1. N-terminal extensions. Long extensions before the first f-strand of the
fop motif commonly results in oligomerisation. For example, dimer-
ization in TRX-proteins such as DsbC and DsbG (EcDsbC shown (PDB ID

((r
\7'@
]
£ O

DsbA

@3 SOy

Insertions in Connecting Helix

Connecting helix

Computational and Structural Biotechnology Journal 23 (2024) 4324-4336

1EEJ [53]) occurs via interactions between N-terminal f sheets.
Conversely, trimeric TRX-like proteins like BefH contain a long N-ter-
minal o helical extension that allow homo-trimerization (PDB ID 7JVE
[83]). Additionally, monomeric TRX and DsbA homologues feature
short N-terminal extensions that fold to their characteristic 5-stranded
sheet core scaffold (E. coli TRX (PDB ID 2TRX [39]) and EcDsbA (PDB ID
1FVK [22]) are shown). 2. Insertions within the TRX connecting helix
region. The region spanning the two TRX- motifs; paf—fpo, is highly
susceptible to modification and can tolerate large insertions without
compromising the integrity of the TRX core fold. A large insertion
encompassing five alpha helices can be found in DsbA homologues [50]
while in bacterial arsenate reductases (E. coli ArsC is shown (PDB ID
119D [51])) the topology of the connecting helix insertion comprises
only either one or three alpha helices. Additionally, glutathione perox-
idases (GPX) [61] (bovine GPX1 is shown (PDB ID 1GP1 [16]) utilise a
varied insertion, although universally sharing one helix followed by a
series of o-helices and B-strands. 3. C-terminal modifications. The
C-terminal region following the TRX-core fold is subject to modification
with diverse outcomes, although, like the N-terminus, often is used to
facilitate oligomerisation. In some examples of typical 2-Cys peroxir-
edoxins (Prx) (murine thioredoxin peroxidase 2 is shown (PDB ID 1QQ2
[271)) an inter-protomer disulphide bond is formed between cysteines
located at the C-terminal tip of oy in the TRX-core fold and the C-ter-
minus which contributes to stabilising the dimeric structure and is used
in catalysis. Similarly, the glutathione S transferase proteins (GST)
(murine glutathione S-transferase is shown (PDB ID 6GST [90])) also
utilise their C-terminus, which contains a bundle of six helices, to
facilitate dimerisation and catalysis [1]. 4. C-motif insertions. Signifi-
cant modifications within the core TRX motifs themselves are rare, with
examples limited to a helical turn bridging s and a7 in many Class I
DsbA homologues [54] and a helical turn spanning f4 and fs in both

38 Typical 2-Cys Prx

C-terminal Extensions

FtDsbA1l

Fig. 5. Modifications within the TRX-fold lead to functional diversity.
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BefH (PDB ID 7JVE [83]) and WpDsbAl (PDB ID 3F4R [41]). The
FtDsbA1 structure presented in this work represents one of the only
proteins yet described which features significant modification inside the
core of the TRX-motif. A more detailed analysis of the structural dif-
ferences between TRX-like proteins can be found in the supplementary
material (Supplementary Figure A6).
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