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ARTICLE INFO ABSTRACT

Keywords: PaaX is a transcriptional repressor of the phenylacetic acid (PAA) catabolic pathway, a central route for bacterial
Phenyla‘cetylll—coenzym‘e A aerobic degradation of aromatic compounds. Induction of the route is achieved through the release of PaaX from
Aromatic biodegradation its promoter sequences by the first compound of the pathway, phenylacetyl-coenzyme A (PA-CoA). We report the

Folding intermediates crystal structure of PaaX from Escherichia coli W. PaaX displays a novel type of fold for transcription regulators,

showing a dimeric conformation where the monomers present a three-domain structure: an N-terminal winged
helix-turn-helix domain, a dimerization domain similar to the Cas2 protein and a C-terminal domain without
structural homologs. The domains are separated by a crevice amenable to harbour a PA-CoA molecule. The
biophysical characterization of the protein in solution confirmed several hints predicted from the structure, i.e.
its dimeric conformation, a modest importance of cysteines and a high dependence of solubility and thermo-
stability on ionic strength. At a moderately acidic pH, the protein formed a stable folding intermediate with
remaining a-helical structure, a disrupted tertiary structure and exposed hydrophobic patches. Our results
provide valuable information to understand the stability and mechanism of PaaX and pave the way for further
analysis of other regulators with similar structural configurations.

1. Introduction aerobic and anaerobic conditions (see [3,4] for extensive reviews). The
aerobic degradation of PAA by bacteria starts with the esterification of

Aromatic compounds are abundant in soil and water coming from PAA with coenzyme A (CoA) by a phenylacetyl-CoA (PA-CoA) ligase,
different sources. They are highly resistant to biodegradation, and their such as the PaaK protein, a usual mechanism in anaerobic degradation
biological transformation is usually carried out by bacteria and fungi pathways [3,5]. The route is subsequently continued by the enzymes
[1,2]. In particular, the degradation of phenylacetic acid (PAA) and its encoded in the paa gene clusters [6]. PA-CoA is therefore the common
derivatives can be carried out by several bacteria and fungi both in intermediate of the large PA-CoA catabolon [3,5]. The importance of
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these pathways relies on the fact that the PAA degradation routes
constitute the main CoA-dependent metabolic pathway for aromatic
compounds in bacteria [3], being present in around 16 % of the bacterial
sequence genome [7]. However, despite its widespread presence in the
microbial realm, the role of PAA is still largely unknown [3].

The GntR-type transcriptional regulator PaaX, which is encoded in
one of the paa clusters, represses the expression of the PAA aerobic
degradation pathway enzymes, binding to the Pa, Px and Pz operator
sequences of the clusters in the absence of PA-CoA and releasing when
the ligand is present, thus activating the route [6]. PaaX also inhibits the
expression of the enzyme penicillin G acylase (PGA), a scavenger
enzyme that hydrolyzes esters and amines of PAA [8,9] and is also
involved in the repression of the enzymes of the styrene degradation
pathway in Pseudomonas sp. strain Y2, which produces PAA as its final
catabolite [10]. Therefore, PaaX is currently considered a central regu-
lator in the aerobic degradation of aromatic compounds derived from
PAA in several microorganisms [5].

The consensus DNA binding site for PaaX in E. coli W has been
postulated to be a palindromic sequence composed of two moieties of six
nucleotides separated by 27 base pairs [8]. The PaaX binding site is
situated overlapping the RNA polymerase (RNAP) binding site or
immediately downstream it, hence preventing the formation of the
RNAP complex [11,12]. Conversely, the PaaX binding site is upstream
the RNAP binding site of the PGA promoter and, in this case, PaaX
attachment has been reported to prevent binding of cAMP receptor
protein (CRP), which is necessary for the activation of the RNAP com-
plex [8]. This last mechanism of transcriptional repression is uncommon
among transcriptional regulators.

It has been shown that the accumulation of toxic intermediates of
phenylacetate catabolism might also promote the virulence of pathogens
[3] such as Burkholderia cenocepacia and Mycobacterium abscessus, which
are involved in lung infections in immunocompromised patients or in
cystic fibrosis cases [7,13]. Moreover, the regulation of the PAA route
seems to be related to the response of Acinetobacter baumannii to anti-
biotics [14,15]. In addition, it has also been suggested that PAA cata-
bolic routes by Escherichia coli and other gut bacteria could lead to the
accumulation of phenols with incidence in some forms of leukemia
[7,16]. Therefore, the importance of the PAA route and its regulation
might encompass health issues such as bacterial pathogenicity as well as
antimicrobial resistance [3,7].

Little is known about the structure of PaaX and other GntR-type
regulators. The crystal structures of similar repressors from Jannaschia
sp. (PDB: 3L09) and Mycobacterium tuberculosis (PDB: 3KFW) have been
deposited in the Protein Data Bank database, but no further structural or
biochemical studies have been carried out on these proteins [3,4]. In this
study, we report the crystal structure of a histidine-tagged version of
PaaX from E. coli W along with a characterization of protein stability,
oligomerization and substrate binding using techniques such as analyt-
ical ultracentrifugation, fluorescence spectroscopy and circular dichro-
ism. This structural analysis provides important cues in understanding
the mechanisms by which PaaX binds to DNA and its inducer PA-CoA
and thus represses or enables transcription.

2. Materials and methods
2.1. Bacterial strains, plasmids and growth conditions

E. coli MV1184 [17] was used to express a histidine-tagged PaaX
fusion protein. E. coli AF141X is a reporter strain used to study the
biological function of PaaX in vivo [18]. It is an E. coli W14 derivative
[12] with the insertion in its chromosome of a mini-Tn5Km2 Px::lacZ
transposon, which confers resistance to rifampicin. As a W14 strain
derivative is auxotroph for vitamin B12 and has a deletion of the paa
gene clusters and of the lacZ gene. The mini-Tn5Km2 Px::lacZ trans-
poson contains a fusion of lacZ gene with the paaXY operon, Px. This
reporting fusion is useful for studying the regulation of the Px operon by
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PaaX.

pX2BS is derived from pQE32 (QIAGEN) with the E. coli W paaX gene
cloned in its poly-linker as a BamHI/Sacl fragment obtained via PCR
from pAAD plasmid [6] using X5-Bam and X3-Sac oligonucleotides
(Table S1). pAFX2 is a derivative of pCKO1 [19], a low copy number
plasmid, and it expresses the E. coli W paaX gene under the control of a
Pyqc operon [6]. pAFKS is a derivative of pUC18 [17] that expresses the
paaK gene under the control of a Plac operon [6]. pAAD is also a de-
rivative of pCKO1 and contains the complete paa pathway genes [6].

E. coli AF141X and plasmids pX2BS, pAFKS5, pAAD and pAFX2 were
generously donated by Dr. José Luis Garcia from the Centro de Inves-
tigaciones Bioldgicas Margarita Salas, Madrid, Spain.

E. coli AF141X was grown at 30 or 37 °C in M63 minimal medium
[20] supplemented with vitamin B12 (1 pg/mL), glycerol (20 mM) and,
when indicated, PAA (5 mM). When appropriate, antibiotics were added
at the following concentrations: ampicillin (100 pg/mL), chloram-
phenicol (35 pg/mL), kanamycin (50 pg/mL) and tetracycline (20 pg/
mL).

2.2. Site-directed mutagenesis

Site-directed mutagenesis to construct the cysteine to alanine mu-
tants (C168A, C189A, C264A, C312A) was performed using the Quik-
Change Site-Directed Mutagenesis Kit (Agilent) using the
complementary oligonucleotides displayed in Table S1.

2.3. Expression and purification of PaaX

E. coli MV1184 competent cells were transformed with pX2BS
plasmid. An LB culture inoculated with a fresh single transformant
colony was grown overnight at 37 °C at 200 rpm and then diluted 100
times in 1 L LB medium and grown at 30 °C at the same speed until the
optical density at 600 nm was 0.5-0.6. Then IPTG was added to a final
concentration of 1 mM. The culture was incubated overnight at 30 °C to
allow the expression of PaaX.

Cells were pelleted at 4 °C at 5000 rpm for 15 min in a Beckman
L8-70 centrifuge with a JA-10.000 rotor. Cells were resuspended in 40
mL of Im20 buffer (50 mM sodium phosphate pH 8, 300 mM NaCl and
20 mM imidazole) per liter of culture and sonicated in ice using 8 cycles
of 15 s, separated by 30-sec intervals, in a Branson 250 sonicator. The
sonicated cells were centrifuged at 4 °C and 9000 rpm for 20 min in a JA-
20.000 rotor. The supernatant contained most of the expressed PaaX as
deduced from SDS-PAGE analysis (15 % acrylamide) [21]. The super-
natant was incubated with 5 mL chelating sepharose resin (Chelating
Sepharose Fast Flow, Amersham Biosciences) loaded with Ni?*, and
gently shaken for 1 h at room temperature (RT). The resin was washed
twice with Im20 buffer and twice with Im100 buffer (as Im20 but con-
taining 100 mM imidazole instead). Finally, the resin was packed in a
chromatographic column and eluted with Im400 buffer (50 mM sodium
phosphate pH 8, 500 mM NacCl, 400 mM imidazole and 20 % glycerol).
Glycerol was added at this stage to enhance the stability and solubility of
the protein. Samples for analytical ultracentrifugation were eluted in 20
mM Tris-HCI pH 8 buffer with 500 mM NaCl and 400 mM imidazole.
Fractions of 1.5 mL were collected. The purity of the eluted protein was
checked by SDS-PAGE.

The most concentrated fractions according to SDS-PAGE were
desalted to eliminate imidazole using HiTrap Desalting columns (Cytiva)
as described by the manufacturer’s instructions. UV spectroscopy was
then used to measure protein concentration. Molar extinction coefficient
at 280 nm (e2g0nm) Was calculated with Eq. (1) [22]:

€250 (M~'em™") = NW x 5500 + NY x 1490 4+ NC x 125 (@)
where NW, NY and NC represent the number of tryptophan, tyrosine and

cysteine residues, respectively. This formula produces a €sgonm for PaaX
and PaaX-C4 of 46,553 M lem ™.
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2.4. Determination of free cysteines

Ellman’s reagent (5,5-dithio-bis-(2-nitrobenzoic) acid or DTNB,
Sigma) was used to determined free cysteines in PaaX and its mutants
[23]. Briefly, a DTNB stock was freshly prepare at 40 mM in 100 mM
phosphate buffer at pH 8. Then, 0.2 mg/mL protein, 1 % SDS, and 1 mM
DTNB were mixed in a total volume of 600 L. After a 30 min incubation
at RT, absorption at 412 nm was measured to determine the amount of
thionitrobenzoic acid (TNB) formed, using the reported extinction co-
efficient 13,600 M~ ecm ™!, which is proportional to the moles of free
cysteines present in the sample. Experiments were repeated twice with
different samples.

2.5. p-Galactosidase assay

B-Galactosidase activities were measured with permeabilized cells
from cultures grown to mid-log phase, as described by Miller [20].

2.6. Electrophoretic mobility shift assays (EMSA)

A radioactively labelled 280-base-pair probe containing the Pa pro-
moter was prepared by PCR using oligonucleotides PAP and 32P-labelled
PA5-1 (Table S1), and the plasmid pAAD as template [6]. Labelling of
PA5-1 was performed using T4 polynucleotide kinase (Merck) and
[y—32P]ATP (3000 Ci/mmol, Perkin Elmer).

The binding reaction contained the specified amount of purified
PaaX or PaaX-C4 and 0.5 nM of 32P-labelled probe in 20 mM Tris-HCl
pH 7.5 with 10 % glycerol, 50 mM KCl and 2 mM 2-mercaptoethanol.
Samples were incubated for 15 min at RT. Electrophoresis of the bind-
ing reaction was carried out in a 5 % polyacrylamide gel polimerized in
0.25x TBE (Tris-borate-EDTA buffer) run at 60 V for 2 h at 4 °C in 0.5x
TBE (45 mM Tris borate, 1 mM EDTA). The gels were then dried onto
Whatman 3MM paper and exposed to Hyperfilm MP (Cytiva
Amersham).

2.7. Crystallization, X-ray data collection and processing

PaaX crystal production, X-ray data collection and processing were
carried out as previously described [24].

2.8. Crystal structure solution, model building and refinement

PaaX crystal structure was solved by molecular replacement method,
as implemented in MORDA [25] from the AutoRickshaw pipeline
[26,27] using an ab initio model given by AlphaFold2 [28] as a search
model. A similar model was also achieved combining the model given by
AlphaFold2 and ARCIMBOLDO_SHREDDER pipeline [29-31]. In this
case, the multicopy mode was activated to locate with Phaser four copies
of the prioritized fragments [32]. After the multicopy step, density
modification and auto-tracing with SHELXE [33] was performed on the
best probes. The resulting trace was characterized by a 38 % CC for 729
residues. Additional model building with SHELXE [34] completed the
model with side-chains, revealing that the structure only contained
three of the four expected copies. The final solution had 804 residues out
of the total 1308 and a CC of 46 %. A merged model derived from both
pipeline was then initially subjected to iterative cycles of model building
and refinement with Coot [35] and REFMAC [36], respectively. Final
cycle refinements were performed with PHENIX [37] yielding the
refinement and data collection statistics summarized in the Table 2. The
PaaX final model has a Ryork/Rfree Of 0.19/0.23 with 0.99 % of the
residues in disallowed regions of the Ramachandran plot. Figures were
generated using PyMOL [38] and UCSF ChimeraX [39]. Coordinates
were deposited in the Protein Data Bank database (PDB code: 8A39).

A simulation movie representing the possible interdomain move-
ments of PaaX was created with UCSF Chimera 1.16 program (developed
by the Resource for Biocomputing, Visualization, and Informatics at the

International Journal of Biological Macromolecules 254 (2024) 127935

University of California, San Francisco, with support from NIH P41-
GM103311) [40], as a morphing sequence containing the three
different monomer conformations found in the unit cell (https://saco.cs
ic.es/index.php/s/TeYjq7293yYzZ8R, Supplementary movie M1).

2.9. Protein homology search

Methods used for sequence and structural homology search were
HHPred [41], DALI [42] and Foldseek [43].

2.10. Analytical ultracentrifugation

Analytical ultracentrifugation of PaaX was performed at several
protein concentrations, 2-35 pM for sedimentation equilibrium and
5-20 pM for sedimentation velocity. PaaX C-4 sedimentation velocity
experiments were performed in a range of 5-38 pM. Experiments in the
presence of PA-CoA were carried out at a concentration of 50 pM, more
than ten-fold the dissociation constant (Kq) determined by fluorescence
spectroscopy (2.5 pM). All samples were processed in 20 mM Tris-HCl at
pH 8.0 with 500 mM NaCl, and 1 mM (tris(2-carboxyethyl-phosphine)
(TCEP) in the case of wild-type PaaX. Glycerol was removed in analytical
ultracentrifugation experiments because it increases the density and
viscosity of the solutions, in addition to magnifying solvation contri-
butions to the buoyancy of macromolecules. These modifications might
interfere in the correct determination of sedimentation coefficient by
sedimentation velocity and of the molecular weight by sedimentation
equilibrium.

Sedimentation velocity runs were carried out at 48000 rpm and
20 °C in a XL-I analytical ultracentrifuge (Beckman-Coulter Inc.) with a
UV-Vis optics detection system, using an An50Ti rotor and 12-mm
double-sector centerpieces. Absorbance scans were collected at 280
nm. Additional wavelengths of 290 nm or 295 nm were used when PA-
CoA or CoA were present. Sedimentation coefficient distributions were
calculated by least-squares boundary modeling of sedimentation veloc-
ity data using the c(s) method [44], as implemented in the SEDFIT
program. These s-values were corrected to standard conditions (water,
20 °C, and infinite dilution) using the SEDNTERP program [45] to obtain
the corresponding standard s-values (s20,w).

Sedimentation equilibrium studies were conducted to determine the
state of association of PaaX. The sedimentation equilibrium runs were
carried out at multiple speeds (9500, 11,000 and 13,000 rpm) and
wavelengths (230, 250, 280 and 290 nm) with short columns (90-100
uL), using the same experimental conditions and instruments as for the
sedimentation velocity experiments. After the equilibrium scans, a high-
speed centrifugation run (48,000 rpm) was done to estimate the corre-
sponding baseline offsets. The weight-average buoyant molecular
weight of PaaX was determined by fitting data to the single species
model using the Hetero Analysis program (retrieved from the FTP site of
the Analytical Ultracentrifugation Facility of the University of Con-
necticut, Storrs, CT, ftp://spin6.mcb.uconn.edu). The molecular weight
of the protein was determined from the experimental buoyant masses
using 0.743 as the partial specific volume of PaaX as calculated from the
amino acid composition using the SEDNTERP program [45].

2.11. In silico ligand docking methods

The PDB 3D model of PA-CoA was created with ChemDraw 22.2 and
subjected to energy minimization using Chem3D 22.2 (Perkin Elmer
Informatics). The molecule was then prepared for docking using UCSF
Chimera 1.16 [40]. Both target (dimer extracted from PDB 8A39) and
ligand files were submitted to the SwissDock server (http://www.swiss
dock.ch/) [46], and generated complexes with the lowest energies were
selected for analysis.
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2.12. Fluorescence spectroscopy

2.12.1. Fluorescence spectra

Emission scans were carried out at 20 °C on an Aminco SLM8000
spectrofluorometer using a 5 x 5 mm path length cuvette and a protein
concentration of 0.1 mg/mL (2.73 pM). Tryptophan emission spectra
were obtained using an excitation wavelength of 295 nm for the PA-CoA
binding experiments, with excitation and emission slits of 4 nm and a
scan rate of 60 nm/min. 8-anilinonaphthalene-1-sulfonic acid (ANS)
emission spectra were acquired using an excitation wavelength of 380
nm, with excitation and emission slits of 2 nm and a scan rate of 60 nm/
min.

2.12.2. Analysis of ligand binding

Binding to both CoA and PA-CoA was followed by monitoring tryp-
tophan fluorescence emission from 300 to 400 nm, with excitation at
295 nm. For PA-CoA titrations, the protein concentration was 3 pM, and
PA-CoA (Sigma) was added from a more concentrated stock up to a
concentration of 100 pM. For CoA titrations, PaaX was at 2.72 pM, and
CoA (Sigma) was added from a more concentrated stock up to a con-
centration of 10 mM. In both cases fluorescence emission intensity was
measured and the normalized decrease of intensity at 340 nm was then
plotted against PA-CoA or CoA concentrations to obtain binding curves.

Binding curves for PA-CoA were analyzed using the simplest model
for one identical and independent binding site per monomer when
ligand is not in excess of protein (Eq. (2)),

M+ LeML ()]

where M is the unbound protein monomer, L is the ligand and ML is the
complex formed by the monomer and bound ligand. The equilibrium is
governed by a binding constant (Kp)

[ML]
Ky =75 3
[M]L]
where K}, represents the binding constant. We can define the saturation
fraction (#) as the ratio between the concentration of the complex
formed ([ML]) and the total concentration of monomer ([M]7). Eq. (3)
can then be expressed in these terms:

0

= o (0 - onay) @
Rearranging Eq. (4) to express 6 as a function of [L]y:
2
(1t ) - (1+ e vt -
0= %)

2

Since the titrations reached saturation, we considered the normal-
ized change in fluorescence (AF/AFp.x) as a direct measure of the
saturation fraction 6. Protein concentration was fixed and PA-CoA
concentrations and the normalized change in fluorescence signal were
then inputted as variables, in order to obtain Kj, by using the SigmaPlot
10.0 software (Systat Software). Finally, dissociation constants (Kg)
were calculated as the inverse of Kp.

Binding curves for CoA were analyzed by a simplified model for one
binding site per monomer, assuming an excess of ligand compared to
protein, so [L] ~ [L]t. Therefore:

AF_Mp [

0= = N
AF, M)y Ki+ L] K+ [L]r

(6)

so Kq was directly estimated with an hyperbolic function using Sigma-
Plot 10.0.

2.12.3. pH titration
Protein samples were prepared at 0.1 mg/mL and pH was adjusted
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Table 1

Functional activity and thermostability of cysteine to alanine PaaX mutants.
Induction was measured as p-galactosidase activity in E. coli AF141X [pAFX2-
derived mutants, pAFK5]. Values are presented relative to the wild-type pro-
tein. Averages of at least two experiments are shown. Errors were lower than 15
%. The thermal unfolding midpoint temperatures (t,) were measured on puri-
fied hexahistine tagged proteins following the changes in ellipticity on
increasing temperature (Fig. 7A). ND: Not determined.

Protein Induction (%) tm (°C)
Wild-type 100 55.0 £ 0.1
C168A 34 ND
C189A 34 ND
C264A 168 ND
C312A 98 ND
C168A/C264A/C312A 34 51.2 +£0.1
C189A/C264A/C312A 13 52.5 + 0.1
C168A/C189A/C264A/C312A 23 52.2 + 0.1

using different buffers for each pH range: sodium phosphate buffer for
pHs 6-8, acetate buffer for pHs 4-5.6, glycine-HCI for pHs 2.4-3.6 and
KCI-HCI for pHs lower than 2.4. Buffer concentration was 100 mM and
NaCl was kept at 500 mM. After measuring tryptophan fluorescence
emission of each sample, pH was checked in situ with a Crison Basic-20
pH meter using a miniprobe.

The titration data were analyzed according to Eq. (7) [47]

_ Fouy + Fop 1070H-PK)

F= 1 + 10-7(ePH-PK) @

where F represents observed fluorescence signal, Fpp2 and F,py are the
fluorescence signal of the protein at pH 2 an pH 7, respectively, n is the
number of protons involved in the transition and pK is the average pK of
the groups involved in the transition.

2.13. Circular dichroism

Circular dichroism (CD) experiments were performed in a Jasco J-
810 spectropolarimeter equipped with a Peltier PTC-423S system.
Isothermal wavelength spectra were acquired at a scan speed of 50 nm/
min with a response time of 2 s and averaged over at least four scans at
20 °C. Protein concentration was 0.1 mg/mL (2.73 pM) and the cuvette
path length was 0.1 or 0.2 cm. Buffer was 20 mM sodium phosphate pH
8, 500 mM NacCl and 20 % glycerol unless otherwise stated. Samples
were centrifuged 5 min prior to CD measuring. Ellipticities ([0]) are
expressed in units of (deg cm? dmol 1), using the residue concentration
of protein after centrifugation. For CD-monitored temperature-scanning
denaturation experiments the sample was layered with mineral oil to
avoid evaporation, and the heating rate was 60 °C h™'. Since the tran-
sitions were not reversible, a thermodynamic analysis could not be
carried out and the curves were only fitted to sigmoidal transitions in
order to calculate the temperature midpoint (ty,).

3. Results and discussion

3.1. Role of cysteine residues and engineering of a crystallizable PaaX
variant

Our first attempts to determine the three-dimensional structure of
PaaX by X-ray crystallography were hampered by the poor solubility of
the protein. It has been described that one of the possible sources of
insolubility might involve free cysteine residues that usually behave as
strong hydrophobic entities [48] or that may react with other thiol
groups [49]. Additionally, free cysteine residues are known to difficult
the ordered arrangement of the protein molecules during crystallization
trials [50,51]. In this regard, PaaX contains four cysteine residues in its
sequence, namely Cys-168, Cys-189, Cys-264 and Cys-312. We per-
formed an Ellman assay on purified PaaX which yielded an average of
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Fig. 1. Binding of PaaX and PaaX-C4 to DNA in vitro. Electronic mobility shift
assays (EMSA) using a 280-bp probe containing the sequence of the PaaX
binding site from the Pa promoter (from position —87 to +187 relative to the
major transcription start). In both cases, each lane was loaded with 0.5 nM 32p-
labelled probe in 20 mM Tris-HCI pH 7.5 with 10 % glycerol, 2 mM 2-mercap-
toethanol and 50 mM KCl. Purified PaaX or PaaX-C4 was added to the wells at
the concentrations indicated under each lane (nanomolar). Aggregation was
visible with both proteins, although complex bands are evident at protein
concentrations between 10 and 150 nM.

3.9 + 0.3 mol of thionitrobenzoic acid per mole of protein, therefore
discarding the presence of disulfide bridges. We then decided to ex-
change each of the four cysteine residues in PaaX by alanine and analyze
the role of these residues in the activity of the protein. With this aim, we
employed an in vivo reporter assay on the repression of the lacZ gene
under the control of the Px promoter in the E. coli strain AF141X [18]
(Table 1). PaaX variants were expressed after site-directed mutagenesis
of the paaX gene in plasmid pAFX2 [6]. In these assays, p-galactosidase
activity was only detected when the strain was grown in the presence of
both phenylacetic acid (PAA) and a second, compatible plasmid, pAFKS5,
which encodes the PaaK PA-CoA ligase from E. coli W [6]. In the absence
of inducer, all the PaaX variants completely repressed lacZ expression,
with no measurable f-galactosidase activity unless PAA was added to the
culture medium (Table 1). The C312A mutant displayed a similar in-
duction level as the wild-type protein, whereas the C264A mutant
showed a 1.7-fold higher induction and C189A and C168A mutants
exhibited 3-fold lower activations. Triple mutants C168A/C264A/
C312A and C189A/C264A/C312A both displayed induction levels lower
than the wild-type form, indicating that the hyperactivating C264A
mutation could not overcome the effect of the C168A or C189A changes.
The quadruple mutant with no cysteines at all (C168A/C189A/C264A/
C312A) induced a roughly similar activity (23 %) than the single C168A
and C189A mutants, as well as the triple mutants, indicating that the
decrease in activity due to the C168A and C189A mutations was not
additive. In any case, while the differences in activation may truly reflect
the effect of conformational changes in the mutants as compared to the
wild-type form, their non-additivity and moderate scope (less than one
order of magnitude) might also reflect different levels of expression of
the protein in the cell.
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Table 2
X-ray crystallographic data collection and refinement statistics.

Data collection

Space group C2
Cell dimensions
a, b, c (;\) 167.88, 106.23, 85.87
o B,y ) 90, 108.33, 90
Wavelength (A) 0.93340

Resolution (&) 44.20-2.30 (2.40-2.30)"

Rpim 0.04 (0.40)
CC(1/2) 0.99 (0.99)
Mean I/o6(I) 20.9 (2.8)
Completeness (%) 99.9 (99.9)
Redundancy 3.7 (3.7)
Refinement
Resolution (A) 44.20-2.30
No. Reflections 63,235
Rwork/Riree 0.19/0.23
Molecules per a.u. 3
No. Atoms
Protein 7209
Ligands 112
Water 181
Ramachandran
Favored/Allowed (%) 95.49/3.52
Disallowed (%) 0.99
R.m.s. deviations
Bond lengths A 0.011
Bond angles (°) 1.361
PDB code 8A39

@ Values in parentheses are for highest-resolution shell. One crystal was
used to solve the structure.

In any case, as the Cys — Ala mutants were able to both repress
transcription and be regulated by PA-CoA, we overexpressed and puri-
fied a histidine-tagged variant of PaaX with all four cysteines changed to
alanine, (PaaX-C4, hereafter) by immobilized metal affinity chroma-
tography (IMAC), observing that the C4 variant turned out to be much
more soluble than its wild-type counterpart at high protein concentra-
tions. To confirm the integrity of the PaaX-C4 protein, an electrophoretic
mobility shift assay (EMSA) was carried out to check its ability to bind to
a DNA probe containing the PaaX binding site from the Pa promoter
[6,8] (Fig. 1). Both PaaX versions formed two complexes with this probe,
one appearing at ~50:1 protein:DNA molar ratio and a second, less
abundant one with lower mobility at somewhat higher protein con-
centrations (150-200:1 protein:DNA molar ratio). Aggregation of both
proteins was observed at the highest concentrations as the signal of the
marked probe was visible in the loading wells (Fig. 1). Overall, these
results indicate that both purified variants are active in vitro with
similar binding efficiency. Therefore, we used PaaX for most biochem-
ical assays described below, whereas we used its more soluble PaaX-C4
version for the crystallographic experiments.

3.2. Crystal structure of PaaX-C4

3.2.1. General overview

PaaX-C4 crystals yielded high diffraction-quality data to 2.3 A res-
olution and the structure was solved in parallel by molecular replace-
ment using the model provided by the AlphaFold ab initio structure
prediction algorithm [28] implemented in Auto-Rickshaw [52] and by
using ARCIMBOLDO_SHREDDER pipelines [29-31] (Table 2). The
structure of PaaX is composed of an N-terminal winged helix-turn-helix
(wHTH) domain (residues 1-99), a papap-fold middle domain (residues
105-173) showing, as described below, similarity with the Cas2 protein
from Enterococcus faecalis (Cas2-like domain, hereafter) [53], and a C-
terminal domain without any other previous similitude (residues
177-307) (Fig. 2A-B). The final eight residues (308-316) were not
included in the model due to the lack of electron density for this region.
Three independent molecules were found in the asymmetric unit
showing a very similar overall fold (Fig. S1) but with slightly different
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Fig. 2. Crystal structure of PaaX. (A) Domain organization of PaaX. (B) Cartoon model of the PaaX monomer. (C) A dimeric model of PaaX superimposing the crystal
structure (yellow/blue) and the AlphaFold model (grey). (D) Dimer interface (left panel) displaying key residues for dimer interactions (right panel). (E) Super-
imposition of the Cas2-like dimer from PaaX and Cas2 dimer (left panel) and key interactions of the Cas2 dimer (right panel).



V.M. Herndandez-Rocamora et al.

204 A
- 154
=
s
=
‘@
S 104
E
0
[&]
0.5 1
0.0
T T T T T
1 2 3 4 5 6 7
Sedimentation Coefficient (S)
0.55 . PaaXNT AWM T
B PaaX WT 11 uM + PA-CoA 50 uM
050 L PaaX C-4 9.5 uM mg/mL ]
0.45 8
E 040f P J
c ~~ MONOMER
o
X 035+ 8
o
o 030 8
0.25 ]
0.20 + ]
0.15 L L L L
6.95 7.00 7.05 7.10 715 7.20
T T T T
2 001f o o° 8
,'E 0.00 Q@O %_A%UC%?@;D o 6@%}[@ %CO
g BB SR, 8 B, @ o0 b
-0.01 - ]
. . . .
6.95 7.00 7.05 7.10 715 7.20
radius (cm)

Fig. 3. Hydrodynamic experiments. (A) Distribution of sedimentation co-
efficients c(s) of 11 pM PaaX WT in the presence (solid line) or in the absence of
50 mM PA-CoA (dotted line), and of 9.5 pM PaaX-C4 in the absence of PA-CoA
(dashed line). Experiments were carried out at 48000 rpm and monitored by
absorbance at 280 nm. (B) Gradient at sedimentation equilibrium of 8.7 uM
PaaX (grey circles) at 9500 rpm, monitored at 280 nm. The solid and dashed
lines represent the theoretical gradients of a dimer and a monomer respectively.
The residuals plot below corresponds to the residuals of the fit of the experi-
mental data to the dimer model.

arrangements between the wHTH, the Cas2-like domain and the first
helix of the C-terminal domain (residues 173-190), resulting in a rmsd
ranging from 0.46 to 1.11 A for Ca superimposition between monomers
and reflecting some relative mobility between them (Fig. S1; Supple-
mentary simulation movie M1). This intrinsic flexibility of the PaaX
monomer might be critical for in vivo recognition of PA-CoA and its
effect on DNA binding (see below).

Sequence and structural analysis from PaaX were performed by
combining HHpred (a server for protein remote homology detection and
3D structure prediction [41]), DALI (a network service for comparing 3D
protein structures [42]) and Foldseek (a searching algorithm to align
either the experimentally elucidated or predicted 3D structure of a query
protein against a database based on tertiary amino acid interactions
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[43]). Results provided by HHpred and confirmed by Foldseek revealed
that the highest overall sequence identity encompassing the three do-
mains (18-26 %) occurred with two deposited but non-published
structures putatively functioning as transcriptional regulators (PDB
code: 3L09 from Jannaschia sp.; PDB code: 3KFW from Mycobacterium
tuberculosis) (Fig. S2) [3,4]. A deeper analysis excluding these two pro-
teins showed PaaX sequence homologs grouped either by the N-terminal
wHTH domain or by the papap-fold domain, while not finding any ho-
molog exclusively through the C-terminal domain. Thus, sequence ho-
mologs to the wHTH domain of PaaX were found in many transcription
regulator proteins, such as RosR from Halobacterium salinarum (PDB
code 6QFD), the closest one with a rmsd of 2.3 A for 77 Ca atoms su-
perimposition. Remarkably, as stated above, the sequence of the PaaX
Bapap domain was detected as being homologous to the Cas2 endor-
ibonuclease from E. faecalis (PDB code 5XVN, rmsd of 2.5 A for 65 Co
atoms superimposition), which is an essential protein for the bacterial
defence system mediated by CRISPR [53-55]. These results were
confirmed by the DALI analysis, which yielded very similar results (data
not shown).

3.2.2. Dimerization of PaaX

The consensus sequence of the Pa, Px and Pz promoters that are
recognised by PaaX involves two palindromic 6-bp sequences (5-
TGATTCI...]JGAATCA-3') separated by a 26-28-bp stretch [6,8], leading
to a mean theoretical distance between them of 118 A (assuming a
standard B-DNA conformation) and suggesting a dimeric configuration
for the protein. To ascertain the oligomeric state of PaaX in solution, the
purified protein was subjected to sedimentation velocity at different
protein concentrations. The analysis of data as a distribution of sedi-
mentation coefficients showed a single major species (>95 %) with an s
value of 3.6 S and a standard s value (s2ow) of 4.0 S at around 10 uM
protein, both for PaaX and PaaX-C4 (Fig. 3A). On the other hand, a
sedimentation equilibrium assay (Fig. 3B) was carried out to evaluate
the average size of the protein. The sedimentation equilibrium gradient
of PaaX at 8.7 pM fitted best with a single species of about 75,000 +
2000 Da. This is compatible with PaaX being a dimer in solution, taking
into account that the sequence-derived molecular mass of the histidine-
tagged PaaX monomer is 36,636 Da.

As we observed an unequivocal tendency of PaaX to dimerize in
solution either in the presence or in the absence of its PA-CoA ligand, we
analyzed the possible dimeric arrangements observed within the crystal
unit cell. In this vein, two different dimer possibilities were envisaged,
either by interaction through the f-hairpins contained in their wHTH
domains or through interaction between their Cas2-like domains. To
shed light on the likeliness of each configuration, we performed ab initio
complex formation prediction by using Al algorithms as implemented in
AlphaFold2 [28]. All solutions given by AlphaFold2 converged to a
single dimer arrangement mode through the Cas2-like domains, which
matched one of the mentioned dimers observed in the crystal packing
(Fig. 2C-D). In this regard, it should be mentioned that Cas2 dimeriza-
tion is needed to produce the functional Cas1-Cas2 CRISPR integrase
complex [53] and, in fact, the superimposition of E. faecalis Cas2 (PDB
code, 5XVN) and the PaaX Cas2-like domain dimeric structures reveals a
similar interaction mode involving 4 p-sheets from each monomer
(Fig. 2E) reinforcing the plausibility of the proposed dimer. Neverthe-
less, the dimerization interface in PaaX is built mainly by hydrophobic
forces, in which 10 residues from each monomer contribute to create a
strong hydrophobic core that is flanked by an external ionic triad con-
formed by residues Arg-185 and Glu-188 from one chain and Glu-116
from the other one (Fig. 2D), whereas while Cas2 displayed both hy-
drophobic and polar contacts (Fig. 2E).

3.2.3. Prediction of DNA binding mode

As the structural recognition of DNA by E. faecalis Cas2 has already
been described [54,55]), we explored DNA binding to the PaaX dimer by
using the 3D superimposition of PaaX Cas2-like domains onto the Cas2:
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Fig. 4. Putative dsDNA binding mode of PaaX. (A) PaaX Cas2-like dimer (yellow-dark blue) superimposed onto the Cas2 dimer in complex with dsDNA (PDB code,
5XVN, bright orange-slate blue) displaying the key residues involved in DNA binding. (B) PaaX wHTH domain (in blue) superimposed onto the wHTH binding
domain from RosR (PDB code, 6QFD, in orange) and TubR (PDB code, 4ASO, in purple) proteins. Conserved residues involved in DNA binding in this region are
represented as capped sticks and labelled. (C) Electrostatic potential surface of crystal PaaX dimer and its dsDNA binding mode. Blue and red regions represent
positive and negative potentials, respectively, while white regions represent non-polar surfaces.

DNA complex (PDB code 5XVN) (Fig. 4). Interestingly, the Cas2 a helix
involved in DNA binding by insertion into its major groove is also
conserved in Paax (residues 119-133). This interaction is amplified in
the dimer where the a helix from each monomer contributes to the DNA
binding (Fig. 4). The distribution of positively charged residues along
this helix was also partially conserved in PaaX with Lys-127 and Lys-128

oriented to DNA similarly to residues Arg-29 and Arg-30 in Cas2
(Fig. 4A). Furthermore, the wHTH domain provides a second DNA-
binding region, as seen for residues Arg-55 and Arg-77 which can be
aligned to DNA interacting residues Arg-52 and Arg-77 of RosR protein
(PDB code 6QFR) or Lys-54 and Arg-77 of TubR protein (PDB code
4AS0) (Fig. 4B). Collectively, the analysis of the electrostatic potential
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Fig. 5. In silico docking of PA-CoA on PaaX-C4 crystal structure. (A) Docking results on PaaX dimer. Dark cyan, light brown and purple ribbons indicate the wHTH,
Cas 2-like and C-terminal domains, respectively. The putative DNA-binding helix comprising residues 119-133 and belonging to the Cas 2-like domain is depicted in
dark brown. Docked PA-CoA molecules are shown in stick representation. (B) Electrostatic potential representation of the PA-CoA:PaaX docking complex model. Blue
and red regions represent positive and negative potentials, respectively, while white regions represent non-polar surfaces. (C) detailed view of the PA-CoA binding

site and the residues contacting the ligand.

surface in the dimer revealed a 120 A long basic patch spanning from
wHTH1 to wHTH2, in which the DNA molecule can be accommodated
(Fig. 4C).

Inspection of the PaaX dimer structure also allowed us to identify the
positions of the mutated cysteines, with the exception of Cys-312 as this
C-terminal region could not be solved as mentioned above (Fig. S3).
Those mutations that rendered variants less able to be released from
their promoter sequences upon induction by PA-CoA (i.e. Cys-168 and
Cys-189, Table 1) are located in the Cas 2-like domain near the dimer-
ization interface and far from the DNA-binding sequences. Besides any
possible differences in gene expression levels, since both wild-type and
C4 mutant bound to DNA with similar efficiency in the absence of PA-
CoA (Fig. 1), it is likely that these mutations did not affect the compe-
tent form to bind DNA but rather somehow hamper the conformational
changes caused by the binding of the inductor (see below). Of note, none
of the homologous sequences identified by HHPred, DALI or Foldseek
contained any cysteines in the same positions.

3.2.4. Model of phenylacetyl-coenzyme A binding
PA-CoA has been previously shown to prevent PaaX binding to DNA
in EMSA assays, therefore demonstrating that it is the true inducer of the

PAA degradation pathway [6,11]. Taking advantage of the elucidated
3D structure of the protein we attempted the modeling of PA-CoA
binding by in silico docking procedures (Section 2.11). The lowest en-
ergy conformations generated by SwissDock [46] displayed the PA-CoA
molecule bound, in a zig-zag configuration, in the positively charged
deep crevice between the three domains of the protein (Fig. 5A-B). The
ligand would be stabilized by several residues as detailed in Fig. 5C: i)
the adenosine moiety could establish hydrogen bonds with the side
chains of Arg-93, GIln-133, Asp-152 and Thr-155, as well as a van der
Waals contact with Leu-156; ii) the charged phosphate groups can be
stabilized through ionic interactions with Arg-93 and Lys-97; iii) the
pantoic acid moiety is hydrogen-bound to the side-chain of Lys-97 and
the peptidic backbone of Leu-241; iv) the p-Ala moiety contacts Trp-132
and Lys-242 through van der Waals forces, and, finally, v) the phenyl-
acetyl moiety is involved in two simultaneous T-shaped n-n interactions
with Trp-132 and His-191 at the bottom of the crevice and after an
abrupt kink in the ligand molecule produced by the protruding side-
chain of Trp-132 (Fig. 5B-C). Two remarkable features arise from this
model. First, the predicted binding site of PA-CoA overlaps with the
119-133 DNA-binding a-helix (Fig. 5A, dark brown-coloured helix), so
that the entry of the ligand into the crevice would very likely interfere
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Fig. 6. Binding of PA-CoA to PaaX. (A) Tryptophan fluorescence emission
spectra of PaaX (black) or PaaX-C4 (red) in the absence (solid line) or in the
presence (dashed line) of 19.6 pM PA-CoA. Data are normalized to the
maximum intensity of each protein without ligand. (B) Titrations of PaaX (black
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titration of a model of one type of binding sites with ligand concentrations
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of this article.)
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Table 3
Biophysical data of PaaX-ligand interaction.
Protein  Kg4 Kq(uM)” Aty (°C) Aty (°C) Aty (°C)
(uM)* (CoA) (20 pM PA- (200 pM PA- (1.2 mM
(PA- CoA) CoA) CoA)
CoA)
PaaX 4.7 + 1200 += +1.2+0.1 +3.3+£0.1 +1.2+0.2
0.2 200
PaaX- 4.3+ ND¢ +0.9 £0.1 +3.9+0.1 ND¢
C4 0.1

# Dissociation constant calculated according to Eq. (5).
b Dissociation constant calculated according to Eq. (6).
¢ ND: Not determined.

with the recognition of the DNA by the protein. On the other hand, while
the CoA moiety itself establishes several interactions with the protein,
the specificity of binding is provided by a highly stabilizing T-shaped n-n
stacking network that includes the phenylacetyl group of the ligand and
the Trp-132 and His-191 aromatic residues. It should be mentioned that
T-shaped n-n contacts have been described as being the most prevalent
among all possible aromatic interactions established between proteins
and their ligands [56]. It is worth mentioning, that the structural ho-
mologs of E. coli Paax (the putative transcriptional regulator from Jan-
naschia sp. CCS1 - PDB code: 3L09 - and the uncharacterized protein
Rv0674 from Mycobacterium tuberculosis, - PDB code: 3KFW) also present
a related cavity with a basic electrostatic potential at that region. Blind
docking of PA-CoA ligand onto these structures also places the ligand in
the same crevice as in Paax (Fig. S4).

3.3. Experimental validation of the PaaX structural model

The availability of the 3D structure of the PaaX repressor constitutes
a solid basis to provide a molecular explanation of several experimental
features of the protein. It should be remarked here that the N-terminal
histidine tag employed for the purification of the protein, although too
flexible to be solved in the crystal structure, should be in any case un-
equivocally placed in a solvent-exposed region and completely sepa-
rated from the dimerization interface, the DNA-binding motifs or the
presumed PA-CoA binding sites (Fig. 2C), so any interference of this
sequence in the biophysical experiments described below is most likely
to be minimal, if any at all.

3.3.1. Binding of PA-CoA

We first studied the biophysical characteristics of the binding of PA-
CoA to PaaX using intrinsic fluorescence spectroscopy. The protein was
excited at 295 nm, a wavelength at which PA-CoA does not absorb, to
monitor any conformational changes exclusively in the protein. The
emission spectrum of PaaX has a maximum at 337 nm (Fig. 6A), indi-
cating the partial burial of the emitting tryptophan residues. Addition of
increasing amounts of PA-CoA induced a remarkable decrease in fluo-
rescence intensity together with a slight shift to shorter wavelengths
(336 nm) (Fig. 6A). A similar result was observed with PaaX-C4
(Fig. 6A). This suggests that aromatic residues are located in or near
the PA-CoA binding site and, in fact, according to the docking model
(Fig. 5C), the indole group of Trp-132 would be placed in close prox-
imity to the terminal phosphate substituent of the tetrahydrofuran group
in the ligand, which in turn might act as an efficient quencher of its
fluorescence [57]. Highly similar titration curves of PaaX or PaaX-C4
with PA-CoA were obtained by monitoring the decrease in tryptophan
fluorescence emission (Fig. 6B), both showing a saturation profile that
was analyzed using a single-site binding model (Eq. (5)) which resulted
in dissociation constants (Kg) of 4.7 + 0.2 and 4.3 + 0.1 uM, respec-
tively (Table 3), and confirming that the cysteine substitutions in PaaX-
C4 do not strongly affect PA-CoA binding.

To assess the degree of specificity and strength provided by the
phenylacetyl moiety of PA-CoA, binding of free coenzyme A (CoA) was
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also monitored by intrinsic fluorescence spectroscopy (Fig. 6C). Simi-
larly to PA-CoA, titration of PaaX with CoA also produced a decrease in
the tryptophan fluorescence intensity, albeit with a ~250-fold lower
affinity (Kq = 1.2 &+ 0.2 mM). This is in accordance with the previous
report where the addition of high concentrations (800 pM) of CoA was
unable to completely release PaaX from DNA in the EMSA assays [18].
Moreover, the titration of PaaX with CoA was repeated in the presence of
10 mM phenylacetic acid (PAA), although no changes in the binding
curve were observed (data not shown), indicating that both moieties
must be linked in a single molecule for efficient binding.

Sedimentation velocity experiments were performed to test the effect
of PA-CoA in PaaX oligomerization. The addition of 50 pM PA-CoA, a
sufficient amount to saturate the protein (Fig. 6B) did not alter the
sedimentation coefficient distribution of the protein (Fig. 3A), suggest-
ing that the ligand does not have an effect on the oligomerization state of
the protein even though its predicted binding site contains elements of
the Cas2-like dimerization domain (Fig. 5A).

Finally, the interaction of PaaX with PA-CoA was also assessed by far-
UV circular dichroism (CD). Fig. S5 shows a wavelength spectrum
typical of a protein with high content in a-helix, with marked minima at
208 and 222 nm [58]. Spectral deconvolution by the CDNN utilities [59]
yielded a 41 % a-helical content, in reasonable accordance with the
actual content derived from 3D structure of the protein (51 %) (Fig. 2A),
considering the accuracy of such deconvolution procedures. The ellip-
ticity signal decreased in the presence of PA-CoA (Fig. S5), with an
estimated decrease in the amount of a-helix content (41 % to 34 %)
concomitant with an increase in the amount of random coil (44 % to 49
%) was estimated, suggesting that a part of the protein becomes more
flexible upon PA-CoA binding, as also speculated above (Fig. S1).

3.3.2. Thermal stability and effects of ionic strength

The thermal stability of PaaX was also assessed by CD (Fig. 7). The
wavelength spectrum of PaaX at 20 °C registered at moderate to high
ionic strength (300-500 mM NaCl) displays the above-mentioned
minima at 208 and 222 nm ascribed to a-helical structure (Fig. 7A). A
CD-monitored temperature scan performed in these conditions by
following the ellipticity signal at 222 nm displayed a single co-operative
transition (Fig. 7B) leading, at high temperatures, to a wavelength
spectrum indicative of mixed a and f structures [58] (Fig. 7A). More-
over, the signal was severely reduced, as the protein visibly aggregated
in the cuvette. Besides, the midpoint of the thermal unfolding curve (ty,)
depended on the temperature scanning rate (data not shown). These
observations indicate that PaaX wunfolds irreversibly at high
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Table 4

Effect of ionic strength on the thermal stability of
PaaX. Experiments were carried out in 20 mM so-
dium phosphate, pH 8 buffer.

[NaCl] (mM) tm (°C)
47 51.6 + 0.2
200 54.9 + 0.1
300 55.4 + 0.1
500 57.2 + 0.1

temperatures, probably forming intermolecular, aggregating folding
intermediates that accumulate rapidly upon denaturation and, conse-
quently, a thermodynamic analysis of the curves was not possible.
Instead, midpoints of the transitions (t;,,) were obtained by adjusting the
curves to a simple sigmoidal function with no physical meaning and
were used as rough indicators of protein stability (Table 4).

The secondary structure and thermal stability of the protein where
highly dependent on NaCl concentration. Thermal denaturation mid-
points increased with increasing ionic strength (Table 4), and the
wavelength spectrum showed some hints of secondary structure loss at
200 mM NacCl, while low ionic strength conditions (47 mM NacCl) caused
the CD signal to be dramatically lost concomitantly with a decrease of
the absorbance of the sample, which is again indicative of a loss of
soluble protein due to aggregation (Fig. 7A). This also translated to a
significantly decreased midpoint temperature, almost 6 degrees lower
than the 500 mM NacCl case (Fig. 7B, Table 4). A possible explanation for
this behaviour might take into account the existence of extensive clus-
ters of positive charges both in the DNA-binding motifs of the protein
and in one side of the presumed PA-CoA-binding crevice, together with
smaller clusters of negatively charged acidic residues in the Cas2-like
domain (Fig. 4C, Fig. S4A). Electrostatic repulsions within these re-
gions could prevent the protein from properly folding in low salt con-
ditions, leading to exposed hydrophobic patches prone to intermolecular
association, whereas addition of a high ionic strength (or its polyanionic
DNA substrate) that screens such repulsions, might lead to overall pro-
tein stabilization.

We also compared the thermal stability of wild-type PaaX with the
C168A/C264A/C312A, C189A/C264A/C312A and C4 variants
(Table 1). Thermal transitions were similar to the wild-type protein,
with a single cooperative transition and aggregation at high tempera-
tures (data not shown), but with only slightly lower transition mid-
points, confirming that the mutations did not largely affect the overall
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protons involved in the transition (Eq. (7)).

protein structure.

On the other hand, addition of micromolar concentrations of PA-CoA
enhanced thermostability for both to the wild-type and C4 PaaX variant
to a similar degree, whereas free CoA produced only a modest change in
tm and in the presence of a much higher concentration (Table 3). This

reinforces our previous suggestion that the complete PA-CoA structure is
necessary for an efficient binding (Fig. 6).

3.3.3. Stability at acid pH

Upon lowering the pH of the solution,
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characteristics of PaaX changed substantially. At pH 2.0 the tryptophan
fluorescence emission spectrum of PaaX displayed a moderate increase
in intensity and a blue-shift of the emission maximum to 335 nm
(Fig. 8A) suggesting a deeper burial of tryptophan residues. However,
changes in the CD wavelength spectrum were more remarkable,
showing a loss of about 50 % of the ellipticity and a change in shape
(Fig. 8B). Moreover, the 8-anilinonaphthalene-1-sulfonic acid (ANS)
probe, when added at pH 2.4, induced a remarkable increase in its
fluorescence intensity that was otherwise negligible at pH 7.0 (Fig. 8C),
suggesting that at low pH the probe is bound to solvent-exposed hy-
drophobic patches of the protein [60]. Furthermore, a thermal scan of
PaaX at low pH monitored by far-UV CD lacked any clear cooperative
transition (Fig. 8D) adding evidence that the specific packing of the
hydrophobic core is disrupted and that the burial of tryptophan residues
takes place within non-specific, residual hydrophobic regions. All these
results suggest that PaaX is transformed at acidic pH into a partially
folded state of the so-called “molten-globule” type, with a moderate
content of remaining secondary structure, a loose tertiary packing and
extensive solvent-exposed hydrophobic patches [61]. A pH titration of
the protein was monitored by tryptophan fluorescence emission
(Fig. 8E). A single cooperative transition was obtained that was fitted to
a two-state model of pH-dependent unfolding (Eq. (7)), yielding a
titration pKa of 4.3 £ 0.1 and the uptake of approximately 2 protons in
the transition (1.8 £ 0.4). This suggests that the protonation state of two
Asp/Glu residues governs the transition between the native structure of
PaaX at neutral pH and the intermediate accumulated at pH 2.4. It can
be speculated that the above-mentioned ionic triad involving Arg-185
and Glu-188 (monomer A) and Glu-116 (monomer B), that “clamp”
the hydrophobic dimerization core in the Cas2-like domain (Fig. 2D) are
candidates to be essential in maintaining the dimer conformation, so
protonation in these two places at low pH could involve dimer dissoci-
ation and exposure of the mentioned hydrophobic regions.

4. Conclusions

The crystal structure of a variant of the PaaX repressor from E. coli W
lacking its four cysteines reveals a novel fold in the family of tran-
scription regulators. PaaX is revealed as a dimer where each monomer
contains three domains, namely an N-terminal wHTH domain, a middle
domain with homology to E. faecalis Cas2 protein and a C-terminal
domain with a previously unreported structure. The protein dimerizes
through the Cas2-like domain, creating a positively charged, continuous
surface amenable to interact with its cognate promoter sequences [8].
There is a deep, cavity between the wHTH and Cas2-like domains which
is amenable to bind a molecule of its activating ligand, PA-CoA per
monomer. Presumably, the hinge present in between the wHTH and
Cas2-like domains allows some flexibility to reposition these domains, as
suggested by the different packing of the two domains in the three
molecules of the crystal asymmetric unit, allowing them to accommo-
date the ligand. It is therefore evident that any spatial rearrangement of
these two domains upon PA-CoA binding would dramatically affect its
DNA binding capacity, finally causing the release of the protein. On the
other hand, we have carried out the first biophysical characterization of
this type of fold, and found that the stability of the protein is strongly
dependent on the pH and ionic strength, and that is prone to undertake
conformational changes leading to partially folded intermediates of the
“molten globule” kind. Whether this marginal stability is specific of
PaaX or can be extended to other transcriptional regulators with this
similar fold (e.g. the Jannaschia sp. and M. tuberculosis proteins
described above) deserves further investigation.

In summary, the structure and biophysical assays described here may
provide novel and revealing clues on the mechanism by which the
important regulator PaaX represses expression of the phenylacetic acid
and other aromatic compound catabolic pathways in Escherichia coli and
many other bacteria.

Supplementary data to this article can be found online at https://doi.
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