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ABSTRACT: Gram-negative bacteria tightly regulate intra-
cellular levels of iron, an essential nutrient. To ensure this strict
control, some outer membrane TonB-dependent transporters
(TBDTs) that are responsible for iron import stimulate their
own transcription in response to extracellular binding by an
iron-laden siderophore. This process is mediated by an inner
membrane sigma regulator protein (an anti-sigma factor) that
transduces an unknown periplasmic signal from the TBDT to
release an intracellular sigma factor from the inner membrane,
which ultimately upregulates TBDT transcription. Here, we
use the Pseudomonas putida ferric-pseudobactin BN7/BN8
sigma regulator, PupR, as a model system to understand the
molecular mechanism of this conserved class of sigma

regulators. We have determined the X-ray crystal structure of the cytoplasmic anti-sigma domain (ASD) of PupR to 2.0 A.
Size exclusion chromatography, small-angle X-ray scattering, and sedimentation velocity analytical ultracentrifugation all indicate
that, in contrast to other ASDs, the PupR-ASD exists as a dimer in solution. Mutagenesis of residues at the dimer interface
identified from the crystal structure disrupts dimerization and protein stability, as determined by sedimentation velocity analytical
ultracentrifugation and thermal denaturation circular dichroism spectroscopy. These combined results suggest that this type of
inner membrane sigma regulator may utilize an unusual mechanism to sequester their cognate sigma factors and prevent

transcription activation.

O uter-membrane, cell-surface signaling networks are
ubiquitous in Gram-negative bacteria."” The ability of
these bacteria to respond to diverse environmental stimuli is
dependent upon signal transduction pathways that span both
the outer and inner membranes through the periplasmic
space.”> Iron is critical for the survival of the bacterium, and in
certain bacterial species, for pathogenesis. To overcome low
iron bioavailability in either soil or host tissue, many bacteria
secrete low molecular weight compounds called siderophores,
which are high-affinity iron chelators. Well over 500 distinct
siderophores have been characterized.”” Ferrisiderophore
uptake is driven by the TonB system, an energy-dependent

. . . 89
protein complex located in the inner membrane.
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Iron levels within the cell are tightly regulated. For certain
iron import systems, regulation of the import proteins occurs at
the transcriptional level through the extracytoplasmic function
(ECF) sigma factors.'”'" In these iron import systems, gene
expression is initiated by association of a ligand to an outer
membrane receptor protein, which triggers interactions
between a periplasmic domain of the receptor protein and
the C-terminal periplasmic region of an inner transmembrane
protein, interchangeably known as a sigma regulator or an anti-
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sigma factor. Activation of the sigma regulator releases an ECF
sigma factor, resulting in upregulation of transcription at target
promoters, such as that of a ferrisiderophore transporter.”'>"?

In the common soil bacterium Pseudomonas putida WCS358,
the outer membrane pseudobactin BN7/8 transporter, PupB,
signals via the inner membrane sigma regulator PupR to
regulate Pupl, its cognate ECF sigma factor.'”"® This system is
analogous to the ferric citrate uptake system (Fec) in E.
coli,""'°~"* the pyoverdine import system (Fpv) in Pseudomo-
nas aeruginosa,” > and the heme acquisition system (Has) in
Serratia marcescens.”" ~>* Whereas FpvR functions only as an
anti-sigma factor, inhibiting formation of an active FpvI:RNA
polymerase core (RNAP) complex,” FecR is required for full
transcriptional activation, suggesting a chaperone-like role for
the FecR cytoplasmic domain.”® Similarly, in the absence of
PupR, expression of PupB is significantly reduced, indicating
that the anti-sigma properties of PupR potentially include both
inhibition of Pupl in the absence of pseudobactin, as well as
activation of Pupl in response to the appropriate signal.'”"

The sigma regulators, including PupR, are predicted to
consist of an N-terminal cytoplasmic region, a transmembrane
helix, and a C-terminal periplasmic region.”> The exact
mechanism of signal transduction by the sigma regulators has
not been determined, although available data suggests that
controlled inner membrane proteolysis of the sigma regulator
cytoplasmic domain may release the cytoplasmic sigma
regulator domain and associated sigma factor.””” In certain
anti-sigma factors, such as FecR, FpvR, and FoxR, cytoplasmic
or periplasmic proteolysis appears to be preceded by a
conserved autoproteolytic event induced via an enzyme-
independent N—O acyl rearrangement.13’28’29 However, the
residues responsible for this event are not conserved in PupR. A
semiconserved cytoplasmic anti-sigma domain (ASD) has been
identified in multiple sigma regulators.”” The ¢”° superfamily,
including the group IV ECF sigma factors, to which Pupl, Fecl,
and Fpvl belong, is largely regulated by sigma regulators
containing an ASD, despite the low sequence similarity among
ASD-containing sigma regulators.w_32

Release of sigma factors by structurally characterized ASDs
has previously been shown to occur by two distinct
mechanisms: either degradation of the ASD, or loss of affinity
between the ASD and the sigma factor. The ASD of E. coli
RseA is proteolytically degraded to release 6=.>>** The ASDs of
Rhodobacter sphaeroides ChrR and Mycobacterium tuberculosis
RslA coordinate Zn**, and loss of the metal ion induces a loss
of affinity for their cognate sigma factors.””*>*® M. tuberculosis
RskA loses affinity between the ASD and the si7gma factor, o5,
upon reduction of a disulfide bond in 6. However, in
contrast to these sigma regulators, in FecR and vaR,ZS’26 and
most likely also PupR,'*" the ASDs remain associated with
their cognate sigma factor during transcription activation. This
last group of sigma regulators has not been structurally
characterized.

Here, we report the 2.0 A X-ray crystal structure of the
cytoplasmic ASD of PupR, which, unlike ASDs studied to date,
has a very stable hydrophobic core and appears to be a
homodimer. Biochemical characterization of the ASD in
solution by small-angle X-ray scattering (SAXS), by sedimenta-
tion velocity analytical ultracentrifugation (SV-AUC), and by
thermal denaturation circular dichroism spectroscopy (CD)
reveals that the dimer is a potentially important physiological
state for this class of sigma regulators. This dimer provides
clues to the mechanism by which these ASDs interact with their
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cognate sigma factors and how this class of anti-sigma factors is

regulated.

B EXPERIMENTAL PROCEDURES

Protein Expression and Purification. Bioinformatics
analyses were used to identify residues 1—82 as the cytoplasmic
domain of Pseudomonas putida WCS358 PupR (PupR-ASD).
These residues were cloned between Ncol and Xhol sites of the
pMBP-Parallell vector.”® E. coli BL21(DE3)pLysS cells were
transformed by this pMBP-Parallel1-PupR-ASD plasmid.
Transformed cells were grown at 37 °C in LB medium
supplemented with 100 yg/mL ampicillin to an optical density
ODgyo nn of ~0.8, as measured using an Implen Nano-
Photometer Classic (Implen, Inc, Los Angeles, CA), and
PupR-ASD expression was induced by the addition of 1 M
isopropyl thio-f-p-galactoside (IPTG) to a final concentration
of 0.5 mM. After induction, the culture temperature was
maintained at 20 °C for 18 h, and cells were harvested by
centrifugation at 4000g for 30 min. For protein purification, 30
g of cells were suspended in lysis buffer (25 mM HEPES, pH
7.5, 150 mM NaCl) and then lysed. The crude extract was
clarified by centrifugation at 20 000g for 45 min.

At each stage of purification, protein purity was evaluated by
SDS-PAGE stained with Coomassie Blue’ and protein
concentration determined by absorbance at 280 nm using the
molar extinction coefficient £,50 = 16500 M~ cm™ and a
theoretical molecular weight of 9502 g/mol. The PupR-ASD
was purified by amylose affinity chromatography followed by
on-column cleavage with tobacco etch virus (TEV) protease.
The supernatant was loaded onto an amylose affinity column
and washed with lysis buffer plus 2 mM DTT. TEV protease
was added to the column in a 1:10 mass ratio, and incubated for
16 h at 4 °C to remove the MBP tag. The identity of the TEV
protease cleavage product was confirmed by ESI mass
spectrometry to be consistent with an 86-residue product,
containing an N-terminal, 4-residue cloning artifact (GAMG)
followed by PupR residues 1—82. PupR-ASD was eluted from
the column by the addition of wash buffer. The protein was
loaded onto a MonoQ_anion exchange column equilibrated
with 25 mM Tris HCl, pH 7.8. Contaminants after amylose
affinity bound to the MonoQ_column, but the PupR-ASD did
not and eluted in the wash fractions. Fractions containing the
PupR-ASD were pooled, concentrated, and loaded onto
tandem HR 10/30 Superdex 200-Superdex 75 size exclusion
columns. Isocratic elution with 25 mM HEPES, pH 7.5, 150
mM NaCl at a flow rate of 0.4 mL/min was performed.
Fractions containing PupR-ASD were pooled and concentrated
to 15 mg/mL and placed at 4 °C or flash-frozen as pellets in
LN, and stored at —80 °C until use. This protein was estimated
to be >90% pure by Coomassie Blue stained SDS-PAGE.

Selenomethionine (SeMet)-derivatized PupR-ASD was pre-
pared by a modified protocol involving methionine synthesis
suppression.’”*" Briefly, E. coli BL21(DE3)pLysS cells trans-
formed with pMBP-Parallel1-PupR-ASD were grown at 37 °C
to saturation in 3 mL LB media with 100 ug/mL ampicillin,
then transferred to prewarmed M9 minimal media containing 2
mM MgSO,, 0.1 mM CaCl,, 0.4% w/v glucose, and 100 ptg/mL
ampicillin and incubated at 37 °C. Once the cell density
increased to an ODggg 4 Of 1.0, the media were supplemented
with SeMet, Lys, Thr, Phe, Leu, Ile, and Val and the
temperature lowered to 20 °C. Expression was induced by
addition of 0.5 mM IPTG, and the cultures grown for an
additional 18 h. Purification of SeMet PupR-ASD was
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“Values in parentheses pertain to the highest resolution shell.

Table 1. X-ray Data Collection, Phasing, and Refinement Statistics”

native

APS 24-ID-C

P2,

33.5, 134.6, 34.9

90, 113.7, 90

4

44.87-2.02 (2.13-2.02)
62331 (9246)

18320 (2685)

SeMet derivative

APS 24-ID-E

P2,
33.5, 134.7, 349

90, 113.8, 90

4

134.7-2.17 (2.29-2.17)
99992 (5749)

14546 (1796)

34 (34) 69 (32)

98.8 (99.4) 97.2 (82.0)

4.5 (44.2) 113 (71.1)
6.6 (59.4)

13.3 (2.4) 182 (1.7)

RAPD RAPD

PHENIX PHENIX

33.66—2.02 (2.09-2.02) 67.35-2.17 (2.25-2.17)

21.6 17.8

257 21.7

0.010 0.018

1.19 1.51

2023 2002

1920 1906

103 96

51.9 55.0

49.7 45.6

99 99

1 1

0 0

5COS SCAM

performed as described for the native protein. Incorporation of
SeMet was confirmed by ESI mass spectrometry.

Preparation of Site-Directed Mutants of PupR-ASD.
Aspartate encoding point mutations of WT PupR-ASD were
created using the QuikChange II protocol (Stratagene), the
pMBP-Parallel1-PupR-ASD vector as a template, and primers
containing the desired aspartate mutation, using either of the
two most common codons. The mutant gene sequences were
verified by DNA sequencing and the plasmids used to
transform E. coli Arctic Express (DE3) competent cells. The
mutant proteins were prepared in the same manner as for the
WT, with the pH of buffers maintained at 8.0 throughout
purification.

Protein Crystallization. Reproducible needlelike clusters
were obtained by sitting-drop vapor diffusion by combining 1
uL protein solution (12 mg/mL PupR-ASD in 25 mM HEPES,
pH 7.5, 150 mM NaCl) with 1 uL reservoir solution (100 mM
Bis-Tris, pH 6.0, and 3 M NaCl) and equilibrating against 500
uL reservoir solution at 20 °C. These crystals were used for
microseeding fresh drops by serial dilution and resulted in the
growth of larger crystal clusters. These larger clusters were
broken into ~200 ym X 20 pm X 20 um single crystals, and
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cryo-protected by passing through MiTegen LV CryoOil
(MiTegen, Ithaca, NY) prior to flash-freezing in liquid nitrogen.
Crystals of SeMet PupR-ASD were grown and harvested in a
similar manner.

Diffraction Measurements and X-ray Structure Deter-
mination. Diffraction data were collected at NE-CAT
beamlines 24-ID-E and 24-ID-C at the Advanced Photon
Source (APS), Argonne National Laboratory, Argonne, IL. All
data sets were processed using the RAPD automated processing
suite (https://rapd.nec.aps.anl.gov/rapd), which incorporates
XDS for integration and scaling.”” The SeMet PupR-ASD
structure was determined by single-wavelength anomalous
dispersion phasing (SAD) using intensities measured at 12.66
keV. Three of the five selenium sites per monomer (four in the
PupR-ASD sequence, and one from the N-terminal cloning
artifacts) were located, and initial phasing performed with
AutoSol in PHENIX.” These phases were used to calculate
initial electron density maps for automated model building with
AutoBuild.** Refinement was carried out in PHENIX" and
iterative manual model building in COOT.*® The SeMet PupR-
ASD structure was subsequently used as a molecular
replacement (MR) model to phase a 2.0 A data set of native
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PupR-ASD."” MR was performed using Phaser-MR,* followed
by Autobuild** and refinement in PHENIX, using automated
TLS group determination.*” Water oxygen atoms were
positioned, with subsequent visual verification. Data collection
and refinement statistics are summarized in Table 1. All figures
were prepared using PyMOL v.1.5.0.4 (Schrédinger). Analysis
of surface areas, protein interfaces, assemblies, and interactions
were determined using the PISA server (http://www.ebi.ac.uk/
pdbe/pisa).’” RMSD comparisons were carried out in PyMOL.
Atomic models and structure factors have been deposited into
the Protein Data Bank under PDB entry SCAM and 5COS.

Size Exclusion Chromatography Small-Angle X-ray
Scattering (SEC-SAXS) Data Collection and Analysis.
SEC-SAXS was performed on the WT PupR-ASD at Bio-CAT
beamline 18-ID of the APS. An inline Superdex 75 10/300
column was equilibrated with 25 mM Tris, pH 7.8, 150 mM
NaCl at a flow rate of 0.7 mL/min. SEC-SAXS data were
recorded at a wavelength of 1.033 A on a Pilatus 3 1 M detector
at a sample-to-detector distance of 3.0 m, covering a
momentum transfer range of 0.0055 A™' < q < 0.3316 A™".
Data were normalized to the incident X-ray beam intensity, and
buffer subtracted prior to analysis using the ATSAS program
suite.”' Linearity of the Guinier region was examined using
PRIMUS,>” and the Kratky plot calculated to assess disorder.
GNOM’*** was used to compute the radius of gyration, Ry;
pairwise distribution function, P(r); and the maximum particle
dimension, D,,,..>”** Ten independent ab initio bead model
reconstructions were calculated using DAMMIE™® by enforcing
P2 symmetry. The resultant dummy atom models were
averaged and filtered with DAMAVER’® with default
parameters. The models had an average y* of 1.20 + 0.014,
with an averaggd normalized spatial discrepancy value for the
10 DAMMIF> calculations of 0.853 + 0.189. The resultant
three-dimensional averaged envelope was superimposed upon
the PupR-ASD crystal structure using SITUS and the UCSF
Chimera package.”’ > CRYSOL® was used to compare
theoretical scattering curves calculated for monomer and
dimer atomic models against the experimental SAXS data.
PyMOL v.1.5.0.4 was used to visually evaluate fits of the PupR-
ASD and for manual docking. The molecular weight of the
PupR-ASD was determined using the SAXS MoW server
(http: //www.if.sc.usp.br/~saxs/ ).61 Theoretical scattering pro-
files calculated for the PupR-ASD monomer and dimer X-ray
structures were fit to the experimental scattering profiles using
the FoxS server (http:/ /www.modbase.compbio.ucsf.edu/foxs/
). EOM 2.0°*® in the ATSAS suite was employed to
model the flexible N- and C-termini of the PupR-ASD. The full
Pup-ASD sequence, along with either the monomer or dimer
crystal structure, was used to generate 10000 random
conformers, which were subsequently pooled by EOM to
generate ensembles that best fit the experimental data. The
theoretical scattering profiles of the best models, as identified
by the program, were fit to the experimental scattering
intensities with the FoxS server.

Analytical Ultracentrifugation. Sedimentation velocity
analytical ultracentrifugation (SV-AUC) experiments were
performed in a Beckman ProteomLab XL-I analytical ultra-
centrifuge (Beckman Coulter, Indianapolis, IN) at 20 °C
following the standard protocol®® and boundary profile
analysis.”” PupR-ASD samples in a buffer of 25 mM HEPES,
pH 8.0, 150 mM NaCl were loaded into a sample cell assembly
containing a standard double-sector charcoal-filled Epon
centerpiece with a 12 mm or 3 mm path length and sapphire
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windows. Sample cell assemblies loaded in a rotor were
equilibrated at 20 °C for at least 2 h prior to sedimentation.
Sedimentation profiles were acquired using absorbance optics
at 280 nm in combination with interference optics at 20 °C at
201 240g (rotor speed of S0 000 rpm at a radius of 7.2 cm).

Various concentrations were explored for each protein
construct to populate monomer and dimer species. For WT
PupR-ASD, seven samples were prepared with concentrations
that ranged from 1.1 to 102 yM. Mutant PupR-ASD proteins
were prepared at a few concentrations in this range. The
monomer—dimer self-association of each sample was charac-
terized using previously reported procedures.’® Briefly, a
standard c(s) model®” was used to analyze the sedimentation
profiles. Precise concentrations were determined using
refractive index increments, dn/dc, predicted from the amino
acid sequence of PupR-ASD in SEDFIT®® and subsequent
integration of the c(s) peaks from the interference data,
resulting in the total protein concentration in mg/mL
corresponding to the integrated peaks in the c(s) distributions.
Signal weighted-average s-value (s,,) isotherms®” were created
by integration of the c(s) peaks in the distribution between 0
and 4 S for the data and plotted as a function of protein
concentration in SEDPHAT.” A monomer—dimer self-
association model was applied to the s, isotherms in
SEDPHAT.” For WT PupR-ASD, the s-value of the monomer
was fixed at 1.06 S, based on the value determined from the
mutants, which do not form dimers under the concentration
range tested; s-value of the dimer was fitted along with the
binding constant (K,). For the mutants, s-value of monomer
and dimer were fixed at 1.06 and 1.71 S (determined from the
WT s,, isotherm) respectively; thus, the only fitted parameter is
the Ky All experimental SV data and best-fit values are
presented in units of experimental s-values. Error analysis of K4
for WT was performed using the error surface projection
method and F-statistics’' and the 95% confidence intervals
were reported.

Circular Dichroism (CD) Spectroscopy and Thermal
Denaturation. The PupR-ASD was diluted to 10 uM (0.095
mg/mL) in 10 mM potassium phosphate, pH 8.0, 100 mM
(NH,),SO,. CD spectra were measured at 4 °C between 180
and 250 nm using a Jasco J-815 spectrometer with a PFD-425S
Peltier cell holder and a 1 mm quartz cell. The spectra were
buffer subtracted, and the secondary structure content
estimated using K2D2;"* as well as CONTIN, CDSSTR, and
SELCON, provided in CDPro.”” CD melting curves were
recorded at 222 nm with 10 uM WT or mutant protein in CD
buffer by increasing the temperature from 4 to 85 °Cin 1 °C
increments with a slope of 1 °C/min. Protein unfolding was
monitored during both heating and cooling. Complete CD
spectra at 4 °C were recorded just prior to each experiment.
Melting temperatures were determined by fitting a standard
Boltzmann sigmoidal curve to the ellipticity in Origin 8
(OriginLab Corp.,, Northampton, MA). The final melting
temperature was defined as the inflection point after fitting.

B RESULTS

Tertiary Structure of the PupR-ASD. The PupR-ASD
crystals belonged to space group P2, with unit cell parameters
ofa=335A,b=1138A,c=349 A, and ff = 113.7° (Table
1). Crystals of native PupR-ASD and the SeMet derivative
diffracted to 2.0 and 2.2 A, respectively. SeMet SAD data were
used to locate 12 of the possible 20 selenium sites, enabling the
placement of four monomers per crystal asymmetric unit
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(Figure 1). This provided a 2.2 A model of PupR-ASD. A
monomer from this structure was used as a MR search model

Ch

Chain D

)),)

Q>

Chain A

Figure 1. Asymmetric unit of the PupR-ASD crystal. The four PupR-
ASD monomers in the asymmetric unit are displayed in ribbon.
Monomer A is rendered in rainbow colors with blue at the N-terminus
and red at the C-terminus, with monomer B in purple. Monomers C
and D are displayed in shades of gray. The symmetric dimer comprises
chains A and B; chains C and D are related by noncrystallographic
symmetry to each other and to chains A and B. This and all molecular
figures were made with PyMOL.

to determine the structure from the native data set at 2.0 A
resolution. R, converged to 17.8% and Rg.. to 21.7%. No
Ramachandran outliers are present in the structure (Table 1).
The final model is comprised of residues 10—65 of chain A,
11—64 of chain B, 8—66 of chain C, and 5—65 of chain D; but
electron density corresponding to the N- and C-termini of each
monomer was not resolved. The structure of the PupR-ASD
monomer is a tightly packed, three-helix bundle (Figure 1).
The three-helix core is stabilized by hydrophobic interactions,
primarily between helices 2 and 3, including 7—n stacking of
W40 and H47 (plane—plane distance = 4.0 A) (Figure 2).
Residues analogous to W40, W20, and W51 are completely
conserved in homologous putative iron transport anti-sigma
regulator proteins across bacterial species (Figure S1).
Despite sharing only 7—16% identity,”' the PupR-ASD and
other known ASDs share a common structural fold comprising
a three-helix core bundle (Figure 3). PupR-ASD helices 1—3
superimpose (Figure 3) with root-mean-square deviations
(RMSD) of 2.52—3.18 A over 40—48 residues of the ChrR-
ASD from R. sphaeroides™ (PDB ID 272S), RseA from E. coli**
(PDB ID 10R7), RskA from M. tuberculosis’’ (PDB ID
4NQW), and RslA from M. tuberculosis® (PDB ID 3HUG).
ChrR and RslA are both zinc-binding anti-sigma (ZAS) factors,
with their tertiary structure stabilized by a Zn®', which is
coordinated by a conserved His-X;-Cys-X,-Cys motif. Loss of
the Zn** results in loss of structure and anti-sigma function. In
contrast, the PupR-ASD, RseA-ASD, and RskA-ASD comprise
another group of ASDs that are stabilized by hydrophobic
cores, although the PupR-ASD is the only ASD of known
structure that stabilizes its hydrophobic core via 7—7 stacking
of aromatic residue side chains—two tryptophans and one
histidine (Figure 2). The four previously determined ASD
structures also include a 4—10 residue loop preceding a fourth,
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Figure 2. Electron density (blue mesh) for the conserved aromatic
residues involved in stabilizing the PupR-ASD core. Helixes 1—3 of the
PupR-ASD monomer form the core of the ASD, with off-centered
parallel 7—7 stacking of His47 and Trp40, which is further stabilized
by Trp20. The ASD backbone is displayed as a purple ribbon, with
aromatic residues in stick, color-coded by atom type: N, blue; O, red;
S, yellow; and C, magenta.

Figure 3. Known ASD structures contain a conserved core helical
bundle. Helices 1—3 of R. sphaeroides ChrR (blue; PDB entry 2Z2S;
Campbell et al, 2007), M. tuberculosis RskA (green; PDB entry
4NQW; Shukla et al,, 2014), M. tuberculosis RslA (salmon; PDB entry
3HUG; Thakur et al, 2010), and E. coli RseA (orange; PDB entry
10R7; Campbell et al, 2003) were superimposed upon the PupR-
ASD (purple).

C-terminal helix, whose location varies among the various
ASDs (Figure 3). Interestingly, PupR residues 68—82, which
are analogous to this region, are disordered in the PupR-ASD
structure.

PupR-ASD Forms a Dimer in Solution. The relative
molecular weight and oligomeric state of the native PupR-ASD
was determined by analytical size exclusion chromatography
during purification. The relative molecular weight of a PupR-
ASD subunit as estimated by SDS-PAGE is approximately 9000
Da, consistent with the expected molecular weight of 9502 Da.
However, the PupR-ASD eluted from the size exclusion column
as a single Gaussian-shaped peak with an apparent molecular
mass of 19 kDa, suggesting that the PupR-ASD purified as a
homodimer.
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Figure 4. SEC-SAXS analysis of PupR-ASD. (A) Experimental scattering profile of the PupR-ASD (black) and the theoretical scattering profiles of
the PupR-ASD dimer (green) and monomer (red) calculated from the X-ray crystal structure. (B) Guinier plot of the low g region of the X-ray
scattering data. (C) Distance distribution P(r) plot for the experimental data (black) and the theoretical curves calculated for the PupR-ASD
monomer (red) and dimer (green). (D) Kratky plot calculated from the experimental scattering profile.

Small-angle X-ray scattering in conjunction with size-
exclusion chromatography (SEC-SAXS) was performed on
the purified PupR-ASD to characterize its solution state (Figure
4a). The Guiner plot was linear in the 0 < g < 0.1 A* range
(Figure 4b), verifying that the sample was monodisperse. The
Guinier plot indicated PupR-ASD has an R, = 18.69 + 0.02 A
(Figure 4b), with the P(r) analysis yielding a D,
corresponding to 64.5 A (Figure 4c). The Kratky plot analysis
(Figure 4d) revealed that the PupR-ASD is partially unfolded,
consistent with the X-ray structure, wherein the 11 N-terminal
and 18 C-terminal residues are not observed in the electron
density map, and therefore presumed to be disordered. An
estimate for the PupR-ASD molecular weight was calculated
from the scattering data with the maximum g set to 0.15 A™".
This calculation indicated the species in solution had a
molecular weight of 19.8 kDa, demonstrating that the dimer
was the dominant species in the SEC-SAXS sample. Thus, the
SEC and the SAXS results are consistent with, and indicative of,
the PupR-ASD existing as a homodimer in solution.

SV-AUC was utilized to quantify PupR-ASD self-association.
Sedimentation coefficient distributions, c(s) of WT, were
obtained for SV data at seven different concentrations, ranging
from 1.1 uM to 101.9 uM, of WT PupR-ASD. The monomer
had a sedimentation coeflicient of ~1.06 S, while the dimer had
a sedimentation coefficient of ~1.71 S (Figure S2). An s,
isotherm was then calculated from the dilution series and fit
with a monomer—dimer equilibrium binding model (Figure S),
to obtain a Ky = 102 uM (95% confidence interval [7.58,
13.79] uM) for the WT PupR-ASD (Table 2). Interestingly,
the SEC and SEC-SAXS samples were loaded at a range of
concentrations from 100 M (1.8 mg/mL) to 1.5 mM (28 mg/
mL): that is, at concentrations where formation of the dimer
was favored. Thus, the combined SEC, SEC-SAXS,and SV-
AUC experiments indicate that an equilibrium exists between
the monomeric and dimeric states of the ASD, and suggest that,
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Figure S. s, isotherm for WT PupR-ASD created by integration of the
c(s) peaks in the distribution between 0 and 4 S for the data recorded
at 20 °C, with error estimates calculated using SEDFIT.

at normal physiological concentrations at the bacterial inner
membrane, the ASD may transition between these states.
The PupR-ASD Dimer Structure. The X-ray crystal
structure was analyzed for potential dimer interfaces. Two
distinct sets of interactions were seen between different
monomers in the asymmetric unit. One set consisted of
asymmetric interactions stabilized by hydrogen bonding
between the N-terminus of chain C and the loop between
helix 1 and helix 2 of chain D (Figure 1). The other set
consisted of symmetric interactions between chain A and chain
B, with substantial stabilization by hydrophobic interactions
between residues on helices 1 and 3 of each monomer (Figure
1). The potential symmetric dimer created by the latter set was
related by 2-fold, rotational, noncrystallographic symmetry. In
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Table 2. Melting Temperatures Determined by CD and
Estimated Ky's Determined by SV-AUC for PupR-ASD
Constructs

protein T,, (°C) Ky (uM) AUC Concentrations (¢M)
WT 53.3 10.2 1.1-102

M18D 37.3 226 5.0, 63.1

L22D 43.3 >200 9.45

A35D 44.0 13.5 6.36, 50.0

M38D 44.7 11.6 4.39, 51.21

Q42D 43.7 18.2 6.84, 45.67

RS3D 47.7 562 5.27, 41.92

ES7D 484 >200 12.3

L61D 48.8 >500 103.7

contrast, a closed dimer is not created by the asymmetric
interactions, and it is unclear why such interactions would
create only a dimer, rather than a linear chain of subunits. This
suggests that the symmetric dimer observed in the crystal
structure is more likely to correspond to the dimer found in
solution.

We used the PISA server’’ to analyze the two potential
interfaces identified in the crystal structure. For the symmetric
dimer, the total surface area buried upon the association of two
subunits is 1740 A% with a complexation significance score of
1.0. This complexation significance score assesses the maximal
fraction of the total free energy of binding for a given interface,
and a score of 1.0 denotes a clear significance of this interface
for dimer assembly. Thus, this interaction would bury
approximately 33% of the total surface area of each subunit
upon formation of a symmetrical dimer. In contrast, the
asymmetric interaction buries only 1395 A” of total surface area,
with a complexation significance score of 0.0. This provides
additional support that the symmetric homodimer is likely the
assembly seen in solution (Figure 4).

The symmetric homodimer is stabilized by hydrophobic
packing between helices 1 and 3 of each monomer (Figure 6).
Overall, helix 1 of monomer A (Helix]*® — chain id in

Figure 6. PupR-ASD symmetric dimer interface. Residues selected for
mutation to aspartic acid are shown in stick and colored by atom type
as in Figure 2.
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superscript) runs parallel to helix 3 in monomer B (Helix3®).
This interface is stabilized by a “knobs-in-grooves” hydrophobic
packing between residues M18 and L22 on Helix1* and
residues RS3 (the aliphatic region), FS7, and L61 on Helix3®
(Figure 6). This unit has an approximately 45° tilt to the
equivalent Helix1®:Helix3" unit to create a four-helix bundle.
The bundle is further stabilized by interactions between the
F57 and L61 of Helix3* with FS7 and L61 of Helix3® (Figure
6). The asymmetric interaction involves an association between
monomers C and D (Figure 1). In contrast to the symmetric
interaction, the interface is a three-helix bundle consisting of
Helix1€, Helix3€, and Helix2P. This interaction involves A14°,
M18P, and L22P packing against L34 and M38, and the
aliphatic portion of R41¢. Additionally, there is hydrogen
bonding between the main chain of residues T7°, 19°, and
G11° and residues P27, V29€, and A31€, similar to an
antiparallel 3 sheet.

Full-length PupR consists of an N-terminal cytoplasmic
domain, a transmembrane domain, and a C-terminal
periplasmic domain. In the symmetric homodimer, the C-
termini of the two monomers are positioned within 11.2 A of
each other on the same face of the dimer (Figure 6), suggesting
that this side faces the inner membrane, facilitating the
simultaneous insertion of the two transmembrane domains
from a homodimer into the inner membrane. In contrast, the
hypothetical dimer based on the asymmetric contacts would
position the two C-termini 41.8 A apart on opposite faces,
which, in the full-length protein, would complicate the
simultaneous insertion of the transmembrane helices into the
inner membrane since the chains would run in opposite
directions. Thus, we conclude that the symmetrical interactions
represent the homodimer seen in solution, while the
asymmetric interactions merely represent crystal contacts.
Further, this symmetric homodimer likely represents a
physiologically relevant state of PupR.

We analyzed the PupR-ASD SAXS data to further explore the
ASD dimerization. Theoretical SAXS curves were calculated for
the crystal structures of the ASD monomer and the symmetric
homodimer, and these curves were fit to the experimental
PupR-ASD scattering profile. The experimental data fits the
calculated scattering curve for the homodimer (y = 8.4) much
better than that for the monomer (y = 23.3). Since both the X-
ray structure and the Kratky plot indicated that the ASD was
partially disordered, fitting of the theoretical scattering curves of
the symmetric dimer and the monomer were then performed
using the program EOM 2.0.°%% The inclusion of the
disordered regions of the PupR-ASD in the models dramatically
improved the fits of the calculated scattering curve for the
homodimer (best y = 2.2) relative to that for the monomer
(best y = 13.5). This clearly indicates that the scattering curve
calculated from a model comprising of the symmetric PupR-
ASD homodimer as well as the disordered regions fits best to
the experimental scattering data (Figure 4).

A low-resolution molecular bead model was also calculated
from the experimental SAXS data. The initial model showed an
envelope for the PupR-ASD that was C2 symmetric in nature.
Manual fitting of the symmetric dimer found in the crystal
structure into the averaged ab initio SAXS envelope further
supported this as the plausible assembly. An improved bead
model was calculated by enforcing 2-fold rotational symmetry
(Figure S3). The symmetric homodimer was docked into this
SAXS envelope using SITUS, with a resulting correlation
coeflicient of 0.87, indicating a reasonable fit to the calculated
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ab initio bead model (Figure S3). Thus, the symmetric PupR-
ASD homodimer represents the structure of this domain at
high concentrations in solution.

Residues at the Dimer Interface Are Important For
ASD Stability. In order to investigate the importance of the
residues at the subunit interface within the symmetric
homodimer, we assessed the impact of mutating these residues
on the quaternary, tertiary, and secondary structure of the ASD.
Among the residues M18, L22, FS7, RS3, and L61 (Figure 6),
found at the PupR-ASD dimer interface, the three residues with
the greatest buried surface area (BSA) were presumed to be of
critical importance and were selected for mutagenesis to
aspartic acid to force repulsion at the interface. The three
residues selected were M18 (BSA = 103 A%), L22 (BSA = 120
A?), and FS7 (BSA = 109 A*) (Figure 6). In addition to single
mutants of each of these residues, we also created an M18D
and L22D double mutant, and a triple Asp mutant. As a control,
several other residues, involved in the asymmetric interactions
that were deemed to be crystal contacts, were also mutated to
aspartic acid. These include A35, M38, and Q42 (Figure 6).
Lastly, we also mutated RS3 (BSA = 92 A?) and L61 (BSA = 88
A?), two residues that participate in both the dimer interface
and the asymmetric crystal contacts (Figure 6).

We analyzed the mutant proteins by SV-AUC to assess
whether dimerization was altered compared to WT. As
expected, we found that the symmetric dimer interface
mutations dramatically impacted quaternary structure. Muta-
tion of M18, 122, or F57 to Asp substantially weakened the
dimer, resulting in an increase of the dimer dissociation
constant to over 200 yM (Table 2). Even more strikingly,
mutation of R53 or L61 resulted in Ky’s of >500 uM (Table 2).
In contrast, consistent with our expectations, mutation of A3S,
M38, and Q42, residues that are involved only in asymmetric
contacts, only marginally impacted Kgs (Table 2). Thus,
mutation of any of the residues involved in the symmetric
dimer interface resulted in significant disruption of the PupR-
ASD homodimer, while mutation of residues at the asymmetric
interface did not have a similar effect.

Next, we employed CD spectroscopy (Figure S4) in
conjunction with thermal denaturation (Figure S5) to assess
how these mutations impact secondary structure and the
stability of the tertiary structure. We found that wild-type (WT)
PupR-ASD has a T, of 53.3 °C. Relative to the WT, mutation
of the three residues that contribute only to the symmetric
dimer interface also significantly destabilized the ASD tertiary
structure (Table 2). The L22D and FS7D mutations decreased
the T, by 10 and ~5 °C, respectively, while the M18D
mutation had the largest destabilizing effect, reducing the T, by
16 °C (Table 2). Unfortunately, the double and triple mutants
did not maintain the ASD secondary structure and were largely
unfolded. Interestingly, the R53D and L61D mutations, which
had such a dramatic impact on dimerization, had a lesser
influence on tertiary structure (Table 2), with the T,
decreasing by 4.0—9.6 °C (Figure SS), which was similar to
the change observed for the A35D, M38D, and Q42D mutants,
which are present at the asymmetric contacts.

Lastly, some of the symmetric homodimer interface mutants
also disrupted secondary structure content of the PupR-ASD
(Figure S4). Even more strikingly, the secondary structure of a
double mutant (M18D + L22D) was almost entirely disrupted,
while the secondary structure of a triple mutant (M18D +
122D + FS7D) was completely disrupted. In complete contrast
to these results, the secondary structure of the PupR-ASD was
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not disrupted by mutations of either the residues present at the
asymmetric crystals contacts, A35D, M38D, or Q42D, or the
residues involved in both sets of contacts, RS3D and L61D
(Figure S4). Thus, all the symmetric dimer interface mutations
negatively impact dimer stability, but only some of them reduce
secondary and tertiary structure stability. Further, this
combined SV-AUC and CD analysis indicates that M18 is
critical for maintaining all levels of ASD structure.

B DISCUSSION

The PupR-ASD core fold comprises a three-helix bundle,
similar to the fold found in other recently determined ASD
structures. Unlike the ZAS ASDs, ChrR and RslA, the PupR-
ASD has a relatively extensive hydrophobic core stabilized by
W40, H47, W20, and WS1. This hydrophobic stabilization is
more extensive than that found in the ASDs of RseA and RskA.
This stability may be of physiological importance to the
function of the iron transport sigma regulators, PupR, FecR,
and FpvR, since it has been shown that these ASDs remain
attached to their cognate sigma factor after activation of the
sigma factor, and are required for sigma factor interaction with
RNAP.>***>"* In contrast, ChrR and RslA are degraded and
release the sigma factor during activation. Therefore, the
stability of the ASD, and its independence from external
stabilizing elements, such as a metal ion, is likely central to the
mechanism of regulation by the iron-transport ASDs.

The fourth helix found in the ASDs of ChrR, RseA, RskA,
and RslA serves to block the interaction of the sigma factor with
the RNAP core. Removal of this fourth helix from the sigma
factor then becomes an important step for activation of these
sigma factors. The lack of an ordered fourth helix in the
structure of PupR-ASD may indicate that this class of ASD
regulates its sigma factor solely by tethering it to the
membrane. Since the fourth helix is C-terminal to the core
helical bundle of the ASD, a model wherein the sigma factor is
sandwiched between the larger ASD dimer and the inner
membrane would limit access of RNAP or DNA to the sigma
factor. Recent evidence shows that intramembrane proteolysis
of FpvR, and presumably subsequent release from the
membrane, results in activation of PvdS and Fpvl.”” Currently,
however, we cannot rule out the possibility that the fourth helix
in the PupR-ASD is ordered only in the presence of its sigma
factor, Pupl. In this scenario, the fourth helix might block
RNAP binding until proteolysis of the ASD:sigma factor
complex from the transmembrane region, upon which it would
revert to a disordered state and allow association to the DNA
promoter. Further studies are required to resolve these different
hypotheses.

Isolation of the PupR-ASD as a dimer was unexpected. Our
identification of a symmetric dimer from the X-ray crystal
structure necessitated an in-depth biophysical investigation of
the role of the residues at the dimer interface. These
investigations subsequently confirmed that the residues at this
interface are critical components of dimer packing and stability.
The presence of the dimer does not preclude interaction with a
sigma factor. The dimeric interface does not interfere with
regions of the ASD responsible for recognizing the ¢, region of
the sigma factor, as found in the ChrR and RseA structures.>>*
Superposition of the ChrR:c" complex and the RseA:c"
complex upon the PupR-ASD homodimer reveals that the
surface analogous to the surface of these sigma regulators,
which interacts with the 6, region of 6" (6,%), is localized to the
exposed face of the PupR-ASD dimer. The C-terminal o, region
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of 6® (6,F) does sterically clash with the second monomer of
the PupR-ASD homodimer. However, the flexible linker
between 6,° and 6,° should enable the adjustments that
would allow interaction of the o, region with the second PupR-
ASD subunit of the dimer. Alternatively, the o, region may
adopt an unknown alternate conformation that does not
interact with the ASD allowing interaction of two sigma factors
with the dimer. Comparison of the 6,® structure from the ChrR
and RseA complexes””** with that observed in the complex of
o with AsiA”> demonstrates the flexibility of the o, region. In
either case, the ASD dimer would allow binding of the sigma
factor in the orientation discussed previously.

Dimerization has at least two potential mechanistic
implications. First, the dimer is important prior to association
with the sigma factor, but is disrupted concomitant with sigma
factor association, allowing each monomer to interact with a
separate sigma factor. Thus, the dimer may stabilize the ASD
and protect against degradation, thereby preventing loss of
sigma factor inhibition and unintended activation. However,
given that some of our mutant proteins remained folded even
when dimer assembly is disrupted, in this mechanism, it is
unclear why a dimer is necessary prior to interacting with the
sigma factor.

The second mechanistic possibility is that since the ASD
tethers the sigma factor to the inner membrane, the PupR-ASD
dimer is necessary for tethering a dimeric state of Pupl
Currently, it is unknown whether Pupl and its homologues
exist as dimers. This might also explain the differential
proteolysis observed in the periplasm. Draper and co-workers
showed that the sigma regulator, FpvR, is degraded in the
periplasm in the absence of signal, but in the presence of
terrisiderophore on the TBDT, the site of proteolysis shifts to a
location in the inner membrane, resulting in release of the
sigma factor from the membrane.”” This would require
continuous synthesis of the sigma regulator and sigma factor
to maintain adequate levels of inactive signaling complex until
activation. Presumably, this continuous degradation/synthesis
cycle would be energetically unfavorable for the cell. However,
the dimer could help explain the periplasmic degradation. Once
a TBDT signaling domain is bound, the attached periplasmic
domain would become resistant to proteolysis, while the
unattached periplasmic domain from the second sigma
regulator in the dimer would be degraded yielding only one
signaling complex. However, cleavage within the inner
membrane of both transmembrane helices would need to be
coupled, perhaps due to close proximity or autocatalysis.>*”>*
In such a mechanism, the dimeric state would not significantly
delay the release of the sigma factor:ASD complex. How this
class of sigma regulator proteins fully conveys the ECF to
activate transcription of the TBDT iron transport genes
remains under investigation.
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