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Summary

Bacterial signal transduction systems commonly use receiver (REC) domains, which regulate 

adaptive responses to the environment as a function of their phosphorylation state. REC domains 

control cell physiology through diverse mechanisms, many of which remain understudied. We 

have defined structural features that underlie activation of the multi-domain REC protein, PhyR, 

which functions as an anti-anti-σ factor and regulates transcription of genes required for stress 

adaptation and host-microbe interactions in Alphaproteobacteria. Though REC phosphorylation is 

necessary for PhyR function in vivo, we did not detect expected changes in inter-domain 

interactions upon phosphorylation by solution X-ray scattering. We sought to understand this 

result by defining additional molecular requirements for PhyR activation. We uncovered specific 

interactions between unphosphorylated PhyR and an intrinsically disordered region (IDR) of the 

anti-σ factor, NepR, by solution NMR spectroscopy. Our data support a model whereby nascent 

NepR(IDR)-PhyR interactions and REC phosphorylation coordinately impart the free energy to 

shift PhyR to an open, active conformation that binds and inhibits NepR. This mechanism ensures 

PhyR is activated only when NepR and an activating phosphoryl signal are present. Our study 

provides new structural understanding of the molecular regulatory logic underlying a conserved 

environmental response system.

Graphical Abstract

Receiver (REC) proteins are a diverse class of regulators that control physiological responses in 

microbes and plants as a function of their phosphorylation state. The conserved REC protein, 

PhyR, is an anti-anti-σ factor that regulates stress-dependent transcription in Alphaproteobacteria. 

We have applied a combination of experimental and computational approaches to uncover 

structural determinants of PhyR activation.

*Address Correspondence to Sean Crosson, scrosson@uchicago.edu.
%J.L.L and D.S.E. contributed equally to this work.

Author Contributions
J.L.L., D.S.E, and S.C conceived and designed experiments, analyzed results, and wrote the manuscript. J.L.L. and D.S.E. performed 
the experiments and J.R.S assisted with NMR experimental design, data collection, analysis, and interpretation. The authors have no 
conflicts of interest to declare.

HHS Public Access
Author manuscript
Mol Microbiol. Author manuscript; available in PMC 2019 January 01.

Published in final edited form as:
Mol Microbiol. 2018 January ; 107(2): 164–179. doi:10.1111/mmi.13868.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Keywords

stress response; Caulobacter; Brucella; signal transduction; intrinsically disordered protein; 
Alphaproteobacteria

Introduction

Bacteria use numerous molecular response mechanisms to adapt to shifts in the physical or 

chemical state of the environment. In Alphaproteobacteria, environmental adaptation is 

largely controlled by the general stress response (GSR) system. The GSR system activates 

transcription of dozens of genes and mediates stress resistance and survival in species that 

inhabit niches ranging from the interior of mammalian cells (Kim et al., 2014, Sycz et al., 
2015), to plant leaves (Kaczmarczyk et al., 2011) and roots (Flechard et al., 2010, Gourion 

et al., 2009), to freshwater and oceans (Alvarez-Martinez et al., 2007, Corrêa et al., 2013, 

Herrou et al., 2010). The environmental cues and regulatory responses regulated by this 

system vary across species, but the core proteins that control GSR-dependent transcription 

are conserved (Fiebig et al., 2015, Francez-Charlot et al., 2015).

The GSR combines two classic gene regulatory paradigms: two-component signaling and 

alternative σ factor regulation. At the center of this pathway is the PhyR protein, comprising 

a C-terminal receiver (REC) domain and an N-terminal σ-like (SL) domain (Francez-Charlot 

et al., 2009, Herrou et al., 2010). In the current structural model, aspartyl phosphorylation in 

the PhyR REC domain by a sensor kinase (Herrou et al., 2017, Kaczmarczyk et al., 2015, 

Kim et al., 2014, Lourenco et al., 2011), induces a conformational change that enables 

binding of the anti-σEcfG factor NepR to the PhyR SL domain. This process releases the 

extracytoplasmic function (ECF) σ-factor, σEcfG, to bind RNA polymerase and control gene 

expression (Figure 1A) (Campagne et al., 2012, Francez-Charlot et al., 2009). There is 

evidence from multiple systems that REC phosphorylation is allosterically regulated by 

interaction with protein or nucleic acid substrates, including PhyR by its binding partner 

NepR (Ames et al., 1999, Barbieri et al., 2010, Herrou et al., 2015, Kaczmarczyk et al., 
2014, Schuster et al., 2001). The PhyR protein and the GSR system of Alphaproteobacteria 

thus provide an excellent model to investigate the structural basis by which substrate 

interaction and phosphorylation modulate REC protein conformation and function.
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Recent nuclear magnetic resonance (NMR) spectroscopy studies of full-length Erythrobacter 
litoralis PhyR and its isolated REC domain demonstrate that (1) aspartyl modification of the 

PhyR REC domain by the phosphomimetic compound BeF3
− shifts REC toward an active 

conformation in full-length protein, and (2) the isolated PhyR REC domain adopts an active 

conformation even in the absence of BeF3
− modification (Corrêa & Gardner, 2016). Thus, 

the PhyR REC domain is held in an inactive conformation by its interaction with the SL 

domain on the same polypeptide. A model that emerges from these and other published data 

(reviewed in (Fiebig et al., 2015, Francez-Charlot et al., 2015)) is that the energy of aspartyl 

phosphorylation overcomes an inhibitory interaction between the PhyR REC and SL 

domains. Once free from SL, REC is predicted to adopt an active conformation that 

stabilizes an “open” state in which SL is undocked from activated REC and the NepR-

binding site is fully exposed (Figure 1A) (Campagne et al., 2012, Herrou et al., 2012). While 

mutagenesis data provide support for this PhyR open state model (Campagne et al., 2012), a 

structure of this PhyR~P open state has not, to our knowledge, been reported in the 

literature. A challenge in studying PhyR~P is that addition of the anti-σ factor NepR is 

necessary to generate a large fraction of phosphorylated PhyR (PhyR~P) in vitro (Herrou et 
al., 2015, Kaczmarczyk et al., 2014), which confounds structural investigations of isolated 

PhyR~P. Enhancement of PhyR REC domain phosphorylation by NepR requires an 

intrinsically disordered region (IDR) at the NepR amino terminus (Herrou et al., 2015) via a 

mechanism that remains undefined.

In this study, we aimed to define the molecular requirements of PhyR activation by 

investigating the roles of both phosphorylation and nascent interactions with the IDR of 

NepR in promoting a fully-active PhyR open state. Experimental protein–protein interaction 

studies contribute to an emerging model in which restructuring of the α11-β5 loop (α4-β5 in 

standard REC domain nomenclature) plays a role in PhyR activation as an anti-anti-σ factor. 

Molecular dynamics (MD) umbrella sampling calculations provide evidence that aspartyl 

phosphorylation of the PhyR REC domain lowers the energy barrier to an active, open state 

conformation, though small-angle X-ray scattering (SAXS) experiments indicate that 

aspartyl phosphorylation is insufficient to shift a large fraction of PhyR to an open state in 

vitro. Thus, additional free energy may be required to disengage REC and SL domains and 

fully expose the NepR-binding site on SL. Two-dimensional biomolecular NMR 

experiments revealed a stable interaction between unphosphorylated PhyR and NepR that 

requires the IDR at the NepR N-terminus. We propose this nascent molecular interaction 

between the IDR of NepR and unphosphorylated PhyR is specific and serves an important 

role in priming PhyR for activation by phosphorylation, and providing free energy to form 

the open, active state that binds NepR with high affinity.

Results

Umbrella sampling calculations provide evidence that PhyR phosphorylation lowers the 
energetic barrier to an open state conformation

The NepR-binding site on the PhyR SL domain is partially occluded by the REC domain in 

the full-length, unphosphorylated protein (Campagne et al., 2012, Herrou et al., 2012). Thus, 

PhyR must undergo a large conformational change to expose the NepR-binding site that has 
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been defined in both X-ray and NMR structures. The current model of PhyR activation as an 

anti-anti-σ factor entails a phosphorylation-dependent transition from a “closed” to “open” 

state, which enables NepR binding (Figure 1A) (Campagne et al., 2012, Corrêa & Gardner, 

2016, Herrou et al., 2010, Herrou et al., 2012). While biomolecular NMR experiments have 

shown that modification of PhyR with the phosphomimetic compound BeF3
− induces 

widespread chemical shift changes in the heteronuclear single quantum coherence (HSQC) 

spectrum of E. litoralis PhyR (Corrêa & Gardner, 2016), the hypothesis that REC domain 

phosphorylation is sufficient to shift a large fraction of PhyR molecules to an open 

conformation remains unproven.

To further interrogate the structural and thermodynamic basis of PhyR activation by 

phosphorylation, we performed a series of atomistic MD simulations and umbrella sampling 

calculations on high-resolution structural models of Caulobacter crescentus PhyR and 

PhyR~P. Ten fifty ns equilibration simulations of PhyR~P were performed to probe early 

structural transitions induced by phosphorylation. We also performed a 50 ns control 

simulation of unphosphorylated PhyR. As previously observed in longer timescale 

simulations (Herrou et al., 2012), there is no evidence that SL and REC domains of PhyR~P 

undock to expose the NepR-binding site in an open state conformation, though these 

timescales may be too short to observe such a large-scale structural change. In all 

simulations of PhyR~P, we observed restructuring of certain regions (particularly the α4 

flanking loop) and, in some cases, of the REC domain α11-β5 loop region surrounding the 

phosphorylation site (residues 224–231) (Figures 1B and S1A).

To assess the degree to which these simulated changes may prime PhyR to adopt an open 

conformation that favors NepR binding, we conducted solvent accessible surface area 

(SASA) calculations on NepR-binding residues at the SL-REC domain interface in PhyR 

and one of the PhyR~P simulations (trajectory 1) (Figure 1C). Increased solvation was 

largely limited to charged residues on the α1 helix of the SL domain (Figure 1D). Prior to 

phosphorylation, this region of structure is directly associated with the REC domain α11-β5 

loop. We calculated the root mean square fluctuation (RMSF) of each residue in our 

simulations by averaging the squared distance of polypeptide alpha carbons from their initial 

positions at 40 ns (after all simulations were well-relaxed). RMSF reports on the variance in 

the position of each residue, and was particularly elevated in the α4 loop after restructuring 

(Figure S1B–C); we also observed some modest fluctuation in the region surrounding the 

phosphorylation site that is consistent with increased dynamics as a function of 

phosphorylation (Campagne et al., 2012, Corrêa & Gardner, 2016, Herrou et al., 2012).

We next assessed the energetics of the transition from a closed to open state conformation 

following phosphorylation using an umbrella sampling approach. Specifically, we simulated 

the 10 ns (i.e. before structural rearrangement) and 50 ns (i.e. after structural rearrangement) 

states of PhyR~P (trajectory 1) and PhyR using the inter-domain distance between SL and 

REC as a proxy reaction coordinate for formation of a PhyR open state. Inter-domain 

distance was defined as the length between the center of mass of the SL (residues 1–120) 

and REC domains (residues 140–266). Simulations sampled inter-domain distances from 

their free equilibrium values of ~28.5 Å and ~29.5 Å for PhyR and PhyR~P, respectively, to 

a final distance of 34 Å. At this distance, most charged residues at the domain interface are 
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fully solvated. The MD simulations and umbrella sampling provide evidence that PhyR does 

not undergo a spontaneous transition to an open state upon phosphorylation at this short 

timescale, though phosphorylation does lower the energy barrier to opening (Figures 1B–E 

and S1).

Phosphorylation of PhyR is not sufficient to induce a measureable open state 
conformation in vitro

MD and umbrella sampling approaches provide evidence that phosphorylation of the PhyR 

REC domain does not result in spontaneous formation of an open conformation on short 

timescales (Figure 1). NMR studies of E. litoralis PhyR (56% identical to C. crescentus 
PhyR; BLAST e < 3e−96) show widespread changes in chemical shifts as a function of 

modification with the phosphomimetic compound, beryllium fluoride (BeF3
−) (Corrêa & 

Gardner, 2016). Thus, PhyR phosphorylation clearly alters PhyR structure. How these 

changes in chemical shift correspond to changes in PhyR tertiary structure is not well 

defined.

We used SAXS to directly test whether PhyR phosphorylation results in a measurable 

structural change that is consistent with an open state where the phosphorylated REC 

domain dissociates from the SL domain. We selected Brucella abortus PhyR (55% identical 

to C. crescentus PhyR; BLAST e < 8e−91) as our model for scattering studies because we 

have established robust protocols to produce stably phosphorylated PhyR (PhyR~P) using its 

cognate histidine kinase as a phosphoryl donor (Kim et al., 2014). We optimized conditions 

of the phosphoryl-transfer reaction to generate quantities of PhyR~P suitable for SAXS 

analysis; greater than 90% of PhyR was phosphorylated as estimated using a combination of 

size-exclusion chromatography (SEC) and the Phos-tag (Kinoshita et al., 2006) acrylamide 

mobility shift detection system (Figures 2A,B and S2A).

The SAXS data for PhyR and PhyR~P are nearly identical (Figures 2C–E and S3). The 

similarity in scattering is particularly apparent when comparing the pair-distance distribution 

function (PDDF) plots (Figure 2F). Radii of gyration (Rg), Dmax, and Porod volumes are 

also the same, within error (Table S1). The experimental scattering data do not have features 

of an open state, based on calculation of a theoretical scattering curve (Mertens & Svergun, 

2010) from structural models in which the SL and REC domain of PhyR are partially hinged 

apart (Figure 2C–G). These data provide evidence that PhyR phosphorylation, though 

required for NepR binding and GSR transcriptional activation, is insufficient to drive a 

measurable fraction of protein into an open conformation. Neither PhyR phosphorylation 

nor complexation with NepR significantly affect protein stability as measured by thermal 

denaturation (Figure S2C and D). This is consistent with our MD simulations (Figure 1) in 

which there are significant but localized structural transitions. Based on these data and 

published biochemical data showing NepR-dependent stimulation of PhyR phosphorylation 

(Herrou et al., 2015, Kaczmarczyk et al., 2014), we support a model in which a specific 

interaction between NepR and unphosphorylated PhyR is an important step in generating an 

active PhyR~P open state that binds NepR with high affinity. This stated, we cannot rule out 

the possibility that a minority fraction of PhyR~P accesses an open state, which is 

subsequently bound by NepR.
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The role of phosphorylation-induced structural changes in PhyR-NepR binding

The primary structural changes we observed in the C. crescentus PhyR~P MD trajectories 

were modest restructuring of the region near the α11-β5 loop and fluctuations in the 

conformation of the flexible loop N-terminal to α4. While these changes did not correlate 

significantly (Figure S1C), they accompanied a significant decrease in the cross-correlation 

between α4 loop residues and the residues of α6 and α7 (Figure S1A) indicating that the 

structural state of these regions may be coupled. As the structural changes near α4 were 

difficult to interpret, we focused our analysis on the α11-β5 loop. The α11-β5 loop 

corresponds to α4-β5 of typical receiver proteins, one of several regions where structural 

rearrangements occur upon phosphorylation that control REC domain function (Bourret, 

2010). In contrast to canonical receiver proteins, PhyR contains an extension of the loop 

between α11 and β5 that directly interacts with and is stabilized by the SL domain 

(Campagne et al., 2012, Corrêa & Gardner, 2016, Herrou et al., 2012). A putative hydrogen 

bonding network in the α11-β5 loop is evident between the backbone nitrogen residues of 

T228 and G229, the side chain hydroxyl of T228, and the carboxyl oxygen of the E233 side 

chain (Figure 3A). These interactions appear to define the α11-β5 loop structure and 

stabilize a closed PhyR conformation. Many of these interactions are disrupted upon 

phosphorylation in some simulations.

To develop the existing model (Campagne et al., 2012) that destabilization of the α11-β5 

loop plays a role in phosphorylation-dependent activation of C. crescentus PhyR, we 

prepared a series of alanine substitutions (i.e., an alanine scan) of residues 220–233 

(excluding P223, G229, and P232) and assessed NepR binding using a bacterial two-hybrid 

(BTH) assay. PhyR mutations L227A, T228A, or E233A in the α11-β5 loop increased 

apparent NepR binding to a level similar to that of the isolated SL domain, which binds 

NepR constitutively (Figures 3B and S4A) (Campagne et al., 2012, Herrou et al., 2012, 

Herrou et al., 2015). These results are consistent with published data (Campagne et al., 
2012) showing that the E235A mutation in Sphingomonas (corresponding to E233 in C. 
crescentus) derepresses binding to NepR even when the phosphorylation site (D194) is 

substituted to alanine. In C. crescentus, T228 and E233 form extensive hydrogen bonds in 

the α11-β5 loop and to the SL domain (Figure 3A) while the hydrophobic side chain of 

L227 is packed against SL-α1 at the domain interface. In SASA calculations, L227 is 

solvated upon phosphorylation (Figure 1C). These data support a model in which mutations 

that destabilize the α11-β5 loop result in a structural shift toward a PhyR~P-like state. 

Indeed, these mutant variants of PhyR retain their capacity to bind NepR in this BTH assay 

even when the D192 phosphorylation site is mutated to alanine (Figure 3C), and thus 

decouple PhyR phosphorylation from NepR interaction.

Two other α11-β5 loop mutants, T220A and R225A, did not interact with NepR in the BTH 

assay (Figure 3B). T220 is highly conserved and stabilizes the phosphoryl group in REC 

domains that utilize either Y-T coupling or FATGY signaling mechanisms (Cho et al., 2000, 

Campagne et al., 2016, Sheftic et al., 2014). This residue is required for conformational 

changes induced by BeF3
− modification in E. litoralis PhyR (Corrêa & Gardner, 2016). The 

structural role of R225 is unclear, though we note that R225 stacks with F222 and may 

provide stability to the α11 helix. In our PhyR~P simulations, R225 interacts with the 
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phosphoryl group on D192 and may function to stabilize aspartyl phosphate or assist in 

pulling α11 away from the REC-SL domain interface.

We next assessed the functional effect of the PhyR L227A, T228A, and E233A mutations 

(i.e. mutants with increased NepR interaction in the BTH assay) on GSR transcriptional 

activation in C. crescentus. To measure GSR transcription we used a PsigU-lacZ 
transcriptional fusion plasmid (Herrou et al., 2010) as a reporter, and quantified β-

galactosidase activity in the presence and absence of osmotic stress. We expressed these 

mutant phyR alleles in a ΔphyR background from a vanillate-inducible promoter (Pvan). For 

each of these mutants, we observed a small increase in baseline GSR transcription compared 

with wild type, which is consistent with bias toward a derepressed state (i.e. a NepR-binding 

state). Transcription was activated under an osmotic stress condition, indicating that these 

mutant PhyR proteins remain stress responsive. Expression of PhyR L227A, T228A, or 

E233A alleles harboring a non-phosphorylatable D192A mutation did not support GSR 

transcription; D192 was required under all backgrounds to activate GSR transcription 

(Figure 3D). We conclude that although the L227A, T228A, or E233A mutants of PhyR 

have derepressed NepR binding in a BTH assay, REC phosphorylation is still required for 

these alleles to function as positive regulators of GSR transcription in vivo.

NepR interacts in a structured manner with unphosphorylated PhyR

An intrinsically disordered region of polypeptide (IDR) at the N-terminal end of NepR, 

termed FR1, is required for high-affinity C. crescentus PhyR~P-NepR interaction in vitro 
and in vivo, and for stimulation of PhyR autophosphorylation in vitro (Herrou et al., 2015). 

These results suggest a model whereby PhyR interacts with NepR in the absence of 

phosphorylation. This interaction is predicted to prime PhyR for activation as an anti-anti-σ 
factor during the GSR. However, previous studies (Herrou et al., 2012) and size exclusion 

chromatography data (Figure S2B) provide no evidence for a stable interaction between C. 
crescentus NepR and unphosphorylated PhyR.

We tested whether unphosphorylated PhyR and NepR form a weak stable interaction using a 

spectroscopic approach. Specifically, we purified 15N-labeled C. crescentus PhyR (15N-

PhyR) and measured 2D 1H-15N transverse relaxation-optimized spectroscopy (TROSY) 

spectra in the presence and absence of a 1.25-fold molar excess of unlabeled NepR. We 

observed small but distinct changes in 15N-PhyR chemical shifts, which provide evidence 

that PhyR and NepR interact in a stable manner in the absence of PhyR phosphorylation 

(Figure 4). We note that unphosphorylated B. abortus PhyR is reported to form a complex 

with NepR that is sufficiently stable to purify by size-exclusion chromatography (SEC) 

(Figure S2A) (Kim et al., 2013). Thus the affinity of interaction between unphosphorylated 

PhyR and NepR varies across species, which may reflect differences in steady-state PhyR 

and NepR–σEcfG levels in the cell or other differences in GSR regulation among 

Alphaproteobacteria.

Given the spectroscopic evidence for interaction between 15N-PhyR and NepR, we 

performed a reciprocal set of experiments with 15N-NepR and unlabeled PhyR. We first 

measured a 2D 1H-15N heteronuclear single quantum coherence (HSQC) spectrum of 15N-

NepR to assess its structure in isolation. This spectrum had poor chemical shift dispersion 
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(Figure 5A) characteristic of unstructured polypeptide, which is consistent with spectra of S. 
melonis NepR (Campagne et al., 2012). Phase-modulated CLEAN chemical exchange 

(CLEANEX-PM) revealed fast exchange of nearly all amide hydrogens in this sample with 

water. These data indicate that C. crescentus NepR is dynamic and largely unstructured in 

the absence of a binding partner (Figures 5A and S5A). We next conducted a 1H-15N HSQC 

experiment on 15N-NepR in the presence of a 1.25-fold molar excess of unlabeled and 

unphosphorylated PhyR. We observed the gain, loss, or shift of multiple 15N-NepR peaks 

upon the addition of PhyR (Figure 5B). The majority of new peaks are restricted to a narrow 

region in the 1H dimension in these spectra (7.6–8.1 ppm) with greater dispersion in the 15N 

dimension, which is consistent with an intrinsically disordered protein (IDP) experiencing 

multiple stable conformational states on a millisecond timescale (Kragelj et al., 2013, Kosol 

et al., 2013, Konrat, 2014). Nearly all peaks that arise in this region of the spectrum are 

exchange protected as assessed by CLEANEX-PM, which provides evidence that NepR 

adopts an ordered conformation (or set of conformations) in the presence of 

unphosphorylated PhyR. PhyR, NepR and σEcfG are abundant proteins in the cell. 

Calculated concentrations inside C. crescentus approach 41, 90, and 12 μM, respectively, in 

the absence of stress based on published intracellular protein levels and ribosome profiling 

data (and assuming a cell volume of 0.3 femtoliters) (Li et al., 2014, Schrader et al., 2016, 

Schrader et al., 2014). Interactions detected in our NMR experiments may thus reflect 

interactions present in the cell.

As controls, we collected HSQC spectra of 15N-NepR after 24 h incubation in NMR 

conditions or in the presence of a 3.5-fold molar excess of bovine serum albumin (BSA). We 

did not observe any significant chemical shifts in these spectra (Figure S5A). We conclude 

that the gain of structure in NepR requires the specific presence of PhyR and is not due to 

degradation or the simple presence of another protein at high concentration. We also 

collected an HSQC spectrum of 15N-NepR with a 1.25-fold excess of D192A PhyR and 

obtained an identical result to WT PhyR (Figure S5B) indicating changes in the spectra are 

not due to a small amount of phosphorylated PhyR in the sample tube.

15N-NepR peaks that appear in the presence of unphosphorylated PhyR are distinct from 

those measured in 1H-15N HSQC spectra of a PhyR~P:15N-NepR complex, which are 

characterized by improved peak dispersion, particularly in the hydrogen dimension, and 

protection of amide protons (Figure 5C). The peaks observed at 7.6–8.1 and 127–132 ppm in 

the hydrogen and nitrogen dimensions, respectively, in the PhyR:15N-NepR spectrum are not 

present in PhyR~P:15N-NepR (Figure 5B and C). Notably, when we mixed 15N-NepR from 

C. crescentus with a 1.25-fold molar excess of unphosphorylated B. abortus PhyR, we did 

not observe a similar appearance of peaks even after 24 h incubation. Only minor peak shifts 

were evident in this spectrum and the majority of peaks that appear between 7.6–8.1 and 

127–132 ppm in the conspecific C. crescentus PhyR–NepR complex are absent (Figure 

S5C). This provides evidence that interaction between NepR and unphosphorylated PhyR 

requires a conspecific protein pairing.

The NMR spectroscopic studies reported here provide evidence for a structurally defined 

interaction between unphosphorylated PhyR and NepR, which may underlie NepR-

dependent activation of PhyR phosphorylation (Herrou et al., 2015, Kaczmarczyk et al., 
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2014). Such a model is in line with other models of response regulator activation, in which 

the presence of substrates, additional domains, or binding partners can influence REC 

domain phosphorylation and dephosphorylation (Barbieri et al., 2010, Schuster et al., 2001).

An intrinsically disordered region of NepR, FR1, interacts specifically with PhyR

Results from simulations and in vitro structural assays support a model in which PhyR and 

PhyR~P primarily exist in a closed conformation in which the REC domain is docked 

against the SL domain (Figures 1 and 2). PhyR phosphorylation mobilizes regions of 

structure, which correlates with a lowered energetic barrier to the PhyR open state (Figure 

1). Our results suggest that an additional molecular component is required to initiate 

switching to a PhyR conformation that is competent to bind NepR with high affinity and 

activate GSR transcription. Given the evidence for NepR binding to unphosphorylated PhyR 

(Figures 4 and 5) and published studies showing that NepR enhances PhyR phosphorylation 

by either its cognate histidine kinase or by low-molecular-weight phosphoryl donors (Herrou 

et al., 2015, Kaczmarczyk et al., 2014), we postulated that energy from interaction with 

NepR or with the NepR–σEcfG complex may contribute to PhyR opening.

When bound to PhyR, NepR is characterized by two conserved central helices, α1 and α2, 

that are flanked by intrinsically disordered regions (IDR) of structure (Herrou et al., 2012, 

Herrou et al., 2015, Campagne et al., 2012) termed FR1 and FR2 (Figure 6A). As previously 

reported (Herrou et al., 2015), C. crescentus NepR binds C. crescentus PhyR in a BTH assay 

(Figure 3B); however, a truncated NepR construct lacking FR1 and FR2 (NepRSV) does not 

bind full-length PhyR (Herrou et al., 2012). We observed that NepRSV interacts with the 

“activating” PhyR α11-β5 loop mutant, T228A, albeit more weakly than does full-length 

NepR (Figure 6B). Thus, the requirement for the NepR FR1/2 regions in PhyR binding is 

less stringent when PhyR harbors the activating T228A mutation. The other activating α11-

β5 loop mutants shown in Figure 3B (i.e. L227A and E233A) do not bind NepRSV in a BTH 

assay.

We focused on FR1 to test whether this IDR specifically interacts with PhyR. We made 

chimeric NepR constructs in which we exchanged FR1 between two Alphaproteobacterial 

species, B. abortus and C. crescentus (mutants are referred to as Ba and Cc, respectively). 

NepR orthologs from these species share 3 of the 4 residues in the helical region required for 

PhyR binding (Figure 6A) (Campagne et al., 2012). Each NepR construct was assessed for 

interaction with wild-type Cc and Ba PhyR and Cc PhyR mutants in a BTH assay. The 

specificity of PhyR–NepR interaction in this assay was determined by FR1, and not by the 

α1-α2 helical domain (Figures 6B,C and S4B). In other words, a conspecific interaction 

between the NepR FR1 region and PhyR determines PhyR–NepR binding in this assay.

To further investigate the role of FR1 as a determinant of PhyR–NepR interaction specificity, 

and to define residues required for PhyR–NepR interaction, we prepared a series of Cc 

NepR truncation mutants, termed T1–T5, and assessed binding to PhyR by BTH. Most of 

the FR1 region can be deleted without compromising NepR–PhyR interaction. However, 

binding was completely lost when the approximately 10 residues N-terminal to α1 were 

deleted (Figure S6, T3 vs T4). To test whether a specific residue within this IDR of NepR 

structure is necessary for PhyR–NepR interaction, we performed an alanine scan and 
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assayed PhyR interaction by BTH. Several alanine substitutions result in moderately 

decreased PhyR binding, but no single mutation completely disrupted the PhyR–NepR 

interaction (Figure S6). This suggests that multiple contacts in this region are responsible for 

the PhyR–NepR interaction and may help explain FR1 sequence diversity.

Discussion

Accessing the PhyR open state

Previous biochemical and structural analyses of PhyR suggest a model in which 

phosphorylation of its REC domain results in a structural transition from a ‘closed’ to an 

‘open’ and active conformation (Figure 1A) (Campagne et al., 2012, Francez-Charlot et al., 
2009, Herrou et al., 2010, Herrou et al., 2012). We directly tested this model of PhyR 

activation using experimental biophysical, biochemical, genetic, and computational 

approaches. We provide evidence that phosphorylation of the PhyR REC domain is not 

sufficient to induce formation of a large fraction of open-state PhyR in vitro, though 

disruption of a hydrogen bonding network in the α11-β5 loop and solvation of residues at 

the REC-SL interface (upon phosphorylation) are associated with a lowered energetic barrier 

to opening (Figures 1–3). This result is consistent with a growing body of data that implicate 

α11-β5 conformational change in PhyR activation (Campagne et al., 2012, Corrêa & 

Gardner, 2016, Herrou et al., 2012). Our data support a GSR activation model in which 

NepR interaction with PhyR, likely via an intrinsically disordered region of NepR 

polypeptide, supplies free energy to open and activate phospho-PhyR.

Our study identified several C. crescentus PhyR mutants that decoupled NepR binding 

activity from REC domain phosphorylation in a BTH binding assay, but did not strongly de-

repress GSR transcription in vivo. The discrepancy in these results may be explained by the 

fact that NepR in the C. crescentus cell is largely bound to σEcfG. Phosphorylation 

dependent conformational changes in other regions of PhyR may be necessary to liberate 

NepR from σEcfG in vivo and activate GSR transcription. For example, in addition to 

restructuring of the α11-β5 loop in some simulations, MD trajectories of PhyR~P showed 

clear extension of the α4 helix of the SL into the solvent. This helix is an important 

contributor to PhyR-NepR binding that has been reported to interact directly with NepR in 

the S. melonis FR1 system (Campagne et al., 2012). It is possible that extension of α4 is 

tightly controlled by phosphorylation in a manner independent of α11-β5 loop 

conformation.

Probing the role of an intrinsically disordered region (IDR) of NepR in allosteric control of 
PhyR

NepR comprises two conserved central helices that bind the PhyR SL domain with high 

affinity (Campagne et al., 2012, Herrou et al., 2012), flanked by IDRs at the N-and C-

termini. The IDR at the N-terminus of NepR, termed FR1, does not have a conserved 

primary structure but is required for C. crescentus NepR to stimulate PhyR phosphorylation 

and bind to phospho-PhyR (PhyR~P) with high affinity in vitro (Herrou et al., 2015). We 

have provided evidence for an interaction between NepR and unphosphorylated PhyR 

(Figure 5B). This interaction has spectroscopic features of a so-called fuzzy complex 
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(Tompa & Fuxreiter, 2008), in which NepR might adopt a partially structured state that 

modulates the structure and activity of PhyR. Consistent with this possibility, we observed 

modest changes in 15N-PhyR chemical shifts in the presence of conspecific NepR (Figure 

4B). Future studies of PhyR-NepR pairs that form a more stable interaction without 

phosphorylation, such as those from B. abortus, may provide more in depth structural 

understanding of specific interactions between NepR FR1 and unphosphorylated PhyR. It is 

possible that NepR adopts multiple stable conformations in its interaction with PhyR prior to 

forming a stable, high-affinity PhyR~P/NepR complex.

A ternary complex between PhyR, NepR, and σEcfG underlying partner switching?

We favor a model in which PhyR forms a ternary complex with NepR–σEcfG in the cell, 

possibly mediated by the FR1 IDR of NepR (Figure 7). In such a model, FR1 may be 

disordered when NepR is bound to σEcfG (Campagne et al., 2012) and form a structured 

interaction with PhyR to facilitate formation of a ternary complex. Upon PhyR binding, 

NepR would promote REC domain phosphorylation and open state formation and be 

subsequently passed from σEcfG to the PhyR SL domain. This mechanism would avoid high 

levels of free NepR in the cell, which might be recognized as a disordered polypeptide and 

be rapidly degraded. We note similarities between the Alphaproteobacterial PhyR–NepR–

σEcfG regulatory system and mammalian hypoxia-inducible factor (HIF-1α), which is also 

regulated by partner switching interactions mediated through an IDR (Dames et al., 2002, 

De Guzman et al., 2004, Freedman et al., 2003, Freedman et al., 2002). Structural disorder is 

often advantageous for proteins that perform multiple roles, interact with numerous partners, 

or rapidly transition between conformational states (Wright & Dyson, 2015). In the case of 

HIF-1α, protein disorder is proposed to enable efficient protein partner switching even when 

cellular concentrations of competing partners are similar (Berlow et al., 2017). Whether 

unstructured regions of NepR enable partner switching between equimolar PhyR and σEcfG 

remains to be determined and requires additional experimentation.

High-resolution structural studies of isolated PhyR~P have been impeded by the requirement 

that NepR be added to the phosphorylation reaction mixture to yield a high fraction of 

PhyR~P. The three active mutants reported in this study, L227A, T228A, and E233A, have 

properties of PhyR~P in a BTH binding assay and may be good candidates for further 

structural studies of activated PhyR. These mutants maintain the requirement for a 

conspecific NepR FR1 IDR to function in a BTH assay (Figure 6B). We suggest FR1 

facilitates formation of the PhyR open state by contacting residues at the SL-REC domain 

interface, possibly following α11-β5 loop rearrangement. The precise mechanism and 

specific residues involved in this process merit further exploration. We further note that 

PhyR REC does not contain residues involved in the so-called Y-T coupling (Cho et al., 
2000) or FATGY (Campagne et al., 2016) activation mechanisms and thus provides an 

excellent model to explore the diversity of REC domain signaling mechanisms.

The data presented herein expand our molecular understanding of the central GSR 

regulatory proteins PhyR and NepR by demonstrating (1) PhyR and NepR interact prior to 

phosphorylation and this interaction nucleates NepR structure, (2) REC domain 

phosphorylation is insufficient to shift a measureable fraction of PhyR to an open 
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conformation as measured by SAXS, and (3) an unstructured region at the NepR amino 

terminus confers PhyR-NepR binding specificity. Collectively, these results identify new 

molecular/structural control features of a large transcriptional program required for 

alphaproteobacterial stress adaptation.

Experimental Procedures

Protein expression and purification

All primers and strains used in this study are outlined in Tables S2 and S3. A 5 mL overnight 

culture was used to inoculate 1 L lysogeny broth (LB) medium with 50 μg•mL−1 kanamycin 

(Kan) and grown to an optical density at 600 nm (OD600) of 0.6–0.8 at 37 °C and 210 rpm 

for unlabeled cultures. For uniformly 15N-labled proteins, the overnight culture was used to 

inoculate 1 L M9 minimal media (pH 7.4) supplemented with 15NH4Cl (1 g•L−1, Cambridge 

Isotope Laboratories). Protein expression was induced by adding 0.5 mM isopropyl-β-D-

thiogalactopyranoside (IPTG) and incubating for an additional ~20 h at 18 °C. Cells were 

harvested by centrifugation and pellets resuspended in 25 mM Tris-HCl (pH 7.6), 125 mM 

NaCl, and 10 mM imidazole. Cell suspensions were disrupted by passage through a 

Microfluidizer (Microfluidics). Cell debris was pelleted by centrifugation at 39,000 g for 30 

min at 4 °C. The soluble fraction was then applied to a Ni-NTA resin column (nitrilotriacetic 

acid; GE Healthcare). The resin was washed sequentially with Tris-NaCl buffer containing 

10, 30, and 125 mM imidazole and proteins eluted with 350 and 500 mM imidazole. Elution 

fractions were concentrated and subjected to SEC using a Superdex S300 26/60 column (GE 

Healthcare) equilibrated with 25 mM Tris (pH 7.6) and 125 mM NaCl. Fractions containing 

the protein of interest were pooled and, if necessary, concentrated prior to use. For the B. 
abortus histidine kinase LovHKΔ8–109, protein eluted from the Ni-NTA column was 

dialyzed overnight at 4 °C against 25 mM Tris-HCl (pH 7.6), 125 mM NaCl, and 50% (v/v) 

glycerol. Purified proteins were determined to be >95% pure by 15% SDS-PAGE.

Preparation of B. abortus PhyR~P and PhyR~P:NepR

For B. abortus PhyR~P, phosphorylated protein was generated by incubating PhyR with its 

cognate histidine kinase, LovHKΔ8–109 (Kim et al., 2014, Willett & Kirby, 2012). PhyR~P 

used in SEC-SAXS experiments was generated using 490 μM Ba PhyR with 7 μM 

LovHKΔ8–109 in kinase buffer (25 mM Tris, 50 mM KCl, 1 mM each CaCl2, MgCl2, 

MnCl2, and dithiothreitol (DTT), pH 7.6) containing 10 mM ATP for 20 h to ensure full 

phosphorylation. LovHKΔ8–109 kinase activity was confirmed under these conditions by 

adding 3 μM [γ-32P]-ATP, followed by SDS-PAGE and autoradiography. 32P-labeled PhyR 

was separated by 12% SDS-PAGE and visualized using a Typhoon Imager (GE). To estimate 

the percentage of phosphorylated PhyR generated by phosphoryl transfer from LovHKΔ8–

109, samples were subjected to SDS-PAGE Phos-tag mobility shift detection system 

(Kinoshita et al., 2006) using methods previously developed for analyzing aspartyl 

phosphorylation in response regulators (Barbieri & Stock, 2008, Gao & Stock, 2013). 

PhyR~P:NepR was used as a representative fully phosphorylated PhyR protein and 

generated by reacting 25 μM PhyR and 1 mM acetyl phosphate (AcP) in kinase buffer and 

50 μM NepR for ~20 h. PhyR~P and PhyR~P:NepR phosphorylation reactions were 

quenched by addition of SDS loading buffer. Protein samples (1.26 μg) were separated by 
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9% SDS-PAGE including 50 mM Phos-tag acrylamide and 100 mM MnCl2 (or standard 9% 

SDS-PAGE). All Phos-tag acrylamide gels were electrophoresed at a constant voltage of 100 

V. Gels were stained with Coomassie and analyzed using ImageJ. Comparison of the relative 

intensities in Phos-tag vs standard gels indicated that PhyR~P generated from LovHKΔ8–

109 was >85% phosphorylated. Purified B. abortus PhyR~P protein was used for SAXS, 

circular dichroism (CD), and SEC experiments.

Preparation of C. crescentus PhyR~P:NepR

The C. crescentus (Cc) PhyR~P:NepR complex was prepared by incubating purified PhyR 

and NepR with kinase buffer and AcP. For SEC experiments, complexes were prepared 

using 25 μM PhyR, 50 μM NepR, and 1 mM AcP. For NMR spectroscopy experiments, 300 

μM PhyR, 275 μM 15N-NepR, and 10 mM AcP were incubated in kinase buffer for 4 h to 

ensure complete phosphorylation, followed by buffer exchange by SEC into the indicated 

NMR buffer and concentrated.

CD and thermal denaturation measurements

CD spectra and thermal denaturation profiles were collected using a Jasco J-1500 CD 

spectrometer. Samples were buffer exchanged by SEC into 10 mM Tris-HCl (pH 7.6) and 

125 mM NaCl. Fractions containing eluent were collected, combined, and diluted to 20 μM 

and analyzed in a 1.0 mm quartz cuvette. For experiments with NepR alone, 150 μM protein 

was used due to low signal relative to PhyR. In thermal denaturation experiments, the 

temperature was gradually increased from 26 to 86 °C at a rate of 2 °C•min−1. A complete 

CD spectrum was collected at each temperature and CD intensity at 222 nm was monitored 

for denaturation. CD intensity at 222 nm was plotted and fitted to a two-state model. 

Thermal denaturation experiments were performed in triplicate.

Analytical size-exclusion chromatography

SEC was performed using an analytical Superdex G200 10/300 column (GE Healthcare). 

Samples, 20 μM, were injected onto the column pre-equilibrated with the indicated buffer 

and eluted at a rate of 0.6 mL•min−1 unless otherwise indicated.

SAXS data collection and analysis

All SEC-SAXS data were collected at Sector 18-ID (BioCAT) of the Advanced Photon 

Source at the Argonne National Laboratory. Purified proteins, either Ba PhyR or PhyR~P, 

were loaded onto a Superdex G200 10/300 SEC column (GE Healthcare) pre-equilibrated 

with 25 mM Tris pH 7.6 and 125 mM NaCl at a concentration of approximately 16 

mg•mL−1 and eluted at a rate of 0.8 mL•min−1. Data were collected across the SEC elution 

profile using an Aviex charge coupled device (CCD) detector and analyzed using the ATSAS 

software package (Petoukhov et al., 2012). The buffer background, i.e. SAXS scattering 

prior to protein elution, was averaged and subtracted from averaged scattering data 

containing PhyR using PRIMUS (Konarev et al., 2003). Estimates of the radius of gyration 

(Rg) were obtained using Guinier approximation from data at low q values. GNOM was used 

to generate a real space pair distribution function (PDDF or p(r)) with Dmax calibrated until 

the PDDF curve fell smoothly to zero (Svergun, 1992). Generation of theoretical scattering 
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curves of PhyR models derived from MD simulations and umbrella sampling was performed 

using CRYSOL (Svergun et al., 1995).

Biomolecular NMR

NMR spectra were acquired at 35 °C on a Bruker AVANCE IIIHD 600 MHz NMR 

spectrometer equipped with a room temperature TXI probe. HN TROSY (Pervushin et al., 
1997) and HSQC (Bax et al., 1990) spectra were acquired for 15N-PhyR and 15N-NepR, 

respectively. CLEANEX-PM (Hwang et al., 1998) spectra were also acquired with 100 ms 

mixing time. Spectra were processed in NMRpipe (Delaglio et al., 1995) and viewed in 

NMRViewJ (Johnson & Blevins, 1994). All experiments using 15N-NepR were performed in 

10 mM HEPES pH 7.0, 125 mM NaCl, and 10% (v/v) 2H2O and experiments using 15N-

PhyR were performed in 10 mM Bis-Tris pH 6.5, 125 mM NaCl, and 10% (v/v) 2H2O with 

400 μM 15N-labeled protein.

C. crescentus transcriptional assays

C. crescentus ΔphyR carrying the plasmid pRKLac290-PsigU (Tetr) was used to assess σT 

(i.e. σEcfG) transcriptional activity as previously described (Herrou et al., 2010, Herrou et al., 
2015). Into this background, we transformed pMT553 (Kanr) carrying various phyR alleles 

fused to Pvan, to assess σT-dependent transcription in the presence of each phyR mutant. For 

the HA-tagged PhyR experiments, we transformed, into the same background, pMT585 

(Kanr) carrying the indicated phyR alleles also encoding an N-terminal HA-tag fused to Pxyl, 

to assess σT-dependent transcription (Figure 3D, inset). All C. crescentus strains were grown 

in peptone-yeast extract (PYE) medium (containing 5 μg•ml−1 Kan and 1 μg•ml−1 Tet) and 

diluted to a starting OD660 of ~0.05 (30°C, 200 rpm). Hyperosmotic stress was induced by 

adding 150 mM sucrose to the culture medium. Expression of phyR alleles was induced 

from the van promoter by adding 0.5 mM vanillate to the culture medium. β-Galactosidase 

activities were measured at an OD660 of ~0.25 in triplicate.

Western blotting

Overnight cultures of C. crescentus GSR transcriptional reporter strains expressing HA-

tagged PhyR were used to inoculate 2 ml PYE medium (containing 5 μg•mL−1 Kan and 1 

μg•mL−1 tetracycline (Tet)) to a starting OD660 of ~0.05 (30°C, 200 rpm) and 0.15 % (w/v) 

D-xylose was added. When an OD660 of ~0.3 was reached, cells were harvested by 

centrifugation at ~21,000 g for 1 min at room temperature, yielding ~0.5 OD*ml of cells. 

Samples were then resuspended in lysis buffer (25 mM Tris-HCl (pH 7.6), 125 mM NaCl, 

10 mM CaCl2, 10 μg•mL−1 DNase I, 1% (w/v) SDS, 0.1% (v/v) Triton X, and EDTA-free 

protease inhibitor tablet) and western blotted as described previously (Eaton et al., 2016). A 

1:1,500 dilution of monoclonal anti-mouse anti-HA antisera and a 1:4000 dilution of 

monoclonal goat anti-mouse antibodies conjugated to horseradish peroxidase (HRP) were 

used (Thermo Scientific). The secondary antibody was detected with SuperSignal West 

Femto Maximum Sensitivity Substrate (Pierce) imaged using a ChemiDoc MP System (Bio-

Rad). Bands were detected and quantified using Image Lab software (Bio-Rad).

For western blot analysis of T18-NepR constructs, cultures were grown as described for 

BTH assays until OD600 reached 0.5 and 1 mL aliquots harvested by centrifugation at 
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~21,000 g for 1 min. Cell pellets were stored at −80 °C until use. Pellets were resuspended 

in 100μL lysis buffer and vortexed until the pellet was disrupted. SDS loading buffer (3×) 

was added and samples heated at 95 °C for 10 min. Western blotting was performed as 

described (Herrou et al., 2015). T18-NepR constructs were detected with anti-T18 antibody 

(1:1000 dilution; 3D1, KeraFast) in 10 mL TBST, 5% (w/v) milk for 1 h and visualized by 

incubation with HRP-conjugated mouse secondary antibody (1:5000 dilution) for 30 min. 

Visualization and quantitation was performed as described above.

BTH Protein Interaction Assays

Interactions between PhyR and NepR constructs inside bacterial cells were measured using a 

BTH system (Karimova et al., 1998). Wild-type C. crescentus nepR and phyR genes were 

previously cloned into pUT18c and pKT25 vectors, respectively (Herrou et al., 2015). The 

indicated B. abortus nepR allele was cloned into pUT18c between BamHI and EcoRI and 

the phyR allele into pKT25 between XbaI and KpnI. Chimeric nepR FR1 alleles were 

cloned into pUT18c at the KpnI restriction site using isothermal assembly (Gibson et al., 
2009). All primers used in the study are listed in Table S2. Correct plasmid construction was 

confirmed by sequencing. BTH experiments were performed largely as previously described 

(Herrou et al., 2015, Karimova et al., 1998). Briefly, pUT18c and pKT25 plasmids carrying 

the indicated alleles were co-transformed into chemically competent Escherichia coli 
reporter strain BTH101 and plated on LB agar containing 100 μg•mL−1 ampicillin (Amp), 

50 μg•mL−1 Kan, 1 mM IPTG, and 40 μg•ml−1 5-bromo-4-chloro-3-indolyl-β-D-

galactopyranoside (X-Gal) and grown for 24 h at 30 °C. Single colonies were picked to 

inoculate 2.5 mL LB broth supplemented with Amp (100 μg•mL−1), Kan (50 μg•mL−1), and 

IPTG (1 mM). Cultures were grown overnight to saturation (30 °C, 200 rpm) and used to 

inoculate fresh LB medium (Amp-Kan-IPTG). Once OD600 reached 0.4–0.5, β-

galactosidase activity was measured as previously described (Karimova et al., 1998).

Molecular Dynamics Simulations

We constructed a model of full-length PhyR in its closed state using Modeller (Webb & Sali, 

2002), with constraints provided by a crystal structure of full-length C. crescentus PhyR 

(PDB 3N0R) (Herrou et al., 2010). The structural template lacked the Mg2+ ion adjacent to 

the phosphorylation site required for response regulator aspartyl phosphorylation (Bourret, 

2010). The Mg2+ ion and phosphorylation at residue D192 was modeled using parameters in 

the GAAMP resource (Huang & Roux, 2013). Protein structures were solvated in water with 

15 Å of padding and neutralized with KCl using VMD (Humphrey et al., 1996). All 

simulations were carried out in NAMD 2.9 with the all-atom CHARMM22 + CMAP force 

field (Phillips et al., 2005, Brooks et al., 2009). Simulation parameters were identical to 

those previously described (Herrou et al., 2012). Systems were energy minimized for 1000 

steps and predynamically equilibrated at 300 K in a constant-temperature, constant-pressure 

ensemble for 100 ps. A pressure of 1 atm was maintained with a Langevin piston of period 

200 fs and a decay time 100 fs. Systems were energy minimized again for 30,000 steps and 

heated from 0 to 300 K for 300 ps in a periodic constant-temperature, constant-volume 

ensemble, reassigning temperature every 1 ps. 50 ns production simulations were performed 

with Langevin dynamics and periodic boundary conditions from prepared systems.
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Umbrella Sampling

For two of the PhyR simulations described above (one unphosphorylated, one 

phosphorylated), the systems were forked into a steered MD simulation at 10 and 50 ns to 

sample conformations for varying inter-domain distances. Using the NAMD collective 

variables module (Fiorin et al., 2013), harmonic restraints with force constant of 15 

kcal•mol−1•Å−2 were applied to the inter-domain distance defined as the distance between 

the center of mass of residues 1–120 (SL domain) and the center of mass of residues 140–

266 (REC domain). The equilibrium value of harmonic restraints moved smoothly across the 

reaction coordinate at a rate of ~1 ns per 1 Å in order to sample initialization conformations 

for umbrella sampling. Conformations sampled from steered MD simulations were used to 

initialize umbrella sampling of inter-domain distance sampled from its initial value to 34 Å 

at a resolution of 0.25 Å (Torrie & Valleau, 1977). These initial conformations were heated 

from 0 to 300 K as described previously. Production simulations carried out with fixed 

harmonic restraints with a force constant of 15 kcal/mol/Å2. Simulations were run for 6 ns 

with the inter-domain distance sampled during the last 3 ns. Sampling frequency was 5 fs. 

These data were then used to generate free energy curves using the Weighted Histogram 

Analysis Method (WHAM) (Grossfield, Kumar et al., 1992). RMSF, RMSD, and cross-

correlation values calculated using the R package bio3d (Grant et al., 2006). All simulations 

performed on the University of Chicago RCC Midway server. Structure analysis and 

rendering were carried out in PyMol and VMD (Humphrey et al., 1996, Schrödinger, 2015).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviated Summary

Receiver (REC) proteins are a diverse class of regulators that control physiological 

responses in microbes and plants as a function of their phosphorylation state. The 

conserved REC protein, PhyR, is an anti-anti-σ factor that regulates stress-dependent 

transcription in Alphaproteobacteria. We have applied a combination of experimental and 

computational approaches to uncover structural determinants of PhyR activation.
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Figure 1. PhyR α11-β5 loop rearrangement decreases the energetic barrier to opening
(A) A model of general stress response (GSR) activation. Upstream sensory kinases 

phosphorylate PhyR, leading to PhyR opening and NepR binding. This releases σEcfG to 

direct GSR transcription. (B) Alignment of PhyR (green) and PhyR~P (gold) MD 

trajectories. Rearrangement can occur on short MD timescales in the α11-β5 loop, which 

retracts toward the REC domain (shown by arrow). Structures shown are the average 

backbone positions over the final 10 ns of simulation. (C) NepR (pink) modelled into the 

PhyR-SL domain (green) binding site using a hypothetical open state model. Hydrophobic 

(red) and hydrophilic (gray) regions at the domain interface (brown) are highlighted. (D) 

Calculated solvent accessible surface area (SASA) values for PhyR (green) and PhyR~P 

(gold) at 50 ns for NepR-binding residues. (E) Umbrella sampling of PhyR and PhyR~P at 

increasing inter-domain distances. Arrows indicate points corresponding to the initial 

equilibrium state of the protein, collected from previous simulations, as well as the point in 

the PhyR~P (50 ns) sampling where solvation of the total interdomain interface began. The 

energetic barrier to open PhyR is lowered after phosphorylation (see 50 ns simulation). 

Energy to open PhyR~P prior to solvation is equivalent to unphosphorylated PhyR. Error 

bars represent standard deviation.
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Figure 2. PhyR phosphorylation does not induce changes in overall global structure
(A) Gel filtration elution profiles of B. abortus PhyR (blue), PhyR~P (red), and the 

PhyR~P:NepR complex (black). (B) Quantification of PhyR phosphorylation. Top: LovHK-

dependent [γ-32P]-ATP phosphoryl transfer to PhyR as a function of time in minutes. 

Middle: Phos-tag acrylamide gels of PhyR (blue arrow), PhyR~P (red arrow), and 

PhyR~P:NepR (black arrow) samples. Bottom: SDS-PAGE of PhyR, PhyR~P, and 

PhyR~P:NepR. (C) Calculated (sim) SAXS scattering curves from PhyR (blue) and PhyR~P 

structures (red) taken from the 50 ns timepoint of MD simulations; scattering for the 

PhyR~P open conformation was calculated from umbrella sampling model at a SL-REC 

interdomain distance of 34 Å (green). SL-REC interdomain distance for the PhyR closed 

state is ≈28.5 Å. Structural models from which scattering was calculated are presented in 

panel G. (D) Pair-distance distribution functions (PDDF) calculated from simulated 

scattering curves in Panel C. (E) Experimental background-subtracted SAXS scattering data 

(dots) and fits for PhyR (blue, solid) and PhyR~P (red, dashed). Inset: calculated scattering 

for a PhyR~P open state (green) compared to experimental scattering from PhyR (blue) and 

PhyR~P (red) between q=0.13 and 0.22. (F) Pair-distance distribution function (PDDF) and 

Guinier analysis (inset) of PhyR and PhyR~P experimental SAXS data. Guinier plots were 

offset from each other for clarity. (G) Structural models derived from MD simulations for 

three states of PhyR (PhyR closed, PhyR~P closed, and PhyR~P open); models were used to 

backcalculate SAXS scattering curves and corresponding PDDF plots in panels C and D.
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Figure 3. Hydrogen bonding in the α11-β5 loop stabilizes the inactive state of PhyR
(A) Phosphorylation–induced rearrangement of α11-β5 loop hydrogen bonds of PhyR (top) 

and PhyR~P following loop rearrangement (bottom) observed in select MD simulations. 

Sidechain–sidechain and sidechain–backbone hydrogen bonds are colored red and blue, 

respectively. (B) Bacteria two-hybrid (BTH) interaction assays with PhyR α11-β5 loop 

alanine mutants. Inset: Cartoon outlining BTH interaction assay. (C) BTH interaction assays 

for L227A, T228A or E233A combined with the D192A (non-phosphorylatable) PhyR 

mutation. (D) Activity of a GSR transcriptional reporter (PsigU) in the absence (blue) or 

presence (red) of hyperosmotic stress. Inset: Cartoon outlining transcriptional reporter 

scheme. Controls for BTH and PsigU assays are summarized in Figure S7. Error bars 

represent standard deviation.
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Figure 4. NepR induces structural shifts in unphosphorylated PhyR
(A) 1H-15N TROSY spectra of 15N-labeled C. crescentus PhyR (blue) overlaid with 15N-

PhyR in the presence of 1.25-fold molar excess of unlabelled C. crescentus NepR (red). 

Boxes 1 and 2 are magnified in panel B. (B) Selected PhyR peak shifts observed in the 

presence of NepR are marked with black arrowheads.
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Figure 5. NepR interaction with unphosphorylated PhyR affects NepR structure
1H-15N HSQC spectra of uniformly 15N-labeled C. crescentus NepR; CLEANX-PM spectra 

for all samples are shown in black. (A) NepR alone (blue); (B) NepR in the presence of 

excess unlabelled, unphosphorylated C. crescentus PhyR (green, arrows indicate new, 

shifting, or lost peaks); (C) NepR in a complex with unlabeled PhyR~P, denoted 

PhyR~P:15N-NepR (red).
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Figure 6. Intrinsically disordered NepR N-terminal sequences confer PhyR-NepR interaction 
specificity
(A) C. crescentus (Cc) and B. abortus (Ba) NepR constructs used in bacterial two-hybrid 

(BTH) interaction assays: SV, a NepR construct lacking both FR1 and FR2; Cc FR1+Ba 1/2 

NepR is a chimeric construct containing Cc NepR residues 1–31 fused to Ba NepR residues 

28–75; Ba FR1+Cc 1/2 NepR is a chimeric construct containing Ba NepR residues 1–27 

fused to Cc NepR residues 32–68; asterisk marks location of residues previously identified 

as required for PhyR-NepR binding (Campagne et al., 2012). (B) BTH interaction assay 

between NepR constructs (labelled by color from panel A) and three constitutively active 

PhyR mutants (labelled on axis). (C) Interaction of wild-type and chimeric NepR constructs 

(by color from panel A) with wild-type C. crescentus (Cc) or B. abortus (Ba) PhyR. Protein 

stability controls are presented in Figure S7. Error bars represent standard deviation.

Luebke et al. Page 26

Mol Microbiol. Author manuscript; available in PMC 2019 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7. A model of PhyR-NepR Interaction and GSR activation depicted as a hypothetical 
reaction coordinate
The relative energies of intermediates are not known, but partner switching is depicted as an 

overall downhill reaction. (A) Nascent PhyR–NepR interaction orders features of NepR 

structure and primes the site of PhyR phosphorylation (white dotted lines). After initial 

PhyR-NepR encounter, it is not known whether NepR remains associated with PhyR in a 

PhyR-NepR-σEcfG ternary complex, or if the initial interaction is transient (question marks). 

(B) Phosphorylation results in α11-β5 loop rearrangement and lowers the energy barrier to 

form a PhyR~P open state. (C) NepR interaction contributes to PhyR~P opening and NepR 

partner switching, thereby releasing σEcfG and activating GSR transcription.
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