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ABSTRACT

PhoQ: Structural and Mechanistic investigations into an important bacterial sensor kinase
Graham D. Clinthorne
William F. Degrado

Two-component systems represent the dominant mechanismfor cellularsignal transductionin
prokaryotes. One particularsystem, PhoQ, has been the focus of our interest because itis the switch that
controls virulencein Salmonella and other pathogenic gram negative bacteria.Certain domains of PhoQ
and other two-component systems have been studied extensively and this research has yielded several
structures with atomic level resolution. However, no complete structure or experimentally-based model
has been forthcoming and the precise mechanism by which these diversesystems transmitsignalsfrom
the exterior of the cell to the interior has remained elusive. We have undertaken a studyto examine the £
coli PhoQ from a structural and mechanistic viewpoint. We discovered a transmembrane polar residue
thatis conserved among many two-component systems thatis critical for signalingin PhoQ. Critically, this
feature is shared between PhoQ andthe onlytwo-component protein for which a transmembrane
domainstructure has been solved at the atomic level, Htrll. We undertook a disulfidescanning
mutagenesis experiment to probe the structure of the transmembrane domain of PhoQ. We found
evidence that PhoQ shares a similar topology with Htrll, especially the presence of a hemi-channel —a
striking feature characterized by a group of tightly packed helices that sharply divergeatone end of the
bundle to form a pocket that allows water molecules to penetrate into the core of the protein. We used
the inferred homology between Htrll and PhoQ to create a model of the TM domain of PhoQ. Through
statistical analysis of our Cys-crosslinking data, we determined that our data represented the average of
different conformations of PhoQ brought about by changes insignaling state. We determined that the
data was best explained by two models of PhoQ, which represent independent signaling states. This
discovery representsthe first evidence of a two-state model of activation of a Two-component protein,

which we present alongside the first full-length model of a sensor kinase.
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Figure 1: A schematicof a typical TCS. The sensor histidinekinaseisamembrane-anchored
protein with modularsignaling domains. The periplasmicsensordomain detects a variety of
extracellularsignals. The TM helices usually exist in pairs, which form four-helix bundlesin the
dimericstates of HKs. Soluble signaling domains such as HAMP, GAF, PAS, and PHY domains
often precede the kinase domain. The conserved domain containing the phosphorylatable His
residue is known as the DHp, and shown here as the domain marked “H”. The DHp domainis
responsible for dimerization, RR recognition, and serves as the site of phosporylation. The kinase
domain always follows the DHp and is connected by a flexible linker. Response regulators are
cytoplasmicproteins usually made of two domains: the receiver domainis responsible for HK
recognition and binding, while the effectordomainis responsiblefor cellularresponse (usually
DNA binding and transcription regulation) .............eeeieiiiiiiiiiiiie e 3
Figure 2: A schematicof the sensor-HK, PhoQ. Colors are used to identify the separate domains;
the periplasmicsensoris orange, the N-terminal TM helixisred, the C-terminal TMhelix is
green, the cytoplasmicHAMP domainis blue, and the DHp and kinase domains are purple. The
structure of the periplasmicsensorshown here belongs to PhoQ (pdbID 3BQ8), while other
domains are represented by related StrUCUES. ......coovvvieiiiiciie e 5
Figure 3: The sensordomain of PhoQas seeninthe 3BQS8 crystal structure. The distinct mixed
a/B fold common to othermembers of the PDC domain superfamilyis marked by a helical
interface between units of the dimer, and a B-strand scaffold flanked by a-helices similartoa
[N e [o] 0o - 1o IO PSP P PPPPPPPPPRTP 7
Figure 4: The structure of the SR-1I/Htrll complex from Natronomonas pharaonis. In this view,
the central molecule Htrll (blue)is flanked on both sides by SR-II (white). Htrll receives signal
input from the light-sensing SR-11 vialateral TM-TM contacts that occur inthe membrane. The
black box roughly indicates the membrane-spanning region of this complex............cccceeeeeeeens 10
Figure 5: In our analysis of the crystal structure of Htrll, we demonstrate that a water-permeable
cavity exists on the cytoplasmic-facing side of the TM domain. The conserved polarresidue Asn
shown here instick representationis seentointeract with the aqueous cavity, shownasan
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Figure 6: Sequence alignment of Ecoli PhoQ and N phararonis Htrll TM domains using
ClustalOmega. There is a high degree of conservation amongamino acid groups, and an Asn
residue is conserved in the TM of both proteins. ..........couiiiiiiiiiiiiiii e 12
Figure 7: Modular domains of TCSs existin a wide variety of arrangements. This figure from Krell
et al., “Bacterial SensorKinases.” (reproduced with permission) provides afew examples of
known TCS domain distributions. Signaling domains such as PAS can occur extracellularlyasin
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the case of PhoQ, intracellularly asin ArcB, or both as in CitA. Domains can occur in tandem with
each othersuchas in the BphP4 system, orin multiples of the same domain, such as the
tripartite PAS domains In KinA. Many systems have atwo-pass TM domain, howeverother
topologies are available such as the four-pass TM of KdpD and FixL, the five-pass TM of DesK, or
the seven-pass TMof SR-11. Kinase domains typically occuras the most C-terminal domain and
pass theirsignal via phosphorylation to a soluble RR, butin some cases such as the
phosphorelay systems, the kinase domain occurs N-terminal to a RR-like receiver domain, which
participatesinaphosphorylation cascade between domains of the phosphorelay sensorand
ultimately ends on a cytoplasmic effector protein. ........ccoeeiiiii i 14
Figure 8: HAMP domains are conserved signaling domains commonly foundin TCSs. Although
HAMP domainsin various classes of TCSs such as chemotaxis systems and sensor HKs have
evolutionarily divergent sequences, the general topology is maintained. A four-helix bundle is
formed by a dimerization of two HAMP-containing proteins. Each protein encodes adomain that
featurestwo helices arrangedin parallel joined by alinker. In this schematic, the greenand blue
helices belongto one monomer, and the red and yellow helices belong to the partner monomer.
The linker makes asharp turn initiated by aconserved Gly residue found at the end of the N-
LT 000 T a T 1IN =] 15
Figure 9 : The structure of the kinase domain of PhoQ. The classic Bergerat fold comprised of an
o/Bsandwichisrepresented here. The helices are showninred, and the B-strands are shownin
yellow. The flexible ATP-lidis shown in blue. The ATP-analogue ANPPNP is shown in the binding
POCKET OF TN KINASE.... i i eieeeiieiiee et e e e e e e e e e et e e e e e e eeeabataaeeeeeeeeanes 17
Figure 10: HK-RRinteraction. Right: Schematicof atypical RR. The a-helices of the RRarrange
themselves around the B-strand scaffold at the core of the RR. The helices are named fortheir
orderfrom N to C terminus. Left: Helix a-1(blue) and the loops B5—a5and pf3—a3 are
responsible forinteracting with the HK and confer exquisite selectivity. The phosphorylatable
His is shown in magentastick representation and the phosphorylatable Aspisshowningreen

Ly Tol gl T LT =Y 0 - 14 (o] FO ST 19
Figure 11: transition state intermediates for the associative and dissociative mecahnisms of
phosphoryl transfer, reproduced from Adams, J A. “Kineticand Catalytic Mechanisms of Protein
Kinases.” Chemical Reviews 101, no. 8 (August 2001): p2278, Figure 4. ......c.ccoovvevvvveeeeeeennnnnnn. 20
Figure 12: The structure of HK-843 demonstrates the conformation associated with
dephosphorylation. In this case, the ATP lid (magenta) is held in place by the RR-468 (not shown)
and sits between the active site of the kinaseand the phosphorylatable His (green stick
FEPIESENTALION). . e e e s e s e e s e s e e e e e s e e s e e e e e e eeeaeaeaaaaeens 21
Figure 13: Preliminary datasuggestthat PhoQautophosporylatesin cis. Mutants of PhoQwere
co-transformed into cells lacking PhoQ (TIM206). Two constructs were used to encode PhoQ
protein: pTrcTIMPhoQhis, which encodes a full-length E coli PhoQ with an N-terminal 6His tag;
and pACYCPhoQHis-a3D, which encodes the same PhoQbut with an additional N-terminal mass
tag: a3D isa designedinertsoluble peptide with a molecular mass of 5kD. Mutations were
introduced onto these constructs by site-directed mutagenesis. H277N is a conservative
substitution of the phosphorylatable His that renders the molecule incapable of accepting donor
phosphate (represented by agreyed-out DHp in the schematic). K392A and R434A are disruptive
mutations of the active site that renderthe kinase unable to catalyze the phosphorylation
reaction (represented by agreyed-out kinase in the schematic). When PhoQH277N, PhoQR434,
or PhoQK392A are co-expressedin equal amounts with PhoQWT, the system is capable of
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promotingthe transcription of PhoP target genes. However, the active site mutants PhoQR434,
or PhoQK392A when co-expressed with the His mutant, are unable to recapitulate WT activity.
In the latter case, at least some combination of dimers are expected to produce a complex
where a competent DHp existsin a trans conformation with afunctional kinase, butnotina cis
conformation. Since this complex does not promote the transcription of PhoP activated genes,

we find this as evidence that PhoQ may autophosphorylate only in cis. ...........ccoeeeiiiinnnnnnnnn. 23
Figure 14: The crystal structure of the NarX periplasmicsensorwith (green) and without
(magenta) ligand demonstrates @ ~1 A Piston-Shift. .......cccvevverereeieeeeeeeeeeeee e 26

Figure 15: Small peptide regulators of PhoQadopt similar topology and membrane association
as the antimicrobial peptide C18G. Notably, the aqueous-facing residues of PhoQ-activating
peptides SafA and C18G are charged, whereas the agqueous-facing residues of MgrB are polar. 29
Figure 16: Mutation of the WT Asn residue at position 202 to Cys abolishes Mg**response.
Successive Cys mutations of WT residues (position labeled on the x-axis) produce mutants that
largely retain WT activity in the LacZ assay (as described previously ”®). Mutation of N202
produces a mutantthat is blind to Mg”* signal and does not activate LacZ gene transcriptionin
1 oW e 1o 1 7V (o LoVl ¢ =Y o oY (=) oS 32
Figure 17: Invivo activity of PhoQ N202A. Activity was determined with a B-galactosidase
reporterfor PhoQactivation consisting of afusion of the lacZ gene to the PhoQ-

regulated mgtA promoter. Activity was measured in both the TIM206 AphoQ reporterstrainand
the TIM199phoQ+ reporterstrain, bearing eitheran empty plasmid, a plasmid encoding wt
PhoQ, or a plasmid encoding PhoQN202A. Data correspond to averages of at least 3
experiments; error bars show standard deviations. ...........ccoeieiiiiiiiiiiiii e, 33
Figure 18: The N202A mutantistranslated, inserted into membranes, and is capable of forming
dimers. Left, awestern blot demonstrating (from left toright) the expression of WT PhoQ, the
L51C mutant, the N202A mutant, and the L51C/N202A double mutant. All constructs were made
inthe pTrcTIMPhoQ his vector and expressed in TIM206 (AphoQ) cells. WT and N202A
constructs contain no Cys residuesinthe N-terminaldomain and therefore do not exhibitdimer
formationona non-reducinggel. L51C placesa Cys residue in the oxidizing periplasm; the dimer
istherefore resolvableonanon-reducing gel. Right: Aschematicshowingthe predicted
locations of the mutants used in this assay. The sensor domain of PhoQis shownin cartoon
representation, while cylinders represent the relative placement of PhoQ TM domains. Red and
Blue colors represent N and C termini reSpectively. ......c.uueeeeiiiiieiiiiiiie e 34
Figure 19: Analysis of heterodimerformation between PhoQwt and N202A by disulfide cross-
linking. Animmunoblotis shown of cell envelope preparations from cells expressing PhoQ
variants. Immunodetection was performed with the Penta-His anti-His6 tag antibody (Qiagen) as
described previously®*. Each strain contains both a plasmid encoding PhoQ-His6 (L51C or
L51C/N202A), and a second plasmid encodinga “mass-tagged” PhoQ-a3D-His6 (L51Cor
L51C/N202A). The L51C variantis functional, and spontaneously forms disulfide cross-linked
dimers when expressed under physiological conditions (1). The mass tag allows the 2 variants to
be distinguished on an SDS-PAGE gel, and consists of the stable and inert designed 9kD 3-helix
bundle protein a3D(7) fused to the C-terminus of PhoQ. Regardless of which variant had a3D
fusedtoit, three dimerspecies were observed with distributions on the order of what would be
expected fromrandom mixing. Thus, all three dimer species (wt-wt, wt-N202A, and 202A-
N202A) are presentinthe cellsina ratio of approximately 1:2:1, and approximately 50% of the
wt proteinisinhomodimersand approximately 50%in heterodimers. Only the covalently cross-
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linked dimers are shown; bands correspond to PhoQ homodimer (approximately 110 kDa)
PhoQ/PhoQ-a3D heterodimer (approximately 120kDa), and PhoQ-03D homodimer
(PProXimMately 130 KDA). ... e e e e e e e e e s e e e s e e e e e e e e e e e e e e e e e e eeeeaeaeaaeaaaeaaaans 35
Figure 20: Invitro activity of PhoQ N202A. (A) Autokinase activity of wt PhoQand PhoQN202A.
Membranes enriched in PhoQor PhoQN202A were incubated withy->*P ATP. Aliquots were
removed at differenttimes, and the reactions stopped by removal of ATP and addition of SDS -
PAGE buffer. (B) Phosphataseactivity of wt PhoQand PhoQN202A. Phospho-PhoP was
incubated with either buffer only, membranes enriched in wt PhoQ, or membranes enrichedin
PhoQN202A. Aliquots wereremoved at different times, and the reactions stopped by the
addition of SDS-PAGE buffer. All samples were subjected to SDS 10% PAGE, and the radiolabeled
protein bands were visualized by phosphorimaging............oouviiiiiiiiiiiiiiii e, 36
Figure 21: Invivo activities of PhoQvariants at position 202. Activity was determined witha 3 -
galactosidase reporter, consisting of afusion of the lacZ gene to the PhoQ-

regulated mgtApromoter, on the plasmid pSG238. Activity was measured in eitherthe

AphoQ strain SDG263 or the phoQ+ strain SDG241, bearingthe reporter plasmid and asecond
plasmid encoding the PhoQvariant. Data correspond to averages of at least 6 experiments;
error bars ShOW Standard EITOrS. ......uuueii e e e e e e e e e e e aareaaaas 37
Figure 22: Asparagine scanning of PhoQ TM2 helix. B-Galactosidase activity of the fusion

of lacZgene to the PhoQ-regulated mgtA promoter. Activity was measured in the TIM206
AphoQ reporterstrain bearingaplasmid encoding wt PhoQ, PhoQN202A, or an asparagine -
shifted PhoQTM2 variant. Data correspond to averages of at least 3 experiments; error bars
ShOW StaNdard AEVIatioNS.........iiviiiiiiiiie et e e e e e e et e e e e e eeaeara s 39
Figure 23: Invivo activity of PhoQvariants at positions 29 and 32. 3-Galactosidase activity of the
fusion of lacZgene to the PhoQ-regulated mgtApromoter. Activity was measured in the TIM206
AphoQ reporter strain bearing a plasmid encoding PhoQS29A, S29V, Y32A, or Y32F. Data
correspond to averages of at least 3 experiments; error bars show standard deviations. .......... 40
Figure 24: Asparagine scanning of PhoQTM1 helix. B-Galactosidase activity of the fusion

of lacZgene to the PhoQ-regulated mgtA promoter. Activity was measured in the TIM206
AphoQ reporterstrain bearingaplasmid encoding wt PhoQ, PhoQ N202A, or an asparagine -
shifted PhoQTM1 variant. Data correspond to averages of at least 3 experiments; error bars
ShOW StaNdard dEVIAtioNS.........coviiiiiiiie e e e ettt e e e e e e e e e r et e e e e e e e eaaanaaas 41
Figure 25: Activity of PhoQ 202 variants correlates with E, potential. Plot of the relative activity
of PhoQuvariants at position 202 (derived from B-galactosidase activities in low Mg2p conditions
of AphoQSDG263 cells bearingthe appropriate plasmids, from Fig. 20) as compared to wtvs.
the free energy associated with positioning 2 A from the center of the lipid bilayer calculated
with the Ez potential®*. Cysand Pro are omitted. The E, energy correlates with relative activity
with a coefficient of 0.82, whichis comparable to the correlation between different AG scales
for estimatingthe energy of buryingamino acidsin the membrane. X error bars show the range
of E, energy forbilayerdepths of 0to 4 A.Y error bars correspond to standard error of B-

o | To do I o - 1Y 1Y | TSP 43
Figure 26: Cavity in Htrll transmembrane region. (A) Structure of Htrll (PDB ID code 1H2S™) is
shown fromthe “bottom” view, asit would be seenif lookinginto the membranefromthe
cytoplasm. The Htrll dimeris shown as cartoon, and colored by chain; Asn74 is shown in
magenta, and sidechainis shown as sticks. Surface of Htrll isshownin gray. (B) Ordered water
moleculesinthe TMbundle of Htrll. Examination of a 2Fo —Fcmap contoured at 1.40



Xiv

(generated with the deposited structure factors) shows strong density from solvent near the
end of the elongated cavity in the vicinity of the polaratoms. Proteinis shown fromthe “side”
view, seenfromthe plane of the membrane. TM2 helices are shown as cartoons and colored by
chain; Leu67 and Asn74 sidechains are shown as sticks, water molecules are red spheres, and
surface of Htrll, including the internal cavity, is Shown in gray.........cccoeeeiiiiieiiiiiec e, 45
Figure 27: Disulfide crosslinking analysis yields structurally relevant information to withina
reasonable degree of accuracy.(a) Analysis of disulfide scanning mutagenesis of the
transmembrane protein glycophorin A, as reported by Zhu et al (2009) compared with the
solution NMR structure (1AFO) reported by MacKenzie etal (1997). Because fractional
crosslinkingisinversely proportionalto the distance between the side chains, we represent the
inverse of the fraction crosslinked (1-(dimer/dimer+monmer)) to compare to measured
distances. We find a correlation coefficient between these two data sets of 0.76 (b) Analysis of
disulfide scanning mutagenesis of the periplasmicsensor domain of PhoQas reported by
Goldbergetal (2008) compared with a published crystal structure of the same domain (3BQ8)
reported by Cheungetal (2008). We find a correlation coefficient between these two datasets
of 0.61. This analysis demonstrates that degree of crosslinkingindeed correlates well with the
reported structure as assessed by other methods...........coovvviiiiiiiiiiiiiccc e, 50
Figure 28: Data derived from Cys crosslinking studies is compared with known structures of TCS
domains. Foreach Cysresidue, fraction crosslinkingis shown to be generally anticorrelated with
the CB-distancesfor native residuesin homologous structures. A-B) To compare Cys crosslinking
data for the TM1 helix, the sensordomain helix, the TM2 helix and the first HAMP helix we used
the Htrll structure (1H2S) residues 23-45, the PhoQ periplasmicdomain structure (3BQ8)
residues 45-6, Htrll structure (1H2S) residues 61-82, and the archaeal HAMP domain (2L7H)
residues 277-289 respectively. C-D) We report here the CB-distances forthe referenced PDB
files. The colored lines are used to differentiate distinct proteins or distinct packing modes
within asingle protein. Red indicates TMresidues of Htrll that are proximal to the cytoplasmic
side of theinner membrane. Dark blue indicates TMresidues of Htrll that are proximal to the
periplasmicside of the innermembrane. We chose to differentiate these regions to highlight the
difference in packingregimes between the two; the periplasmic-facing residues are noticeably
closertogetherthanthe cytoplasmicfacingresiduesandthe latterare diverging asthey
approach the cytoplasmthus creating the aqueous hemi-channel. Green indicates periplasmic
residues of PhoQ. Light blue indicates residues of the archaeal HAMP. The black lines are linear
regression plots of CB-distances vs residue and are used to visuallyillustrate the general helix
packing regime; for Htrll the helices appearto convergenttoward the periplasmicspace, for
PhoQhelices appearto converge farther from the membrane surface, and for the archaeal
HAMP helices appearto converge fartherfromthe membrane surface. Notably, thereisan
inflection pointinthe packing regimes of Htrll that occurs at the conserved Asnresidue. E-F)
Fraction crosslinking datavs mutagenicCys residuesin PhoQforonly the regions of PhoQ
predictedto be helical. Additional Cys crosslinking data can be foundin Supplement 1. Vertical
red lines visually associate minima of CB-distancesin Cand B with maxima of fraction
Crosslinkingin Eand F. ..o 52
Figure 29: Cys mutagenesis dataand periodicity analysis. We fit the fraction crosslinking data to
a sine curve using the following parameters: the amplitude was determined by the crosslinking
signal (max-min), the y-offset was determined by the average crosslinking signal, the phase was
allowedtofloatandthe period was determined by least squaresfitting. Aand C) Colored lines


file://vboxsrv/share_with_XP/graham's%20thesis_MS/Dissertation%20master%20document%2011-9-12.docx%23_Toc340216384
file://vboxsrv/share_with_XP/graham's%20thesis_MS/Dissertation%20master%20document%2011-9-12.docx%23_Toc340216384
file://vboxsrv/share_with_XP/graham's%20thesis_MS/Dissertation%20master%20document%2011-9-12.docx%23_Toc340216384
file://vboxsrv/share_with_XP/graham's%20thesis_MS/Dissertation%20master%20document%2011-9-12.docx%23_Toc340216384
file://vboxsrv/share_with_XP/graham's%20thesis_MS/Dissertation%20master%20document%2011-9-12.docx%23_Toc340216384
file://vboxsrv/share_with_XP/graham's%20thesis_MS/Dissertation%20master%20document%2011-9-12.docx%23_Toc340216384
file://vboxsrv/share_with_XP/graham's%20thesis_MS/Dissertation%20master%20document%2011-9-12.docx%23_Toc340216384
file://vboxsrv/share_with_XP/graham's%20thesis_MS/Dissertation%20master%20document%2011-9-12.docx%23_Toc340216384
file://vboxsrv/share_with_XP/graham's%20thesis_MS/Dissertation%20master%20document%2011-9-12.docx%23_Toc340216384
file://vboxsrv/share_with_XP/graham's%20thesis_MS/Dissertation%20master%20document%2011-9-12.docx%23_Toc340216384
file://vboxsrv/share_with_XP/graham's%20thesis_MS/Dissertation%20master%20document%2011-9-12.docx%23_Toc340216384
file://vboxsrv/share_with_XP/graham's%20thesis_MS/Dissertation%20master%20document%2011-9-12.docx%23_Toc340216384
file://vboxsrv/share_with_XP/graham's%20thesis_MS/Dissertation%20master%20document%2011-9-12.docx%23_Toc340216384
file://vboxsrv/share_with_XP/graham's%20thesis_MS/Dissertation%20master%20document%2011-9-12.docx%23_Toc340216384
file://vboxsrv/share_with_XP/graham's%20thesis_MS/Dissertation%20master%20document%2011-9-12.docx%23_Toc340216384
file://vboxsrv/share_with_XP/graham's%20thesis_MS/Dissertation%20master%20document%2011-9-12.docx%23_Toc340216384
file://vboxsrv/share_with_XP/graham's%20thesis_MS/Dissertation%20master%20document%2011-9-12.docx%23_Toc340216384
file://vboxsrv/share_with_XP/graham's%20thesis_MS/Dissertation%20master%20document%2011-9-12.docx%23_Toc340216384
file://vboxsrv/share_with_XP/graham's%20thesis_MS/Dissertation%20master%20document%2011-9-12.docx%23_Toc340216384
file://vboxsrv/share_with_XP/graham's%20thesis_MS/Dissertation%20master%20document%2011-9-12.docx%23_Toc340216384
file://vboxsrv/share_with_XP/graham's%20thesis_MS/Dissertation%20master%20document%2011-9-12.docx%23_Toc340216384
file://vboxsrv/share_with_XP/graham's%20thesis_MS/Dissertation%20master%20document%2011-9-12.docx%23_Toc340216384
file://vboxsrv/share_with_XP/graham's%20thesis_MS/Dissertation%20master%20document%2011-9-12.docx%23_Toc340216384
file://vboxsrv/share_with_XP/graham's%20thesis_MS/Dissertation%20master%20document%2011-9-12.docx%23_Toc340216384

XV

indicate fraction crosslinking data as determined by densitometry measurements of the westem
blotsinB. The colors of the lines correspond to the regionsidentified in Figure 2; Red represents
cytoplasmic-proximal TMresidues of PhoQ, dark blue indicates periplasmic-proximal TM
residues of PhoQ, greenindicates periplasmicresidues of PhoQ, and light blue indicates residues
inthe HAMP domain of PhoQ. Dotted lines represent afit of this data to a sinusoidal curve. For
the purposes of generating the curve, mutations that gave no signal (TM1 residues 20-30) or
mutations known to disrupt signaling (TM2residue 202) were not considered. Values of fit
parameters can be foundin Supplement 2. Western Blots of Cys-crosslinking reactions. For
residues 20-41, membrane fractions were exposed to 0.1% Cu(Il) phenanthroline for 30 minutes
priorto loading. Forresidues 42-62, no oxidative catalyst was required since the periplasmic
environmentis oxidizing. Dataforresidues 45-62 is reproduced from Goldbergetal.,
“Determination of the Physiological Dimer Interface of the PhoQSensor Domain”. Residues 192-
226 were exposed to 1% Cu(ll) phenanthroline for 30 minutes priorto loading. Numbers on the
far rightindicate the identity of the protein band; 1is the crosslinked PhoQdimer, 2isa non-
specificlysate band, 3is the un-crosslinked PhoQ monomer. In summary, the crosslinking data
indicate thatthe first periplasmichelicesin PhoQare tightly packed across the intersubunit
interface, and the helical dimerextends into the first transmembrane helix, possibly with some
distortion atthe membrane interface. While TM1and TM2 are packed togethernearthe
periplasmicend of the bundle, they would appearto diverge nearthe cytoplasm. The
divergence of TM1 nearthe cytoplasmis more pronounced, leading to the complete loss of
crosslinkingin thisregion. TM2 also shows a diminution of crosslinking as it progresses towards
the cytoplasm, butless severe than seenfor TM2. The helices again coalesce as TM1 transitions
L0 the fIrST HAMP NEIIX...uiiieeeeeeice e e e e e e e et e e e e e e e e e eaaba e eaaaaees 55
Figure 30: The correlation coefficient for different threadings of the PhoQsequence onto the
structure of Htrll. A) The graph shows the correlation coefficientforthe experimental
crosslinking efficiency for residues 32-41 of PhoQ TM1 versus the inter-CB distances forresidues
29-39 of Htrll, and this process was repeated for 30-40, 31-41, and each successive window
under consideration (the first residue of whichisindicated alongthe X-axis). B) The sliding
window analysis of correlation coefficients is shown for PhoQTM2 (residues 195-205) againsta
window of 11 residues of Htrll beginning with 57. Local maximums represent threadings that are
inreasonable agreement with experiment. Residue 202 of PhoQwas notincludedinthe
analysis, because mutation of this residueto Cys givesrise to a constitutive phosphatase

o] Y=Y aToT 4, o 1T 57
Figure 31: The twelve possible threadings of PhoQSequence onto the structure of Htrll based on
correlation analysis. Numbers across the top referto the range of Htrll residues used to thread
the PhoQsequence 25-41. Numbers onthe left axis correspond to the range of Htrll residues
ontowhich PhoQresidues 195-207 were threaded. Black boxes indicate the three best
structures according to membrane depth in agreement with the position of residue 41. .......... 59
Figure 32: Designedinter-TMinteractions reveal the depth of register. A-C schematicexplains
the nature of the experiment. Expression strain TIM206 (AphoQ) is transformed with a pTrc
plasmid encoding a PhoQ protein with asingle cysteine mutationin TM1. The strainis
simultaneously transformed with asecond plasmid (pACYC) that contains either empty vector or
PhoQfusion protein carryingasingle Cys mutationin TM2 as well as a C-terminal fusion peptide;
a-3D (adesigned three helix bundle protein). Box A-Cdescribes the possible scenarios for
interactions between these two constructs. A) Two mass-tagged PhoQ proteins, each containing
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one TM2 mutation produce aTM2-TM2’ crosslink; the resultingband ona westernblotis
shifted +10 kDa relative to untagged protein. B) One of each type of protein form a heterodimer,
enablingacrosslink between TM1and TM2'. The resultingband on a western blotis shifted
+5kDa relative to untagged protein. C) Two untagged proteins, each containingone TM1
mutation forma homodimerand create a TM1-TM1’ crosslink. In each window, top cartoons
representside-onviews of PhoQdimersinthe bacterial membrane; bottom cartoons represent
top-down views of the helix bundles. Blue triangles represent the mass-tag peptide, a-3D. Black
solid linesindicate disulfide bonds. Red curved linesin bottom cartoon indicate covalent
attachments between helices of the same monomer. D) Results of aninter-TMcrosslinking
experiment between residue 207 on TM2 and a window of TM1 residues between 23and 27.
Error barsrepresenttwoindependent experiments. E) Western blot of arepresentative double
crosslinking experiment. Lane identity corresponds to the above bar graph, with the firstlane
indicatinga molecularweight marker, the second laneindicating samples containing the pACYC
plasmid carrying the PhoQl207C mutation, the third lane indicating samples with the pAcyc
PhoQl207C as well as pTrc carrying PhoQwith V27C, and so on. Black arrow indicates the TM2-
TM2 homodimer. The green arrow indicates the heterodimer. The red arrow indicates the TM1-
TM1 homodimer. Fractional crosslinkingis defined as (heterodimer/heterodimer+TM2
homodimer) F) Model of PhoQagrees with the results of the double mutant crosslinking at
predicting the partner residues 207 and 25. ........coiiiiiiiiiiii e 61
Figure 33: The three candidate threadings from figure S4 are examined in closer detail by
measuring the distance between the known interacting pair 207 and 25, as well asthe
correlations between PhoQ crosslinking and Htrll C-beta distances foreach of t...................... 63
Figure 34: Overlay of the members of the most populated cluster found in the single (left panels)
and two-states (right panel) modeling. Top: cartoon representation of the periplasmicdomain
with residues46to 63 in blue, residues 137 to 150 in green and residues 182 to 193 inred.
Bottom:front and lateral view of the TM region. TM1in blue, TM2 in red. single -state modeling.
Two-states modeling. State A was characterized by having the TM1 helices close togetherand
the helicesinthe periplasmicregion corresponding to residues 46to 63 almost parallel. In state
B, the TM2 helices wereclose together, while the change in orientation of the two chains of the
periplasmicdomain brought the helices 137-150 more inside into the membrane. In both states,
the very N-terminal residues of TM1 were far apart, while residues at the C-terminal of TM2
were close. The two ensemble of conformations suggest ascissor movement of the TM domain
accompanied by a re-orientation of the periplasmicdomain..........c.ccoieiiiiiiiiiiiiin e, 72
Figure 35: Comparison between cross-link datafrom experiment and the most populated cluster
foundinsingle state modeling. The clusteraverage +2fromthe experimental datais 1.0. Grey
lines. Cross-link yield estimated fromthe forward modelon the clustermembers. The thick
black lines with red bars are experimental data with standard deviation...............ccccceeevnnee. 73
Figure 36: Comparison between cross-link datafrom experiment and the most populated cluster
foundinthe two-state modeling. The clusteraverage +2 from the experimental datais 0.7. Grey
lines. Cross-link yield estimated from the forward modelon the clustermembers. The thick
black lines with red bars are experimental data with standard deviation...........ccccccceeeeeeernnnee. 73
Figure 37: Population distribution of the members of the most populated cluster foundin the
two-state modeling. The average population of state Ais44:5% + 0:3, for state B is 55:5% + 0:3


file://vboxsrv/share_with_XP/graham's%20thesis_MS/Dissertation%20master%20document%2011-9-12.docx%23_Toc340216389
file://vboxsrv/share_with_XP/graham's%20thesis_MS/Dissertation%20master%20document%2011-9-12.docx%23_Toc340216389
file://vboxsrv/share_with_XP/graham's%20thesis_MS/Dissertation%20master%20document%2011-9-12.docx%23_Toc340216389

Xvii

Figure 38: Phenotypicchangesinresponse to Cys mutationsin PhoQ. We assessed the activity of
Cys mutants by Millerassay. TIM206 (mgtA::lacZ AphoQ) cells were transformed with a plasmid
encoding PhoQ and a Cys mutation at a single position..........ccccceviiiiiiiiiieeeee 78
Figure 39: Disulfide dimerformation of L52C. To assess the energetics of disulfide bond
formationin L52C, we attempted to form disulfide bonds underavariety of redox conditions. 6
buffers had a fixed molar concentration of 2-mercaptoethanol in various ratios of its reduced
form or oxidized form (2-hydroxyethyl disulfide). Buffers become increasingly oxidizing from left
to right, with the most oxidizing condition being buffer 6. Surprisingly, we find that dimer
formation occurs only underthe most oxidizing conditions, and never reaches the maximum we
had previously observed. Maximum crosslinking for L52C was measured by densitometry
ANAlYSISTO DE 7.97% £ 1.4 ..ottt e e e e e e e e e et e e e e e aar s 79
Figure 40: A scissors-jack model of state switching fora TCS protein. Scissors jacks use
concatenated scissors to change their overall length. This regime can be expanded upon simply
by adding multiplescissoring domains together, andis amenable toaddinga continuum of
elements (two domains or twenty domains behave in a similar fashion). ..........ccccoooeeiirviinnnnnnn. 81
Figure 41: The phenotypiceffect of Cys mutagenesis and fraction crosslinking of PhoQ
periplasmicresidues. Cys mutationsin the periplasm form have the potential to form disulfide
crosslinksinthe absence of added oxidant. In some cases, the presence of adisulfide bond may
prevent state-switchingin PhoQ. Notable examples of this are mutants L51C and L52C............ 82
Figure 42: The two models of PhoQrecapitulates the prediction that residue 50 (orange) or
residue 51 (red) should be in close contactin only one state, since constitutive disulfide bods at
these positions produce opposing PhENOLYPES......covvuiiiiiiie e 83
Figure 43: The two models of PhoQrecapitulates the prediction that residue 54 (yellow) should
bein close contactin both states, since a constitutive disulfide bond at this position does not
affect Mg™ reSPONSE INWE FASNION........cviviieeeeeeeee ettt ettt eee e e et e et e e eesae e eeenas 84
Figure 44: An electrostaticsurface representation demonstrates the extensive membrane
interface of State B, and the apparent lack of membrane contactsin State A. The red arrow
indicates the acidicpatchregion. The light blue box indicates the likely position of the
membrane. Note the parallel interface of the acidic patch and the membrane in State B.......... 85
Figure 45: Activity of Cys mutants of PhoQ. Activity of the various mutants was measuredin the
LacZ assay described previously. Plasmids containing various PhoQ mutants were transformed
into AphoQ cells (TIM206). The x-axis indicates the mutation present. Mutations are indicated
with the WT residue first, the amino acid position, and the residue presentin the mutant. Error
bars indicate the standard error of three independent experiments.........ccceeeeeeiiiiiinininnnnn, 87
Figure 46: Fold change in activity vs WT is related to helical position. Introduction of a Cys
residue alters the activity of PhoQ mutants. We measure this change as Activity vs WT (Miller
unitsOmMMut/Miller units 0OmMWT). Maximum change in activation relativeto WT
corresponds to maximums of fraction crosslinking, indicating that interfacial residues are more
Y A SR o O A (=] o] = Yol =] a4 1T o | AU 88
Figure 47: Activity of Alaand Phe mutants of PhoQ. Activity of the various mutants was
measured inthe LacZ assay described previously. Plasmids containing empty vector or various
PhoQmutants were transformed into AphoQ cells (TIM206). The x-axis indicates the mutation
present. pTrc99a is the empty vector control, WT is the wild-type PhoQonthe pTrc99a vector.
Mutations are indicated with the WTresidue first, the amino acid position, and the residue
presentinthe mutant. Error bars indicate the standard error of three independent experiments.
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Asterisks indicate significance in the measured active state (OmM Mg) vs WT. *, p<0.05, **
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Figure 48: sequence alignment of PhoQ HAMP domain and AF1503 HAMP domain. Alignment
scored by Clustal Omega®>'®. The heptad assignment indicated is from the analysis of the
AF1503 HAMP domain by Ferris etal®®. Text coloron PhoQresidues indicates the effect of the
mutation, greenindicates a mutant with increased activity, red indicates a mutant with
decreased activity vs wt. The colors are indicative of activity in Alaand Phe mutantsinAand B
respectively. The yellowhighlighted residue indicates the position of the well-studied A291
residue that was the subject of mutagenesis studies by Ferris et al. Asterisks indicateinterfacial
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Figure 49: 2L7H; the structure of the AF1503 HAMP domain. Residues previously identified to
participate in rotational motions during activation are represented by red spheres.................. 92

Figure 50: Comparison of phenotypicchangesin PhoQassociated with Alaor Phe replacements
are correlated with the positions of homologous residues of the HAMP in the 2L7H structure. A)
Distances between CB residues of the A. fulgidus HAMP domain (green triangles)are fittedto a
sine curve (solid greenline) with a period representative of anideal helix. B) and C) The
phenotypicchanges associated with Ala (A, black squares) or Phe (B, red circles) replacement
are represented as fold change vs wt activity under conditions of low Mg?*. The data is fitted to
asine curve usingleastsquaresfitting. D) CB distancesin 2L7H and phenotypicchangesin PhoQ
mutants are plotted togetherto demonstratethe degree of agreementinthe fit. Primary datais
represented as green triangles (2L7H CP distances), black squares (Ala mutagenesis data), orred
circles (Phe mutagenesis data). The X axis in D indicates the amino acid positions of PhoQ
(T o 1V TSN 95
Figure 51: Coevolving HAMP residues identified by Dunin-Horkawicz etal.*® are compared to
mutants of PhoQ. A) the co-evolving networks are implicated by the authorsin receiving TM
signal inputs (network 1, green), mediates structural transitions (network 2, red), and provides
for protein-protein interactions (network 3, blue). These networks are compared viaalignment
to E coli PhoQand A fulgidus AF1503 HAMP domains to determine the relationship between
these residues andresidues we find to be sensitive to mutational replacementto Ala(A) or Phe
(B ettt et ettt ettt e et ettt a ettt e ettt et eu et et et et ettt et et et e e et et et et et et et et ene et eeeenaens 97



Chapter 1: Introduction to Two-Component Signaling

Background

The discussion and investigations that follow focus on animportant class of molecular
machinery: the two-component system (TCS). Particularly, the two-component sensor histidine
kinases of bacteria, with special emphasis on a particular protein: PhoQ. Butlet usfirstsetthe
stage: what are TCSs? In the most general sense, TCSs are small networks of cellular signaling
machinery utilized in every domain of life' to communicate signals about the environmentof a
cellandinitiate acellularresponse. We can analyze the previous statement usingareductionist
approach to gaina more tractable understanding of these important systems. What do we mean
by “small networks of cellular signaling machinery”? Simply that TCSs are arrays of proteins,
usuallyinthe form of two discrete proteins that function primarily toinform the cell aboutits
environment. Commonly, though notalways, aTCSis made up of two proteins: asensor
histidine kinase" (HK) and a response regulator (RR)?. The cytoplasmicRRis a small soluble
proteinthatreceives asignal fromthe HK and acts as an intracellular effector by causinga
change in the behaviorof the cell —usually through DNA binding and transcription regulation.
HKs are typically large transmembrane proteins with a domain that protrudes outside the cell

and a domain in the cytoplasmiccompartment®. The external domain (the periplasmic domain in

' Two-component systems have been discovered atthe sequence level in members of bacteria,archaea,
and eukaryotes. In bacteria TCSs arenear universal,found lackingin thegenome of only one genus:
Mycobacterium. Inarchaea and eukaryotes they are less widespread but have been discoveredin plants,
yeasts, slime-molds and fungi.TCSs are absent from the sequenced genomes of metazoan animals
including Celegans and Homo sapiensl.

" For clarity, the protein that encodes the sensor domain and histidinekinase domain shall bereferred to
as “HK”. When we refer to the histidinekinase domain specifically, we shall usethe term “HK kinase” or
“HK domain”.
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the HKs of gram-negative bacteria) is typically responsible for sensing extra-cytoplasmicsignals;
thatis, information about the extracellular environment that is critical to the cell's survival. The
signals known to activate TCSs are extremely diverse and can include traditional ligands (e.g.
aspartate4 or serine), ion concentrations (e.g. magnesium’ oriron®), temperature’, osmotic
pressure®, antimicrobial peptides’, pH™, and light''. The cytoplasmicdomain is responsible for
transmitting information from the sensor domain to the response regulator. TCSs achieve this
information transmission through several modes. In chemotaxis'> and phototaxis'® systems, the
sensor (inthis case a chemosensor) uses methylation of glutamate residues to transmit
downstream signal, and thus the sensoris nota true HK butinstead belongs to a class of
molecule known as MCP (methyl-accepting chemotaxis protein). In the case of HKs such as
PhoQ, the physical act of information transmission between sensorand RRis accomplished
through protein phosphorylation'. The HK undergoes a series of reactions that include self-
phosphorylation on aconserved histidine residue and then atransfer of the phosphate toa
conserved aspartate residueon the RR. This autophosphorylation and subsequent
phosphotransfertypically occurina linearfashion, although other paradigms are known
including systems that branch theirsignal through the use of other proteins (chemotaxis), and
those that contain multiple phosphorylation and phosphotransfer steps wherebyatleast one
phosphorylated aspartate residue occurs on the same polypeptide as the HK (phosphorelay™).
HK domains share a great deal of structural homology and sequence similarity across HK domain
family members'®, while other signaling and regulatory domains of TCSs are less well conserved
and have beensubjectto lateral gene transfer, geneduplication, divergentand convergent

evolutionary pressures’. RRs share a high degree of homology'’, with the exception of the



domainsthatgovern HK association and DNA binding, which have adapted to be specificfora

given TCS'.
— Periplasmic [Feriplasmic space] Itisimportantto note that
sensor domain
T although a givenspecies of bacteria
i
TM helices
— Inner membrane 5y contain dozens of distinct TCSs,
_—"'__—t
Signalling domain (HAMP, GAF, etc) these systemstendtobeinsularand
HffH| LK Cytoplasm]| do notexhibitthe widespread
Response Regulator “crosstalk” that is common among
N well-known eukaryotickinase
HK recogpnition Effector Domain
domain

19,20

Figure 1: A schematic of a typical TCS. The sensor histidine kinase pathways .Inmost cases a given HK

is a membrane-anchored protein with modular signaling domains.

The periplasmic sensor domain detects a variety of extracellular will bind and phosphorylateonlya
signals. The TM helices usually exist in pairs, which form four-helix
bundles in the dimeric states of HKs. Soluble signaling domains
such as HAMP, GAF, PAS, and PHY domains often precede the
kinase domain. The conserved domain containing the
phosphorylatable His residue is known as the DHp, and shown response regulator'". Thatis notto say
here as the domain marked “H”. The DHp domain is responsible
for dimerization, RR recognition, and serves as the site of
phosporylation. The kinase domain always follows the DHp and is
connected by a flexible linker. Response regulators are
cytoplasmic proteins usually made of two domains: the receiver integrate multiple signal inputs or
domain is responsible for HK recognition and binding, while the

effeFtor domain is rfasponsible fo'r cellular response (usually DNA respond to a broad range of signals.
binding and transcription regulation)

specificRR known as the cognate

however, that TCSs are unable to

Indeed, many HKs are known to respond to multiple signal inputs®. Furthermore, regulation of
the activity of sensorkinases has now been shownto exist atall levels of the cellular

biochemistry. Forexample, there are known to be small regulatory proteins that exert positive

22-24

or negative feedback onaparticularsensorkinase through an unknown mechanism .Small

Although some examples existof a single HK interacting with multipleRRs, the nature of typical HK/RRs
issoinsularthatthe entire system is referred to by the name of only the two salientproteins;the system-
level names usually takethe form RR/HKZO. Such is the casewith the PhoP/Q system.
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RNAs are also known to regulate TCS gene transcription®. Finally, there have been studies that
show regulatory mechanisms that modulatethe geneticresponsedirectly viariboswitches that

. . . . 26
sense intracellularsignals related to the function of the sensorkinase *".

TCSs are highly abundant and versatile signaling mechanisms that provide the dominant
paradigm for signal-responsive adaptationin prokaryotes. Due to their widespread
implementation and ancient phylogeny, the extant TCSs are highly diverse and respond to an
incredibly broad range of signals’*. Exhaustive study of each variation is beyond the scope of this
work. During the course of thistext we will referto TCSsin a general sense to mean canonical
systems thatare useful tothe discussion of PhoQusing only afew notable examples of

divergence.

The proteinthat has been the focus of the investigations hereis the magnesium sensing
HK from E coli, PhoQ. PhoQwas first discovered to be anintegral part of a network that controls
virulence in Salmonella®’. Successive gene deletions that demonstrated phenotypic effects on
virulence in this organism were investigated at the genomiclevel in the course of investigating
the virulence response itself. It was not until later that it was discovered that the primary
activating signal for PhoQiis low levels of extracellular magnesium’. Itis now known that PhoQ
can respond to multiplesignal inputsincluding other divalent cations*®, pH', and antimicrobial
peptides’. Under conditions of low magnesium, PhoQ phosphorylates its cognate RR, PhoP
which then goes on to upregulate transcription of ahost of genesincluding small peptide

regulators of PhoQ (MgrB), virulence genes (pag genes) as well as the phoP and phoQgenes.



Figure 2: A schematic of Structurally, PhoQrepresentsa

the sensor-HK, PhoQ.
Colors are used to typical TCS HK—atrait that
identify the separate
domains; the periplasmic
sensor is orange, the N-
terminal TM helix is red,
the C-terminal TM helix study. It hasan N-terminal
is green, the cytoplasmic
HAMP domain is blue,
and the DHp and kinase
domains are purple. The

makesitan excellentsystemfor

periplasmicsensing domain

structure of the flanked by two transmembrane
periplasmic sensor
shown here belongs to (TM) helicesand a C-terminal

PhoQ (pdbIiD 3BQ8),
while other domains are
represented by related
structures.

HK domain. The two TM helices
are arrangedinan anti-parallel
fashion, and the C-terminal helix

islinked toa HAMP signaling

domain. Figure 2 In additionto
beinga prototypical HK, PhoQhas been well characterized in many ways —largely due to the
highlevel of interest surroundingitsrole as a virulence regulatorin pathogenicgram-negative
bacteria. PhoQhas, in fact, been deemed the deemed the “masterregulator” of Salmonella

#30 |t has been suggested that PhoQ, along with other HKs, might make an attractive

virulence
drug target for antimicrobial chemotherapy due to the lack of known HKsin members of the

kingdom animalia. Ourwork has focused on the structure and mechanism of activation of PhoQ.

What is Known About PhoQ
PhoQis a typical TCS sensor HK; it contains an N-terminal periplasmicsensordomain
flanked by two TM helices and a C-terminal cytoplasmickinase domain. Additionally, PhoQhas

one HAMP domain whichis found immediately afterthe second TM domain Figure 2. As with



otherTCSs, no structure of the full length protein exists, and the mechanism of signal
propagation across the membrane or through various signalingdomainsis unclear. Here we will

review each domain of PhoQ.

The Sensor Domain

Sensordomains"ingeneral are poorly conserved across two-component systems; the
PhoQand Dcu$S sensordomains share only 4.5% sequence identity’". Despite poorsequence
conservation whichis presumably due to the various roles that each sensoris required to fulfill,
recent surveys of known three-dimensional structures of sensor domains have concluded that

32,33 .re .
*?, Classification

tertiary structure of TCS sensordomains often falls into afew discrete classes
of TCS sensor domains broadly falls into three categories: extracellular-sensing, membrane-

embedded, and cytoplasmicsensing. Among surveyed TCSs, the extracellular sensordomainis

the most common and accordingly has the highest number of representative crystal structures.

Within a span of two years, two high-resolution structures became availablefor the

sensordomain of PhoQ****

.The first structure (pdb accession code 1YAX) indicated adimer
interface of the sensordomain thatlacked any notable contacts between the helices that
extend fromthe membrane. This conformation was contrary to the model that the predicted

TM helicesformabundle. The structure that followed (pdb accession code 3BQ8) demonstrated

the expected helical interface that was consistent with the TMbundle-model. Mutagenesis

v In general, the domains of TCS HKs that detect the activatingsignal arereferred to as “sensors” rather
than “receptors”, although the latter term is more common inthe literature of eukaryotic transmembrane
proteins.Some TCS proteins detect signal through a traditional receptor-ligand interaction, however
others are dependent on cofactors (FixL) or accessory proteins (TorS). Still others such as PhoQ detect

ions (or the absence of ions) through a mechanismthat is poorly understood. Due to the wide range of
available detection paradigms,itis more appropriateto refer to this class of molecules as “sensors” rather
than “receptors”.
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experiments later concluded that the physiological arrangement of the PhoQ sensordomain

coincided best with the 3BQ8 structure .

Figure 3: The sensor domain of PhoQ as
seen in the 3BQ8 crystal structure. The
distinct mixed a/B fold common to other
members of the PDC domain superfamily
is marked by a helical interface between
units of the dimer, and a B-strand
scaffold flanked by a-helices similarto a
PAS domain.

The sensordomain of PhoQ consists of a mixed a and B fold and has been described asa
PAS domain® Figure 3. As with PAS domains, the sensor domain of PhoQis characterized by a
scaffold of a five B-strands interposed with a-helices®. It has been reported however, that the
nature of the distinctfolds of the sensor domain of PhoQalong with its structural homologues
such as Dcu$ and CitA representadivergence fromatrue PAS domain®. Therefore the family of
HK sensordomains structurally related to PhoQare termed “PDC” for the archetypal members
named previously*’. The sensor domain of PhoQiis responsible for detecting a wide variety of
signals and the precise nature of the signal detectionis not understood. Aregion of the sensor
domain containingan a-helix and an unstructured loop that lies close to the outerleaflet of the
membrane shortly beforethe C-terminal membrane insertion (TM2) contains aregion of acidic
residues known to be critical tofunction. Thisregionis called the “acidic patch”. Since this
regionreplacesthe typical binding pocketinaPASdomain, andsince itis exhibited interacting
witha metalionina crystal structure, it has been proposed that Mg”* ions or other PhoQ-

activatingsignalsinterpose between these residues and disrupt contact with charged species of
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particularlipid head groups®’. The presence or absence of signal —and therefore membrane
contacts to the acidicpatch—are responsibleforthe conformational changesin the sensor
domainthatare transmitted to the interior of the cell and ultimately resultin catalysisand RR
phosphorylation. Activation of PhoQ by some signals such as pH has been shown toregulate a
different set of genes than Mg-dependent activation®®. This is now known to be due to the
presence of a Mg-sensitive riboswitch inthe leaderregion of the mgtA mRNA ratherthana

distinct sensing mechanism of the sensor domain®.

The HKs that contain PDC sensor domains are referred to as “family 1 sensor histidine
kinases” and make up the largest of four families of structurally-related sensor domains. Other
TCS sensordomain families contain only a-helices (the so-called “all alphasensors” exemplified
by NarX, the nitrate sensor), while some are close structural homologues of soluble periplasmic
binding proteins (exemplified by HK29;) A fourth classis predicted by sequence analysis to
encode sensordomains with only B-sheets but this class contains only hypothetical proteins that

have yetto be structurally characterized™.

Some TCSs sense signals otherthan extracellularligands orions. Forexample some TCSs
are known to detect concentrations of intracellular molecules such as oxygen®?. Since this
sensingistypically achieved viainteraction with a cofactor, the sensing domains of this class of
TCS are typically true PAS domains. FixLforexample binds heme to sense intracellular oxygen
concentration. Another heme-binding signal domain commonin TCSsis the GAF domain. GAF
domains are heme-binding redox sensors that are often found in tandem with othersignaling
domains®. Athird class of intracellular TCS sensor s the phytochrome. Unlike the membrane-

anchored TCSs with cytoplasmicsensor domains, phytochomes are entirely soluble HKs. These



9
sensordomains (PAS, GAF, and PHY) are alsofound in TCSs as cytoplasmicsignaling domains
due to theirmodular nature and ability to accept signal inputs from small molecules, ions, or

other proteins.

In addition to extracellularandintracellular sensing domains discussed thus far, there
existsathird type of sensingdomain:the membrane-embedded sensor. Exemplified by DesK,
this class of sensoroftenlack extended periplasmicstructures of any kind and instead use the

TM domains to detect signals such as membrane perturbation and temperature’.

The Transmembrane domain

There is currently no high-resolution structure for the TM domain of PhoQ. Additionally
there are no high-resolution structures of any dimericHK or chemosensortransmembrane
domains. Three structures of HK TM domains were recently described using NMR*, however,
they were studiedinisolation as monomersin micelles limiting their utility formodeling a
physiological dimericinterface. One crystal structure has been solved forthe TM domain of a
HK-like protein: the Htrll sensory transducer of sensory rhodopsin** Figure 4. The signaling
mechanism of Sensory rhodopsinin bacteria isratherunique and relies on a highly specialized
sensor complex. Unlikethe chemosensors, the sensing and signal transducing activities of the
Sensory rhodopsin complex are separated into two distinct proteins. The sensing protein of the
complexisSR-1l; alarge seven-pass TMprotein with short periplasmicloops thatdirectly sense

photonsvia degradation of the linked retinal molecule. This protein transduces its signal to the
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Figure 4: The structure of the SR-II/Htrll
complex from Natronomonas pharaonis.
In this view, the central molecule Htrll
(blue) is flanked on both sides by SR-II
(white). Htrll receives signal input from
the light-sensing SR-ll via lateral TM-TM
contacts that occur in the membrane. The
black box roughly indicates the
membrane-spanning region of this
complex.

cell'sinterior by way of a second TM protein, Htrll. Htrll receives signalinput via association of
its TM domains with those of SR-11and propagates the signal to its methyl-accepting cytoplasmic
domain (withtwo HAMP domains intervening) and recruits Che proteinsin the fashion of
chemosensors™. This structure and its possible homology with other TCS proteins including
PhoQis the subject of much interest*®. The most striking feature of the TMdomain in Htrll is the

presence of a large cavity nearthe cytoplasmicside. Figure 5

Figure 5: In our analysis of the crystal
structure of Htrll, we demonstrate that a
water-permeable cavity exists on the
cytoplasmic-facing side of the TM
domain. The conserved polar residue Asn
shown here in stick representation is
seen to interact with the aqueous cavity,
shown as an orange surface.

Top view Side view

Several water molecules are detectable in the crystal structure (1H2S) and it has been proposed

that these represent the presence of ahemi-channelin Htrll*°. A Hemi-channel, oracavity in the
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hydrophobiccore of a protein that does not reach across the entire length of the membrane-
spanningregion, would represent arelatively high energy state compared to a structurein
which the helicesinteracted more closely. The high energy cost associated with this structure
and the presence of a conserved polarresidueinthe interior of Htrll that faces the hemi -
channel suggests thatthis conformationis required forthe signal transducing function of Htrll.
What conclusions can be drawn between the structure of Htrll and other TCS TM domains
including PhoQ? It would seem that Htrll has substantial differences from a typical bacterial TCS.
The transducer proteinis not a histidine kinase, nordoesit have a canonical sensingdomain,
instead receivinginputs laterally through TM contacts with a different protein. The solved
structure of Htrll comes from a Halobacterium—an ocean dwelling archaeal species. We
observe that Htrll and PhoQ TM sequences share a 62% amino acid conservation (calculated
ClustalOmega®), although this analysis is limited to a single TM helix. Given the conserved
nature of hydrophobicresiduesin TMdomainsin general, this is notaltogether unexpected.
However, itisinterestingto note thatin general polarresidues are not commonly foundinTM
domains due tothe high energeticcost of theirinsertion onthe membrane, yet we find thatan
Asnresidueis conserved between thesetwo proteins. Later, we will investigatethe possible role
of this polarresidue insignaling see CHAPTER 2: Identification of a conserved signaling

component: polarresidues in the transmembrane domain
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Figure 6: Sequence alignment of E coli PhoQ and N phararonis Htrll TM domains using ClustalOmega. There is a high
degree of conservation among amino acid groups, and an Asn residue is conserved in the TM of both proteins.

Although phylogeneticanalysis indicates a high degree of branching between the TCSs
of bacteriaand archaea’, it is unlikely thatacritical component of signaling such as the TM
would have changed much—especially given that it must fulfill aunique role in the signal
transduction process with alimited number of residues and is bound by physiological
constraints as well (e.g. hydrophobicity, helicity, etc). We can postulate that the TM domains of
Htrll offera glimpse at TM domains from other TCSs, butin orderto make a direct comparison

more physical evidence is needed.

The HAMP domain
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The essential components of a TCS are an HK, includinga conserved histidine (as part of
the so-called Dimerization and His phosphorylation domain or DHp) and aspartate residue either
as part of the same polypeptide or multiple polypeptides —and anintracellular effector domain
(e.g. DNA binding domain of aRR)>. In addition to these critical components, many TCSs contain
at leastone and sometimes dozens of signaling domains that propagate, modify, integrate or
branch the signal priorto the effector domain. These domains are not universal throughout all
TCSs, nor are they exclusiveto TCSs—as with the kinase itself, it would appear that nature has
co-opted ubiquitous cellular machinery to perform novel functions. Therefore, many of these
signaling domains are homologous to—orin fact duplications of —signaling domains foundin
othersystems. Previously we discussed the cofactor binding and protein-protein interaction
domains PAS, GAF and PHY. Here we will discuss the cytoplasmicsignaling domain of PhoQ; the

HAMP.
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IM Cytoplasm . . .
Figure 7: Modular domains of TCSs exist
PhoQ | PAS —==—HAMPH Autokinase - in a wide variety of arrangements. This
figure from Krell et al., “Bacterial
FixL PAS Sensor Kinases.” (reproduced with
permission) provides a few examples of
CitA | PAS === PAS | Autokinase - known TCS domain distributions.
Signaling domains such as PAS can
BceS/Van$ occur extracellularly as in the case of
PhoQ, intracellularly asin ArcB, or both
DesK asin CitA. Domains can occur in
tandem with each other such as in the
EnvZ [ 7 ==|HAmPH Autokinase - BphP4 system, or in multiples of the
same domain, such as the tripartite PAS
ArcB =-_{ PAS H NG T H RRR H HPT }_ domains In KinA. Many systems have a
two-pass TM domain, however other
; topologies are available such as the
e m four-pass TM of KdpD and FixL, the
— - five-pass TM of DesK, or the seven-pass
s % TM of SR-Il. Kinase domains typically
— - occur as the most C-terminal domain
chak gE-! Aueokinase HChew|_ and pass their signal via
KinA PASAHPAS S -PAS C — Autokinase - Fome cases such as e phosphorelay |
" systems, the kinase domain occurs N-
TodS -E PAS HAutokinase H RRR H PAS 7{ Autokinase ]— tZrminal to a RR-like receiver domain,
which participates in a phosphorylation
BphP4 = PAs HIGAR H PHY —{ Autokinase - cascade between domains of the
phosphorelay sensor and ultimately
ends on a cytoplasmic effector protein.

The HAMP domainisan example of adomain found across several various systems. I tis

named forits presencein histidine kinases, adenylyl cyclases, methyl accepting proteins

(chemosensors) and phosphatases, although these are not the only systems where HAMP

domains are known to occur’. HAMP domains are characterized by two consecutive arrays of a-

helicesthatare arrangedin parallel toforma dimericfour-helix bundle. Figure 8

¥ Dunin-Horkawiczand Lupas, “Comprehensive Analysisof HAMP Domains.” indicates that HAMP domains
have also been identified in the following systems: diguanylate cyclases, diguanylate phosphodiesterases,
metal-dependent phosphohydrolases,and Ser/Thr/Tyr protein kinases 2,



15

Figure 8: HAMP domains are conserved
signaling domains commonly found in
TCSs. Although HAMP domains in various
classes of TCSs such as chemotaxis
systems and sensor HKs have
evolutionarily divergent sequences, the
general topology is maintained. A four-
helix bundle is formed by a dimerization
of two HAMP-containing proteins. Each
protein encodes a domain that features
two helices arranged in parallel joined by
a linker. In this schematic, the green and
blue helices belong to one monomer, and
the red and yellow helices belong to the
partner monomer. The linker makes a
sharp turn initiated by a conserved Gly
residue found at the end of the N-
terminal helix.

This general topology is maintained throughout the HAMP domains of various signaling
systems, howeversequence analysis has shown that specific coevolving residues within the
HAMP (those responsiblefor connecting to the output domain) cluster separately depending on
the output mode (e.g. His kinase or methylation)*?. Thatis to say, the features of anindividual
HAMP domain are governed by the signal output required of each system and distinctions can
be made between the HAMP domains of HKs and chemosensors. Regardless of the output mode
however, HAMP domains from chemosensors and HKs must be able to coordinate similar
motions since functional chimeras have been designed**. Like other signaling domains of TCSs,
HAMP domains can be found alone (no othersignaling domain exists between the TMand the
DHp domain), intandem with othersignaling domains (GAF, PAS, etc) orin repeats of multiple
concatenated HAMP domains. A crystal structure exists for one such system (pdbID 3LNR) from
the aerotaxis transducer of Pseudomonas aeruginosa where 3HAMP domains are linked in

tandem*, whilea predicted HK of Myxococcus xanthus is estimated to have 31 tandem HAMP
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domains*. It has been shown that there are key differencesinacore setof highly conserved
residues between HAMP domains that occur as the first modular domain N-terminaltoa TM
helix and HAMP domains that occur afteranother domain®?. HAMP domains have been

predicted to occur in 31% of TCSs with cytoplasmicsignaling domains™

The Kinase Domain

Phylogeneticanalysisindicates that the histidine kinase fold arose from the same
ancestral protokinase shared by otherkinases (topoisomerases, HSP90 proteins, pyruvate
dehydrogenasekinases, MutL) and that all extant histidine kinases can be traced to thissingle
common ancestor which arose firstin bacteria’. Amongthe domains of TCS proteins, the kinase
domain, along with the RR with which it has coevolved, is by farthe most conserved. The fold
adopted by histidine kinases is unique compared to other known kinases (serine, threonine or
tyrosine), howeveritistopologically similarto other proteins such as MutL, and Hsp90. The
particularfold consists of mixed-f strands and a-helices sandwiched in atwo-layered

conformation; aB-sheetscaffold flanked by a-helices. Figure 9
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Figure 9: The structure of the kinase
domain of PhoQ. The classic Bergerat fold
comprised of an a/B sandwich is
represented here. The helices are shown
in red, and the B-strands are shown in
yellow. The flexible ATP-lid is shown in
blue. The ATP-analogue ANPPNP is
shown in the binding pocket of the
kinase.

Anotherstriking feature isthe presence of aflexible ATP-lid that participates in catalysis by
restricting access of catalyticresiduesto bound nucleotides. This unique conformational fold is
referred to as a Bergerat Fold to distinguish itfrom other well-known ATP-binding motifs such as

the Walker motifs.

Several atomic-level structures of HK domainsin various stages of ATP binding and
catalysis have provided great insight into the precise biochemical mechanisms of the RR binding,

autophosphorylation, phosphotransferand phosphatase reactions.

Partner Recognition
Response regulators cluster phylogentically as their own category of protein, unrelated
to otherknown proteins except with vague structural homology to P-loop NTPases (abroad

68 RRsshare an evolutionary history with HK's in that they have

class of ATP-binding proteins)
coevolved—one group adapting to changesin the otherto maintain specificity in signal

transduction™?°.

Nowhere elseis this more apparentthaninthe recognition and HK binding domain of

the RR protein. Known RRs share a similartopology and it has been shown in vitrothatRR's can
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be phosphorylated by non-cognate HKs, albeit with highly diminished efficiency compared to
the cognate HK. This so called “kinetic preference” is largely due to the kinetics of binding
betweenthe RRand the HK. The partnerspecificity is thus dictated by sequence differences
between the binding domains of cognate vs non-cognate receptors. The RR typically contains
two domains—the receiver domain and the effector domain, although in some casesthe
receiver domain will take overthe role of the effector domain. During RR-HK binding, the
receiver domain governs selectivity forthe cognate partner. The topology of RRsis typically an
array of a-helicesinterposed with B-strands that scaffold togetherin the core of the RR. This

motifis anotherexample of an a-B sandwich fold. Figure 10




19

Figure 10: HK-RR interaction. Right: Schematic of a typical RR. The a-helices of the RR arrange themselves
around the B-strand scaffold at the core of the RR. The helices are named for their order from Nto C
terminus. Left: Helix a-1 (blue) and the loops B5—a5and B3—a3 are responsible for interacting with the HK
and confer exquisite selectivity. The phosphorylatable His is shown in magenta stick representation and the
phosphorylatable Asp is shown in green stick representation.

The helicesare named fortheirorderfromthe Nterminus. Asdemonstratedin the
crystal structure of the HK-RR complex" 3DGE, the first helix (a-1) and the last loop (B5—a5) is
primarily responsible forassociating with the four-helix bundle of the DHp domain of the HK,
likewise the DHp is sufficient for determining RR specificity. Based on the structure of the
HK853-RR468 complex and the structure of the sporulation phosphorelay Spo0OBin complex
withits cognate RR SpoOF, maps of specificity-determining residue pairsinthe DHp and RR
receiver domain are beginning to come into focus. Recently, analysis of coevolving residue pairs
allowed researchersto “decode” the specificity-determining residues in a particular HK-RR
cognate pair’®. The authors suggest that analysis of coevolution of residues in this manner could
provide ageneral approach forthe deduction and rational engineering of protein -protein

interactionsin TCSs.

Autophosphorylation and Phosphotransfer Reaction

The transition state of protein kinases have been studied extensively. Forreviews of the
structure, chemistry and enzymology of the transition state, the interested reader should turn
to the excellent reviews cited in this section, especially: Adams, “Kineticand Catalytic
Mechanisms of Protein Kinases®"”. Briefly, protein kinases—whether His kinases or otherwise—
can be classified by their reaction mechanisminto associative mechanisms or dissociative

mechanisms. The two mechanisms of phosphoryl transfer are characterized by the nature of the

¥ The HK in this structureis HK-853,and the RR is RR468. Together they comprisea system of unknown
functionin Thermotoga maritima49
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transition state and the extent of bond formation between the donorand the acceptor.
Associative mechanisms include atransition state of the phosphate in atrigonal metaphosphate
configuration, while dissociative mechanisms have a bipyramidal phosphate inthe transition
state®” Figure 11: transition state intermediates for the associative and dissociative mecahnisms
of phosphoryl transfer, reproduced from Adams, J A. “Kinetic and Catalytic Mechanisms of

Protein Kinases.” Chemical Reviews 101, no. 8 (August 2001): p2278, Figure 4.
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Figure 11: transition state intermediates for the associative and dissociative mecahnisms of phosphoryl transfer,
reproduced from Adams, J A. “Kinetic and Catalytic Mechanisms of Protein Kinases.” Chemical Reviews 101, no. 8
(August 2001): p2278, Figure 4.

It is estimated that the majority of His kinases autophosphorylateviathe dissociative

mechanism’>"*?

. Analysis of the HK SpoOF in complex with the phosphotransferase Spo0OB has led
the authors to conclude that the mechanism of phosphoryl transferin that system occurs viathe

associative mechanism>*,

The structure of the kinase domain of PhoQ (pdb accession code 11D0°°) has led to a detailed

understanding of the contribution of each active-site residueto catalysis. To summarize the
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mechanism, an Asp residue acts to deprotonate the phospho-acceptor group whiletwo basic

residues (Argand Lys) serve toincite the phosphate departure and neutralize the charge *°.

Theroleofthe ATP lid

During Phosphorylation, the HK undergoes conformational changes that bring the ATP
binding pocketinto close proximity with the DHp. This process is regulated by the position of the
ATP-lid, which can swinginto position between the ATP-binding pocket and the His residue thus

preventing phosphorylation®®.

Figure 12: The structure of HK-843
demonstrates the conformation
associated with dephosphorylation. In
this case, the ATP lid (magenta) is held in
place by the RR-468 (not shown) and sits
between the active site of the kinase and
the phosphorylatable His (green stick
representation).

The lidis heldinto place by association with the RRand is thus dependent on RR binding. This
intercalation of the ATP lid between the site of catalysis and the His residue is critical to prevent
dephosphorylation of the Asp residue by His and thus futile cycling of the kinase. Similarly,
duringthe dephosphorylation step the ATP lid positions itself between the ATP binding pocket
and the Aspresidue to preventimmediate re-phosphorylation of the RR. Thus, the position of

the ATP lid determines the phosphorylation reaction.
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Cisor Trans?

Most TCSs are known to existin oligomericstates of at leasttwo monomers. It has been
an open question as to whetherthe dimericforms of HKs phosphorylate in cis or trans. That is,
doesthe kinase domain autophosphorylate the His residue of the same polypeptide orits
dimericpartner? Sofar, there has been evidence foreach case®”*® and so it appears that there is
not a universal requirementfor cis or trans. Furthermore the structural differences between a
protein knownto phosphorylate in cis and another known to phosphorylatein trans are not
dramaticand rest mostly onthe handedness (right or left) of the DHp connector helices. It could
be inferred thenthatthe orientation of the phosphorylation reactionis not broadly conserved
and may be different forstructurally related proteins or perhaps even switchable (the same
protein can phosphorylate in both orientations), though no such protein has been characterized

yet.

Structural analysis of the HK853 protein suggested that autophosphorylation occurred in
cis. This hypothesis was supported by in vitro biochemical evidence®. Preliminary biochemical

studies of PhoQalso indicate the mechanism of autophosphorylation occursin cis. Figure 13
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Figure 13: Preliminary data suggest that PhoQ autophosporylates in cis. Mutants of PhoQ were co-transformed into
cells lacking PhoQ (TIM206). Two constructs were used to encode PhoQ protein: pTrcTIMPhoQhis, which encodes a
full-length E coli PhoQ with an N-terminal 6His tag; and pACYC PhoQHis-a3D, which encodes the same PhoQ but
with an additional N-terminal masstag: a3D is a designed inert soluble peptide with a molecular mass of 5kD.
Mutations were introduced onto these constructs by site-directed mutagenesis. H277N is a conservative
substitution of the phosphorylatable His that renders the molecule incapable of accepting donor phosphate
(represented by a greyed-out DHp in the schematic). K392A and R434A are disruptive mutations of the active site
that render the kinase unable to catalyze the phosphorylation reaction (represented by a greyed-out kinase in the
schematic). When PhoQH277N, PhoQR434, or PhoQK392A are co-expressed in equal amounts with PhoQWT, the
system is capable of promoting the transcription of PhoP target genes. However, the active site mutants
PhoQR434, or PhoQK392A when co-expressed with the His mutant , are unable to recapitulate WT activity. In the
latter case, at least some combination of dimers are expected to produce a complex where a competent DHp exists
in a trans conformation with a functional kinase, but not in a cis conformation. Since this complex does not
promote the transcription of PhoP activated genes, we find this as evidence that PhoQ may autophosphorylate
only in cis.
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The phosphatase reaction

Many HKs are known to be bi-functional’. Thatis, they promote both the
phosphorylation reaction and the phosphatase reaction. In at least some cases it has been
shown that dephosphorylation of the p-RR occursin the absence of any HK, suggesting thatthe
p-RRis an unstable high-energy state that decays spontaneously or that another protein besides
the HK assistsin the dephosphorylation of the p-RR. For PhoQit has been shown that p-PhoP
can be dephosphorylatedinthe absence of PhoQ, howeverthis dephosphorylation reactionis
more favorable (occurs at a fasterrate) inthe presence of PhoQ, indicating that PhoQ catalyzes
the dephosphorylation reaction®. It has been reported that the phosphatase-promoting activity
of PhoQis the direct consequence of Mg concentration, and that regulation of the phosphatase

activity is the switch that controls p-PhoP accumulation in the PhoP/Q system™.

It has been suggested for some systems—such as the structurally studied
HK853/RR468—that the HK actively participatesinthe phosphatasereaction. The crystal
structure of HK-853 in complex withits cognate partner RR468 has been identified as a snapshot
of the dephosphorylation reaction. Thus, this structure provides great detail into the structural
states presentduringthe phosphatase reaction. Importantly, the phosphorylatable His residue is
implicated inactivating a water moleculeto acceptthe high-energy phosphate. In this reaction,
the phosphate of the p-RRis lostto waterratherthan transferred back to the His residue and

therefore the HK acts as a phosphatase ratherthan a reverse-kinase.
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Mechanisms of Signal Transduction

Althoughitis not formally known how many physical states each protein may have, itis
useful tothink of transfer of informationin this manneras a series of binary states. We may
think of the sensor kinase as existingin an “off” state until it detects an environmental cue to
turn “on”. The sensorthen becomes an active kinase initiating a series of phosphorylation
reactions that culminate in phosphorylation of the conserved aspartate onthe response
regulator. The response regulatoristhus switchedintoan “on” state and affects transcription of

aset of genesviaits DNA bindingactivity.

Much efforthas been devoted tothe study of TCSs and their mechanism. To date,
several theories have been advanced forthe mechanism by which signals are transduced to the
interior of the cell. We can organize these theoriesinto four classes: the Piston shift model ® the
gearbox rotation model®, the scissoring helixmodel®?,and the asymmetric propagation

63,64
model”>>"".

Some sensorkinases such as the aspartate receptor Tar mentioned previously have
beenshownto existas dimers with extended helicalinterfaces that project from the periplasm
through the membrane and into the cytoplasm®. The piston model has been proposed to
explain the contribution of these extended helical interfaces to signal transduction®.
Crystallographicevidence of the Tar periplasmicdomain and disulfide scanning mutagenesis
studies of the TM and cytoplasmicdomain suggest that, atleastin the aspartate receptor, the
helices functioninapistonlike mannerthatinvolves arod-like pushing or pulling of the helix to
actuate long-range molecular motions. This treatment of the helices asrigid, inflexible linkers is

somewhat contrary to the theory that large molecular motions accompany activation eitherin
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the case of ligand bindingin chemosensors® orin catalysisin sensor HKs. There is
crystallographicevidence to reinforce the piston model as well. Cheungetal demonstrate a
small piston-shift between the apo and ligand bound structures of NarX (the nitrate sensorin E
coli®’ pdb accession codes 3EZH and 3EZI) Figure 14. The authors attribute this observable shift
inthe periplasmichelices to ligand binding and not to crystal packing and suggest that this
supportsa model of transmembrane signal transduction by which vertical displacement of

helices transmits information to the cell'sinteriorand actuates molecularrearrangements that

leadto RR phosphorylation. Importantly, the two structures are

“}i1A

observedto change in relative vertical displacement by only ~1

2

A.

Since the available structure of NarX and other periplasmic

domainsdonot include TMor cytoplasmicsegments, itis not

Figure 14: The crystal structure of the possible to say whetherthese smalldisplacements are

NarX periplasmic sensor with (green) and
without (magenta) ligand demonstrates magnified as they propagate, howeverarigid treatment
a ~1A piston-shift.

of helices does not seemtoimply that this might occur.
Certainly a-helices are constrained to a great degree inthe amount by which they can increase
or decrease theiroverall length (unwinding or winding respectively). Itis therefore unclear how
such a small displacement mightinitiate cytoplasmicrearrangementsinsignaling domains or

kinase domainsthatare knownto be on a largerscale.

Anothercommon mechanism forsignal propagation in oligomeric protein complexesis

asymmetry®*®*®° The structures of the LuxPQ complex (pdb ID 2HJE and 2HJ9) demonstrates
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asymmetry between monomers that has beenimplicatedin the signal transduction mechanism
of thissystem’°. It has been suggested thatin this system, ligand-induced asymmetry is
propagated tothe cytoplasmiccatalyticdomains thereby regulating catalysis. Indeed,
asymmetry is observed as a component of many of the solved crystal structures available for
domains of TCSs. The periplasmicsensor of PhoQexhibits asymmetry, butitis unclearto what
extentthe crystallographicasymmetry mightimply significance to the mechanism of activation

inthis case.

A third paradigm used to explain the contribution of helical segmentsisthe “gearbox”
rotational model. Crystallographicanalysis of HAMP domains have implied that a rotational
motion accompanies state-switchingin these domains®. The concerted rotation of helices of the
HAMP by 26° would allow the switch between a canonical coiled-coil packing motif and an
alternative “X-DA” packing motif observable in the crystal structure of the Archaeoglobus
fulgidus HAMP domain (pdb accession code 2L7H). This paradigm is supported by the reported
20 degree rotational motions seeninthe helical DHp domainseeninthe two structures of

HK853°,

Several authors have suggested acombination of mechanisms may be responsible for

. . 44,45,71
signal transduction****’

,and this makes intuitive sense since global rearrangements of large
protein complexes are expected to accompany protein-protein interactions and catalysis. Thatis
to say, one singular mechanism may comprise the largest principal component of molecular
motion, butitis not likely to representthe only molecular motions that accompany signal

transduction. Forexample, the sensor HK TorS, whichis activated uponitsinteraction with a

periplasmicbinding protein, has been suggested to signal by asymmetry®*, howeverit has been
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noted that a slight piston motion appears to accompany activation when comparing the two
states of the protein trapped in crystals’>. The structure of the tripartite HAMP domain (pdb
accession code 3LNR) provides evidence of signaling mechanism that integrates piston shifts,

helical rotations and change in helical crossing angle™.

Small peptide regulators of PhoQ

Besides the nominal components of a TCS network, other proteins have been described
to regulate TCSs. Often, these proteins come in the form of small, membrane associating
peptides, the expression of which are induced by eitherthe systemthey act upon, ora related
system (connector proteins)?>. Small peptide regulators have been described foranumber of
systemsincluding WalK/R”?, CpxA/R™’?, and PhoP/Q®. A small peptide regulator of PhoP/Qiis
MgrB. MgrB is a 47-amino acid protein withaTM domain flanked by short soluble regions. MgrB
transcriptionis positivelyregulated by PhoP. By an unknown mechanism, MgrB represses PhoP-
regulated transcription of its target genes. Thus, MgrBis acts as a feedback circuit to PhoQ
activation and provides asource of negative regulation of the PhoP/Q system. Interestingly,
MgrB has been showninbacterial two-hybrid experiments to interact with itself, and with
PhoQ, but notwith a chimericPhoQ possessingadivergent periplasmicdomain (from
Pseudomonas aeruginosa)’®. These results, along with the membrane localization of MgrB
suggest that MgrB regulates the PhoP/Qsystem by acting directly on the sensor domain of

PhoQ.

Some small peptide regulators have been described as “connector proteins”. Connector
proteinsactto regulate various aspects of the TCS and provide anotherlevel of signal

integration to TCSs. Furthermore, connectors have been shownto actas a point of cross-talk
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between different TCSs such as the case of PmrD"""’

. SafAisthe connector protein between
PhoP/Qand EvgS/A**. Like MgrB, SafA has also been shown to act through directinteraction

with the sensor domain of PhoQ, however SafA positively regulates PhoQ—activating the

PhoP/Qsystemina Mg’ and MgrB independent manner®.

Both proteinsare small TM proteins with short cytoplasmicand periplasmicloops. In
MgrB, it has been shown thatthe neither TM domain northe cytoplasmicdomain playsa
regulatory role (recombinant excreted periplasmicloops of MgrB were shown toretain WT
activity). Interestingly, Itappears that the periplasmicloops of both proteins exhibit amphipathic
motifs and are predicted toformshort helices when interacting with the outer leaflet of the

membrane. Figure 15

MgrB SafA C18G

Figure 15: Small peptide regulators of PhoQ adopt similartopology and membrane association as the antimicrobial
peptide C18G. Notably, the aqueous-facing residues of PhoQ-activating peptides SafA and C18G are charged,
whereas the aqueous-facing residues of MgrB are polar.

Antimicrobial peptides are thought to activate PhoQ by displacing Mg’"ions near the acidic-
patch of the sensor. Given the predicted nature of the PhoQsensordomaininteraction with

antimicrobial peptides (themselves shortamphipathichelices), itis possible that these

vii

PmrD regulates the activity of the iron-sensing TCS PmrA/B, yet PmrD expressionis induced by the
PhoP/Q system. PmrD is therefore a connecting protein between these two TCSs.
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regulatory proteinsinteract with PhoQthrough a similar mechanism—although this remains an

open question.

What Questions will be asked with this work?

To this point we have reviewed the known structural, functional and genetic
characteristics of PhoQand seenthatthe fieldislacking both a full-length structure of any TCS
HK or an integrated model of the conformational rearrangements that lead to catalysis. TCS
domains have been structurally characterized, including domains of PhoQ. However a full-length
structure remains elusive and therefore the nature of the linkers between these domains and
the relationships between each domainis poorly understood. Thisisanimportant point since
although each domain may contain several structural elements, the connector regions are often
single helices orloops that are required to faithfully transduce signal from one domain tothe
next. Inthe experiments that follow we asked “what s the structure of the TM domain of PhoQ,
how does this domain relate to the adjacent sensorand HAMP domains and how is signal
transduced between themtoinitiate catalysis?” We began by buildinga model of PhoQTM
domain structure by searching forevidence of astructural homologue and used cysteine
scanning mutagenesis to build a profile of interacting residues. Theseinteractions were used to
describe atwo-state model of activation of PhoQ. Finally, we used the helix-disrupting Alaand
Phe scanning mutagenesis to probe the nature of the linkerregion between the TMdomainand

the HAMP domain of PhoQ to gaininsightinto how these linkers operate.



CHAPTER 2:1dentification of a conserved signaling component:
polar residues in the transmembrane domain

Previously, we discussed the transducer protein Htrll, the polar Asnresidue conservedin
the TM domains of many TCSs, and the possibility of homology between the structure of the TM
domains of Htrll and canonical TCSs such as PhoQ. Here we presentourinvestigations into the
important Asn residue and itsrole in TM signalingin PhoQ. These results and the discussion that
follows were published as Goldbergetal., “Transmembrane Polar Interactions Are Required for

Signalinginthe Escherichia Coli SensorKinase PhoQ.”

Identification of polar residues in PhoQ that are required for signaling
in vivo

The TM domain of PhoQwas found to be amenable to Cys replacement of successive
WT residues using site-directed mutagenesis. One notable exception was the Asnresidueat

position 202 (henceforth referred toas N202) found onthe second TM helix (TM2). Figure 16

31
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Figure 16: Mutation of the WT Asn residue at position 202 to Cys abolishes Mg2+ response. Successive Cys
mutations of WT residues (position labeled on the x-axis) produce mutants that largely retain WT activity in the
LacZ assay (as described previously78). Mutation of N202 produces a mutant that is blind to Mg2+ signal and does
not activate LacZ gene transcription in an mgtA::lacZ reporter.

We theninvestigated whetheran Ala mutation would affect PhoQactivityinasimilar
manner. Using site-directed mutagenesis we replaced the native Asn with an Alaresidue to
assess the function of N202A in the LacZ assay Figure 17. The PhoQ N202A variant was also
coexpressed with the wt PhoQ protein, usingthe pSG262 plasmidinthe phoQ+TIM199 reporter
strain. This strain failed to activate transcription of lacZabove baseline levels, indicating that
the phoQ N202A gene hasa dominant negative phenotype. This suggests that the inability of
PhoQN202A to activate transcriptionis notdue to changesin protein expression orlocalization,

but rathera direct effect of the Asnto Ala substitution on catalyticactivity.
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Figure 17: In vivo activity of PhoQ N202A. Activity was determined with a B-galactosidase reporter for PhoQ
activation consisting of a fusion of the /acZ gene to the PhoQ-regulated mgtA promoter. Activity was measured in
both the TIM206 AphoQ reporter strain and the TIM199phoQ+ reporter strain, bearing either an empty plasmid, a
plasmid encoding wt PhoQ, or a plasmid encoding PhoQ N202A. Data correspond to averages of at least 3
experiments; error bars show standard deviations.

We assessed the expression and membrane insertion of the N202A mutant by Western
blot of membrane fractions Figure 18. Dimerization of PhoQ can be visualized by making asingle
periplasmiccysteinesubstitution at position 51. The oxidizing environment of the periplasmis
sufficientto form nearly 100% PhoQdimersinthe L51C mutant. We compared the expression
and dimerization of the WT PhoQ, the L51C mutant, the N202A mutantand a PhoQ construct
containing both the L51C and N202A mutations onthe same polypeptide. The N202A mutantis
shown to express at least as efficiently asthe WT, and its presence in membrane fractions
suggeststhatit does notsufferfroma translation orinsertion defect. The presence of
homodimersinthe L51C/N202A mutant suggest that, at leastin the context of the constitutive
dimer, L51C promotes N202A is capable of forming dimers. This data suggests thatthe presence

of the N202A mutation by itself does notappearto alterthe conformation of the PhoQ protein
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insuch a way as to preclude dimerization. To assess whether or notthe N202A mutation may
disfavorthe formation of WT heterodimers, and therefore cause adominant negative
phenotype by precluding the formation of functional WT oligomers, we assessed heterodimer
formation Figure 19. By expressing N202A as a fusiontoan inert 5kDa masstag (a-3D) alone or
coincidentally with anon-mass tagged construct, we can observe the effect of the N202A

mutation on the formation of heterodimers.

dimer —

monomer —

N202A

Figure 18: The N202A mutant is translated, inserted into membranes, and is capable of forming dimers. Left, a
western blot demonstrating (from left to right) the expression of WT PhoQ, the L51C mutant, the N202A mutant,
and the L51C/N202A double mutant. All constructs were made in the pTrcTIMPhoQ his vector and expressed in
TIM206 (AphoQ) cells. WT and N202A constructs contain no Cys residues in the N-terminal domain and therefore
do not exhibit dimer formation on a non-reducing gel. L51C places a Cys residue in the oxidizing periplasm; the
dimer is therefore resolvable on a non-reducing gel. Right: A schematic showing the predicted locations of the
mutants used in this assay. The sensor domain of PhoQ is shown in cartoon representation, while cylinders
represent the relative placement of PhoQ TM domains. Red and Blue colors represent N and C termini respectively.
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Figure 19: Analysis of heterodimer formation between PhoQ wt and N202A by disulfide cross-linking. An
immunoblot is shown of cell envelope preparations from cells expressing PhoQ variants. Imnmunodetection was
performed with the Penta-His anti-Hiss tag antibody (Qiagen) as described previouslyss. Each strain contains both a
plasmid encoding PhoQ-Hiss (L51C or L51C/N202A), and a second plasmid encoding a “mass-tagged” PhoQ-a3D-Hiss
(L51C or L51C/N202A). The L51C variant is functional, and spontaneously forms disulfide cross-linked dimers when
expressed under physiological conditions (1). The mass tag allows the 2 variants to be distinguished on an SDS -
PAGE gel, and consists of the stable and inert designed 9 kD 3-helix bundle protein 3D (7) fused to the C-terminus
of PhoQ. Regardless of which variant had a3D fused to it, three dimer species were observed with distributions on
the order of what would be expected from random mixing. Thus, all three dimer species (wt-wt, wt-N202A, and

202A-N202A) are present in the cells in a ratio of approximately 1:2: 1, and approximately 50% of the wt protein is

in homodimers and approximately 50%in heterodimers. Only the covalently cross-linked dimers are shown; bands
correspond to PhoQ homodimer (approximately 110 kDa) PhoQ/PhoQ-a3D heterodimer (approximately 120 kDa),
and PhoQ-a3D homodimer (approximately 130 kDa).

In vitro investigations into the activity of the N202A mutant

To assess the enzymaticactivity of PhoQN202A invitro, E. coli membranesenriched in
the protein were assayed for kinase and phosphatase function with **P-labeled ATP. In contrast
to the wt PhoQ, the N202A variant showed no detectable autophosphorylationin vitrowhen
incubated with labeled ATP (Figure 20A). For the phosphatase assays, **Plabeled phospho-PhoP
was incubated with the PhoQ-enriched membranes. In these assays, the PhoQ N202A variant

and the wt PhoQ protein showed similar dephosphorylation of the RR (Figure 20B).
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Figure 20: In vitro activity of PhoQ N202A. (A) Autokinase activity of wt PhoQ and PhoQ N202A. Membranes
enriched in PhoQ or PhoQ N202A were incubated with v-32P ATP. Aliquots were removed at different times, and
the reactions stopped by removal of ATP and addition of SDS-PAGE buffer. (B) Phosphatase activity of wt PhoQ and
PhoQ N202A. Phospho-PhoP was incubated with either buffer only, membranes enriched in wt PhoQ, or
membranes enriched in PhoQ N202A. Aliquots were removed at different times, and the reactions stopped by the
addition of SDS-PAGE buffer. All samples were subjected to SDS 10% PAGE, and the radiolabeled protein bands
were visualized by phosphorimaging.

Functional recapitulation of the WT PhoP/Q system in the N202A
background

Saturation mutagenesis atposition 202

To furtherexplore the role of the asparagine, we constructed the full set of amino acid
replacements at position 202. These variants were assayed for their ability to
activate lacZ transcriptionina AphoQstrain, and their ability to repress transcriptionin
aphoQ’ strain. We found that the PhoQ variants could be grouped into 3 categories. The first
group consists of variants that have similar profiles towt PhoQ, complementing the
AphoQstrain and not interfering with the phoQ” strain: Arg, Asp, GIn, Glu, and His. Amongthe
wt-like variants, His and Arg show increased transcription of lacZ compared to wt phoQ.
However, these variants are perhaps not as effective sensors as the wt protein, because theyare

not repressedtothe same degree by divalent cations. Asp, GIn, and Glu show similar profiles to
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the wt, although Asp and GIn have lowered activity. The second group consists of variants that
showed similar characteristics to N202A, failingto activate lacZtranscription and showing
dominance overthe wtgene. This group includes every hydrophobicamino acid (lle, Leu, Met,
Phe, Trp, Tyr, and Val) and the small residues Cys, Gly, and Pro. Because Gly and Pro show
similareffectstoAla, itislikely that the phenotype is more related to the lack of polarity of their
sidechainsthanitisto helix propensity. The third group of variants showed intermediate
activities: the slightly polarresidues Serand Thr, as well as Lys. These variants activated
transcriptionslightly inthe AphoQstrain, and repressed transcription tosome degree in

the phoQ" strain Figure 21.
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Figure 21: In vivo activities of PhoQ variants at position 202. Activity was determined with a B-galactosidase
reporter, consisting of a fusion of the lacZ gene to the PhoQ-regulated mgtApromoter, on the plasmid pSG238.
Activity was measured in either the AphoQ strain SDG263 or the phoQ+ strain SDG241, bearing the reporter
plasmid and a second plasmid encoding the PhoQ variant. Data correspond to averages of at least 6 experiments;
error bars show standard errors.

Nearby TM2 residuesreplaced with Asn
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To examine the effect of positioning of the critical asparagine residue, we used
asparagine scanning mutagenesis. A series of variants was constructed in which the N202A
substitutionis combined with the replacement of anotheramino acid of TM2 with an
asparagine. Variants were constructed with asparagines at positions 198 to 206, and theirability
to activate lacZ transcription was compared towt PhoQand to PhoQN202A Figure 22. Though
none of the asparagine-scan variants showed activity as high as the wt, some did
recover lacZ transcription. The Asn203 proteinin particular produced near-wtlevels
of lacZ transcription; Asn199and Asn205 also showed moderate activity. These 4 positions are
situated roughly along one face of TM2 (assumingthatits structure resemblesidealized a-helix
geometry), and so provide aview of the patch on TM2 that can accommodate the necessary

asparagine interaction.
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N202A 198 189 200 201 202 203 204 205 206

Figure 22: Asparagine scanning of PhoQ TM2 helix. B-Galactosidase activity of the fusion of lacZ gene to the PhoQ-
regulated mgtA promoter. Activity was measured in the TIM206 AphoQ reporter strain bearing a plasmid encoding
wt PhoQ, PhoQ N202A, or an asparagine-shifted PhoQ TM2 variant. Data correspond to averages of at least 3
experiments; error bars show standard deviations.

Residues of TM1 replaced with Asn

We nextexamined whetherthere might be aninteracting partnerfor Asn202 in the
neighboring TM1 of PhoQ. Although there are no strongly polarresiduesinthe central region of
TM1, the hydroxyl-containing sidechains Ser29and Tyr32 are predictedtolie at a similardepth
inthe membrane as Asn202. The S29A variant was found to produce lacZ transcription almost
identical tothe wt PhoQFigure 23. The S29V variant, meanwhile, showed increased
transcription of lacZ, especially under conditions of high Mg”*. The Y32A protein showed aslight
increase in lacZ transcription compared towt, and Y32F showed aslight decrease. Thus, none of

these variants produced adrasticchange in transcription, with the largest being the 3-fold
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increase seenin high Mg’* conditions with the $29V variant. These findings, together with the
observationthata variety of strongly polarresidues can substitute for Asn202 suggest that

Asn202 does notengage ina specificinteraction with sidechains on TM1; instead polarity

seemedto be the key determinant.
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Figure 23: In vivo activity of PhoQ variants at positions 29 and 32. B-Galactosidase activity of the fusion of lacZ gene
to the PhoQ-regulated mgtApromoter. Activity was measured in the TIM206 AphoQ reporter strain bearing a
plasmid encoding PhoQ S29A, S29V, Y32A, or Y32F. Data correspond to averages of at least 3 experiments; error
bars show standard deviations.

We therefore asked whetherthe critical Asn sidechain could be moved from TM2 to
TM1. A series of PhoQvariants were constructed combining N202A with the substitution of an
Asn at positions between 27and 31 (which are predictedtolie ata similardepthinthe

membrane as position 202). We found that the N202A/V27N and N202A/L30N variants both
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recovered Mg**-dependent signaling; V27N yielded less transcription than wt whereas the L30N
was even more active than wt PhoQ, especially in high-Mg** media Figure 24. Residues 27 and

30 are predictedtolie onthe same face of the TM1 helix, assumingideal geometry.

N202A WT 27 28 29 30 31

Figure 24: Asparagine scanning of PhoQ TM1 helix. B-Galactosidase activity of the fusion of lacZ gene to the PhoQ-
regulated mgtA promoter. Activity was measured in the TIM206 AphoQ reporter strain bearing a plasmid encoding
wt PhoQ, PhoQ N202A, or an asparagine-shifted PhoQ TM1 variant. Data correspond to averages of at least 3
experiments; error bars show standard deviations.

Conclusions

We have demonstrated the functional importance of apolarresidue in TM2 of PhoQin
vivo. Hydrophobic mutants of N202 abrogate signaling of coexpressed wt protein, indicating
that they act as dominant negatives (DN). Cys cross-linking studies showed that this DN effect

was not a result of the mutants preferentially forming heterodimers with wt PhoQ butisinstead
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due to the phosphatase activity of mutant homodimers. Biochemical studies confirmed thatthe
substitution of Asn202 with Ala eliminated kinase activity without affecting the intrinsic
phosphatase activity. We therefore conclude that the DN effect reflects adisruption of the
delicate balance of phosphataseversus kinase activity required for transcriptional activation via
the PhoP protein.

Highly conserved polarresidues are found in many TM helical bundles of HK and HK-like
proteins. Asn202is strongly conservedin PhoQ proteins of E. coli and related organisms, the
only substitution being the functionally conservative His. Approximately half of the other
approximately 25 HK sensor proteinsin E. coli have a conserved TM Arg, Asp, Asn, GIn, Glu, or
His residue. Furthermore, the related chemoreceptor Tarhas a conserved polarGlnresidue at
position 22 of its first TM helix” and the mutant Q22C is folded and membrane-embedded but
no longerresponsive to ligand®. Polar residues in membrane proteins often play essential roles

81-83

by forming hydrogen bonds thatare dependentonthe fine-grained physical properties and
precise positioning of the interacting groups. Thus, it was initially surprising to discover that
hydrophilicity was the only commonality amongst the sidechains that functionally substitute for
Asn202. Examples of allowed function-promoting polar sidechains that are otherwise diametric
oppositesinclude Argand Asp, which differgreatlyin (i) size (eight versus four heavy atoms,
respectively); (ii) charge state at neutral pH in water; and (iii) hydrogen-bonding potential (Arg
beingreplete with five hydrogen-bonded donors and Asp having three orfour pairs of
nonbonded electrons capable of accepting hydrogen bonds inits neutral and charged state,

respectively). The function of Asn202 substitutions correlates with the hydrophilicity of the

residue at 202 Figure 25. The correlation between PhoQactivity and quantitative measures of
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the hydrophilicity of the sidechain at 202 is approximately as high as the correlation between

different hydrophilicity scales
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Figure 25: Activity of PhoQ 202 variants correlates with E, potential. Plot of the relative activity of PhoQ variants at
position 202 (derived from B-galactosidase activities in low Mg2p conditions of AphoQ SDG263 cells bearing the
appropriate plasmids, from Fig. 20) as compared to wt vs. the free energy associated with positioning 2 A from the
center of the lipid bilayer calculated with the Ez potential84. Cys and Pro are omitted. The E, energy correlates with
relative activity with a coefficient of 0.82, which is comparable to the correlation between different AG scales for
estimating the energy of burying amino acids in the membrane. X error bars show the range of E, energy for bilayer
depths of 0 to 4 A. Y error bars correspond to standard error of B-galactosidase assays.
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Lys isa singular majoroutlierinthe correlation, butitisalsoan outlier between different
hydrophilicity scales. Lys might be less effectivethan Arg because Lys has only a single polar

heavy atom and itslongeraliphaticchain allows forgreater snorkeling.

The Asn sidechain can also be moved up or downa turn of TM2, correspondingto
approximately one third the length of the hydrophobicregion of abilayer, or placed overa 100°
arc overthe cylindrical surface of the helix; remarkably, the Asn can even be transferredtothe
TM1 helix and retain PhoQfunction. Thisindicates that the polarside chain only needsto be

approximately placedinthe TM bundle.

In summary, the only stringent requirement forfunctionis hydrophilicity, indicative of a
strong affinity for water. Whereas thisfinding does not uniquely define a signaling mechanism,
it provides anew rationale for previous measurements and should guide newexperiments. Cys-
scanningspin labeling experiments of the TM bundle of Tar indicate that the protein can
accommodate the stericbulk of the spin label with greater flexibility than most transmembrane
proteins® —afinding thatis consistent with the relaxed size requirement for the polarresidue in
PhoQ. However, might the polarity of the residuefacilitate signaling?

The only structurally characterized HK TM bundle is the Htrll transducer protein™*, which
has a conserved Asn at position 74 in the TM2 helix thatappearsto play an importantrolein
signaling®. The x-ray structure reveals that the TM 4-helix bundle has along open channel
running two thirds the length of the bundle, from the cytoplasmtothe center of the protein
Figure 26 A. Asn74 is the sole strongly polarsidechain projecting into the hemi-channel.
Although luminalwater molecules were not assigned in the deposited coordinates, an electron

density map shows atleasttwo well-ordered water moleculesin the hemi-channel, even at the
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intermediate 2.4 A resolution of the structure Figure 26 B. The dimer of water molecules is not
immediately hydrogen-bonded to Asn, but could make a solvent-mediated H-bond. Thus, itis

likely thatthe cavityis filled with solvent, which might be visible at higherresolution.

Figure 26: Cavity in Htrll transmembrane region. (A) Structure of Htrll (PDB ID code 1H2$11) is shown from the
“bottom” view, as it would be seen if looking into the membrane from the cytoplasm. The Htrll dimer is shown as
cartoon, and colored by chain; Asn74 is shown in magenta, and sidechain is shown as sticks. Surface of Htrll is
shown in gray. (B) Ordered water molecules in the TM bundle of Htrll. Examination of a 2Fo —Fc map contoured at
1.40 (generated with the deposited structure factors) shows strong density from solvent near the end of the
elongated cavity in the vicinity of the polar atoms. Protein is shown from the “side” view, seen from the plane of
the membrane. TM2 helices are shown as cartoons and colored by chain; Leu67 and Asn74 sidechains are shown as
sticks, water molecules are red spheres, and surface of Htrll, including the internal cavity, is shown in gray.

Htrll is a sensory protein, which lacks an extracytoplasmicmembrane domain. Itinstead
has a rhodopsin-like subunit thatinteracts with a portion of the Asn74 sidechain, placing
structural restraints that might not be presentin PhoQ. Nevertheless, the presence of such a
long cavity in Htrll, whichis not involved in apparent substrate recognition ortransport, is
surprisingandinvites speculation that PhoQ mightalso have a water-filled cavity that can be
stabilized by avariety of polar residues projecting from varying positions on one face of either

TM1 or TM2. The inclusion of a central cavity would minimize complex tertiary packing
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interactions that might overly constrain the bundleto a single conformation orimpede
switching between states. Instead the bundle would be stabilized exclusively by pairwise,
interhelical packinginteractions that should be more permissive of the rotations and
translations envisioned in various signaling mechanisms, and structurally characterized in gated
ion channels®. In closing, we note one intriguing feature of the Htrll structure, versus the
inferred structure of Tar’'s TM bundle. Tar has been proposed to form a bundle with left-handed
interhelical crossing angles, based on disulfide cross-linking studies that are capable of
differentiating left-handed from right-handed crossings®. Intriguingly, the “top” portion of the
bundle of Htrll which faces the exterior of the cell, forms aleft-handed bundle, butabendin
TM2 changesthe interhelical packing from left—to right-handed nearthe beginning of the
hemi-channel. Similarly, right—and left-handed packings have been seenin the structures of the
water-soluble cytoplasmicfour-helix bundles of other HK proteins, possibly reflecting static
idiosyncraticdifferences in the helical rotational and interhelical packing between the differe nt

292638 However, itisinteresting to entertain the possibility that

proteinsunderinvestigation
such changes might be a componentinthe signaling of HK proteins. Indeed, a similar switch was

observed when comparing different states of the kinase domain of the DesK protein.
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CHAPTER 3: Structural and Mechanistic investigations into the
transmebrane domain of PhoQ: evidence for a two-state model of
activation

Cys scanning mutagenesis

An overarching goal of this work has been to identify the structural dynamics of TM
signalingin PhoQ. In orderto study this system, an evidence-based model must be deduced. We
attempted to use Cys scanning mutagenesisto probe the structure of the TM domain of PhoQ.
The data and discussions that follow are also found in “Clinthorne etal . “A two-state model of

activation of the transmembrane sensor PhoQ” submitted for publicationin Structure.

Discussion of method
Cys scanning mutagenesis is a biochemical technique that has been used successfully for

decadesto probe the structures of proteins without the necessity of obtaining high-quality
crystals for crystallography or purified reconstituted protein for NMR. The first use of Cys
scanning mutagenesisin TCS systems was pioneered by Joseph Falke.. In 1987, Falke combined
site-directed mutagenesis with disulfide chemistry to take advantage of the ability of Cys
residuestoformirreversible covalentbonds with neighboring Cys residues. By careful selection
of residues forreplacement with Cys, an interaction map of neighboring residues was achieved.

Since that time, many others have used Cys-scanning mutagenesis—or crosslinking -to probe
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protein structure. This method is extremely advantageous formembrane proteins; despite new
advances, high-quality crystals ormethods for reconstitution are still quite difficultin these
systems. Falke and his colleagues were ableto use Cys mutants to lock conformational states of
the aspartate receptorand generate maps of interacting residues of partnerhelices (TM1and
TMY’) as well asinter-helix associations (TM1-TM2)%*#%#%%° Furthermore they were able to
assess Cys crosslinkingin the presenceand absence of the activatingligand, and while they were
not able to observe different conformational states by different maximal crosslinking, they did
observe achange in the rate of crosslinking which they suggested indicated the degree of
conformational flexibility inherent in the residuein question®®. This method has been
successfully used to deduce interacting residue pairsin other systems including glycophorin®*

and the M2 proton channel®”.

The efficiency of the crosslinking reaction should depend onthe distance betweenside
chain atoms of the introduced cysteine residues. Otherfactors that may influence the rate or
efficiency of the reactioninclude the local geometry, protein environment, and local flexibility.
In the simplest assessment of crosslinking, the crosslinking efficiency should correlate with the

9394 This correlation is not without

measured distancesin a crystal structure of the same protein
error that may arise from the geometricparameters mentioned above as well as experimental
error inthe measurement of crosslinking efficiency. Moreover, there are likely to be differences
inthe conformation of the protein in native cellular membranes (which are used for crosslinking
studies) versus the conformation of the protein assessed in the spectrographicor

crystallographictechnique, which lack a native membrane and to date have alsofocused

exclusively on only one ortwo domains of much larger multi-domain proteins. To provide a
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standard of accuracy for our own data, we analyzed datafrom the study of another
transmembrane protein: glycophorin A. A structure®* determined by MacKenzie et al (1997)
using solid state NMR was compared to the extensive crosslinking experiments® reported by
Zhu etal (2009). To assess possible differences between aqueous or lipid environments as they
relate to crosslinking efficiency, we also analyzed the structure of the periplasmicsensor domain
of PhoQand compared it with the previously reported crosslinking data. We find thatthereisa
modest correlation (R=0.76 for Glycophorin; R=0.61 for PhoQ), although the relationship
between crosslinking efficiency and distance is by no means perfect. Thisisbecause the
crosslinking efficiency is nota linear function of distance, and also because flexibility and
geometricfactors otherthan distance influence the yields. However, the trend of peaks and
valleysinthe crosslinking data are correlated with the inter-residue distance, and the period of
the sinusoidal variation provides valuable information concerning the helixcrossing angles

Figure 27.
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Figure 27: Disulfide crosslinking analysis yields structurally relevant information to within a reasonable degree of
accuracy.(a) Analysis of disulfide scanning mutagenesis of the transmembrane protein glycophorin A, as reported
by Zhu et al (2009) compared with the solution NMR structure (1AFO) reported by MacKenzie et al (1997). Because
fractional crosslinking is inversely proportional to the distance between the side chains, we represent the inverse
of the fraction crosslinked (1-(dimer/dimer+monmer)) to compare to measured distances. We find a correlation
coefficient between these two data sets of 0.76 (b) Analysis of disulfide scanning mutagenesis of the periplasmic
sensor domain of PhoQ as reported by Goldberg et al (2008) compared with a published crystal structure of the
same domain (3BQ8) reported by Cheung et al (2008). We find a correlation coefficient between these two data
sets of 0.61. This analysis demonstrates that degree of crosslinking indeed correlates well with the reported

structure as assessed by other methods.
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To address the concerns of conformational heterogeneity within oursamples of PhoQ, we
turned to statistical modeling which will be discussed in detail later, see: Bayesian modeling of

Cys crosslinking data

Results
We used Cys-scanning mutagenesis to explore the structure and inter-domain

boundaries of three domains of PhoQ, spanning from the extracellularsensor, through the TM
domain, andinto the N-terminal helix of the HAMP domain. Cys residues were engineered into
successive positions through this region, and the extent of disulfideformation measuredinthe
presence of an oxidant. The formation of interchain crosslinks, reported here as fraction
crosslinking, provides information about the relative distance between two residues of the PhoQ
dimer; residuesthatare closerin space form disulfide bonds more efficiently thanresidues

fartherapart.

We have previously measured disulfide formation in the periplasmic domain of PhoQ*°.

A plot of the fractional disulfide formation as a function of the position of the Cys modification
inthe sequence is oscillatory with a period nearthat of an a-helix, indicatingthe presence of a
helix atthe homo-dimerinterface. Figure 28 C and E, respectivelycompare the inter-subunit
distance (seeninacrystal structure of the periplasmicsensordomain; PDBID 3BQ8) with the
inter-monomer crosslinking efficiencies. Minimain the inter-subunit distance profile correspond
to maximain the crosslinking profile, validating the general method. As mentioned previously *,
the precise pattern of crosslinkingis consistent with one of two models forthe dimerobtained

from crystallographicstudies of isolated sensor domains.
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Figure 28: Data derived from Cys crosslinking studies is compared with known structures of TCS domains. For each
Cys residue, fraction crosslinking is shown to be generally anticorrelated with the CB-distances for native residues
in homologous structures. A-B) To compare Cys crosslinking data for the TM1 helix, the sensor domain helix, the
TM2 helix and the first HAMP helix we used the Htrll structure (1H2S) residues 23-45, the PhoQ periplasmic domain
structure (3BQ8) residues 45-6, Htrll structure (1H2S) residues 61-82, and the archaeal HAMP domain (2L7H)
residues 277-289 respectively. C-D) We report here the CB-distances for the referenced PDB files. The colored lines
are used to differentiate distinct proteins or distinct packing modes within a single protein. Red indicates TM
residues of Htrll that are proximal to the cytoplasmic side of the inner membrane. Dark blue indicates TM residues
of Htrll that are proximal to the periplasmic side of the inner membrane. We chose to differentiate these regions to
highlight the difference in packing regimes between the two; the periplasmic-facing residues are noticeably closer
together than the cytoplasmic facing residues and the latter are diverging as they approach the cytoplasm thus
creating the aqueous hemi-channel. Green indicates periplasmic residues of PhoQ. Light blue indicates residues of
the archaeal HAMP. The black lines are linear regression plots of CB-distances vs residue and are used to visually
illustrate the general helix packing regime; for Htrll the helices appear to convergent toward the periplasmic space,
for PhoQ helices appear to converge farther from the membrane surface, and for the archaeal HAMP helices
appear to converge farther from the membrane surface. Notably, there is an inflection point in the packing regimes
of Htrll that occurs at the conserved Asn residue. E-F) Fraction crosslinking data vs mutagenic Cys residues in PhoQ
for only the regions of PhoQ predicted to be helical. Additional Cys crosslinking data can be found in Supplement 1.
Vertical red lines visually associate minima of CB-distances in C and B with maxima of fraction crosslinking in E and
F.
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The periplasmichelix inthe sensordomainis preceded in sequence by the first TM helix,
which spans from approximately residues 21—41. To obtain good yields of disulfide formationin
the membrane we used Cu(ll) phenanthroline as a catalyst, and the experiments were
conducted on membrane fragmentsto assure access of the reagent to both sides of the
membrane. Interestingly, the helical periodicity seenin the periplasmicdomain is continuous
and in phase with the helical periodicity seeninthe C-terminal region of TM1 (shownin more
detail in Figure 29A). There are, however, two significant and potentially functionally important
deviations fromthis trend. Residue 43, near the TM1-periplasmichelix boundary shows less
crosslinkingthanthatexpected fromthe trend, and this behavior was confirmed in multiple
experiments. This finding suggests a possible disruption of helical ideality or packing restraints at
the boundary between TM1and the first helix of the sensor. The second feature is the striking
absence of crosslinkinginthe C-terminal end of TM1. The loss in crosslinking efficiency can be
rationalized interms of the structure of Htrll, shownin Figure 28A (and the correspondinginter-
subunitdistance datashownin Figure 28C). The periplasmicend of Htrll is well packed
compared to the cytoplasm-facing end of the TM bundle, where it flares to form a hemi-channel
lined by polarresidues. Thus, the lack of crosslinking likely reflects divergence of the helices
towardsthe N-terminal end of TM1. The loss of crosslinking occurs rather abruptly, when
compared to the gradual divergence of the helicesin the crystal structure. This difference might
reflect differencesinthe actual structure of PhoQuvs. Htrll. Alternatively, it might reflect the
beginning of the solvent-filled cavity, which occurs at precisely this location in Htrll. Itis worth
notingthat although the datareported here for TM1 is measured under conditions of oxidative
catalyst empirically found to provide agood signal for TM1 residues (0.1% Cu (1)

phenanthroline), We tested other conditions including the higher concentrations used for TM2
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residues (1% Cu(ll) phenanthroline); no crosslinking was observable under any conditions for

residues 20-31.

Following the periplasmicsensordomain, TM2 again crossesthe membrane, where it
connectsto the signal-transducing HAMP domainin the cytoplasm. TM2 shows a strong
sinusoidal variation in crosslinking efficiency through the periplasm-facing N-terminal half of the
helix, butthe crosslinkingis significantlyless efficient nearthe cytoplasmicend of the helix. The
diminutionin crosslinkingis less severe thanseenin TM1, whichisin general agreement with
the expectations from the structure of Htrll Figure 28B. The crosslinkingincreases again after
TM2 emerges from the membrane and joins the N-terminal end of the first HAMP helix. The
crosslinkinginthe HAMP domainisalsoin good agreementwith the structure inferred fromthe
archaeal HAMP (2L7H°°). Additionally, we find good agreement with other published HAMP

structures such as those solved for Aer2 (3LNR**).
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Figure 29: Cys mutagenesis data and periodicity analysis. We fit the fraction crosslinking data to a sine curve using
the following parameters: the amplitude was determined by the crosslinking signal (max-min), the y-offset was
determined by the average crosslinking signal, the phase was allowed to float and the period was determined by
least squares fitting. A and C) Colored lines indicate fraction crosslinking data as determined by densitometry
measurements of the western blots in B. The colors of the lines correspond to the regions identified in Figure 2;
Red represents cytoplasmic-proximal TM residues of PhoQ, dark blue indicates periplasmic-proximal TM residues
of PhoQ, green indicates periplasmic residues of PhoQ, and light blue indicates residues in the HAMP domain of
PhoQ. Dotted lines represent a fit of this data to a sinusoidal curve. For the purposes of generating the curve,
mutations that gave no signal (TM1 residues 20-30) or mutations known to disrupt signaling (TM2 residue 202)
were not considered. Values of fit parameters can be found in Supplement 2. Western Blots of Cys-crosslinking
reactions. For residues 20-41, membrane fractions were exposed to 0.1% Cu(ll) phenanthroline for 30 minutes
prior to loading. For residues 42-62, no oxidative catalyst was required since the periplasmic environment is
oxidizing. Data for residues 45-62 is reproduced from Goldberg etal., “Determination of the Physiological Dimer
Interface of the PhoQ Sensor Domain”. Residues 192-226 were exposed to 1% Cu(ll) phenanthroline for 30 minutes
prior to loading. Numbers on the farright indicate the identity of the protein band; 1 is the crosslinked PhoQ dimer,
2 is a non-specific lysate band, 3 is the un-crosslinked PhoQ monomer. In summary, the crosslinking data indicate
that the first periplasmic helices in PhoQ are tightly packed across the intersubunit interface, and the helical dimer
extends into the first transmembrane helix, possibly with some distortion atthe membrane interface. While TM1
and TM2 are packed together near the periplasmic end of the bundle, they would appear to diverge near the
cytoplasm. The divergence of TM1 near the cytoplasm is more pronounced, leading to the com plete loss of
crosslinking in this region. TM2 also shows a diminution of crosslinking as it progresses towards the cytoplasm, but
less severe than seen for TM2. The helices again coalesce as TM1 transitions to the first HAMP helix.
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In summary, the crosslinking dataindicate that the first periplasmic helicesin PhoQare
tightly packed across the intersubunitinterface, and the helical dimerextendsinto the first
transmembrane helix, possibly with somedistortion atthe membrane interface. While TM1 and
TM2 are packed togethernearthe periplasmicend of the bundle, they would appearto diverge
nearthe cytoplasm. The divergence of TM1 near the cytoplasmis more pronounced, leading to
the complete loss of crosslinkingin this region. TM2 also shows a diminution of crosslinking as it
progressestowards the cytoplasm, butless severe than seenfor TM2. The helices again coalesce

as TM1 transitionstothe first HAMP helix.

Homology modeling and sequence threading with Htrll

The above data indicate that Htrll isa good model for PhoQ’s TM domain. The optimal
threading (assignment of Htrll position to PhoQresidues based on alignment) of the PhoQ
sequence onto Htrll was obtained by correlation analysis (i.e., the inter-subunit distance should
negativelycorrelate with the degree of crosslinking). Several possiblethreadings appeared to
give reasonable correlations, which were related by sliding helix 1 (and 1’ by symmetry) by a
helical turnrelative to helices 2and 2’ Figure 30. We therefore chose the most highly correlating
packing, and conducted additional crosslinking studies, designed to measure the inter-subunit

crosslinking.
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Figure 30: The correlation coefficient for different threadings of the PhoQ sequence onto the structure of Htrll. A)
The graph shows the correlation coefficient for the experimental crosslinking efficiency for residues 32-41 of PhoQ
TM1 versus the inter-CB distances for residues 29-39 of Htrll, and this process was repeated for 30-40, 31-41, and
each successive window under consideration (the first residue of which is indicated along the X-axis). B) The sliding
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window analysis of correlation coefficients is shown for PhoQ TM2 (residues 195-205) against a window of 11
residues of Htrll beginning with 57. Local maximums represent threadings that are in reasonable agreement with
experiment. Residue 202 of PhoQ was not included in the analysis, because mutation of this residue to Cys gives
rise to a constitutive phosphatase phenotype.

Inter-Subunit Crosslinking

Sliding-window correlation analysis for PhoQ crosslinking data on Htrll CB-distance plots
yield twelve possible threadings Figure 31. Each threadingrepresentsthe window of best
correlation as demonstrated by Figure 30. Necessarily, some of these threadings represent local
maximums of correlation that do notrepresent a physiologically relevant structure. In orderto
evaluate these threaded models, we require information about the membrane depth of some
TM1 and TM2 residues, as well asinformation about the relative positions of TM1 and TM2 with
respectto each other. By observing which Cys mutations are able to spontaneously form
crosslinks (and thus must be exposed to the oxidizing periplasmicspace) we can assign
membrane depth fora few residues. We find that residue 41represents the first residue of the
N-terminal helixto be exposed tothe periplasmicspace. To address the relative orientation of
TM1 to TM2, we employed inter-TMcrosslinking, as we have demonstrated previously® Figure

32.
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Figure 31: The twelve possible threadings of PhoQ Sequence onto
the structure of Htrll based on correlation analysis. Numbers across
the top refer to the range of Htrll residues used to thread the PhoQ
sequence 25-41. Numbers on the left axis correspond to the range of
Htrll residues onto which PhoQ residues 195-207 were threaded.
Black boxes indicate the three best structures according to
membrane depth in agreement with the position of residue 41.

Briefly, we co-transformed two constructs of PhoQ into AphoQ cells. One construct
encodes afull length PhoQ protein with a C-terminal His tag fusioninaplasmid (pTrc99a) that
has the ColE1 origin of replication. We chose to encode asingle TM1 Cys mutation on each
variant of this construct, identified by the residue number of the mutation. The second

construct encodes afull length PhoQwith a C-terminal Histagand an additional 5kDafusion
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protein a-3D (a designed three helix bundle protein). This fusion of PhoQand a-3Dresultsina
proteinthatretains wild type activity, butisincreasedin apparent molecular weight by 5 kDa for
the monomerbands, and 10 kDa for the dimerbands on a western blot. We chose to use a
plasmid (pACYC) for this second construct that has the p15A origin of replication andis thus
compatible with co-transformation. Additionally, we mutated asingle TM2 residue to Cysinthe
second construct. As described in Figure 32A-C, co-transformation of these constructs of PhoQ
givesrise tothree possibilities for mature PhoQdimers. Ahomodimer of PhoQ-his will have an
apparent molecularweight of 115kDa (Figure 32A, Figure 32E red arrow) a homodimer of PhoQ-
his-a-3D will have an apparent molecular weight of 125 kDa (Figure 32C, Figure 32E black arrow)
The heterodimer consisting of one PhoQ protein from each construct will have an apparent
molecularweight of 120 kDa (Figure 32B, Figure 32E greenarrow). We can therefore distinguish
the relative preference of dimerization between agiven TM2 residue and aset of TM1 residues
by sequentially co-transforming a PhoQ-his-a-3D construct containing one TM2 mutation (here,
1207C) with a set of constructs containing PhoQ-his and one TM1 mutation (here, 23-27). We
can measure this preferential interaction by the fraction of heterodimer as a percent of total
dimer (het/total). Although in principle, we could use the homodimerbands from the PhoQ-his
construct as well as the homodimerbands from the PhoQ-his-a-3D construct
(Het/Het+DimPhoQ-his+DimPhoQ-his-a-3D), in practice we use only the homodimer band of
PhoQ-his-a-3D (fraction crosslinking = (het/het+DimPhoQ-his-a-3D ) to avoid noise from the
differential crosslinking profiles of TM1 residues. Alternative methods of data normalization
produce substantially similar results. We chose a pair of residues from each helixto testour
models. Specifically, we chose a TM2 residue with moderate crosslinking ability, and awindow

of TM1 residues with no detectable crosslinking under the single mutant assay so as to avoid
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any possible competition effects. We find that, given arange of TM1 residues to partnerwith,
residue 207 of TM2 forms a higher proportion of heterodimers with residue 25. We take thisas
evidence thatresidue 25of TM1 is closest in space to residue 207 of TM2, Howeverresidues 26

and 24 are able to participate in disulfide bond formation to asignificant degree, implying

I
25

rotational flexibility in this region of the TM.
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Figure 32: Designed inter-TM interactions reveal the depth of register. A-C schematic explains the nature of the
experiment. Expression strain TIM206 (AphoQ) is transformed with a pTrc plasmid encoding a PhoQ protein with a
single cysteine mutation in TM1. The strain is simultaneously transformed with a second plasmid (pACYC) that
contains either empty vector or PhoQ fusion protein carrying a single Cys mutation in TM2 as well as a C-terminal
fusion peptide; a-3D (a designed three helix bundle protein). Box A-C describes the possible scenarios for
interactions between these two constructs. A) Two mass-tagged PhoQ proteins, each containing one TM2 mutation
produce a TM2-TM2’ crosslink; the resulting band on a western blot is shifted +10 kDa relative to untagged protein.
B) One of each type of protein form a heterodimer, enabling a crosslink between TM1 and TM2’. The resulting band
on a western blot is shifted +5kDa relative to untagged protein. C) Two untagged proteins, each containing one
TM1 mutation form a homodimer and create a TM1-TM1’ crosslink. In each window, top cartoons represent side-
on views of PhoQ dimers in the bacterial membrane; bottom cartoons represent top-down views of the helix
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bundles. Blue triangles represent the mass-tag peptide, a-3D. Black solid lines indicate disulfide bonds. Red curved
lines in bottom cartoon indicate covalent attachments between helices of the same monomer. D) Results of an
inter-TM crosslinking experiment between residue 207 on TM2 and a window of TM1 residues between 23 and 27.
Error bars represent two independent experiments. E) Western blot of a representative double crosslinking
experiment. Lane identity corresponds to the above bar graph, with the first lane indicating a molecular weight
marker, the second lane indicating samples containing the pACYC plasmid carrying the PhoQIl207C mutation, the
third lane indicating samples with the pAcyc PhoQI207C as well as pTrc carrying PhoQ with V27C, and so on. Black
arrow indicates the TM2-TM2 homodimer. The green arrow indicates the heterodimer. The red arrow indicates the
TM1-TM1 homodimer. Fractional crosslinking is defined as (heterodimer/heterodimer+TM2 homodimer) F) Model
of PhoQ agrees with the results of the double mutant crosslinking at predicting the partner residues 207 and 25.

Residue Number

Computed Distance to 207

Fraction Crosslinking

25 6.6 A 0.66 +0.02
26 10.8 A 0.38 +0.14
27 15.6 A 0.18 +0.10

Table 1: Distances from the homologous residues in Htrll and corresponding fraction crosslinking between residue
207 and the TM1 residue, as shown in Figure 32 F.

We can use thisinteraction (207-25) to evaluate the models generated by our sliding-window
analysis of correlation values. We find thata model of PhoQthat uses PhoQresidues 195-205
threaded onto Htrll residues 64-74 predicts the fractional crosslinking very well (Table 1), and
appearsto account forside chain geometry as well Figure 32F. Maximums of correlation
accordingto our sliding-window analysis are within the margin of errorfor crosslinking
experiments. Furthermore, our Cys-crosslinking datais measuring a stochasticdistribution of
conformations accessible to PhoQ; therefore some data may best fit with some arbitrary state of
PhoQ, while otherdata may be best explained by adifferent conformation. This heterogeneity

of structure isinherentin biological molecules and may help explain outliers of correlation. In
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Figure 33: The three candidate threadings from figure S4
are examined in closer detail by measuring the distance
between the known interacting pair 207 and 25, as well as

the correlations between PhoQ crosslinking and Htrll C-
beta distances for each of t

orderto addresstheseissues, we mustturnto macromolecular modeling. Ourthreaded model
using PhoQand Htrll as described above represents the best threading to explainthe data. We
therefore use this threaded model to provide restraints on macromolecular simulations to

generate statistical models of PhoQ.

Bayesian modeling of Cys crosslinking data

We have so far demonstrated that the structure of Htrll is a particularly good candidate

for a homology model of PhoQ. We can provide a reasonable threading of PhoQ sequence onto
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the structure of Htrll using the physical evidence we have presented here, however due tothe
conformational heterogeneity inherentin the biological system, we are unable to distinguish, a
priori, to which possible signaling state each mutant belongs. The crosslinking data we have
gatheredrepresentsadistribution of all possible states of PhoQ. To resolve these states and

develop acoherent model, we turn to statistical modeling.

The following section represents contributions of the following authors: Massimiliano Bonomi,

Riccardo Pellarin, Andrej Sali.

Introduction to macromolecular modeling

Structural modeling of experimental data gives maximally accurate and unambiguous
solutionswhen all the inputinformationis noiseless and self-consistent. Inthe real application,
the accuracy of experimental datainterpretation is limited by the inconsistencies generated by
measurement noise and structural variability. Furthermore, the two phenomenaare strictly
entangledinthe data, andit is often difficult to sort them out to generate optimally accurate
modelsthat represent the systemand its structural variability within the data precision.
Traditional modeling based on least-square data fitting fails when one isinterested in
quantitatively interpreting inconsistent data. The procedure is afflicted by manual intervention
and arbitrariness aimed at removing data that cannot be satisfied. Bayesian structural

modeling®”®

onthe otherhand provides an objective way tointerpretand integrate
experimental dataand knowledge measured or hypothesized forthe system. In the Bayesian
approach the goodness-of-fitis assessed by a probability density function suitably

parameterized to take intoaccountallinconsistencies and unmeasurable variables. Cross-link

yields obtained from Cys mutagenesis experiments are difficult tointerpret. The dependence
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between the cysteine equilibrium distance and the yield was taken into account by an empirical
forward model. Previous works utilized traditional least-square fit encoding the data as spatial
restraints between the Ca or Cp carbons. Such a procedure isinadequate when the system that
generated the data has structural variability. In fact, the final observedyieldis asum of

contributions coming from distinct conformations weighted by their population fractions.

Theinitial state

The periplasmic, TMand HAMP domain of PhoQwere simulated at a coarse grained
level using Ca residues by combiningrigid and flexible parts. A statistical, secondary-structure
based potential was used to maintain the correct stereochemistry of the flexible regions.
Cysteine cross-link dataand homology information of the HAMP domain were incorporated into
the modeling by Bayesian scoring functions. The aim of such scoring functionsisto provide an
objective way tointerpret heterogeneous datawith unknown precision and accuracy and
integrate it with previous knowledge on the system. To account forthe intrinsicconformational
heterogeneity in the experimental sample, multiple copies of the system weresimulatedin
parallel, with aweight assigned to each state to representits population. Optimal configurations
togetherwiththeirweights and the otherfree parameters of the Bayesian scoring functions

were determined by areplica-exchange Monte Carlo sampling procedure.

Additional details of the representation, scoring, sampling and analysis techniques can be found
inthe forthcoming manuscript by Massimiliano Bonomi, Riccardo Pellarin, Andrej Sali.
“Macromolecular modeling of quantitative cross-link data using multi-state Bayesian scoring

functions”
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Single state modeling

When a single state is used to fit the data, a model Mis defined as one conformation
and a set of variables used to parameterize the Bayesian scoring function. In Table 2, the

properties of the 10 most populated clusters are reported. The most populated cluster accounts

for 13% of all the models found. The )(2 from experimental data of the clustercenteris 0.85, the

clusteraverage is 0.87 and the clusterbestis 0.75.

Cluster id Population Center Average Best

| L | x| L | x| ¢L
1 0.13 0.85(-34.10{0.87|-33.06 |0.75(| -51.98
2 0.06 0.89|-33.73|0.93(-29.28 |0.77| -41.90
3 0.04 0.74|-50.58 |0.79| -43.71 |0.64| -59.93
4 0.04 0.88]|-35.14 ({0.92| -33.32 (0.80| -44.81
5 0.04 0.82|-41.34 (0.82| -35.06 {0.70( -51.23
6 0.03 0.83]|-35.56 [0.85]| -32.44 (0.75| -49.23
7 0.03 0.78]|-38.32(0.80| -34.73 [0.71| -46.86
8 0.02 0.93(-22.7010.94|-23.35|0.77| -39.44
9 0.02 0.80|-44.54 (0.81| -40.78 [0.70| -57.33
10 0.01 0.73|-51.77 |0.76| -49.17 {0.64| -62.28

. . . . . 2
Table 2: Properties of the 10 most populated clusters found with single-state modeling: cluster population, x and
likelihood of the cluster center, cluster average and cluster best.

Due to the flexibility of the hinge region between periplasmicand TM and between TMand
HAMP domain, the relative orientation of these domains could not be resolved using cross-link

data alone. The precisionis equal to 8.6 A, when alignment and RMSD calculation were done on
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the entire PhoQ. However, the structures of the individual domains were resolved with higher
precision, namely 6.5A inthe TM region, 3.5 Ainthe periplasmicand 1.6 A inthe HAMP
domain. An overlay of the members of the most populated clusteris schematically represented

in Figure 34, left panel.

The conformation of the periplasmic domain of the most populated cluster resembled
the crystallographicstructure 3BQ8 (RMSD=5.3 A). In the TM region, TM1 helices were tilted in
such a way thatthey were far apart on the cytosolicside and closerin the periplasmicside. Vice
versa, TM2 were far onthe periplasmicregion, and closerinthe cytosolicatthe boundary with
the HAMP domain. The HAMP region resembled most the crystallographicstructure of the
HAMP domain of the putative archaeal receptor Af1503 (PDB code 2Y21, RMSD=1.6 A). The
RMSD of the cluster centerfromthe known crystallographicstructures of periplasmicand HAMP

domains are summarizedin Table 3.

The cross-link data predicted by the cluster members is reported in Figure 35. The worst
fitisinthe regionfromresidues 185 to 205, which corresponds to the N-terminus of TM2. This
piece of experimental datasuggests that TM2 are closer with respecttoall the models
belongingto this cluster. However, in these models TM1were in contact at C-termini to satisfy
othercross-link datathus preventing TM2to get any closerin the N-terminal region. Asaresult
of this conflict, all the restraints from the cross-link data could not be satisfied at the same time

with a single-state modeling.
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Peri PDB code Single-state Two-states
A B
1YAX (C,D) 11.967 8.504 | 15.421
3BQS8 (AB) 5.299 6.664 | 4.635
2J80 (A,B) 18.253 17.969 | 17.860

Table 3: RMSD from known crystallographic structures of periplasmic domains, for model found in single- and two-
states modeling.

A two state model

Clusterid Population Center Average Best

L L L
1 0.16 0.62| -61.87(0.64| -55.44(0.54| -69.82
2 0.13 0.81| -33.46(0.84| -31.74(0.68| -55.16
3 0.09 0.73| -41.4410.74| -41.23|0.62| -59.35
4 0.04 0.61| -60.54|0.63| -54.55(0.54| -67.82
5 0.03 0.67| -51.73|0.69| -48.46 | 0.58| -63.64
6 0.03 0.81| -34.35|0.85| -29.26 | 0.66| -42.35
7 0.03 0.83]| -23.98(0.88( -21.99(0.72( -35.74
8 0.02 0.77| -35.65(0.81| -29.20(0.70( -45.34
9 0.02 0.88| -35.08(0.86| -31.45(0.71| -43.73
10 0.02 0.68| -51.85(0.68| -46.99 (0.57| -61.06

The properties of the 10 most populated clusters are reportedin

Table 4
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. The most populated clusteraccounts for 16% of all models found. The )(2 from

experimental data of the clustercenteris 0.62, the clusteraverage is 0.64 andthe clusterbestis

0.54. Overall, the most populated cluster found by two-states modeling explained cross-link

data betterthan the one found by single-state modeling.

The precisionis equal to 7.0 A for both states A and B, when alignmentand RMSD

calculation were done on the entire PhoQ. The structures of the individual domains are resolved

with higher precision, namely 5.6Aand 6.2 A inthe TM region, 2.9 A and 2.8 A inthe

periplasmic, 1.6 Ain the HAMP domain. The members of the most populated clusterare

represented in Figure 34, right panel.

Cluster id Population Center Average Best
| L | x| L | ] ¢L

1 0.16 0.62| -61.87(0.64| -55.44(0.54| -69.82

2 0.13 0.81| -33.46|0.84| -31.74|0.68| -55.16

3 0.09 0.73| -41.4410.74| -41.23|0.62( -59.35

4 0.04 0.61| -60.54|0.63| -54.55(0.54| -67.82

5 0.03 0.67| -51.73(0.69| -48.46 [ 0.58| -63.64

6 0.03 0.81]| -34.35(0.85| -29.26 (0.66| -42.35
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7 0.03 0.83| -23.98|0.88| -21.99|0.72| -35.74
8 0.02 0.77| -35.65|0.81| -29.20|0.70| -45.34
9 0.02 0.88| -35.08|0.86| -31.45|0.71(-43.73
10 0.02 0.68| -51.85|0.68| -46.99|0.57| -61.06

. . . 2
Table 4: Properties of the 10 most populated clusters found by two-states modeling: cluster population, X and
likelihood of the cluster center, cluster average and cluster best.

The models of states A and B present significant differences, especiallyin the
periplasmicand TM regions. Instate A, the helicesin the perisplamicdomain are almost parallel,
as inthe structure of citrate-bound periplasmicdomain of sensor histidine kinase cita (PDB code
1J80). While overall the most similartemplate is the crystal structure of the E coli PhoQsensor
domain (PDB code 3BQ8, RMSD 6.6 A), this less contracted conformation resembles also the
crystal structure of S typhimurium PhoQsensor domain with calcium (PDB code 1YAX, chain C
and D, RMSD 8.5 A). The periplasmic parallel helices continue in the membrane as TM1, which in
this state are in contact at the C-termini, and farapart at the N-termini. The HAMP region
resembled equally well the crystallographicstructure of the dimericHamp-Dhp fusion A291V
mutant (PDB code 3ZRW, RMSD=1.6 A) and the putative archaeal receptor Af1503 (PDB code

2Y21, RMSD=1.6 A).

In state B, the periplasmicdomains have adifferent relative orientation which is more similarto
the template 3BQ8 (RMSD 4.4 A). In this new orientation, TM2 are brought closerat N-termini
while the C-termini of TM1 got far apart to make the necessary space. Furthermore, the acidic
patches correspondingto residues 137-150 are brought furtherinside intothe membrane. The
HAMP region resembled most the crystallographicstructure of the A291l mutant of the putative

archaeal receptor Af1503 (PDB code 2Y20, RMSD=1.7 A). In Figure 36, the distribution of states



71
A and B populationisreported. On average, state Bis more populated (55.5%+0.3) than state A

(44.5%% 0.3).

Figure 37 shows the cross-link data predicted by the cluster members. The datain the
regionfromresidues 185 to 205 that could not be fitted by single -state modeling can now be
explained by the presence of two different conformationsinthe TM region, one in whichTM1
are close at C-termini,the otherin which TM2 are close at N-termini. While the fitis better with
two-states than single-state modeling, afew data points still could not be explained. A striking
case isthe cross-link yield of residues 208 and 209. Data indicates thatthese residues are far
apart, while the models predicta high cross-link fraction. However, activity datareportedin
Error! Reference source not found. indicate that mutations at positions 208 and 209 are
accompanied by phenotypicchanges and suggests that Cys mutation in these constructs forces
PhoQto adopt non-physiological conformations. In traditional modeling, these two points would
be considered as outliers and removed from the data set. In the Bayesian framework, this
manual and delicate procedureis not necessary because the prioronthe free parameterofthe
cross-link likelihood that represents the model erroralready accounts forthe presence of
outliers. Finally, data points corresponding to residues 195, 199, 214 and 218 could not be fitted
probably because of the poorrepresentation of the systemintermsofrigid bodies. A

preliminary refinement using aflexible model for this region showed improvementsin the fit
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Single-state modeling Two-states modeling
State A State B
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Figure 34: Overlay of the members of the most populated cluster found in the single (left panels) and two-states
(right panel) modeling. Top: cartoon representation of the periplasmic domain with residues 46 to 63 in blue,
residues 137 to 150 in green and residues 182 to 193 in red. Bottom: front and lateral view of the TM region. TM1
in blue, TM2 in red. single-state modeling. Two-states modeling. State A was characterized by having the TM1
helices close together and the helices in the periplasmic region corresponding to residues 46 to 63 almost parallel.
In state B, the TM2 helices were close together, while the change in orientation of the two chains of the
periplasmic domain brought the helices 137-150 more inside into the membrane. In both states, the very N-
terminal residues of TM1 were far apart, while residues atthe C-terminal of TM2 were close. The two ensemble of
conformations suggest a scissor movement of the TM domain accompanied by a re-orientation of the periplasmic
domain.
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Figure 35: Comparison between cross-link data from experiment and the most populated cluster found in single
state modeling. The cluster average +2 from the experimental data is 1.0. Grey lines. Cross-link yield estimated

from the forward model on the cluster members. The thick black lines with red bars are experimental data with
standard deviation.
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Figure 36: Comparison between cross-link data from experiment and the most populated cluster found in the two-
state modeling. The cluster average +2 from the experimental data is 0.7. Grey lines. Cross-link yield estimated
from the forward model on the cluster members. The thick black lines with red bars are experimental data with
standard deviation.

A Three state model

The properties of the 10 most populated clusters are reportedin Table 5. The most
populated clusteraccounts for 19% of all modelsfound. The fit of the data of this clusteris
betterthanin single-state modeling, but worse than two-states modeling. The )(2 from

experimental data of the clustercenteris0.86, the clusteraverage is 0.85 and the clusterbestis
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0.70. It should be pointoutthat a lowerbound on the population of the states was enforced
(w>20%). This restraint prevented sampling with three-states the optimal models found by

single and two-states modeling.

Clusterid Population Center Average Best

| L | x| L | x| ¢L
1 0.19 0.86|-27.73 {0.85|-29.49 (0.70( -49.93
2 0.09 0.76|-35.90 (0.78| -35.63 [0.63| -55.04
3 0.07 0.78|-30.83|0.80(-29.26 [0.64| -44.60
4 0.07 0.92|-24.57 ({0.97|-20.81 (0.78| -33.92
5 0.04 0.69|-49.27 |0.65| -46.95 [0.55| -65.24
6 0.04 0.83|-19.89(0.85(-16.13 (0.74| -34.57
7 0.03 0.78|-42.58 [0.78| -37.38 | 0.65| -53.42
8 0.02 1.04|-17.10|1.01|-16.770.87| -32.75
9 0.02 0.85]-19.720.86|-19.19|0.72| -40.85
10 0.02 0.70(-42.290.73|-39.28 | 0.63| -55.64

. . . . 2
Table 5: Properties of the 10 most populated clusters found in three-states modeling: cluster population, X and
likelihood of the cluster center, cluster average and cluster best.
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Figure 37: Population distribution of the members of the most populated cluster found in the two-state modeling.
The average population of state A is 44:5% + 0:3, for state B is 55:5% + 0:3

Discussion of Structures

We used our Cys-crosslink data to add restraints on in silico simulations of molecular
motion. By analyzing the Cys-crosslink data using Bayesian statistical methods, we are able to
ask “given aset of data, how well doesthe model fit?” as well as “Given a structure, how well
doesthe data fit?”. We find it interesting that no single model can incorporate all the Cys-
crosslink data, yettwo models are able to incorporate most data points harmoniously. We treat

the two models of PhoQas two signaling states and compare themto observe changesin PhoQ

upon state switching.

In the periplasmicdomain, the major differences between the two states suggesttwo

distinct molecular motions: a helix scissoring and a change in the acidicpatch. The N-terminal
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periplasmichelices that are direct extensions of the N-terminal transmembrane helix (TM1)
undergo a dramaticchange in crossing angle with an apparent scissor-like motion. Thatis, the
distance between the two helicesincreases more at one end than the other, with each helix
actinglike the blade of a scissor. In fact, this type of motionis perfectly suited to join multiple
domains by concatenating the ends of each helix togetherto form helices with reciprocal,
concatenated motions reminiscent of ascissors jack. This component of motion has been
demonstrated previously in numerous systems®”. Additionally, the acidic patch and the flanking
helices appeartoundergo avertical displacement with respecttothe periplasmichelices Figure
34. Thistype of motionis consistent with expectations that this region plays acritical role in
sensing magnesium through a mechanism of membrane-association. The acidic patch changes
with respecttoits membrane depth and would appeartoinitiate the scissoring motion of the N-

terminal helices by imposing aforce on the beta-strand hinge.

The TM domain appears to propagate the scissoring motion of the N-terminal
periplasmichelix. This is demonstrated by the dramaticincrease in interhelical distance between
TM1 and TM1’ near the cytoplasmicface of the membrane. The large distance nearthe
cytoplasmicfacingside is consistent with the lack of observable crosslinking from residue 20-31.
Motions of TM1 are likely to result from changesinthe periplasmichelix that are propagated
downward in the fashion of a scissors jack. We also observe alarge vertical displacement of TM1
toward the periplasmicface of the helix. Vertical displacement of helices haslongbeenthought
to occur as part of signal transductionin TCSs, although it has not been clearto what extent this
motion contributes to overall conformational changes®. Here we can see that the vertical

displacement of TM1is only one component molecular motion thatin this case seemsto be
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dominated by helix scissoring. Importantly, TM2 connects directly tothe HAMP domain and is
responsible for signal propagation into the cytoplasm. No vertical displacement of the TM2 helix
isobserved. Inone state, the TM2 helices are nearly parallel while inthe otherstate they
exhibitapronounced right-handed crossing angle. Studies conducted on the TM domain of the
aspartate receptorusing EPR have demonstrated more flexibility in these regions than might
otherwise have been predicted a priori®®, thus we take this as evidence that our simulations of

PhoQare able to capture thisinherent flexibility.

When we modeled the HAMP domain with rigid constrains based on the 2L7H structure,
few motions were observed inthe HAMP. However this simulation was inadequate to explain
the Cys crosslinking datain eitherthe HAMP or TM2. When we allowed the HAMP to have
flexible helices during the simulation we observed arotational motion of the helices. Rotational
motions consistent with our observations have been well documented in the analysis of other
HAMP domains®*° so we take this as evidence that our simulations are providing realistic
descriptions of the molecular motions of state switching. Ithaslongbeen aquestion how the
motions proposed to occur inthe periplasmicand TM domains of TCSs contribute the well-
established rotational motions of the HAMP domains. From ourtwo models, it would appear
that a change in the crossing angle of the second helix is responsible for rotational motionsin

the HAMP.

The two models generated here have been adequate to describethe majority of the
experimental datafrom Cys crosslinking. However, some data points were not able to be
incorporated into any model Figure 35. To assess whetherthese data pointsrepresenta failure

of the model to capture important changesin PhoQconformation, we investigated the
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phenotypes of the Cys mutants Figure 38. We find thatin each case of a data pointthat deviates
from the most populated clusters of either model (195, 208, 209, 218) these mutations are
accompanied by phenotypicchanges. We postulate that the presence of the Cys mutationin
these constructs forces PhoQto adopt non-physiological conformations (those notaccessed by
wt protein) that preclude signaltransduction. One additional mutant, L52C, behaved unlike the
other mutants. The TM2 mutants that could not be accommodated by the model demonstrated
an inability to sense Mg2+and a deficient kinase. Residue 52 however, appeared to have a
functional kinase. We therefore examined L52C under a range of crosslinking conditions to

assessits ability toform disulfide bonds.

80 - T B with Mg

70 A
60 A
50 |
40 -

® no Mg

20 A
10

wt L52C F195C P208C L209C L218C

Figure 38: Phenotypic changes in response to Cys mutations in PhoQ. We assessed the activity of Cys mutants by
Miller assay. TIM206 (mgtA::lacZ AphoQ) cells were transformed with a plasmid encoding PhoQ and a Cys mutation
at asingle position.
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Figure 39: Disulfide dimer formation of L52C. To assess the energetics of disulfide bond formation in L52C, we
attempted to form disulfide bonds under a variety of redox conditions. 6 buffers had a fixed molar concentration of
2-mercaptoethanol in various ratios of its reduced form or oxidized form (2-hydroxyethyl disulfide). Buffers
become increasingly oxidizing from left to right, with the most oxidizing condition being buffer 6. Surprisingly, we
find that dimer formation occurs only under the most oxidizing conditions, and never reaches the maximum we
had previously observed. Maximum crosslinking for L52C was measured by densitometry analysis to be 7.97% +
1.4.

Under the conditions of this assay, we found the maximum achievable crosslinking of residue 52
to be only 7.9%—contrary to our previous finding. The revised valueisin good agreement with
the State A model. This data would appeartoindicate that the statistical modelingmethod we

employed here is particularly suited to tolerate noise in the dataand still produce accurate

models.

A model for signal transduction

We finditintriguing that simulations guided by our Cys crosslinking datawere able to
recapitulate components of motion that had been described previously. The fact that we
observed apparent membrane-seeking activity of the acidic patch, vertical displacementofaTM
helix, and rotational motion in the HAMP gives us confidencein the resolution of this approach,

34,60,61

since these components of motion have been documented previously .Interestingly, we
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observe motions of the periplasmicand TM domains that have not previously been described
for a TCS (scissoring of periplasmichelices and crossing angle changesin TM2), yet these
parsimoniously explain other components of motion. We note thatactivation has been
observedtoinduce crossing angle changes in the DHp domain of Desk*®, and changesin
crossing angle were postulated to accompany state-switching of HAMP domainsina reported
poly-HAMP structure**. Ascissors-jack model for signal transductionin PhoQ explains at least
fourimportant phenomena: (i) by concatenating the crossing angle changes between domains,
it explains how domains may transmitinformation by imposing motions whileremaining
flexible;(ii) it explains the small but consistent vertical displacement observed in multiple TCSs ’%;
(iii) it explains how some residues appear to remain geometrically invariant (the fulcrum) while
otherresidues change relative orientation toamuch greaterdegree (the blades); (iv)it provides
a basis for understanding the great diversity of domain organization®® and the ability to form
functional chimeras® in TCSs since various domains can potentially link to each othervia similar

mechanical inputs Figure 40.
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Figure 40: A scissors-jack model of state switching for a TCS protein. Scissors jacks use concatenated scissors to
change their overall length. This regime can be expanded upon simply by adding multiple scissoring domains
together, and is amenable to adding a continuum of elements (two domains or twenty domains behave in a similar
fashion).

The earliest use of Cys crosslinking experiments was to lock the aspartate
chemoreceptorinto various signaling states and thus infer critical residues to signaling®®. Since
mutationsinthe periplasmicresidues of PhoQhave the potentialto form constitutive crosslinks
(due tothe presence of the oxidizing environmentin the periplasm) we wanted to examinethe
effect of Cys mutationsin thisregion onactivity and compare our findings with the two models
of PhoQsignaling states. Figure 41summarizesthe Cys crosslinking datafor periplasmic mutants

of PhoQ, as well as activity data measured by the LacZ assay.
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Figure 41: The phenotypic effect of Cys mutagenesis and fraction crosslinking of PhoQ periplasmic residues. Cys
mutations in the periplasm form have the potential to form disulfide crosslinks in the absence of added oxidant. In
some cases, the presence of a disulfide bond may prevent state-switching in PhoQ. Notable examples of this are
mutants L51C and L52C.
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Mutations which have a very high (>85%) propensity toform crosslinks are good candidates for
thistype of analysis, since the interpretation of the effect of adisulfide bod is not confounded
by the presence of mixed disulfides. We are particularly interested in residues for which
mutation to Cys produces a very high fraction of crosslinked monomers, as well as a profound

physiological effect (locked on or off) in

State A State B the LacZ assay. We find that mutants 50C,
51C and 54C are good candidates for
study. Allthree of these residues have a
very high fraction of crosslinked

monomers. Furthermore, mutant50is

signal blind “locked-off”, mutant 51Cis a

Figure 42: The two models of PhoQ recapitulates the signal blind “locked-on”, and mutant 54C
prediction that residue 50 (orange) or residue 51 (red)
should be in close contact in only one state, since retains wt-like activity. Assuming that the

constitutive disulfide bods at these positions produce
opposing phenotypes.

Cys mutationisresponsibleforlocking

PhoQin a givensignaling state, we would predict that the model that represents the “kinase-
on” state should have residue 51in close proximitywith residue 51’ and the model that
represents the “kinase-off” state should have residue 50in close proximity with residue 50’. We
find striking agreement between these predictions and the models. The relative positions of
each residue are shownin Figure 42 Here we can see thatin the model “State A” holds residue
51 in close proximity with residue 51’ and precludes an interaction between residues 50and 50’.
Conversely, “State B” shows residue 50 and 50’ in close contact, while precluding aninteraction
between residues 51 and 51’. Mutant 54C, which retains wt-like activity despite a high fraction

of crosslinking likely represents the fulcrum upon which the periplasmichelices pivot. If the
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scissoring of the helix demonstrated by ourtwo modelsindeed represents the state switching of
PhoQ, then a constitutive disulfide bond at the fulcrum position would not be expected to
impact phenotype dramatically, since thisregion of the protein remains ge ometricallyinvariant
during state switching. Indeed, we see in both models thatresidue 54isin close enough contact

with 54’ to undergo disulfide bond formation Figure 43.

We have observed thatthe model “State A” exhibits a pronounced helixscissoringinthe
periplasmicdomain which appearsto be driven by the contacts between the acidic patch of the
sensordomain and the bacterial membrane. It has been previously suggested that Mg** ions
could be responsible for stabilizing such an interaction, thereby allowing the presence of Mg**
ions to regulate the activity of PhoQ**. In addition, PhoQ responds to a multitude of signals
including anti-microbial peptides™. The mechanism for sensing these peptides is still unknown,
but it has been proposed that presence of the peptide displaces Mg**ions nearthe purported

9,37,100
=77 We can now observe the model “State A”,

membrane contacts thereby activating PhoQ
which we have shown is consistent with an active state of PhoQ, and the model “State B”, which

we have shown is consistent with an inactive state and consider the effect of Mg** and AMPs.

State A State B
Figure 44 is a representation of the two

models with electrostatics calculated forthe
surface. Here we can see a pronounced
change in the orientation of the acidic patch

with respecttothe membrane. In State B,

Figure 43: The two models of PhoQ recapitulates the
prediction that residue 54 (yellow) should be in close
contact in both states, since a constitutive disulfide
bond at this position does not affect Mg2+ response in
wt fashion.
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the acidicpatch lies parallel to the membrane surface andits geometry appears primed for
extensive membrane contacts such as those predicted by the Mg** stabilization model. State A
lacks the extensive interface of the acidic patch and the membrane, and appearsto be altering
its conformation to avoid membrane contacts, albeitin an asymmetrical way. Together with the
phenotypicchanges observedin Cys mutants of the periplasmicdomain, we feel confidentin
assigning State Ato representthe “kinase active” conformation of PhoQand State B to be the

“kinase inactive” conformation of PhoQ.

State B

Figure 44: An electrostatic surface representation demonstrates the extensive membrane interface of State B, and
the apparent lack of membrane contacts in State A. The red arrow indicates the acidic patch region. The light blue
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box indicates the likely position of the membrane. Note the parallel interface of the acidic patch and the
membrane in State B.

CHAPTER 4: Mutational analysis of the connector domains through
helix-disrupting substitutions

Previously we have discussed the utility of scanning mutagenesis to probe the three -
dimensional structure of a protein. We noted that although mostresidue replacements were
tolerated by PhoQand allowed the mutant protein to retain wt-like activity, some replacements
demonstrated that phenotypicchanges were accompanied by changesin conformation thatare
unable to be accommodated by models from macromolecular simulations. Therefore, scanning
mutagenesis can also provide insightinto the mechanism of signal transduction directly by
analysis of the effect of disrupting mutations on phenotype. Here, we undertook a study to
assess the effect of Alaor Phe scanning mutagenesis on residues of PhoQthat comprise the
cytoplasmicfacingside of TM2, the first helix of the HAMP domain, and the connectorbetween
the two domains. We were primarily interested in whether or not substitutions of wt residuesto
small (Ala) or bulky hydrophobic (Phe) residues would lock the signaling state into either the

“on” or “off” state.

Effect of Cys Mutations on Activity

Duringthe course of our Cys mutagenesis studies, we observed that replacement of wt
residues with Cys was well tolerated at most positions. We have previously discussed the

implications of residues that appearto be critical to signalingand thus notamenable to
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replacement with Cys Figure 45. Inaddition, we noticed that Cys replacement had effects on
the activation of PhoQin the absence of added Mg’*that were more subtle. Interestingly, we
found that the extentto which activity vs. wt was altered depended on the helical position of
the residue. Residuesthat were deemed to be interfacial (as determined by high fractional
crosslinking) appeared less able to tolerate Cys replacement Figure 46. This is consistent with
previous studies of HAMP domain signaling that suggest that a change in helical packing,
concerted helical rotation or other helix rearrangements are responsible for signal

#4819 These motions would presumably rely on the interaction of interfacial

transduction
residuesinthe four-helix bundle, and so it makes intuitive sense that these positions are more

sensitivetoreplacement.
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Figure 45: Activity of Cys mutants of PhoQ. Activity of the various mutants was measured in the LacZ assay
described previously. Plasmids containing various PhoQ mutants were transformed into AphoQ cells (TIM206). The
x-axis indicates the mutation present. Mutations are indicated with the WT residue first, the amino acid position,
and the residue present in the mutant. Error bars indicate the standard error of three independent experiments.
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Figure 46: Fold change in activity vs WT s related to helical position. Introduction of a Cys residue alters the activity

of PhoQ mutants. We measure this change as Activity vs WT (Miller units (L’:f?/Miller units 0;1’;;4) Maximum

change in activation relative to WT corresponds to maximums of fraction crosslinking, indicating that interfacial
residues are more sensitive to Cys replacement.

Ala and Phe scanning mutagenesis

We undertook astudy to more closely examine the effects of mutagenesisin thisregion
of PhoQ. At each position from 205-235 (from about halfway through TM2 through the end of
the first HAMP helix) we replaced each native residue with Alaor Phe. We theninvestigated the
ability of each mutant to respond to various concentrations of Mg** Figure 47. We found that 15
out of a total 26 Ala replacements resultin mutants with significantly altered activity, and 17 out
of a total of 31 Phe replacements resultin mutants with significantly altered activity. These

mutations are summarized in Table 6: Summary of the effects of mutations on the activity of
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PhoQunderactivating conditions. Asterisks indicate p values <0.01 by the Student’s T-test.

Table 6.
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Figure 47: Activity of Ala and Phe mutants of PhoQ. Activity of the various mutants was measured in the LacZ assay
described previously. Plasmids containing empty vector or various PhoQ mutants were transformed into AphoQ
cells (TIM206). The x-axis indicates the mutation present. pTrc99a is the empty vector control, WT is the wild-type
PhoQ on the pTrc99a vector. Mutations are indicated with the WT residue first, the amino acid position, and the
residue present in the mutant. Error bars indicate the standard error of three independent experiments. Asterisks
indicate significance in the measured active state (OmM Mg) vs WT. *, p<0.05, ** p<0.01
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Ala mutants
Increased activity 205,209,216%,229,230,234

206, 208, 210, 218%, 219*%,

Decreased activity 221 224 228 233

Phe mutants

Increased activity 206,207,214,223,230,233
208, 209, 210, 211, 217,

Decreased activity 218, 219, 221, 222, 225,
228

Table 6: Summary of the effects of mutations on the activity of PhoQ under activating conditions. Asterisks indicate
p values <0.01 by the Student’s T-test.

In orderto compare the effects of mutationsin PhoQto the well-studied HAMP domain
from Archaeoglobus fulgidus, we performed an alignment of the amino acid sequences Figure

101,102

48. The alignment was generated using Clustal Omega . We then compared the results of

thisalignment with the structure of the HAMP domain (pdb accession code 2L7H). Ferris etal®®
identified 6interfacial residues atd or a heptad positions in the HAMP domain of AF1503 Figure
49. The analogous residuesin PhoQare sensitive to mutation to Ala or Phe; Ala mutations affect
signalingin 4/6 positions, Phe mutations affect signalingin 2/6 positions. Interestingly, resid ues
adjacentto d or a positions are highly sensitive to replacement with Ala or Phe; of the 12
residues adjacenttoana or d position, 10show phenotypicchanges upon replacement. Thisis
consistent with the theory that positions adjacent tointerfacial residues are importantin
signaling, perhaps adopting an alternative packing mode upon arotational movement of the
helix. Replacement of these residues with a bulky, aromaticresiduelike Phe mightraise the
energy barriertotransition by rotation. Likewise, replacement of residues that participate

strongly in helix-helix interaction might rely on contacts absent upon Alareplacement; this

mutation may weaken existinginteractions and prevent state transition thereby biasing the
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HAMP toward one signaling state oranother. Together, this datasupports the ideathat residues

important to state-transition and signal transduction can be identified by this type of analysis

A Ala mutants
Packing d a d a d
205 211 217 224 230
>E coli PhoQ LVIPLLWVAAWWSLRPIEALAKEVRELEEHN
* * * * * *
268 274 280 287 293
>A fulgidus AF_1503 FVIVLAVFTTSTITRPITELSNTADKIAEGN
B Phe mutants
Packing d a d a d
205 211 217 224 230
>E coli PhoQ LVIPLLWVAAWWSLRPIEALAKEVRELEEHN
* * * * * *
268 274 280 287 293
>A fulgidus AF_1503 FVIVLAVEFTTSTITRPITELSNTADKIAEGN

Figure 48: sequence alignment of PhoQ HAMP domain and AF1503 HAMP domain. Alignment scored by Clustal
Omegaml’m. The heptad assignment indicated is from the analysis of the AF1503 HAMP domain by Ferris et al®®,
Text color on PhoQ residues indicates the effect of the mutation, green indicates a mutant with increased activity,
red indicates a mutant with decreased activity vs wt. The colors are indicative of activity in Ala and Phe mutants in
A and B respectively. The yellow highlighted residue indicates the position of the well-studied A291 residue that
was the subject of mutagenesis studies by Ferris et al. Asterisks indicate interfacial residues of AF1503.
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Figure 49: 2L7H; the structure of the AF1503 HAMP domain. Residues previously identified to participate in
rotational motions during activation are represented by red spheres.

To extend this analysis further, we compared the effect of AlaorPhe replacementon
PhoQactivation (underlow Mg conditions) tothe CB distances observedin the structure of
AF1503 Figure 50. We find surprisingly good agreement between the extenttowhicha
mutation alters activity and the distance of residues along the helix. Thatis, homologous
residues which are closerin space inthe AF1503 structure appear to be the most sensitive to
mutationin PhoQ. We assign a least-squares fit to each data set (activity data or structural
distances) based on asine curve. Figure 50 D demonstrates the agreement between
mutagenesis dataand structural position, with astriking correlation between fits for each data
set. The least-squared fit for each data set is most well correlated within the HAMP domain

(PhoQ residues 215-235), and begins to fall out of sync toward the N-terminus. This suggests

structural differences between the EnvZ-HAMP fusion®® studied by Falke et al. and PhoQ with
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respect to the length of the connector region between TM2 and the HAMP domain. An increase

or decrease in length by 2 amino acids would account for the apparent stutter in period between

these two data sets. A summary of the fit parameters can be found in Table 7.
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Figure 50: Comparison of phenotypic changes in PhoQ associated with Ala or Phe replacements are correlated with
the positions of homologous residues of the HAMP in the 2L7H structure. A) Distances between Cp residues of the
A. fulgidus HAMP domain (green triangles) are fitted to a sine curve (solid green line) with a period representative
of an ideal helix. B) and C) The phenotypic changes associated with Ala (A, black squares) or Phe (B, red circles)
replacement are represented as fold change vs wt activity under conditions of low Mg > The data is fitted to asine
curve using least squares fitting. D) CB distances in 2L7H and phenotypic changes in PhoQ mutants are plotted
together to demonstrate the degree of agreement in the fit. Primary data is represented as green triangles (2L7H
CB distances), black squares (Ala mutagenesis data), or red circles (Phe mutagenesis data). The X axis in D indicates
the amino acid positions of PhoQ residues.

Parameter 2L7H CB Ala Phe
distances Mutagenesis | Mutagenesis

A (height) 5.11+0.9 0.25%0.1 0.33+0.2

B (y-offset) 16.44 £ 0.6 0.5210.1 0.92+0.1

¢ (phase) -12.43£6.2 3.31+196 17.07 £ 15.7

w (period) 3.58+0.1 3.551+0.2 3.74+£0.2

X 204 3.10 6.30

Table 7: Summary of the least-squares fit parameters for the CB distances of 2L7H, and the PhoQ mutagenesis data.
b
The equation used for fitting the sine curve is the same as reported previously36: fn =A+Bsin] % *

n+ ¢ ]

Discussion

By mutating successive residues of PhoQto small (Ala) or bulky (Phe) residues, we are
able to observe phenotypicchangesin PhoQactivity. The extent of these changes correlates
remarkably well with the helical position of the residue. We find that residues at oradjacent to
the helical interface are highly sensitive to replacement. Thisis consistent with a model of
activation of the HAMP domain that relies upon concerted rotation of helices with respect to
one another, which has beenimplicated as the mechanism of signal transduction by usand

others®®. Although we do not find a correlation between the difference in side-chain volume
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between the native and replacement residues and the extent of phenotypicdisruption (data not
shown), we are able to make a few inferences about the effect of each mutation based on the
known structure of the Archaeoglobus fulgidus HAMP domain and the known effect of helix-
disrupting mutations onsignal transduction. Alamutations are designed to weaken helix-helix
interactions and thus disrupt signal transduction directly, while Phe mutations are designed to
preventstate-switchingand thus lock the proteininto one state oranother. We mighttherefore
expecttofind a greaternumber of inactivating mutationsinthe Ala case, while Phe mutations
might be expectedto create an equal number of activating and inactivating mutations. In each
substitution (AlaorPhe), we find many more cases of proteins less active than wt than cases
where the mutantis more active. Thisis interestingand implies thatthe HAMP domainis
sensitiveto changesinaminoacid identity in ways that go beyond simple side -chain volume.
HAMP domains are widespreadintheirinclusionin proteins and have adapted for different
inputand output signals*’. Thus, there are likely to be other factors besides side-chain volume
that are integrated to produce afunctional HAMP. The analysis of coevolution among HAMP
domain residues performed by Dunin-Horkawicz et al.** allows us to ask whether the residues
we find are sensitive to mutagenesis belong to a particular sub-domain of HAMP signaling

Figure 51.
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Figure 51: Coevolving HAMP residues identified by Dunin-Horkawicz et al.? are compared to mutants of PhoQ. A)
the co-evolving networks are implicated by the authors in receiving TM signal inputs (network 1, green), mediates
structural transitions (network 2, red), and provides for protein-protein interactions (network 3, blue). These
networks are compared via alignment to E coli PhoQ and A fulgidus AF1503 HAMP domains to determine the
relationship between these residues and residues we find to be sensitive to mutational replacement to Ala (A) or
Phe (B).

We find that of 9 total residues belongingto co-evolving residue networks, 7 are
populated by PhoQresidues that disrupt or enhance signaling. Although these results are by no

means predictive, considering the wide variety and phylogenetic breadth of HAMP domains, we

find thisrelationship interesting.
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Concluding Remarks

Heretofore, researchinto PhoQand TCSsin general have yielded a great number of
individualdomain structures with atomic-levelresolution, but no full length structure of any
transmembrane sensor histidine kinase has yet been determined. Furthermore, analysis of
structures determined under conditions with various activating potentials—especially for
periplasmicsensingand HAMP domains—has given rise to anumber of proposals forsignal
transduction mechanisms, yet none of these mechanisms has been able to explain the roles of
various connecting domains or the way that one regime of motion (for examplea piston) may
translate that motion into anotherregime (forexample arotation). Since each domain had been
studiedinisolation, nocomprehensive mechanism forsignal transduction in TCS HKs had been
developed. Ourwork has focused on PhoQ, butthe evidence presented here impliesthata
common mechanism may be presentin many of the related HK family members. We showed,
for example, that polarresidues are conserved in many—but notall —sensorkinase TM
domains. We demonstrated thatapolar TM residue in PhoQis critical to signaling, yetis
amenable toreplacement from the native Asnto any polar residue and may be displaced from
its native position onthe C-terminal TMhelix to another TM helix and retain wt-like function.
Thisindicates that while the position of the polarresidue in PhoQis critical, the mechanism of
TM signal transductionrequires only the presence of a polarresidue and not a specific
arrangementor position of that residue. This discovery implies thatamechanism so flexible in
its requirements could easilybe preserved across alarge family of proteins and adapted to many

system-specificrequirements.
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Our discovery of this conserved residue led us to pursue a structural study of PhoQ.
Using the Cys-scanning mutagenesis method of Falke etal. we were able to determinea
residue-interaction map between partnerresidues of the periplasmicdomain helix, the TM
domain, and the C-terminal helix of the HAMP domain. We showed that although there was
general agreement with the published crystal structures of identical or homologous domains,
we were notable to explain our Cys-crosslinking data with a single model. Using
macromolecular modeling and Bayesian statistical methods we were able to determine that of
three possibilities (one-state, two-state, or three-state), atwo-state model of activation most
parsimoniously explained our Cys-crosslinking dataand was able to incorporate almostall the
data intothe most populated clusters of the model. Outliers were determined to be associated
with phenotypicchanges. The two models presented hererepresent the models of any TCS
sensorkinase toinclude asensordomain, aTM domainand a HAMP domain. By observing
differences between the two models—which we take to represent the different possible
signaling states of PhoQ—we identify the molecular motions that occur upon Mg** sensing that
lead to catalysis. Incorporating the previous observations of TCSsignalingand PhoQactivation,
we summarize these motions as follows: Absence of Mg2+ or displacement by peptides (either
CAMPs or regulatory peptides of PhoQ) destabilizes the interaction between the acidic patch of
PhoQand the bacterial membrane;the acidicpatch changesits depth inthe membrane which
initiatesaforce onthe N-terminal periplasmichelices of the sensordomainviathe intervening
B-strand hinge; this force initiates a scissoring motion of the periplasmicdomain helices that
connectto the TM domain; the scissoringis propagated downward and induces changesinthe
TM bundle including achange in crossing angle, vertical displacement and interchain distances

which were previously stabilized in the kinase-off state by the interaction of the polarresidues
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of the TM; the change in crossing angle is propagated to the HAMP domain and induces
rotational motions that have been previously demonstrated to lead to changesin the distance
between the phosphorylatable His residue, the ATP-lid of the kinase domain and the nucleotide-
binding pocket; these changes|ead to catalysis and phosphotransfer. We note that most of
these components of motion have been described previously for TCSs, giving us confidence that

our methods are able toresolve actual differencesin PhoQsignaling states.

Finally, we showed that in addition to Cys-crosslinking, scanning mutagenesis using
small or bulky residues as described by Swain etal can provide additional support forour
findings. We showed that the extent of phenotypic change upon mutation strongly correlates
with helical position. By showing thatinterfacial residues —and especially residues adjacent to
interfacial positions—are sensitive to replacement with residues of various sidechain volume,

we give supportto our proposal for a mechanism of HAMP signal transduction via helix rotation.

TCSs representabroad and important class of signaling proteins. The datawe have
presented here help resolve some of the unsolved questions surrounding a protein with
particularimportance to the fields of bacteriology and medicine: the master regulator of
Salmonella virulence, PhoQ. However there are many important questions remaining.
Specifically, we are interested in leveraging our findings about the structure and activation
mechanism of PhoQinto the development of rational inhibitors designed to disrupt bacterial
signaling networks. Otherimportant questions remain about the relationships between various
TCS systems, the roles of connector proteins and the ability of TCSs to regulate cellular

processesinbacteriaand otherorganisms. Finally, astructure of a full-length sensorkinase with
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atomic-level resolution would do much to advance the field of structural biology with respect to

TCSs.
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APPENDIX

Native crosslinking, periplasmic cysteine mutants
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Supplement 1: Cys-crosslinking data for residues 185-192. This region is not predicted to be a-helical based on the
3BQ8 crystal structure, therefore we excluded it from our periodicity analysis. However the data was used to
provide distance restraints during macromolecular modeling, and is therefore included here.
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TM1 fitting parameters
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Supplement 2: Summary of the least-squares fit parameters for the PhoQ Cys crosslinking data. The equation used
1
for fitting the sine curve is the same as reported previously>®: fn=A+Bsin] % ~ n+ ¢ ]
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