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Crystal Structures of Deoxy and CO-BouhjFixLH Reveal Details of Ligand
Recognition and Signalirig
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ABSTRACT: Rhizobia directly regulate the expression of genes required for symbiotic nitrogen fixation in
response to oxygen concentration via the sensor protein FixL. The N-terminal PAS domain of FixL contains
a histidine-coordinated heme and regulates the activity of its effector domain, a C-terminal histidine kinase,
in response to binding of oxygen and other ligands at the heme. To further investigate ligand-induced
inhibition of FixL, we have determined the crystal structures of the heme domain in both the deoxy state
and bound to carbon monoxide, a weak inhibitor of FixL kinase activity. Structures collected at room
temperature are presented in each state from two crystallographic space groups dt21/8rasolution.

These structures reveal displacement of the residues O'f&;(bﬁdHl@ strands by Leu236 upon CO binding,

and this structural change propagates more than 15 A to a region of the structure implicated in signal
transduction in PAS proteins. Displacement of residues lle215, lle216, and Gly217 in the FG loop is also
evident, accompanied by the movement of heme propionate 6 upon change in iron ligation. CO binding
increases the temperature factors in the FG loop of the protein and disorders the side chain of Arg206, a
conserved residue involved in the FG loop switch mechanism. We relate these results to structural changes
in other PAS sensor domains and their involvement in catalytic control.

Nitrogen fixation is an inherently anaerobic process. As a for protein dimerizationq) and recognition of various stimuli
consequence, nitrogen-fixing Rhizobia have evolved complex via a chemically diverse array of prosthetic grougs 10).
regulatory control systems for dealing with a gradient of Heme-based PAS sensor proteins have recently emerged as
decreasing oxygen concentration during root nodule develop-a distinct subclass of signaling modules that are able to detect
ment (). These bacteria regulate expression of the genesoxygen, carbon monoxide, and possibly cellular redox state
responsible for nitrogen fixation and microaerobic/anaerobic (9, 11—13).

respiration in response to molecular oxygen. The protein |n FixL, the N-terminal PAS domain controls the activity
FixL, a dimeric, heme-based oxygen sensisr directly of the C-terminal histidine kinase. When the heme of the
responsible for this oxygen-dependent regulation. FiXL pAS domain is unliganded, the kinase is active and phos-
belongs to the large family of bacterial two-component phorylates the two-component system partner of FixL, the
sensors3), modular proteins typically composed of a sensory pNA-binding response regulator FixJ, thus stimulating
domain and an enzymatic signaling or effector domain. FixL transcription of theixK operon (4). When oxygen is bound
is Comprised of a C-terminal histidine kinase domain and to the heme of the FixL sensory domain, kinase activity s
an N-terminal sensory domain that contains covalently bound syppressed. This results in downregulation of the expression
heme @). This N-terminal domain belongs to the PAS  of nitrogen fixation genes to prevent the sacrifice of oxygen-
domain structural superfamily, a ubiquitous protein sensory sensitive nitrogenase. Gilles-Gonzalez and colleagligs (
module found in all kingdoms of life4-6). PAS domains  originally proposed a spin-state mechanism for regulation
are characterized by a conservef fold and are responsible  of FixL in which activity of the kinase domain is regulated
by the spin state of the heme iron. Recently, they have shown
# Protein structure coordinates have been deposited in the Proteinthat ligand-induced regulation of the kinase by the heme
Data Bank as entries 1XJ2, 1XJ3, 1XJ4, and 1XJ6. PAS domain is more complexl§, 17). Diatomic ligands
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translocator (ARNT), and simple-minded (SINjFixLH, heme-PAS i _anin li
domain of the FixL protein fronB. japonicumsnFixLH, heme-PAS of bjFixLH bound 1o the low-spin ligands CN ana.(Gtrong

domain of the FixL protein fron$. melilotj eDOSH, heme-PASE. inhibitors of FixL phosphorylation, show that ligand binding
coli protein DOS. is accompanied by a structural change in the FG loop of the
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protein, termed “the FG loop switch18—20). This change crystals similar to those described previoudlg)(and a novel

is caused by the reorientation of the side chain of Arg220 in monoclinic form. The two crystal forms provide an op-
the heme pocket, in formation of a hydrogen bond with the portunity to assess the effects of crystal solvent content and
bound ligand. Smaller structural changes in the FG loop were lattice packing on the structure and ligand binding. Because
reported upon binding of NOL@). Curiously, the low-spin  the structural changes associated with CO binding are
CO-bound structure was reported to be nearly identical to expected to be quite small, high-resolution structures are
the structures of mdtjFixLH (high-spin ferric heme iron)  necessary; all structures in this study were determinedto
and deoxybjFixLH (high-spin ferrous heme iron)l, 20). A resolution, in contrast to earlier ligand-bound structures
These findings led Gong and colleagu@§)(to propose a  determined at 2.4 A resolutioi®). Data were collected at
mechanism for regulation based on the structural change inroom temperature to best approximate physiological condi-
the FG loop of the protein. Conversion of the domed, high- tions and to provide a basis for subsequent time-resolved
spin heme in the deoxy state to a planar low-spin hexaco- studies of CO photolysis and rebinding (manuscript in
ordinate state upon ligand binding changes the hemepreparation).

stereochemistry and displaces the heme propionate side

chains. Displacement of the carboxylate of heme propionate MATERIALS AND METHODS

7 weakens its salt bridge to the side chain of Arg220, Expression, Crystallization, and Microspectrophotometry.
prompting replacement of this group at the propionate with ThebjFixLH protein was expressed and purified as described
the side chain of Arg206. Arg220 then moves into the previously @4). This expression construct encodes residues
binding pocket where it forms a hydrogen bond with the 140-280 ofbjFixL. Additional purification by ion exchange
bound ligand, creating a steric clash with 1le215 and chromatography on high-performance Q-Sepharose anion
producirg a 2 Ashift in the FG loop. This structural change exchange resin (Pharmacia) was performed prior to crystal-
presumably results in kinase inhibition through a mechanism lization. Rhombohedral crystals bfFixLH were grown by
that is not understood. hanging drop vapor diffusion againg 1 mL reservoir

An alternative mechanism has been proposed wherebycontaining 3.9 M NacCl, 1% PEI, and 50 mM CAPSO (pH
conformational change is driven by the steric interaction 9.0). The hanging drop containeq:t of purified bjFixLH
between the bound ligand and the distal hydrophobic residuesat a concentration of 55 mg/mL mixed 1:1 with mother
(21, 22). The ligand binding pocket of FixL contains three liquor. Monoclinic crystals were grown in the same fashion
conserved hydrophobic side chains, termed the hydrophobicusing a mother liquor containing 3.9 M NacCl, 3% ethylene
triad. Each of these side chains must be displaced to bindglycol, and 50 mM Tris (pH 8.5). All crystals were grown
ligand, and this displacement gives rise to signal in the form in the oxidized met form. CObjFixLH crystals of the
of structural change within the protein. This model is monoclinic form were prepared by first reducing the met
supported by mutational analysis of FixL by Mukai and crystals with 200 mM ascorbate in CO-saturated mother
colleagues Z3) which reveals thasnFixLH lle209 and liquor for at least 4 h. Reduced crystals were mounted in
lle210 mutants (corresponding to 1le215 and 1le216, respec-glass capillaries containing CO-saturated mother liquor to
tively, in bjFixLH) are deficient in ligand recognition and which a few crystals of sodium dithionite had been added.
signaling. The capillaries were thoroughly flushed with CO and quickly

Dunham and co-workersl{) showed that the R220A  sealed with epoxy. CObjFixLH crystals of the rhombohe-
mutant of FixL has a dramatically lowered affinity for,O  dral crystal form were prepared in the same way except that
CO binding was unchanged in this mutant, however, and sodium dithionite was used in place of ascorbate. To prepare
curiously, CN-bound R220A mutants retain some ability to deoxy crystals, capillaries were flushed with nitrogen gas in
weakly inhibit FixL in the absence of the FG loop switch. place of carbon monoxide. Microspectroscopy on crystals
This finding suggests that the FG loop switch cannot be the was performed using a single-crystal microspectrophotometer
sole factor in kinase regulatiol?). Thus, the mechanism constructed in our laborator2%). No oxidation or loss of
of the conformational change in the FG loop and the processCO was observed over several weeks from crystals mounted
of ligand-induced regulation of kinase activity are complex, in this manner. All crystals were mounted a few days prior
and remain the subject of debate. to data collection.

To investigate the structural events associated with ligand Data Collection and ReductioMonochromatic oscillation
recognition and signaling ibjFixLH, we determined crystal ~ X-ray data were collected at the BioCARS 14 BM-C
structures in the deoxy form and in complex with carbon beamline at the Advanced Photon Source (Argonne National
monoxide at a higher resolution (8.0 A) than in previous ~ Laboratory, Argonne, IL) on an ADSC Quantum4 CCD
structures (2.4 A)20). The CO complex is of considerable detector at 14C and processed using DENZO/SCALEPACK
interest because prior work has shown that CO binding does(26). Molecular replacement was conducted using EPMR
not evoke the substantial FG loop conformational change (27) with the previously determined méjFixLH [Protein
observed for the oxygen-bound speci@§)(and, in fact, Data Bank (PDB) entry 1DRM] structure as a search model
shows the least degree of conformational change of all (18). Rigid body refinement, simulated annealing refinement,
ligand-bound structures &fjFixLH, yet CO binding results  individual isotropic B-factor refinement, and conjugate-
in appreciable inhibition of FixL activityX6). We examine gradient minimization were performed using CNZB)( To
CO-bound structures to detect conformational changesminimize model bias, the positions of FG loop residues209
responsible for the weaker levels of inhibition in intact 220 were refined manually using=¢ — Fc. and F, — F¢
bjFixXLH by CO. Changes that are important for signal simulated annealing composite omit maps aRgl2 F. and
recognition are likely to be found outside the FG loop region. F, — F simulated annealing omit maps in the two CO-bound
We crystallizedbjFixLH in two crystal forms: rhombohedral  structures. Model building was carried out using O and
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Table 1: Data Processing and Refinement Statistics

CO deoxy CO deoxy
space group Cc2 c2 R32 R32
unit cell parameters
a(h) 81.13 81.10 128.34 128.69
b (A) 59.64 59.92 128.34 128.69
c(A) 59.46 59.57 58.52 58.75
S (deg) 111.75 111.51 111.51 111.51
no. of molecules per asymmetric unit 2 2 1 1
solvent content (%) 43.4 43.4 59.3 59.3
resolution range (A) 401.8 40-1.9 40-2.0 40-1.9
no. of crystals 4 3 2 2
no. of observed reflections 142295 101482 172175 221546
no. of unique reflections 23041 19749 11779 13604
overall redundancy 6.18 5.14 14.61 16.29
I/ol (highest-resolution shell) 25.6 (1.94) 17.7 (2.1) 22.1(2.14) 17.9 (2.3)
Rierg® (%) (highest-resolution shell) 7.7 (46.5) 5.9 (44.7) 3.1 (48.8) 3.1(43.1)
completeness (%) (highest-resolution shell) 94.0 (69.0) 93.7 (60.2) 93.4 (73.4) 92.1(65.1)
Rerys? (%) 21.7 20.7 21.2 20.4
rec (%0) 24.7 24.1 25.6 24.4
rmsd for bond distances (A) 0.0081 0.0078 0.0092 0.0081
rmsd for bond angles (deg) 1.39 1.68 1.88 1.63
3 Rmergdl) = YnYilli — 11/3n3il, wherel is the mean intensity of thieobservations of reflectioh. ® Reyst = ¥ |Fobs — Fead/Y [Fobd, WhereFops

andFcac are the observed and calculated structure factors, respectiily is the same aBeys;, calculated from a randomly selected subset of
the data excluded from refinemei.e was calculated using 6.5% of the reflections for @& structures and 9% for thHe32 structures.

Ficure 1: Ribbon diagrams of the CO complex lojFixLH from the R32 (A) and theC2 (B) crystal forms.

XtalView (29, 30). Structure alignments were made with of ~0.7 A between each model and each of the other five
CCP4 @1), and figures were prepared using Ribbo88)( models (two each in th€2 form for CO and deoxy and the

Xtalview, and Pymol 33). CO and deoxyR32 models). Two regions of the protein
structure differ among the three models, the flexible FG loop

RESULTS and the HI turn between the sHand | strands. These
Protein StructureSix independent structures lojFixLH, differences are imposed by the crystal lattice and are

three each in the CO and deoxy states at 1.8, 1.9, and 2.0 Aindependent of the protein ligation state. They are located
resolution, were refined to crystallograpfeactors between  at the C-terminal end of the FG loop at residues Gly217 and
20.7 and 21.7% (Table 1). THe32 crystal form contains 11218, and at the beginning of the FG loop at residues
one molecule per asymmetric unit consisting of residues Thr210 and Ser211. The HI turn, a tight turn between the
154-269 and is similar to thbjFixLH structures determined ~ Hs and k strands which contains two neighboring glycine
previously (Figure 1A) 19). The C2 crystal form contains  residues, differs in th€2 andR32 models but is identical
two monomersC2A andC2B, in the asymmetric unit. The  in the C2A andC2B structures. The structural difference is
C2A model consists of residues 15255, while theC2B greatest at residues 1le23&I|u246, which are displaced by
model has density for residues 15255. Both monomers 0.7 A between thék32 andC2 forms which appears to be

in the C2 form lack density for the extended C-terminal helix caused by the intermolecular interaction between the two
found in theR32 model (residues 25869), which creates  monomers in th&€2 asymmetric unit. These differences in
a 3-fold symmetrical crystal contact (Figure 1B). With the the FG loop and HI turn suggest that the conformation of
exception of the absence of this C-terminal helix, the these regions is readily variable and subject to the influence
structures are very similar, as expected. Least-squaresof crystal lattice contacts. In thigjFixLH structures, most
alignment of all atoms among the six models confirms that residues of the protein are ordered with the exceptions of
the structures are in close agreement with an all atom rmsdthe side chains of Arg254 and GIn261 in tiR82 CO
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Fo(CO) difference electron density maps which are very
sensitive to small changes in structur40) Difference
Fourier maps were calculated between the CO and deoxy
forms in both space groups using phases calculated from the
CO-bound model (Figure 4). Because the structural differ-
ences are small, phases from the deoxy model or from true
difference phases calculated from the refined CO and deoxy
models produce maps that are virtually indistinguishable
(data not shown). This approach, when coupled with the
examination of the differences in the refined coordinates of
the models (Figure 5), allows the subtle effects of CO binding
to be readily detected.

Significant conformational differences between the CO and
deoxy states are evident in two areas of the protein: the H
and | strands distal to the heme binding pocket and the FG
loop (Figure 4). These differences are common to all three
molecules except for the FG loop of tHe2A molecule
(discussed below). The most prominent structural differences

e s . center on the side chain of residue Leu236 in thestdand.
Ficure 2: Absorbance spectra of capillary-mountegFixLH In the deo_xy state_, L§UZ36 qccupies the region_directly over
crystals in theC2 (blue) andR32 (red) forms after reduction and ~ the heme iron. This side chain must vacate the ligand binding
addition of CO. The differences in peak height between the two pocket to accommodate the bound CO, and in so doing, the
forms arise from polarization of the xenon lamp beam. main chain atoms of Leu236 shift away from the CO along

the H; strand toward its C-terminus. The average rms
structure, Arg206 in both thek32 CO andC2B CO displacement of the main chain atoms of Leu236 is 0.25 A
structures, and Arg174 in th@2A deoxy structure. in the C2A chain, 0.26 A in theC2B chain, and 0.22 A in

CO Binding in bjFixLH.Previous studiesl®) required the R32 structure. This shift displaces the backbone atoms
high-pressure methods for preparation of -€lgFixLH of residues Phe252 and Val253 in thestrand with which
crystals, but we did not find these to be necessary; simple Leu236 makes hydrogen bonds. A structural domino effect
reduction of mebjFixLH crystals followed by transfer to a  is evident in prominent difference electron density+di)
CO-saturated solution was sufficient. To confirm the presencethat extends from the CO, along the side chain of Leu236,
of bound CO in ourjFixLH crystals prior to X-ray data  and to the backbone atoms of residues Val253, Arg254, and
collection, absorbance spectra were collected from B8th Asp255 in the } strand, more than 15.0 A from the site of
andC2 crystals after reduction and exposure to CO. These CO binding at the heme iron (Figure 6A).
spectra reveal the characteristic spectral features of CO-bound Difference features indicating structural differences in the
FixLH and confirm the presence of a saturating level of CO FG loop center on residue lle216 and extend along the
and the absence of significant met species in both crystalpackbone of the FG loop to adjacent residues lle215 and
forms (Figure 2). The B, — F¢ electron density maps of  Gly217 (Figure 6B). The main chain rms deviation of lle215
the heme pocket clearly show bound CO in both R82 is 0.3 A in theC2B structure and 0.33 A in thR32 form.
andC2 forms (Figure 3A,B), and an unliganded, pentaco- The C2A monomer does not show significant displacement
ordinate, domed heme in the deoxy states (Figure 3C,D).in the FG loop (discussed below). A prominent difference
Our 2F, — F¢, Fo — F¢, andF,(deoxy) — Fo(CO) electron  electron density peakH4o) is visible on the heme propionate
density maps are consistent with a bound CO molecule that6 side chain which is hydrogen bonded to the backbone
is very nearly linear, as has been suggested for CO in hemeamide of residue 1le216. Curiously, propionate 7, which is
model compounds3d, 35), inferred from spectroscopic involved in a salt bridge to the distal residue Arg220 in the
measurements36), and observed in high-resolution crystal-  oxy structure {8), does not exhibit any difference features.
lographic studies on myoglobir87, 38). The refined Fe- Likewise, none are seen on the Arg220 side chain; therefore,
C—0 bond angle is 170°1171.2, and 169.7 in the R32, the salt bridge to propionate 7 remains intact. The side chain
C2A, andC2B models, respectively, and the CO is nearly of Arg206 [a conserved residue implicated in neutralizing
perpendicular to the plane of the porphyrin. Previous the charge of the heme propionate group and destabilizing
crystallographic and EXAFS studies reported significantly Arg220 (18—20)] is bound to the main chain carbonyl
lower values of 157and 156.4 for this angle 20, 39); thus, oxygen of Asp212 in each of the deoxy structures. The
our CO stereochemistry differs from that reported previously. temperature factors of Asp212 and the side chain of Arg206
The largely hydrophobic nature of thgjFixLH binding are the highest in thR32 andC2B models, suggesting that
pocket supports a CO geometry similar to that of model this region of the protein is flexible. The side chain of Arg206
compounds; there are no polar distal side chains interactingbecomes disordered upon binding of CO at room temperature
with CO in bjFixLH. in the C2B andR32 structures, but remains ordered in the

Structural Differences between the CO and Deoxy StatesC2A monomer. In addition, arv20% increase in the average
and the Effects of Crystal Lattice Contac@n the basis of  main chain temperature factor of the residues of the FG loop
the previous study of the C&bjFixLH species 20), we is evident in the CO structures of tl&2B andR32 forms
expected the structural differences between the CO and deoxycompared with the deoxy form. This increase is most
states to be small. We therefore examirfegdeoxy) — pronounced in the last turn of the F helix in residue Asp206,
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FIGURE 3: 2F, — F. maps of the heme-binding pocketlniFixLH. (A) C2 crystal form with CO bound at 1.8 A resolution. (B32 form
with CO bound at 2.0 A resolution. (C and D) Deoxy species fromaReandR32 crystal forms at 1.9 A resolution, respectively. Contours
are s (cyan) and & (red).

FIGURE 4: F,(deoxy) — Fo(CO) difference Fourier maps superimposed onhifféxLH model from theR32 crystal form (A), theC2A

monomer (B), and th€2B monomer (C) from th€2 crystal form. These are contourecds.50 and+4.50, whereo is the rms value of

Ap across the asymmetric unit. Negative difference density is red, and positive difference density is blue. Differences in electron density
are common to the Bland |5 strands of the protein, and to the FG loop of B&2 crystal and th&€€2B monomer.

in the FG loop at Asp212, and near the end of the FG loop backbone carbonyls of residues Gly217 and lle218. This
at residues Gly217 and lle218. contact effectively locks the conformation of the FG loop
Different crystal lattice packing in the32 andC2 crystal upon CO binding with interesting consequences. The FG loop
forms gives rise to differences in the CO-induced structural and propionate 6 show no difference in position between
changes. Both monomers in ti@2 crystal form are more  the CO and deoxy states in t@2A model, although heme
restricted by crystal packing than the monomer in R32 doming is evident in the refined positions of the heme atoms
form, and this is evident in two ways. The most prominent and inF,(CO) — F,(deoxy) difference maps. The side chain
lattice-related difference is in the FG loop of ti@2A of Arg206 remains ordered within the FG loop, bound to
monomer, in which a sodium ion is coordinated at the the Asp212 main chain carbonyl oxygen, and there is no



4632 Biochemistry, Vol. 44, No. 12, 2005

A

S

FG lo

-

Key and Moffat

<008 E00SNEEE 023
Ficure 5: Stick models of main chain atoms from thg=ixLH R32 (A), C2A (B), andC2B (C) structures. Residues are colored by the

magnitude of the average change in atomic position of the three main chain atoms of each residue between the CO and deoxy structures.

The scale is in units of angstroms.

FIGURE 6: Fo(deoxy)— Fo(CO) Fourier difference map of tHe32
form showing the distal B and |3 strands (A) and the FG loop
region (B) contoured at-40. Negative density is red, and positive
density is blue. Structural differences between the liganded and
unliganded forms are evident in the FG loop as well as in tie H
and |5 strands of the protein.

to heme propionate 6 gives rise to a rather different motion
of the heme in th€2A monomer. The second lattice-related
difference lies at the interface between the two monomers
in the C2 form. A CO-induced change in this region, while
visible, appears to be modulated by the lattice contacts. Large
difference electron density peak&4o) are visible (Figure

4), though the difference density along the backbone atoms
of the | strand is less continuous than in fR&2 form. Steric
constraints on the side chains of the digtadheet residues
seem to be the most likely cause of this difference as these
side chains are involved in intermolecular contacts between
the two monomers in the asymmetric unit. These crystal
packing effects may indicate why our monoclinic crystals
become noticeably more fragile after reduction and addition
of CO. Previous studies of dimersorFixLH reported similar
difficulty in producing ligand-bound crystal21). Thus, the

R32 crystal form provides the least constrained view of
structural differences between the CO and deoxy states of
bjFixLH.

DISCUSSION

Leu236 Is an Important Ligand-Sensing Side Chaime
FG loop switch has been proposed as the structural signal
responsible for catalytic control of the kinase domain in
response to ligand binding at the heme domaB(20). CO
binding does not elicit this switch yet retains some inhibition
of FixL activity (16, 18), which implies that the switch is
not the sole structural player in ligand recognition. Our results
suggest that the Leu236 residue, by sterically occluding the
binding pocket, plays a critical role by acting as a general
ligand detector. The location of the side chain is sensitive
to any ligand bound at the heme, and the region surrounding
this residue shows the most substantial differences in electron
density upon binding of CO ibjFixLH. These differences,
though small in magnitude, propagate out from the heme
across the distal Hand ; strands more than 15 A from the
heme iron to the C-terminal helix of tHR82 model, a helix
that is not part of the conserved PAS fold. Leu236 is
conserved across FixL proteins and has been shown to be
essential for proper heme incorporati@8(41). Thus, this

increase in the temperature factors associated with COresidue fulfills important criteria for participating in signaling.

binding. The porphyrin ring, which is shifted both up from
the proximal histidine and toward its propionate groups in
the bjFixLH CO-boundR32 andC2B models, is instead
shifted only upward from the proximal histidine in tG2A
monomer. Evidently, constraining the loop residues bound

It is conserved; it directly senses the signal (here, ligand
binding), and it initiates structural changes that propagate
over a long distance to the surface of the domain.

The residues of the fand | strands have been implicated
in signal transduction in a number of other PAS domain
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C-terminus

Ficure 7: Ribbons model objFixLH from the R32 form aligned against the dimeric structuressofixLH and edOSH (PDB entries

1D06 and 1V9Y). The ribbon is colored by displacement of main chain atoms between the CO and deoxy states. Residues displaced by
binding of CO are at the interface of the dimer near the C-terminus. The thread diagram and surfase®idhd dimer are superimposed

in gray. The dimer was created by applying the symmetry oftifeéixLH crystals to PDB entry 1D06 as described by Miyatake et2dl). (

The color scale is that from Figure 5.

proteins of diverse functiom@—46). CO-induced regulation  of a critical methionine to the heme @DOSH, which could

of FixL kinase activity may occur by a mechanism similar alter the relative proximity of the enzymatic domains. Park
to that described for the photoreceptor LOMV2Y, in which et al. @6) independently identified this motion iadDOS

the conformation of a C-terminal helix is altered through its and proposed that it might also occurlijFixLH by means
light-dependent interactions with thezldnd k strands. As of Arg220 binding to the heme-bound ligand. The distal
in CO-bound FixLH, the structural changes attributed to residues whose positions are most affected by binding of
signal recognition in LOV2 and PAS kinase do not involve CO are poised at a conserved PAS domain interaction surface
large-scale structural change, yet are sufficient to disrupt in our structures43), which is likely to be the dimerization
interactions at the surface of the molecule along theurt interface of FixLH (Figure 7), as inferred from the dimeric
I strands 42, 44). Recently, a conformational change in the structures osnfixLH and edDOSH @21, 45) (PDB entries

Hs and | strands has been implicated in the catalytic control 1D06 and 1V9Y, respectively). This is an especially appeal-
of another bacterial heme-based PAS protein domain, theing mechanism for FixL proteins since phosphorylation in
Escherichia coliproteinedDOSH @5, 46). These residues  the histidine kinase domain occurs in trar®. (A hinge

are involved in the dimerization interface@DOSH, whose motion of the N-terminal PAS domains upon ligand binding
dimeric structure is similar to that afnFixLH, a closely may reorient the two C-terminal enzymatic domains in a
related FixL whose sequence is 58% identical to that of manner that inhibits phosphorylation.

bjFixLH. Kurokawa and colleagueg$) describe a scissor- Effect of Carbon Monoxide Binding on the FG Loop of
like hinge motion in the hemePAS domain upon ligation  bjFixLH. Diatomic oxygen, the physiological ligand of
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bjFixLH, requires the Arg220 residue to bind to the heme substantial change in the position of the Arg220 backbone
iron (17). The structural process by which this side chain atoms, and these are hydrogen bonded frgnmioGhe main
enters the heme pocket to stabilize the bound oxygen ischain atoms of residue Leu236 in theskrand, the residue
driven by flattening of the heme and motion of the porphyrin we note as a candidate ligand sensor. Thus, the movement
upon ligation, which frees Arg220 to move into the heme of several residues is redundantly linked to respond to ligand
pocket @0). In our CO-bound structures, heme flattening binding. This coupling allows the FG loop, Arg220, and the
upon binding CO is transmitted to the FG loop via the distal S-residues to act as a group; Leu236 is displaced by
hydrogen bond between propionate 6 and lle216, yet Arg220the bound ligand, which shifts the residues of theard k

fully maintains its salt bridge to propionate 7; the positions strands while propionate 6 shifts 1le215 to 1le218 of the FG
of both Arg220 and propionate 7 are unchanged by CO loop. This provides greater conformational freedom to the
binding. The side chain of Arg206, which has been proposed main chain atoms of Arg220, and enables its side chain to
to compensate for the negatively charged propionate 7 uponmove into the ligand pocket, which results in further
loss of Arg220 18—20), is disordered by binding of CO in  displacement of the dist#tsheet residues. These structural
our structures. The movement of propionate 6 and of the changes in the protein depend directly on three characteristics
FG loop is the likely driving force for releasing this residue. of the bound ligand: ligand field strength via doming of the

In this view, the CO-bound state represents an intermediateheme and subsequent propionate 6 movement, ligand charge
in the FG switch mechanism, poised at the point where or polarizability sensed by movement of Arg220 into the
Arg220 is able to select against the heme-bound ligand. heme pocket, and ligand shape sensed by steric clash of
Previous studies noted no change in the position of this Leu236 with the bound ligand. Ligands that best meet the
Arg206 side chain for the CO-bound state, but did observe three criteria, namely, ©and CN, create the largest

a change for the NO-bound state BjFixLH (19). Evidently, conformational change throughout tifesheet surface of
neither heme flattening nor the availability of the compensat- bjFixLH. This gives rise to substantial inhibition of the kinase
ing Arg206 side chain is sufficient to free the side chain of activity by an as yet unknown mechanism that may involve
Arg220; thus the electrostatics of the ligand must play the a quaternary structural change in the protein dimer such as
role of releasing the arginine from the propionate. We detect that described by Kurokawa et akg). CO and NO only

a change in the position of 1le215, 1le216, and Gly217 in partially meet these criteria and create modest conformational
the FG loop caused by doming of the heme. While this differences that weakly inhibit the kinase.

change is not of the magnitude of the FG loop switch seen

in the oxy and CN-met structures, we do not rule out its CONCLUSIONS

significance in CO-induced inhibition of FixL. Mutagenesis . .

studies have implicated residues lle215 and lle216 in ligand in VF\ggzhz\rﬁ g;ag:lr;?; tpoemiguucgjnres %fe‘;)?'bf*’f’gg
recognition, both of which are highly conserved in FixLs difference maps ¥o elucidate the gs:r(;sall st)r/l)Jctura(l)l( ch;n es
(23). From our structures, it is not evident why these residues associated 'tﬁ binding of CO to investicate the mechan'gsm
are so important. lle215 easily accommodates bound CO with F ki lated Vx'.b. 0! tl) 9 i ' (\j/ '% h :
little steric clash; its hydrogen bond to propionate 6 that of Kinase inhibition by weak ligands. These maps show a

drives FG loop motion involves its backbone amide, though E?r:gir?f tgreivéisgduﬁ]se getrkifi?\igpatjctiyi):tl;ae?vc\jlzel:]pt?; Egn d
the side chain of lle215 interacts with the aliphatic region 9: y g

of the side chain of Arg220 in the oxy state. The Ile216 side gnd the.side Ch".’“” of Leu236. Thi; structural change occurs
chain faces into solvent. Thus, it is not possible to address:thgﬁ:d'sitglrreesll?;ﬁfn?;tgﬁséhggagigsri%'?ﬂengtgﬂc}g bgf
the role of these residues in the context of the isolatee-CO 9 : b

bjFixLH heme-PAS domain. Ligand-sensitive dynamics of Lheem%mtfoiﬂ’ &ﬁ;eaiihaaﬁhgtigrti;‘/gl blﬁ gtgziogr?;eﬂ?ogf rt]ht?]e
the FG loop have been suggested as a catalytic control group 9 P ' g

mecharism or the hem®AS domais 17, ndeed, the 0% SU1eh toes 1ot cceur G206 hecomes isordercd
shift of propionate 6 and 11e216 upon CO binding gives rise P peratu ! - minafy, W

to altered temperature factors in this region, and changes inthe Interaction 'between Leu23'6_and Arg220, the distal
dynamics of the FG loop of the protein have also been coordinating residue of oxygen bjFixLH, and propose that

described for methionine ligation @cDOSH 46). t_he action of these residues is coupled to the sense-bound
Ensemble Ligand DetectioRrior studies implicated the ligand by creating strl_JcturaI ghange on the Q|stal suje of the

FG loop switch as the region of the protein that is sensitive p-sheet. Thls oceurs in a reg|on_that Is consistent \.Nlt.h other

to ligand binding and transmits a signdl8-21, 23). Our PAS domains, suggesting that signal generation within these

results suggest that the structural signaling mechanism indomains is conserved, Ligand binding is likely to alter the
> Ugg : !9 gm . quaternary structure of the FixLH dimer, as has been reported
bjFixLH is more complex, is not restricted to a single region

of the protein, and may display redundant or semiredundantfor the re_Iateq protei!adDOSH. Structures of the intact, full-

. ) e length dimeric proteins are necessary for a complete under-
aspects. As in CO-bourtgfFixLH, inhibition of CN-bound standing of signaling in these molecules
R220AbjFixLH mutants has been observed in the apparent '
absence of the FG loop switchq). Examination of the oxy  AckNOWLEDGMENT
and CN-bjFixLH structures {8) (PDB entries 1DP6 and
1LTO, respectively) reveals that the Arg220-dependent FG  We would like to acknowledge Marie-Alda Gilles-Gonza-
loop switch and structural change in tfiesheet distal to lez for thebjFixLH plasmid and helpful scientific discussion.
the heme produced by Leu236 are most likely coupled across].K. thanks Sean Crosson and Sudarshan Rajagopal for their
the g-sheet of the protein. Movement of Arg220 into the assistance with this work. Supported by NIH Grants
heme pocket in the CN- and,®ound structures causes a GMO036452 and RR07707 (BioCARS) to K.M.
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