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ABSTRACT. The methyl-accepting chemotaxis protein, DcrH, from the anaerobic sulfate-reducing bacterium,
Desulfaibrio vulgaris (Hildenborough), has a hemerythrin-like domain, DcrH-Hr, at its C terminus. DcrH-
Hr was previously shown to contain a diiron site that bindssDggesting an £sensing function. X-ray
crystal structures of diferric (met-), azido-diferric (azidomet-), and diferrous (deoxy-) DcrH-Hr reveal a
“substrate tunnel” distinct from that in invertebrate hemerythrins. This tunnel is proposed to facilitate the
rapid autoxidation of oxy-DcrH-Hr and suggests that sensing is triggered fyn@ing and subsequent
oxidation of the diferrous active site. The N-terminal loop of DcrH-Hr is highly ordered in both met- and
azidomet-DcrH-Hr but is disordered in deoxy-DcrH-Hr. These redox-dependent conformational differences
presumably transduce the sensory signal of DcrH-Hr to the neighboring methylation domain in the full-
length receptor. Given the putative cytoplasmic localization of its Hr-likes€hsing domain, DcrH is
proposed to serve a role in negative aerotaxis (anaerotaxis).

Chemotaxis is the process by which individual cells adapt across the membrane, and a cytoplasmic signaling domain
to their environment by moving toward or away from specific that contains specific excitation and methylation regions, both
attractants and repellants. A typical bacterial chemotactic of whose conformations are regulated by the chemotactic
system consists of (i) a membrane-associated receptor thasignal. Target molecule-induced activation of the MCP
recognizes the target molecule, (ii) a series of cytoplasmic triggers a phosphorylation/methylation cascade that alters the
receptor-coupled enzymes (e.g., methyltransferases, methylactivity of the cellular flagella. The regulated motions of
esterases, phosphatases, and kinases) that modulate trangiese cellular flagella ultimately dictate the chemotactic
mission of the signal, and (iii) a messenger protein that swimming behavior of the celll( 2).

propagates the signal required for regulation of the flagella  perhaps because of its role in cellular bioenergetics and
motor (1, 2). Methyl-chemotaxis proteins (MCPsyre the  oxidative stress, ©is one of the most common molecules
most common membrane-associated receptors found insensed by bacteria. Indeed, both aerobic and anaerobic
bacteria. MCPs have a sensing domain that initiates thepacteria generally move to a preferred concentration of O
chemotactic signal upon detection of its target molecule, a ingicating the presence of at least two-€nsing path-
membrane-spanning segment(s) that transduces this signajays: aerotactic and anaerotactic, for moving up or down
an G, concentration gradienB( 4). While one mechanism
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m periplasm ~12 mL using an Amicon pressure concentration cell with
a nominal membrane molecular-weight cutoff of 3 kDa and
loaded onto a 1.6x 2.5 HiTrap anion-exchange column

9-30| | | 422-441 membrane

Ill cytoplasm [Amersham Pharmacia BioTek (APBT)]. DcrH-Hr does not
653-692, excitation bind to the_ column under these cqnditions. The column was

washed with 50 mM 3N-morpholino)propanesulfonate at

757-764, methylation pH 7.9 (hereafter referred to as “buffer”), and the flow-

through was collected as 5 mL fractions. Fractions containing
DcrH-Hr [as judged by ar-16 kDa band on sodium dodecyl
sulfate—polyacrylamide gel electrophoresis (SBBAGE)]
were pooled, concentrated te4 mL, and exchanged into
o buffer containing 250 mM NaCl. Twe-2 mL volumes of
Ficure 1. Schematic diagram of proposed membrane topology and s sample were then successively loaded onto and eluted
sequence motifs fob. vulgaris DcrH (NCBI accession number . .
YP_ 012365) 17, 29). (at 0.5 mL/min) fro_m a H|P_rep 16/60 Se_phacryl S-100
column (APBT) equilibrated in the same high-salt buffer.

Hrs present in invertebrate muscle tissue (myoHrs) are well- Fractions containing predominantly DerH-Hr (as judged by
characterized nonheme diironz-€arrying proteins, butthey =~ SDS-PAGE) were pooled and desalted by repeated con-
had been known to occur only in a few eukaryotic inverte- centrations/dilutions in the Amicon cell. A few crystals of
brate phyla {9—21). The Hr-like domain in DcrH was the potassium ferricyanide were added to the solution before
first reported example of Hr in bacteria. BLAST searches desalting to convert the protein completely to the met form.
of the NCBI protein sequence database (http://www. The desalted met-DerH-Hr solution (judged to be free of
ncbi.nim.nih.gov/blast/Blast.cgi) subsequently revealed genesferricyanide by monitoring the U¥vis absorption spectrum

in anotherDesulfaibrio species and in other bacteria from ©f the flow-through from the Amicon cell) was concentrated

more divergent environmental niches that are both annotatedto ~5 mL, loaded onto a 1.& 2.5 HiTrap anion-exchange
as MCPs and contain C-terminal Hr-like motifs. None of column equilibrated with buffer, and eluted at a flow rate of

Kurtz and co-workers overexpressed, purified, and char- @S @ single band at-15 mM NaCl. _
acterized the recombinant 136-residue DcrH-Hr domain and 1 e Met-DerH-Hr concentration was determined spectro-
found it to be a soluble, stable monomeric protein containing photomef[rlcally 22),‘ Analytical gel filtration was carried out
two iron atoms and having UWis absorption and resonance &S described previous|2), except that, for deoxy-DerH-
Raman spectra closely resembling those of invertebrate HrsHf» 2 MM sodium dithionite was used to anaerobically reduce

(22). The ferrous (deoxy-) DerH-Hr formed an,@dduct met-DcrH-Hr prior to the application to the column that had
(oxy-DcrH-Hr), which underwent relatively rapid autoxida- °€€n pre-equilibrated with argon gas-purged buffer [SO mM

tion to the met formty, < 1 min at room temperatur@®) tris(hydroxymethyl)aminomethane (Tris)-HCI and 200 mM

versus~20 h for invertebrate Hrs2(, 23). Given the ~ KClatpH 8]. o
identification of the MCP-signaling motifs and the presence  Crystallization of Met-DerH-Hr Preliminary needles of
of the Hr-like domain, one likely function for DcrH was in ~ Met-DerH-Hr were obtained by the hanging drop atGH

O, sensing. This role, however, remained to be established.Tom condition 40 of Crystal Screen 1 [0.1 M trisodium
If DerH-Hr was indeed an @sensing domain, structural citrate dihydrate at pH 5.6, 20% (v/v) isopropanol, and 20%

investigations might reveal distinct conformational states of (wiv) poly(ethylene glycol) (PEG) 4000]. While these

the protein. Distinct @dependent conformations had, in fact, crystals were too thin for data collection, further optimization

. : . ielded suitable plates from 0.1 M Tris-HCl at pH 8.5, 12%
been previously inferred for some invertebrate Hrs based onY'€lC€ o ’
their modestly cooperative inding 1, 24). How diiron ?/1/\/5) ISLO?);OSS nrzl, /ﬁﬁ_/0 (r\é,vt/gi)npsEoleu;fc?r? ?t,haengo%sewtrﬁc():r:
sites in Hrs mediate this cooperativity is unclear, however, '™ H 9 b

in part, because no crystal structures of cooperative Hrs havedetermlned spectrophotometrical]: 0.5uL of the well

been reported. Here, we report the crystal structures of metz?gjzt'iggrh-g?_ea'gggtggXOf_glerm_ﬁ'rgfr:Tﬁzrr'ezs g;:i/gsctrhgtsgs
(Fet, Feit), azidomet (F&", FEt—N37), and deoxy (F&, y P y

Fe&) forms of DerH-Hr fromD. wulgaris (Hildenborough) (the latter two were obtained as described below), were

that identify a redox-dependent conformational change of a c_onﬂrmed b_y comparisons to solution speca)(of UV— .
. A . : vis absorption spectra recorded on crystals suspended in
Hr-like domain within a chemotactic protein.

mother liquor at room temperature in melting-point capil-

824-959, Hr-like domain

Cc

MATERIALS AND METHODS laries using a QDI1000 U¥vis—NIR microspectrophotom-
eter (Craic Technologies, Inc.). Images of crystals of each
Protein Querexpression and PurificatiofRecombinanD. form of DcrH-Hr used in this study and their corresponding

vulgaris (Hildenborough) DcrH-Hr was overexpressed from spectra are provided (see Figures-S3.0 in the Supporting
the pDVHR plasmid inE. coli BL21(DE3) following the Information).

previously described procedur2?j and then isolated and Crystallization of Azidomet-DcrH-HAzidomet-DcrH-Hr
purified as follows. After a-80 °C freeze-thaw cycle, the crystals were obtained by first incubating met-DcrH-Hr with
harvested cells from 12 L of culture were resuspended in excess sodium azide prior to crystallization. The conversion
200 mL of 50 mM phosphate at pH 7.4 containing 10% could be monitored by the distinct color change of the protein
(v/v) glycerol and lysed by sonication (10 s pulses, every from yellow to orange. After screening and optimization,
10 s, for 2 min). The supernatant was concentrated to crystals suitable for diffraction were obtained by the sitting
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Table 1: Data Collection, Phasing, and Refinement Statistics for Met-, Azidomet-, and Deoxy-DcrH-Hr

met-DcrH-Hr azidomet-DcrH-Hr deoxy-DcrH-Hr

space group P1 P212,2; P2;
cell dimensions:a, b, ¢ (&) 33.16, 44.85, 47.54 39.45, 49.57, 69.00 43.98, 33.12, 44.70

o, 3, v (deg) 92.8, 103.5, 90.0 90, 90, 90 90, 96.0, 90
number of molecules in asymmetric unit 2 1 1

inflection remote peak

wavelength 1.7403 1.2400 1.7370 0.9794 0.9840
data collection resolution (A) 50-.1 50.6-2.1 50.6-2.1 49.6-1.5 44.5-2.2
Rinergd 6.9 (41.3) 5.3 (17.5) 7.7 (46.9) 8.4 (27.6) 7.2 (25.0)
I/ol2 16.2 (2.3) 20.9 (6.7) 15.4 (1.8) 3.8(2.2) 6.9 (2.4)
completeness (%) 93.7 (90.2) 95.5 (95.5) 93.7 (90.3) 99.7 (97.2) 98.4 (88.6)
redundancy 3.59 (3.57) 3.66 (3.74) 3.58 (3.56) 12.6 (7.6) 6.2 (4.5)
resolution used for refinement (A) 26-2.1 20.0-1.5 20.6-2.2
number of reflections 28 546 20792 6537
Ruorkd/Riree 22.1/28.0 20.9/23.6 20.4/25.3
number of atoms: protein/ligand ions/water 2246/9/149 1123/11/197 1174/3/55
B factors: protein/ligand ions/water 34.9/29.1/40.4 13.7/15.7/127.3 30.7/20.4/38.4
rmsd bond lengths (A)/bond angles (deg) 0.006/1.1 0.004/1.0 0.007/1.1

a Highest resolution shell is shown in parentheses.

drop method 2 uL of 27 mg/mL protein solution: &L of
the reservoir solution [1.5 M (NSO, and 0.1 M Tris-
HCI at pH 8.5} at 4 °C. The best crystals, including the
one used for data collection, were obtained by seeding.
Crystallization of Deoxy-DcrH-HrThe deoxy-DcrH-Hr

ducibly remount the deoxy-DcrH-Hr crystals was highly
instrumental in obtaining a usable data set. The crystal-
lographic statistics for all crystal forms are provided in Table
1.

Structure Solution and Refinemerfthe met-DcrH-Hr

crystals were grown at room temperature in a Coy anaerobicstructure was solved by the MAD method using data

chamber using degassed protein and reservoir solutions. Priocollected at the three wavelengths (inflection, remote, and
to crystallization, the degassed met-DcrH-Hr was reduced peak) near the iron edge. The positions of the diiron sites
with 4 mM sodium dithionite and then incubated until the were determined from dispersive difference Patterson maps
solution became colorless. Crystals of deoxy-DcrH-Hr were generated from the structure factors obtained from the
obtained by the sitting drop method. The drop contained datasets collected at the inflection and remote wavelengths.

2 uL of 27 mg/mL protein solution, 3L of the additive
solution (saturated #t(CN), in 1 M Tris-HCI at pH 8.5,
and 2uL of the well solution [30% (w/v) PEG 3350, 0.2 M
CaCl, and 0.1 M Tris-HCI at pH 8.5].

Data Collection and Processinghe diffraction data for

The MAD phases generated using CN&L)(to 2.5 A
resolution were reasonably good with a figure of merit of
0.64. Because the crystal was found to have two molecules
in the asymmetric unit, the initial electron-density map could
be improved by averaging using AVEZ). The masks used

met-, azidomet-, and deoxy-DcrH-Hr were collected on for averaging were generated with MAMALY). The NCS
beamlines 9-2, 1-5, and 9-1, respectively, at the Stanford symmetry was improved with IMP4d). The initial model
Synchrotron Radiation Laboratory (SSRL). All crystals were could be readily built from this averaged map using the
flash-cooled in liquid nitrogen for data collection. The data program O 45).
were collected at 100 K with ADSC-Q4 CCD detectors using ~ With the structure of met-DcrH-Hr in hand, the remaining
the Blu-ice program37). For the met-DcrH-Hr crystal, an  structures could be determined by molecular replacement
X-ray fluorescence scan was collected to determine optimal (MR) using a single subunit of met-DcrH-Hr as the search
wavelengths for collection of Fe multiple anomalous disper- model. The MR solution for azidomet-DcrH-Hr was obtained
sion (MAD) data (1.7370 A, inflection; 1.2400 A, remote; using CNS 41), while that for deoxy-DcrH-Hr was located
and 1.7403 A, peak). These wavelengths and their associatedising PHASER 46) running under GUI interface CCP4i
f"andf" values were determined using CHOOC38), and (47). Each of the structures was improved by several cycles
360 of data were collected. The azidomet- and deoxy-DcrH- of model building and refinement using the programs O and
Hr were collected at shorter wavelength, 0.9794 and 0.9840CNS, respectively (Table 1). In each case, 10% of the data
A, respectively. Data processing and reduction of met-DcrH- was omitted from the refinement for tiRgee calculation and
Hr was performed using DENZQO39), while those for a flat bulk solvent correction was applied. Metal ions, ligands,
azidomet- and deoxy-DcrH-Hr were carried out using MOS- and waters were added in the latter stages of the rebuilding
FLM (40). process. For met- and azido-met-DcrH-Hr, the first three
The optimal crystal of deoxy-DcrH-Hr was identified and N-terminal residues were absent, presumably being disor-
collected using the automated robotic system at SSRL. dered.
Because of the inherent instability of the reduced-DcrH-Hr  The structure of deoxy-DcrH-Hr required additional effort
crystals, nearly 60 crystals were screened using the robot,because of the poor fit of the N-terminal region to the density.
only one of which avoided the inherent mosaicity associated While there was visible density that overlapped with portions
with the crystal. Additionally, a better data set was obtained of the main chain and the Trp9 aromatic ring of the molecular
by removing ice from the crystal, by having the robot replacement model based on met-DcrH-Hr, there were clear
automatically dismount the crystal pin, wash it undet N gaps with some weaker density, suggesting a shift of the
and remount it on the goniometer. Hence, the ability to use loop upward. Several attempts to reposition the loop relative
the robotic-mounting system to rapidly screen and repro- to this density were unsuccessful, with a single model being
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unable to completely account for the observed density. We, a.
therefore, considered the possibility of a disordered loop
between two distinct states, beginning with the plausible «3
assumption that one of the conformations was similar to that
in the met-DcrH-Hr structure and that the other corresponded
to a conformation that fit the shifted density. Input of this
dual conformation model showed that the regions of moder-
ate electron density for the N-terminal loop corresponded to
the regions where the main-chain atoms of the two modeled
conformations overlapped. Optimization of the relative
occupancies of the two conformations was performed using
the g-group routine of the CNS package. Notably, the final
model has reasonable thermal values for both modeled
conformations of the loop. These two loop conformations
could be fit only to residue Val7 toward the N-terminal end,
as opposed to Asp4 for the other DcrH-Hr structures.

For validation, composite omit maps were calculated for
all three structures and each was checked using PROCHECK
(48). The statistics for the met-DcrH-Hr structure were
excellent, with 97.2% of the residues in the most favored
regions of the Ramachandran plot with all of the remaining
residues (2.8%) in the additional allowed regions. The
statistics for azidomet-DcrH-Hr were nearly as good, with
96% in the most favored regions and 4% in the expected
regions. For deoxy-DcrH-Hr, 93.8% were in the most favored
regions and 5.8% were in the allowed regions. One residue
(0.4%), Asni5 in conformation 1 of the N-terminal loop,
was in the generously allowed regions. Figures depicting the
DcrH-Hr molecule were prepared with PyMOU9).

RESULTS AND DISCUSSION . .
FiGure 2: Structural comparison of met-DcrH-Hr to invertebrate
Structure of Met-DcrH-Hr: Comparison to Lertebrate met-Hrs. (a) Rainbow diagram of met-DerH-Hr from blue (N
HemerythrinsAs is the case for invertebrate Hrs, as-isolated terminus) to red (C terminus). The atoms and residues forming the

) Ly . o diiron site are shown CPK-colored by element: iron atoms, purple
met-DcrH-Hr is the thermodynamically stable oxidation state spheres: chloride, green sphere. (b) Overlap of the iron and protein

in an aerobic atmospher23). The structure of met-DerH- main-chain atoms of met-DerH-Hr (blue) with zostericolamet-

Hr was determined to 2.1 A resolution using MAD data myoHr (PDB ID 1A7D) (red). (c) Surface diagram cut through the
collected at the Fe edge. Met-DcrH-Hr exhibits the classical met-DerH-Hr structure showing its distinct substrate tunnel, with
invertebrate Hr fold consisting of an N-terminal loop the molecular surface passing left to right across the center of the

. . rotein. (d) Surface diagram cut through thezostericolamet-
(f,es'd“es %16) gttachgd to :.;m.umown four-helix bundle ﬁ1yoHr st(ru)cture showing its substrate cghannel, with the molecular
with the diiron site buried within one end of the bundée ( surface leading from the bottom of the protein to the chloride ion
helices: al, residues 1739; a2, residues 4270; a3, of the diiron site.
residues 7598; anda4, residues 101133) (Figure 2a). The
diiron site structure of invertebrate Hrs is also conserved in Information). The FetFe2 distance is, however, unusually
DcrH-Hr (Figure 3a): five terminal histidine ligands, three long (3.39 versus-3.25 A for invertebrate met-Hrs), and
to Fel (His78, His82, and His118) and two to Fe2 (His23 the Fel-Oy,—Fe2 angle is more obtuse, suggesting a
and His59), all coordinating via thei¢ nitrogens, two somewhat expanded core. The origin of this difference is
bridging bidentate carboxylates, from Glu63 and Asp123, unclear but may reflect the presumed allosteric role of the
and a solvent-derived bridging atom, which previous spec- DcrH-Hr domain. The case that the DcrH-Hr active site is
troscopic analyses identified as ox@3]. The F, — F. functionally equivalent to those in invertebrate Hrs is
electron-density maps (see Figure S1 in the Supporting strengthened by the sequential and spatial conservation of
Information) also clearly show an exogenous ligand to Fe2, several residues that form a hydrophobigtinding pocket
which was modeled as chloro, based on the-Fékbond (described below for the azide adduct) and a second-
distances (2.3 and 2.4 A within each subunit) in agreement coordination-sphere hydrogen-bonding network (Ghi64
with those observed in thEhemiste zostericolehloromet- His82, Tyr126-Glu63, and WattHis23). The side chain
myoHr (25) and Phascolopsis gouldichloromet-Hr 26) of GIn22 is hydrogen-bonded to dNof His59, which
structures and the magnitude of the electron density. Refine-furnishes a ligand to Fe2, the analogous iron to which O
ment of the exogenous ligand as a water resulted in positivecoordinates in invertebrate oxyHrs. In invertebrate Hrs, the
F, — F¢ electron density, suggesting the presence of the largerresidue corresponding to GIn22 is a glutamate and its
chloride ion. These exogenous chloro ligands occupy the hydrogen bond to the His ligand has been proposed to
same coordination site occupied by @ oxyHrs 0). All stabilize the oxy adduct2f). Hr-like domains in other
of the iron—ligand bond distances are also consistent with predicted MCPs do in fact contain a glutamate at the position
previous met-Hr structures (see Table S1 in the Supporting corresponding to GIn22. All of the aforementioned residues
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- . E ik
Ficure 3: Structure of the DcrH-Hr active sites. (a) Met-DcrH-Hr in a ball-and-stick model with atoms CPK-colored by element, (b)

azidomet-DcrH-Hr with active-site atoms (CPK-colored by element) and the residues lining the azido ligand binding pocket (colored green),

(c) deoxy-DcrH-Hr, and (d) azidomet-DcrH-Hr showing the hydrophobic tunnel above the azido binding pocket.

in DcrH, including GIn22, are conserved in the C-terminal ring nitrogen of Trp9 from hydrogen bonding to the
Hr-like domain of anotheD. wulgaris (Hildenborough) corresponding water, Watl. Watl retains hydrogen bonds
hypothetical MCP (NCBI accession number YP_009395). to the corresponding side chains from hetit residues
The global similarities in the structures of met-DcrH-Hr  Asp20 and His23 (with the latter furnishing an Fe2 ligand)
and invertebrate Hrs are accompanied by some significantand to the Leul3 main-chain carbonyl on the N-terminal
differences. The 136-residue DcrH-Hr domain €20 loop. Asp20®@1, which forms the hydrogen bond to Watl,
residues longer than those of invertebrate Hrs, and this featurds also within hydrogen-bonding distance of the Asnl5
is manifested by an increased length of the four-helix bundle peptide nitrogen, an interaction also analogous to that in
in DcrH-Hr: helicesal, a2, anda3 are elongated by two  invertebrate Hrs.
additional turns distal to the diiron site, while helixd is Substrate Tunnel in DcrH-HiStudies of invertebrate Hrs
elongated by four turns, two turns on each end of the helix suggest that the rapid rate of DcrH-Hr autoxidation is due
(Figure 2b). Helixa4 also has a more pronounced bend than to increased access of water to theliinding pocket 23,
in invertebrate Hrs. The largest structural difference, how- 26, 29, 30). DcrH-Hr contains a putative “substrate tunnel”
ever, is in the geometry of the N-terminal loop. In met-DcrH-  that is not found in invertebrate Hrs (parts ¢ and d of Figure
Hr, the N-terminal loop runs along the groove between 2). This tunnel is oriented approximately perpendicular to
helicesal anda4, whereas, in invertebrate HraQ; 25, 26), the long axis of the four-helix bundle (Figures 2c and 3d)
the loop follows this groove only up to residue Pro7, before and is lined with predominantly hydrophobic residues
it wraps back across helig4. One consequence of this (Leu52, Lys53, Ala56, Val57, His59, Phe60, Phe85, Val86,
altered conformation is a difference in the orientation of a Val89, Leu26, 11e30, Leulll, Trpl14, and Leull5) on one
conserved Trp, Trp9, within the N-terminal loop. In all end (between helices2 and a3), and Val27, Valll2,
invertebrate Hr structures, the ring nitrogen of the corre- Valll6, Leul3, lle119, Val7, and Trp9 on the other. Rotation
sponding Trp donates a hydrogen bond to a water moleculeof the Leul15 side chain would open the tunnel completely
within the groove; this water is also hydrogen-bonded to His across the protein. This tunnel is expected to allow for greater
and Asp side chains from helixt and a main-chain carbonyl  solvent access to the diiron site in DcrH-Hr than in
from the N-terminal loopZ8). In met-DcrH-Hr, however, a  invertebrate Hrs, providing a reasonable rationale for faster
~180 rotation around the £-Cs bond prevents the indole  autoxidation of DcrH-Hr.



9028 Biochemistry, Vol. 45, No. 30, 2006 Isaza et al.

Structure of Azidomet-DcrH-Hr: Does Ligand Binding Hr structure. The FetFe2 distances (3.41 A average for
Induce Allostery?Given the homology of DcrH-Hr to  the two subunits) (see Table S1 in the Supporting Informa-
invertebrate Hrs, some of which show cooperative O tion) are, once again, somewhat longer than the crystallo-
binding, conformational changes initiated by the binding of graphically determined FedFe2 distance (3.32 A) in
O, to the diiron site would seem to be a plausible sensing invertebrate deoxyHr 21). With the exception of the
mechanism. The rapid autoxidation of the &lduct, oxy- substrate tunnel (and possibly the Fé%2 distance), all of
DcrH-Hr, relative to the time scale of the crystallization the aforementioned structural features closely mimic those
experiment prevented us from obtaining its structure. How- of invertebrate deoxyHrs2().
ever, azide forms a stable adduct with the diferric diiron site  Unlike that observed in previous structural studies of
(22), and on the basis of invertebrate azidomet-Hr structuresinvertebrate Hrs, however, the conformation of the N-
(20, 28), the azido ligand was expected to exhibit the same terminal loop undergoes a distinct change upon reduction
bent, end-on coordination to Fe2 characteristic of the O of met- to deoxy-DcrH-Hr. In the met- and azidomet-DcrH-
adduct. Crystals of azidomet-DcrH-Hr were readily obtained, Hr structures, the N-terminal loop adopts a single conforma-
and its 1.5 A resolution structure was determined by tion that is tightly associated with the four-helix bundle. In
molecular replacement. The protein fold of azidomet-DcrH- the deoxy-DcrH-Hr structure, on the other hand, this loop is
Hr is identical to that of met-DcrH-Hr. Similarly, the metal disordered and was ultimately fit to a model consisting of
ligand distances are consistent with those of previously two distinct conformations in a ratio of 5&4% (Figure 4
characterized invertebrate Hrs. Unlike met-DcrH-Hr, the and Figure S4 in the Supporting Information). The N-terminal
Fel-Fe2 distance (3.25 A) in the azidomet-DcrH-Hr struc- loop (residues #15) and Watl were refined separately for
ture is in agreement with the shorter distance typically found each of the two conformations. The minor conformation
in met- and azidomet-Hrs structures. As expected, azide binds(44%, conformation 2) is similar to that in met- and
terminally to Fe2 of the diiron site in a bent, end-on fashion azidomet-DcrH-Hr. The major N-terminal loop conformation
(Fe2-N1azise—N24sige angle of 130), replacing the chloro  (56%, conformation 1), on the other hand, while having
ligand of the met form (Figure 3b and Figure S2 in the nearly the same geometry, is rotated relative to conformation
Supporting Information). Other than the iron ligands and the 2 along the main-chain atoms between Alal4 and Leul3,
solvent bridge between the irons, only conserved hydropho-leading to a translational shift of the main-chain atoms along
bic residues lining the @binding pocket (Leu26, Phe60, the direction parallel to the four-helix bundle axis. This shift
Trpll4, Leull5, and lle119) (Figure 3b) make contact with causes the Alal4 carbonyl to change its hydrogen-bond
the azido ligand. This absence of hydrogen-bond donors orinteraction from Lys124K to water, Wat2, resulting in an
acceptors or of a conformational change upon azide bindingincrease in the LeuX3Watl hydrogen-bond length (parts b
to met-DcrH-Hr argue against a mechanism involving direct and c of Figure 4). Despite the difference in the position of
interaction of bound @with binding-pocket residues as the the loop, Trp9 remains centered within the hydrophobic
initiator of signal transduction. The substrate tunnel leading pocket. Its side-chain nitrogen, however, becomes oriented
from the protein surface to the azide-binding site (Figure more toward Watl as observed for invertebrate Hrs and the
3d) is identical to that in met-DcrH-Hr. OD1 carboxylate oxygen of Asp20. As modeled, however,

Structure of Deoxy-DcrH-Hr: Redox-Induced Allostery. the Trp9Ne—Watl distance is beyond a plausible hydrogen-
An oxidation state change (diferrous versus diferric) of the bonding distance, while the orientation of the Asp200D1
diiron site constitutes another possible source of allostery oxygen appears nonideal for a hydrogen bond. In both
and signal transduction. We, therefore, set out to characterizeconformations 1 and 2, the relative orientations of the Trp9
the structure of deoxy-DcrH-Hr, prepared by sodium- side chain are distinct from that of its counterpart in
dithionite reduction of met-DcrH-Hr. Deoxy-DcrH-Hr mi-  invertebrate Hrs. Trp9, nevertheless, appears to be strictly
grated identically to met-DcrH-Hr on a calibrated gel- conserved in all putative MCPs with Hr-like domains in the
filtration column as a monomeric protein; i.e., there appears NCBI database. In fact, both N-terminal loop conformations
to be no redox-dependent oligomerization of DcrH-Hr. of DcrH-Hr are distinct from the single N-terminal loop
Crystals of the colorless deoxy-DcrH-Hr were grown in an conformation characteristic of all structured invertebrate Hrs.
anaerobic chamber. In both conformations, Watl, nevertheless, serves as a

The 2.2 A resolution structure of deoxy-DcrH-Hr reveals hydrogen-bond acceptor fromdM of the Fe2 ligand, His23
an overall fold that is generally similar to those of met- and (parts b and c of Figure 4).
azidomet-DcrH. The diferrous DcrH-Hr site (Figure 3c and  DcrH-Hr (and all of the other putative MCP homologues
Figure S3 in the Supporting Information) has nearly the same with C-terminal Hr-like motifs) also show significant amino
geometry as in its diferric counterparts, with the only acid sequence differences involving the N-terminal loop
significant differences being the absence of an exogenousrelative to invertebrate Hrs. Positions Val5 and Val7 in DcrH-
terminal ligand to Fe2 (which becomes five-coordinate) and Hr correspond to strictly conserved proline residues in
the longer Fe-O—Fe bridge bonds (average 1.98 versus 1.84 invertebrate Hrs. The absence of the two prolines in DcrH-
A in the diferric DcrH-Hrs). The observed FO©—Fe bridge Hr could explain the alternative and apparently more flexible
bond distance increases from those of the diferric DcrH-Hr N-terminal loop conformations. The sequence positions
structures are consistent with the expected protonation ofcorresponding to Leul3 of the N-terminal loop and Val27
the oxo to form a hydroxo bridge upon reduction of the diiron of helix a1 in DcrH-Hr are occupied by strictly conserved
site R1). As is the case for the diferric DcrH-Hr structures, Phe residues in invertebrate Hrs. These Phe side chains
no hydrogen-bond donors/acceptors are present within 3 Aengage in a T-shaped interaction, and their absence could
of the bridging hydroxo ligand in deoxy-DcrH-Hr. The also contribute to the relative flexibility of the N-terminal
putative substrate tunnel remains intact in the deoxy-DcrH- loop in DcrH-Hr. DerH-Hr residue Lys124, the side chain
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the structures, however, suggests that this is not the case.
The single N-terminal conformation (conformation 2) in both
the met- and azidomet-DcrH-Hr structures occurred in
crystals that were grown under different conditions and that
have different unit cells and space groups. Analysis of the
packing interactions in met- and azidomet-DcrH-Hr structures
reveals that the N-terminal regions in both structures exhibit
no strong interactions with neighboring lattice molecules
(Figures S5 and S6 in the Supporting Information). Similarly,
for both conformations 1 and 2 in the deoxy-DcrH-Hr
structure, neither unfavorable steric clashes nor favorable
hydrogen-bonding interactions that might influence the
position of the fluxional loop were observed up to the
N-terminal Val7 residue (see Figure S7a in the Supporting
Information). The remaining N-terminal residues including
residues 46 observed in both the met- and azido-met-DcrH-
Hr structures were omitted because of the absence of even
weak electron density. When the deoxy-DcrH-Hr model was
extended to Asp4 by a least-squares fit of the azidomet-DcrH-
Hr model (see Figure S7b in the Supporting Information),
no unfavorable interactions of this model with the symmetry-
related subunits in the deoxy-DcrH-Hr crystal lattice were
apparent, supporting the model in which the observed
conformational differences result from oxidation-state changes
at the diiron site.

Possible @-Sensing Mechanisms for DcrH-Hin the
reducing environment of th®. vulgaris (Hildenborough)
cytoplasm, the diiron site of DcrH is presumed to be in the
diferrous, deoxy-DcrH-Hr state. &ensing would then be
initiated by its essentially diffusion-controlled binding to Fe2
of the diferrous site of deoxy-DcrH29), possibly followed
by autoxidation to its met form. The substrate tunnel (Figures
2c and 3d) likely promotes diffusion of Qo its binding
site on Fe2, as well as autoxidation. Relatively rapid
autoxidation (and slower re-reduction) of the DcrH Hr-like
domain may be preferable to reversible binding as a sensing
trigger in a low-Q, reducing environment, where, depending
upon the Q affinity, only a fraction of the DcrH molecules
would have the Hr-like domain in the oxy state and where
intracellular reductive scavenging could compete with DcrH
for O,. However, until quantitative studies of the reaction
of O, with the full-length DcrH become practical, we cannot
rule out a reversible @binding mechanism. Both the oxy
and met forms have formally diferric sites, and we propose
FIGURE 4: Conformations of the N-terminal loop of deoxy-DerH-  that this diferrous-diferric oxidation state change triggers a
Hr. (a) Comparison of deoxy conformation 1 with carbon atoms change in the N-terminal loop of the DcrH-Hr domain from
colored in green and conformation 2 (met-DerH-Hr-like) with  conformation 1 (or perhaps some equilibrium between
WatL In conformation 1 and (&) conformation 2. The fron atome. Coformations 1 and 2 as observed in deoxy-Dork-H) to
are colored in violet and remaining elements are colored in CPK. ac;)nformatlon 2 (as observed in met- and azidomet-DerH-
of which serves as hydrogen-bond donor to different N-  The mechanism by which a change in the redox state of
terminal loop carbonyls in the two conformations (parts b the diiron site leads to the observed N-terminal conforma-
and c of Figure 4), corresponds to a strictly conserved Phetional differences of DcrH-Hr is currently unclear. One likely
in invertebrate Hrs. The aforementioned Pro and Phe residuesite of signal transduction is the hydrogen-bond bridge
are conserved even in those invertebrate Hrs that shew O formed by Watl between His23, a ligand to thgliinding
binding cooperativity, implying a mechanism of allostery Fe2, and Leul3 carbonyl of the N-terminal loop (see Figure
distinct from the N-terminal loop conformations observed 4). The diiron site redox changes may alter the acidity of
for DcrH-Hr. the His23MH, thereby modulating its hydrogen-bonding

Given that the met-, azidomet-, and deoxy-DcrH-Hr interaction with Watl and the N-terminal loop. The presumed
structures were determined from different crystal forms, the decrease in Lewis acidity of Fe2 upon reduction could,
observed N-terminal conformational changes could conceiv- however, be minimized by the dissociation of the negatively
ably be due to crystal-packing effects. Detailed analysis of charged exogenous ligand and the corresponding decrease
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in the coordination number. On the other hand, geometric show homology to hypothetical proteins annotated as MCPs
changes associated with this change in the coordinationin Desulfaibrio and other bacterial species; none of these
number constitute a second possible promoter of the proteinother homologues contains a Hr-like domain nor have they
conformational change. Superpositions of the deoxy-DcrH- been functionally characterized. The function of the putative
Hr structure with those of chloromet- and azidomet-DcrH- periplasmic domain of DcrH, thus, remains to be established,
Hr reveal a small but noticeable shift in the orientation of but it is highly likely to constitute a separate sensing domain.
the His23 side chain that could conceivably contribute to a On the basis of the currently available data, we propose that
conformational change of the N-terminal loop. A third atleast one function of DcrH is ianaerotacticO, sensing.
potentially contributing factor is the expected increased This hypothesis is consistent with the cytoplasmic localiza-
flexibility of the diferrous coordination sphere. The diferric tion of its Hr-like sensory domain and its mechanism ef O
oxo,di-carboxylato-bridged unit is known to be extremely sensing based on our crystal structures. While the putative
stable 81), while the corresponding hydroxo-bridged difer- opposing actions of DcrA (aerotactic) versus DcrH (anaero-
rous core is predicted to be more flexible given the inherently tactic) would be mechanistically sufficient to explain the
lower affinity of ferrous iron for oxygenic ligands and the banding behavior ob. vulgaris cells in an Q gradient, we
greater spatial freedom of five rather than six ligands at Fe2. do not rule out the possibility of other, as yet unidentified,
However, ndB-factor anomalies that might indicate increased types of Q sensors iD. vulgaris (Hildenborough) that could
flexibility at the diferrous site were observed. Finally, further modulate its positive and negative aerotactic behavior.
increased flexibility of the DcrH-Hr N-terminal loop (relative Finally, we note that a search of the NCBI sequence
to invertebrate Hrs) could allow it to more readily change database retrieves Hr-like domains in several more putative
its conformation in response to oxidation-state changes atbacterial proteins annotated as containing various other
the diiron site. This increased flexibility could arise from signaling-sequence motifs, as well as smaller putative Hr-
differential interactions between the N-terminal loop and like proteins in a wide range of bacteria and some archaea.
helical residues, some of which were referred to above, andlt, therefore, appears likely that the Hr-like protein domain
also from the inherently increased conformational entropy and its function(s) emerged and evolved in bacteria and were
of the N-terminal loop, at least partly because of the absenceco-opted by marine invertebrates.

of the two conserved Pro residues at sequence positions 5

and 7. These Pro residues are, in fact, generally absent fromACKNOWLEDGMENT

Hr-like motifs in putative bacterial proteins annotated as
involved in signal transduction.

In any case, these structural results indicate that the
conformational changes required for ®ensing in DcrH-
Hr occur predominantly in the N-terminal loop and are most
likely driven by changes in the oxidation state of its diiron
site. This localized movement of the N-terminal loop is
proposed to lead to either a conformational change of the
full-length DcrH receptor or a change in fluctionality of
critical residues that initiate or modulate a signal transduction

cascade. Such a mechanism would be consistent with the

location of the C-terminal Hr-like domain60 residues from
the conserved methylation domain associated with MCP
signal transduction (Figure 1).

Proposed Function of DcrHNVhile motile sulfate-reducing
bacteria, includind. vulgaris (Hildenborough), are repelled
by aerobic concentrations of,0Othey also tend to avoid
completely anoxic environments and instead swim to a
specific Q concentration range in an,@radient, forming
a narrow band32—34). This “love—hate” response to O

This paper is dedicated to the memory of Irving M. Klotz,
a pioneer in the structural and functional chemistry of
hemerythrin. R. S.-D. thanks the Chemistry Department of
Babesh-Bolyai University, Cluj-Napoca, Romania, for a leave
of absence. Work was done partially at the SSRL, operated
by the Department of Energy, Office of Basic Energy
Sciences.

SUPPORTING INFORMATION AVAILABLE

Details of the crystallographic structure determinations
including composite omit maps of the active sites of the met-,
azidomet-, and deoxy-DcrH-Hr structures, composite omit
andF, — F. omit maps of the disorder loop for deoxy-DcrH-
Hr, crystal-packing diagrams around the N-terminal loop,
and single-crystal spectra of the met-, azidomet-, and deoxy-
DcrH-Hr crystals. This material is available free of charge
via the Internet at http://pubs.acs.org.
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