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ABSTRACT. The heme uptake systems by which bacterial pathogens acquire and utilize heme have recently
been described. Such systems may utilize heme directly from the host’'s hemeproteins or via a hemophore
that sequesters and transports heme to an outer membrane receptor and subsequently to the translocating
proteins by which heme is further transported into the cell. However, little is known of the heme binding
and release mechanisms that facilitate the uptake of heme into the pathogenic organism. As a first step
toward elucidating the molecular level events that drive heme binding and release, we have undertaken
a spectroscopic and mutational study of the first purified periplasmic heme-binding protein (PBP), ShuT
from Shigella dysenteriaeOn the basis of sequence identity, the ShuT protein is most closely related to
the class of PBPs typified by the vitamin BBtuF) and iron-hydroxamate (FhuD) PBPs and is a monomeric
protein having a molecular mass of 28.5 kDa following proteolytic processing of the periplasmic signaling
peptide. ShuT binds ortetype heme per monomer with high affinity and bears no significant homology
with other known heme proteins. The resonance Raman, MCD, andvigible spectra of WT heme-

ShuT are consistent with a five-coordinate high spin heme having an anionic O-bound proximal ligand.
Site-directed ShuT mutants of the absolutely conserved Tyr residues, Tyr-94 (Y94A) and Tyr-228 (Y228F),
which are found in all putative periplasmic heme-binding proteins, were subjected-twikilile, resonance
Raman, and MCD spectroscopic investigations of heme coordination environment and rates of heme release.
The results of these experiments confirmed Tyr-94 as the only axial heme ligand and Tyr-228 as making
a significant contribution to the stability of heme-loaded ShuT, albeit without directly interacting with

the heme iron.

The uptake of heme as an iron source is a common similar to that of the well characterized enterobactin-binding
mechanism by which pathogenic bacteria obtain the iron FepB (L1, 12) iron-hydroxamate binding Fhul18, 14), and
necessary for their survival and ability to establish an vitamin Biz-binding BtuF proteins X5). Active transport
infection (L—4). In Shigella dysenteriathe heme transport  across the cytoplasmic membrane is accomplished by the
genes are located within a defined genetic lod&)s®n the ShuU and ShuV proteins. On the basis of their high sequence
basis of their sequence homology to the more well character-homologies with other transport proteins such as those of
ized siderophore based iron-uptake systers9j, the the enterobactin system, ShuU and ShuV most likely
functions of most of the genes have been propo&ef As comprise the cytoplasmic permease and ATPase, respec-
with the uptake of iron, heme acquisition is initiated by a tively, of a periplasmic ABC transportesystem {5—18).
TonB-dependent cell surface receptor (ShuAj)( Heme The ABC transporters are a ubiquitous family of proteins
transport across the periplasmic space and into the cytoplasntomprising two membrane spanning transporter domains and
is affected by an active transport system comprising a solublethe corresponding cytoplasmic domains that, through ATP
periplasmic binding protein, a cytoplasmic permease, and hydrolysis, drive uptake of the substrat);
an ATPase. The periplasmic binding protein ShuT bears low  gpecifically, the high-affinity PBPs are critical in main-
sequence identity to previously characterized periplasmic taining the selectivity and specificity of transpot]. The
iron-binding proteins and includes an N-terminal region pBps play two important roles in active transport of
substrates. First, they determine the specificity of the
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Ficure 1: Purification and spectral properties of the herB&uT complex. (A) Amino acid sequence alignment of ShuT Encbli BtuF.

The putative signal cleavage sites are indicated by the arrows. The conserved tyrosines in all heme binding PBPs are shown in bold. The
BtuF active site tryptophans and conserved glutamate residues shown to interact with the ABC transporter are also shown in bold type. (B)
SDS-PAGE analysis of the purified ShuT. Molecular weight markers are as shown. (C) FPLC of the purified ShuT protein. Representative
traces of the molecular weight markers are shown by the dashed line and the ShuT monomer is shown by the bold line. (D) Absorption
spectra of the purified ShuT. Protein as isolated from the final ion-exchange step (dashed line}.SherMeomplex following addition

of exogenous heme and purification over gel filtration (solid line).

transport process; second, they play an integral part in theligation and coordination state of the heme-binding peri-
transport process by complexing to the ABC proteins to plasmic proteins has been reported. Herein we report the first
trigger release of their substrate. The majority of the purification and characterization of the periplasmic heme
structurally characterized PBPs consist of two globular binding protein, ShuT, frons. dysenteriaeAs purified, a
domains linked by a flexible hinge with the ligand-binding significant fraction (16-20%) of the protein is heme loaded.
domain being defined by the interfacial cleft between the Titration with heme results in an endpoint loading of one
two domains. These proteins are subdivided into group | andheme per protein monomer. The herghuT complex

Il based upon whether they have three or two interdomain contains a five-coordinate high spin heme that is linked to
connections, respectivel2@). More recently, a third class  the protein through a proximal Be-O bond to the phenolate
of PBPs has been identified typified by the vitamin,B  side chain of Tyr-94. The role of the ligation and binding
binding protein BtuF 15, 21) and the iron-hydroxamate interactions with the protein is discussed in terms of the role

binding protein FhuD 15) from Escherichia coli The in sequestering and delivering heme to the cytoplasmic ABC
domains of these PBPs are bridged by a singieelical transporter.

segment. The release of substrate from the PBP to the ABC
transporter is thought to be coupled to the conformational EXPERIMENTAL PROCEDURES
changes in the periplasmic proteitd( 22—24). Sequence
homology suggests that the ShuT protein is more closely General MethodsPlasmid purification, subcloning, and
related to the recently characterized vitamip @tuF) and bacterial transformations were carried out as previously
iron-hydroxamate (FhuD) periplasmic binding proteins in described 25). Deionized, doubly distilled water was used
which the two domains are linked by anhelical segment  for all experiments. Oligonucleotides were obtained from
(Figure 1A). Although the ligand specificity of BtuF and Sigma-Genosys and used without further purification. All
ShuT differ, some key aromatic residues known to be directly absorption spectra of the WT and mutant herSauT
involved in ligand stabilization are conserved as well as the complexes were recorded on a Varian Carey 100Bio UV
critical Glu residues involved in docking to the ABC spectrophotometer. N-Terminal sequencing and mass spec-
transporter (Figure 1A). troscopic analysis of the purified mature protein was
Although a number of periplasmic proteins have been performed at the Protein and Nucleic Acid Facility, The
purified and structurally characterized, no information on the Beckman Centre, Stanford University, Palo Alto, CA.
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Bacterial Strains. E. colistrain DH 5 [F', ara D(lac-
proAB) rpsL g80dacZDM15 hsdR17] was used for DNA
manipulation andt. colistrain BL21 (DE3)pLysSF~ ompT
hsd$ (rs"mg~) gal dcm(DE3)] was used for expression of
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were pooled and dialyzed against 20 mM Tris-HCI (pH 7.5).
Following dialysis, the protein was concentrated to 10 mg/
mL and stored at-80 °C. Fully heme-loaded ShuT was

prepared by titrating the protein with a freshly prepared

both the WT and mutant ShuT constructs. Manipulation of solution of 10 mM hemin in DMSO to a heme-to-protein

plasmid DNA following mutagenesis was carried outdn
coli XL10 Gold Ultracompetent cells [TetA(mcrA)183

ratio of 2:1. Excess heme was removed by passage over a
Sephacryl S-100 column (% 100 cm) previously equili-

A(mcrCB-hsdSMR-mrr)173 endAl supE44 thi-1 recAl gy- brated in 20 mM Tris-HCI (pH 7.5). The resulting holopro-

rA96 relAl lacHte [F proAB lacFZAM15 Tn10(Tet) Amy
Canmi].
Construction of the Expression Vectors pETShufie

tein was concentrated and stored as described above. Protein
concentrations were determined on the basis of absorbance
at 280 nm using,go = 30.71 mM cm™L. The value ofgo

ShuT gene was amplified by PCR from plasmid pSHU262 for the native protein was determined as follows: The
(3). The final gene construct encoded ShuT minus the first absorbance at 280 nm of the native protein, ,4Nwas

22 amino acid residues of a putative signal peptide sequencemeasured for ShuT. The protein was then denatured in
(Figure 1). Primers were designed to encode within the gene6.0 M guanidinium hydrochloride at pH 6.5, 0.2 M

an Mscl site preceding amino acid residue 22 of ShuT in
the forward primer (ShuTF)855GCCTGTGGCCATGTCT-
GCCTCGAAGAG-3 and aXhol site in the reverse primer
(ShuTR) 5CTGGCTCTCGAGTTGCGGCCAAAGCTGCT-
G-3. In addition, the stop codon of thehuT gene was
removed so as to utilize the6-His tag preceding th¥hol
site in the pET22b vector. The truncatsduT gene was
subsequently cloned into pET22b utilizing tklscl andXhol
sites to generate a construct encodingEheoli pelBsignal

peptide sequence and the truncated ShuT protein in frame

with a x6His tag.
Site-Directed Mutagenesis of ShuMutagenesis was

potassium phosphate. Absorbance at 280 nm of the denatured
protein, ADyso, Was again measured and the protein concen-
tration was determined using the empirically calculated
extinction coefficient ofepago = 30.4 mM™ cmt (http://
www.expasy.org). The extinction coefficierdyéso) for the
native protein was then calculated frofag, of the folded
(AN2gg) and denatured (AR proteins (accounting for
dilution with denaturant), anehgo according to eq 1.

€n280 = €p2scl AN 280/ AD 550) 1)

The isoelectric point (pl) of the purified mature protein

carried out utilizing the polymerase chain reaction and the was determined by isoelectric focusing (IEF) on an Amer-

Quickchange Mutagenesis kit from Stratagene (La Jolla, CA).

sham Pharmacia PHAST system. ShuTuff) was loaded

Oligonucleotides were designed to have melting temperaturesonto the Phastgel IEF range-9 along with protein markers

(Tm) between 65 and 75C. All mutations were verified by

in the range 4.459.6. Following a prefocusing step, the

DNA sequencing of the gene construct. DNA sequencing proteins were run at 15C, 2.5 mA, and 75 V for 1 h. The

was carried out at the Biopolymer Laboratory, School of
Medicine, University of Maryland, Baltimore.

Expression and Purification of the ShuT WT and (Y94A),

(Y228F), and (Y94A/Y228F) Mutant Proteififie WT and
mutant ShuT proteins were purified as follows. An overnight
10 mL inoculum in Luria Bertani (LB)-ampicillin (10@g/
mL) was prepared from LB-Amp (100g/mL) agar plates
with freshly transformed colonies of pETShuT, pETShuT
Y228A, or pETShuT Y94A inE. coli BL21 (DE3) pLysS
cells. One-liter cultures were inoculated to an yof 0.06
from a 100-mL subculture (Odgp = 0.6). The cells were
grown to an Oy of 0.6-0.8 and induced with 1 mM
isopropyl-1-thiogalactopyranoside (IPTG). The cells were
grown for an additiona4 h at 30 °C and harvested by
centrifugation for 20 min at 60@0n a Beckman JA-20 rotor.
The cells were gently lysed at C by stirring in 50 mM

gel was fixed for 10 min in 20% (w/v) trichloroacetic acid
for 2 min and washed in a 1:1 mixture of solution A (0.2%-
(wiv) CuSQ + 20% acetic acid) and B (60% (v/v)
methanol). The gel was then stained for 15 min using in a
1:1 mixture of solutions A and C (0.4 g of Coomasie blue
in 400 mL of water). Destaining was performed for-120

min using a 1:1 mixture of solutions A and B. The gel was
further fixed in 5% glycerol and 10% acetic acid for 10 min
followed by air-drying overnight.

Size-Exclusion Chromatographyrhe native molecular
mass of ShuT was analyzed on a Pharmacia AKTA FPLC
system fitted with a Superdex S200 HR 10/30 column
equilibrated in 20 mM Tris (pH 8.0) containing 100 mM
NaCl. A 50uL sample at a final concentration of 1@
of either the apo- or holoprotein was injected onto the column
and the elution volume noted. In a separate experiment, the

sodium phosphate (pH 8.0) containing 100 mg of lysozyme/ molecular weight markers (5€L) were injected to obtain a

100 mL of cell lysate, 0.2 mM PMSF and 1 protease inhibitor
cocktail tablet (Roche Diagnostics GmbH).

The periplasmic fraction was obtained by centrifugation
at 300@ for 30 min in a Beckman JA-20 rotor. The resulting

standard curve across the range 669 kDa to 17 kDa.
UV—Visible Absorbance Spectroscopyhe electronic

absorbance spectra of the heag&huT complexes were

recorded in 20 mM Tris (pH 7.5) on a Cary 100Bio

supernatant was then centrifuged for an additional 30 min spectrophotometer. The extinction coefficiertgsd) for the

at 680@, and the clarified solution was applied to a-Ni
NTA agarose column (k 10 cm) previously equilibrated
in 20 mM Tris-HCI (pH 7.8) containing 5 mM imidazole

heme-ShuT complexes were determined as previously
described ). The absorbance spectrum of a purified heme
ShuT sample was taken and an excess of dithionite added

and 300 mM NacCl. The column was washed with 10 column after which the spectrum of the pyridine hemochrome was
volumes of the same buffer followed by the same buffer recorded. The heme concentration was calculated from the
containing 20 mM imidazole. The protein was eluted in 20 absorbance maxima at 418.5, 526, and 555 nm using
mM Tris-HCI (pH 7.8) containing 250 mM imidazole and extinction coefficients of 170, 17.5, and 34.4 mMem™1,

300 mM NacCl. The peak fractions as judged by SIPAGE respectively. For hemeShuT,e400 Was calculated assuming
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a heme/ShuT ratio of 1:1 as determined by titration of apo- sample damage were observed. Spectra were recorded at
ShuT with heme. Heme content in apo-ShuT was calculatedambient temperature using 1I'3Backscattering geometry
using the pyridine hemochrome method outlined above. with the laser beam focused to a line. Scattered light was
UV —visible spectra of the hemeShuT complexes were collected with an f1 lens and filtered with a holographic notch
recorded in 20 mM Tris-HCI between pH 5 and 10. filter to attenuate Rayleigh scattering. The polarization of
Heme-Binding Studiesdeme binding was tracked by the scattered light was then scrambled, and the spot image
difference AAbsorbance) spectroscopy in the Soret region was f-matched to a 0.63-m spectrograph fitted with a 2400
of the UV—visible spectrum at 25C. Successive aliquots groove/mm grating and a LNcooled CCD camera. The
of 1 mM hemin in DMSO were added to both the sample spectrometer was calibrated using the Raman bands of
cuvette, which contained 10M apo-ShuT, and reference toluene and DMF as external frequency standards.
cuvette. Spectra were recorded 10 min after the addition of Magnetic Circular Dichroism Spectroscopyagnetic

each heme aliquot. circular dichroism (MCD) spectra were recorded a€4and
Heme binding was also monitored by fluorescence quench-1.41 T on a Jasco J600 spectropolarimeter fitted with a Jasco
ing measurements of the tryptophan residue in the matureMCD-1B electromagnet. Data acquisition and manipulation
native ShuT. Fluorescence intensities at 337 nm were were done as previously reported with JASCO softwaé. (
recorded at 23C in 20 mM Tris-HCI (pH 7.8) with a ShuT UV —visible absorbance spectra were recorded before and
concentration of 10uM using a Perkin-Elmer LS-50  after MCD measurements to check the sample integrity. All
luminescence spectrometer with excitation set at 295 nm. spectra were obtained using quartz cuvettes with either 0.5
Heme was added to the buffered protein solutions inil.0  or 1 cm path lengths. All ShuT protein samples were
aliquots, and the titrations covered a heme concentrationexamined in 20 mM Tris (pH 7.5). The imidazole adduct of
range of 0.£-50uM. Solutions of heme in DMSO were used  ferric heme-ShuT(Y94A/Y228F) was prepared by microliter
within 30 min of being made. The dissociation const&@) (titration with 1 M imidazole stock solution until no further
was calculated by Scatchard analysis from the decrease inchanges were observed in the absorbance spectrum. The
fluorescence at 337 nm as a function of increasing hemesample of ferric H93G (phenolate/water) myoglobin was
concentration. prepared as previously describex¥) except for the use of
Heme Dissociation from WT ShuT, ShuT (Y94A), (Y228F), phenol (final concentration, 50M) as the added ligand.
and (Y94A/Y228F) Mutantkleme dissociation reactions for EPR Spectroscopy-band EPR spectra were recorded
the WT ShuT were carried outiia 1 mLreaction volume  ith a commercial spectrometer fitted with a liquid He
containing 1uM heme-ShuT and 5:M apo-myoglobin  ¢ryostat. The samples were300 M in heme and were
in 20 mM Tris-HCI (pH 8.0) at 25°C. Reactions were  pyffered at pH 7.5 in 100 mM Tris. Spectra were recorded
initiated by addition of apomyoglobm_t(_) a solution of the 5t 5 k with 10 G field modulation at 100 kHz. Scan speed
heme-ShuT complex and full UVvisible absorbance  ang signal time constant were always set such that their

spectra were recorded between 300 and 700 nm at 60-Syroduct was less than the field modulation amplitude.
intervals. Single-wavelength absorbance versus time curves

were also recorded at 407 nm. The initial rates of heme RESULTS
transfer to apomyoglobin were measured for the WT ShuT
protein. The rate of heme transfer from the Tyr mutants was Expression and Purification of ShuPPrior analysis of the
significantly faster than that for the WT ShuT and were full-length sequence of ShuT utilizing the SignalP program
measured by stopped-flow spectrometric methods on an(http://www.expasy.org)28) indicated two possible signal
Applied Photophysics instrument with a diode-array detector. peptide cleavage sites within the first 49 amino acids of the
Spectra were recorded over the range-3800 nm at given  full-length ShuT gene (Figure 1A). The mature soluble ShuT
time intervals over the course of the reaction. The reactions protein was secreted to the periplasm as judged by-SDS
were carried out with heme-Y94A, heme-Y228F, or heme- PAGE of the periplasmic fraction (data not shown). Fol-
Y94A/Y228F ShuT (1Q«M) in syringe A and apo-myoglo-  lowing purification over a Ni-NTA agarose column, the
bin (504M) in 20 mM Tris-HCI (pH 7.8) in syringe B. After ~ protein gave a single band of molecular mass 28.5 kDa based
the samples were mixed, spectra were recorded between 350N SDS-PAGE analysis (Figure 1B) and size-exclusion
and 700 nm at fixed intervals until no further changes chromatography (Figure 1C). Subsequent analysis of the
occurred. In addition, kinetic time courses at the desired purified protein by electrospray mass spectrometry yielded
individual wavelengths were also recorded. All spectra were & molecular mass of 28.3 kDa, consistent with cleavage at
collected at 22°C. Kinetic data analysis was performed the second signal peptide site, which was further confirmed
assuming first-order reaction kinetics. Data were fit using a With the sequence AERIVVAGGS obtained on N-terminal
global analysis algorithm kinetic program Pro-Kineticist Sequence analysis.
provided by Applied Photophysics. Guided by rR signatures characteristic of heme proteins
Resonance Raman Spectroscdpgsonance Raman (rR)  having a proximal tyrosinate ligand (vide infra), a sequence
spectra were obtained from 30 to 7 ShuT samples  alignment of ShuT with other periplasmic binding proteins
housed in a 5-mm NMR tube spinning &20 Hz. Raman (PBPs) was undertaken. The first striking feature of this
spectra were recorded using either 406.7 nm emission fromalignment was the lack of a conserved histidine. This together
a Krt laser (16-25 mW) or 514.5 nm emission from an with the resistance toward dithionite reduction, as seen for
ArT laser (85-120 mW). UV~-visible absorbance spectra HbM's Iwate, Boston, and Hyde ParR%) and the lack of
were recorded before and after the rR experiments to ensureMlCD signatures for an axial His ligand eliminated the
that the samples were not irreversibly altered in the laser likelihood of a Tyr—His ligated heme as is found in HasA.
beam. No spectral artifacts attributable to laser-induced However, the sequence alignment did reveal two completely
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Table 1: UV-Visible Absorbance Characteristics of Her@huT mutants with hemin Sh(?WGd a Ioading. stoichiometry of 1:1
and Its Tyr Mutants (data not shown). Resistance of the isolated WT ShuT to
apparent rate complete removal of heme precluded accurate dgtermination
constant for of Ky. Attempts to remove the heme by cold ae&tetone
transfer of extraction followed by refolding of the protein proved
H Soret ol heme tg €400 unsuccessful. Given that the Tyr mutants investigated in this
ShuT max  visible max K apo-Mb. - (mM. study are isolated without detectable loading of heme, it is
construct  (nm) (nm) (uM) (s cm™1) . -
WT 200 500521617 M Ax10° 10270 reasonable to conclude that their affinities for heme are lower
YO4A 399 600 26 OX59 83.02 than WT ShuT. The dissociation constants for the Tyr
Y228F 401 500,521,600 11.7  0.0174 91.92 Mmutants, as determined by absorbance and/or fluorescence
Y94A/Y228F 396 52.2 0.16 73.99  methods, are in the tens of micromolar range. In an effort to
= Not determined due to the ShuT protein containing residual heme 9ain some insight into the affinity of WT ShuT for heme,
on purification. we exploited the ability of apomyoglobirK§ = 1074 M)

to extract the heme from the holo-ShuT in a reaction whose

conserved tyrosines corresponding to Y94 and Y228 in ShuT. rate .i§ likely limited by dissociation of heme from hpIoShuT.
Efforts thereafter were focused on carrying out site-directed Addition of a 5:1 molar excess of apomyoglobin to the
mutagenesis of these residues to determine whether one opeme-ShuT complex at pH 7.4 results in extraction of heme
more of the conserved Tyr side chains coordinate to the from the ShuT, as judged by the shift in the Soret band
heme. Like the WT protein, the mutants were efficiently Maximum from 400 to 407 nm. This reaction was complete
secreted to the periplasm and had molecular weights N approximatef 1 h (Figure 2B). In contrast, heme extrac-
consistent with that of WT ShuT. The mature ShuT protein tion from heme-ShuT (Y94A), (Y228F), and (Y94A/Y228F)
when expressed and purified froB coli cells was 16- were complete within one minute (Figure 2C). Kinetic
20% loaded with heme (Figure 1D). In contrast to the WT analysis of these reactions based/yo7 as a function of
protein the Y228F, Y94A and Y228F/Y94A ShuT mutants time revealed that they are first order in her&huT (Table
were isolated without detectable heme (data not shown). 1). As would be expected based on the results outlined in
UV—Visible Absorbance Spectra of the Heme-Loaded WT the following section, the approximate “lincrease in
ShuT and Its Tyr Mutant3he Soret maximum of the heme ~ dissociation rate of hemeShuT (Y94A) and (Y94A/Y228F)
ShuT complex after loading with heme occurs at 400 nm Mutants is indicative of loss of the proximal ligand. Ad-
with visible bands at 500, 521, and 617 nm (Figure 1D and ditionally, the increase in dissociation rate from her&uT
Table 1). In contrast to the WT ShuT, heme complexes of (Y228F) over that of the WT protein accounts for a
the Y94A, Y228F, and Y94A/Y228F mutants have dimin- corresponding increase of approximately K. Since a
ished stabilities. As will be shown below, their stabilities reliable rate constant for the binding of heme by apoShuT
are on the order of Blower than the WT protein_ Uv has not been determined, the affects of the Tyr-228 mutation
visible spectra of the heme-loaded Y94A and Y94A/Y228F ON Kassocand its contribution to the stability of holoShuT
mutants were distinct from that of WT hem8huT. By remains unclear.
contrast, the spectrum hem8huT (Y228F) was almost Heme Spin State and Axial Ligand Identification from
identical to that of its WT counterpart. Resonance Raman Spectroscopy of Ferric WT ShuT and Its
The spectrum of heme ShuT (Y94A) exhibits a Soret (Y228F), (Y94A), and (Y94A/Y228F) Mutan®xidation
maximum at 399 nm, loss of the 500 and 521 nm bands, state, spin state, and coordination state marker bands for
and a much diminished band in the 600 nm region (Table heme proteins are observed in the high-frequency region of
1). The spectra of hemeShuT(Y228F) and hemeShuT- their rR spectra. The high-frequency Soret-excited spectra
(Y94A/Y228F) are similar to those of WT hem&huT and for WT ShuT and the three mutants are shown in Figure 3.
heme-ShuT(Y94A), respectively (Table 1). The millimolar Thew, band, characteristic of porphyritt electron density
extinction coefficients at 400 nmefy) calculated by the  and iron oxidation state, occurs near 1370 &ffior all four
pyridine hemochrome method are also shown in Table 1. of the ShuTs and is indicative of ferric heme. For WT ShuT,
Interestingly, the absorbance spectra of WT hei@buT the spin-state marker band; is observed at 1484 crh
and heme ShuT (Y228F) are insensitive to pH over the consistent with a high spin heme. Resonance Raman scat-
range of 5-10, strongly suggesting that the coordination tering by the modes giving rise to the marker bangsand
number, axial ligand identities, and spin state of the Fe(lll) vi9 are well enhanced with Q-band excitation and are
center are similarly pH independent. In contrast, we were assigned at 1616 and 1566 chnrespectively, in the 514.5-
unable to measure the pH dependence of the ShuT (Y94A)nm excited rR spectrum of WT ShuT shown in Figure 4.
and (Y94A/Y228F) heme complexes due to their instabilities Thewv; (1487-1494 cnit, 5¢c HS; 1478-1482 cm't, 6¢ HS),
below pH 6 and above pH 8.5. Coordination number, axial v (1622-1626 cm?, 5¢ HS; 1605-1612 cmt, 6¢ HS),
ligand identity, and spin-state of heme-ShuT and the heme-andv14 (1565-1576 cnt?, 5¢ HS; 1548-1562 cn1?, 6¢ HS)
ShuT mutants will be further discussed in the following frequencies are also sensitive to the heme coordination
sections. number. Although the; frequency for WT ShuT is at the
Spectrophotometric titration of WT apoShuT with a low end of the frequency range for a 5C HS, it is consistent
DMSO solution of hemin showed saturation at a heme/ShuT with those reported for 5¢ HS hemoproteins having a
ratio of 1:1. This value takes into account the fraction of proximal tyrosine ligand, i.e., heme catalasgg (31). The
heme-loaded ShuT after isolation and purification. Similarly, vs, v1o, andvig frequencies observed for WT ShuT and the
titration of the ShuT (Y94A), (Y228F), and (Y94A/Y228F) Tyr mutants are similar and are typical of 5¢ HS ferric
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Ficure 2: Heme binding and displacement from the ShuT and Y228F mutant complexes. (A) Difference absorption spectroscopy measured
as the difference at 400 nm following incremental addition of heme-(B0lkM) to ShuT (10xM) in 20 mM Tris (pH 7.8) against a blank

containing buffer alone. (B) Heme displacement from ShuT/4) by apo-myoglobin (5Q:M) in 20 mM Tris (pH 7.8) spectra measured

at 1-min intervals over a period of 60 min. (C) Heme displacement from the Y228F ShuT mutant as described above except spectra were
recorded at 0.1 min intervals. (D) Time courses for hemin displacement from the heme-ShuT (dashed line) and Y228F ShuT (solid line).
Reactions were carried out as described above, and the rate of transfer of heme to apo-myoglobin was measured by the increase in absorbance

at 407 nm.
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Ficure 3: High-frequency resonance Raman spectra of ferric WT FGURE 4: High-frequency resonance Raman spectra of ferric WT

ShuT in 20 mM Tris/HCI pH 8.0 (A), ShuT(Y228F) in 20 mM
Tris/HCI pH 7.8 (B), ShuT(Y94A) in 20 mM Tris/HCI pH 7.8 (C),

and ShuT(Y228F/Y94A) in 20 mM Tris/HCI pH 8.0 (D) obtained

with 406.7 nm excitation. Asterisk indicates plasma lines.

ShuT (A), ShuT(Y228F) (B), ShuT(Y94A) (C), and ShuT(Y228F/
Y94A) (D) obtained with 514.5 nm excitation. Buffer conditions
for the samples are the same as in Figure 3.

hemoproteins. The largest spectral difference between WTtoward the low end of the range for five-coordinate-high spin
ShuT and the Tyr mutants lies in the frequencies of the spin hemes (1616 cnt). The higher frequency;o bands in the

state marker band,o. As for vs, the v19 bands in the WT
ShuT and ShuT(Y228F) spectra both occur at frequenciestypical of 5¢c HS hemoproteins.

ShuT(Y94A) and (Y228F/Y94A) spectra (1625 chhare
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Table 2: Heme Vibrational Bands for Ferric Heme Proteins with Table 3: Tyrosinate Vibrational Bands for Ferric Heme Proteins
Tyrosinate Heme Ligation with Tyrosinate Ligation
coord no., resonance Raman
protein spin state  , V3 V4 ref frequencies (cm')
Hb M Boston 5cHS 1571 1487 136729 proteins VTyrc=C) VTyr(c=C) VTyr(C-0) V(Fe-0) ref
Hb M Hyde Park 5¢c HS 1563 1486 13692% Chlamydomonas NR2 NR NR 502 (57)
Hb M Iwate 5cHS 1570 1486 136829 Hb
Hb M Saskatoon 6¢c HS 1563 1476 136729 Hb-M Saskatoon 1607 1504 1300 578 59\
Chlamydomonakib 6¢c HS 1477 1370 57) human 1603 1504 1302 585 4§)
Mb(H93Y) 5c HS 1572 1492 1372 35,49 Mb(H93Y)
bovine liver catalase 5cHS 1568 1484 13732 sperm whale NR 1506 1303 586 35
A. nigarcatalase 5cHS 1574 1489 137331 Mb(H93Y)
M. luteuscatalase 5cHS 1570 1489 137431) Hb M Ilwate 1607~ 1504 1308 588 58,59
human heme 5cHS 1570 1491 1370 3p) Hb M Hyde Park 1609 1502 1300 588 59
~ human 1605 1504 1258 591 3@
oxygenase-1(H25Y) HO-1(H25Y

CemE ScHS 1492 1373 30) HO M Bt NR 1505 1278 603 58,5
WT ShuT 5cHS 1565 1484 1369 this work P 859

; bovine liver catalase 1612 ~1520 1244 NR 42
ShuT Y228F 5cHS 1565 1486 1370 this work ;

. A. nigarcatalase 1615 NR 1245 NR 33)
ShuT Y94A 5cHS 1568 1488 1372 thiswork  ~.mE 1605 NR NR 600 36)
ShuT Y228F/Y94A 5¢c HS 1568 1488 1372 thiswork WT ShuT 1601 1502 13011265 613 this work

ShuT(Y228F) 1601 1501 13011265 613 this work

In Soret-excited spectra of hemoproteins, scattering by the ®NR indicates not reported.
v4 mode is typically the most resonance enhanced and gives
rise to the most intense band in the spectrum. The high- oot
frequency Soret-excited rR spectra of all four ShuT proteins
are shown in Figure 3. They are unusual in thatithand
vz bands are almost of equal intensity. The intensity ratios
[(va)/I(v3) for WT ShuT, ShuT (Y228F), ShuT(Y94A), and
ShuT(Y228F/Y94A) are 1.2, 1.1, 1.3, and 1.5, respectively.
Ratios near 1.0 have also been reported for two proximal
His mutants of HO, HO(H25Y) at pH 7.4 and HO (H25A)
at pH 10.0 82, 33). HO(H25Y) is a 5¢ HS hemoprotein with
a proximal tyrosinate ligand3@); a hydroxide ion, or the
carboxylate side chain of a glutamate residue have been
suggested as potential fifth ligands in 5¢ HS HO(H2529, (
34). Soret-excited rR spectra of the heme-contairfsger-
illus niger catalase 1), Mb(H93Y) (35), and CcmE 6),
three 5¢ HS hemoproteins having proximal tyrosinate ligands,
also exhibit relatively low I¢4)/1(v3) ratios ¢~1.5). Finally,
in alkaline solution the cavity mutant of Mb, Mb(H93G),
yields a spectrum with marker band frequencies typical of
5¢ HS hemed7) and I4)/1(vs) = 1.5. Taken together, these
data suggest that the lowvl/I(v3) ratio (1.5) is a spectro-
scopic signature of 5¢ HS hemes having an axial anionic

> 550 600 650 700 750
ligand bound through an oxygen atom. Thus, although the Raman shift cm”)

electronic basis for this unique resonance enhancementricure 5: Low-frequency resonance Raman spectra of WT ShuT
pattern is not clear at present, the Soret-excited rR spectra(A), ShuT(Y228F) (B), ShuT(Y94A) (C), and ShuT(Y228F/Y94A)
of all four ShuT proteins exhibit it and are consistent with (D) obtained with 514.5 nm excitation. Buffer conditions for the

5¢ HS RO ligated hemes. Table 2 compares vibrational samples are the same as in Figure 3.

parameters for the ShuT proteins with those of other heme-ihe spectra of WT ShuT and ShuT(Y228F) occurs at 613
tyrosinates. cm! (Figure 5), 10 cm! higher than previously reported
Proximal Tyrosinate Identification Based on rR Bands of vee opn frequencies. Whether this difference arises because
Bound Phenolate For tyrosinate ligated hemoproteins, of differences in the FeO bond strengths or differences in
excitation into the tyrosinate-Fe(lll) CT band (near 500 nm) Fe—O—Ph bond angles, and/or tyrosinate ring orientation
of tyrosinate liganded hemes yields characteristic vibrational relative to the heme plane is uncertain at this time.
frequencies for bound phenolate. The 514.5 nm excited rR  While bands attributable ter.—opn and internal tyrosine
spectra for WT ShuT and ShuT(Y228F) (Figure 4) contain vibrations are observed in the 514.5-nm excited resonance
these signature bands, strongly suggesting assignment of th&aman spectra of WT and ShuT(Y228F), they are absent in
proximal ligand as tyrosinate in these two proteins. The the corresponding spectra of ShuT(Y94A) and ShuT(Y228F/
frequencies of the internal tyrosinate modes in WT ShuT Y94A) (Figures 4 and 5). Thus, although thg v1, andvig
and ShuT(Y228F) are compared with those of other heme- frequencies indicate that the heme remains 5¢ and HS and
tyrosinates in Table 3. The-_opn modes reported to date  I(v4)/I(v3) is characteristic of an anionic O-bound ligand
for tyrosinate ligated hemes fall in a frequency range of502  (Figure 3), the absence of bands attributable to an axial
603 cmt. The band most likely attributable tere-opn in tryosinate ligand in the spectra of ShuT(Y94A) and ShuT-
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Ficure 6: Low-frequency resonance Raman spectra of (A) ferric
ShuT(Y94A) in 20 mM Tris/HCI pH 8.0, 100% #¥0, (B) ferric
ShuT(Y94A) in 20 mM Tris/HCI pH 8.0, 75% ##0, 25% H!%0,

(C) spectrum A-spectrum B, (D) WT ShuT in 20 mM sodium
phosphate pH 7.2, 100%,HO, (E) WT ShuT in 20 mM sodium
phosphate pH 7.2, 80%,40, 20% H0, and (F) spectrum B
spectrum E. All spectra were obtained with 406.7 nm excitation
with between 10 and 15 mW of power at the sample. Inset:
Simulated difference spectrum of ShuT(Y94ALFD—H,1%0). The
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(37); Scapharcainaequivalvis Hbl, 578 to 553 cm(38),
HmuO(H20A), 601 to 575 cmt (39)] are in good agreement
with this calculated shift, the 58 crhapparent shift shown

in Figure 6 is explained by a frequency separation of the
isotopically shifted bands that is less than their bandwidths.
The inset in Figure 6 illustrates this effect for ShuT(Y94A)-
OH. The difference spectrum obtained for ShuT(Y94A)
(H2%0—H,®0) was simulated using bandwidths of 50¢m
The simulated spectra indicate that thg oy for ShuT-
(Y94A) is ~ 575 cn1?, in good agreement with reported
Vre—on fOr 5¢ hydroxide complexes of the aforementioned
heme proteins. While the 50-cthvee—on bandwidth shown

in the inset of Figure 6 is greater than the20 cnt?
bandwidths reported for other 5¢c HS proteir&7,(38),
bandwidths of 60 and-65 cnT! have been reported for free
hemin in SDS micelles4() and aqueous iron porphyrinate
model complexesAl), respectively. The broag-.-on band

in the ShuT(Y94A) spectrum suggests conformational het-
erogeneity in the FeOH environment of this mutant. In the
absence of Tyr-94, which normally anchors the heme to the
protein, the heme must be held in place by nonbonded
interactions between the heme and the protein. Under these
conditions the heme environment is likely to be more
dynamic than in the WT protein, thereby permitting the-Fe
OH moeity to access a range of conformations.

The origin of the difference features that are observed
around 340 and 370 cmi in the ShuT(Y94A) (H'%0—
H,'80) spectrum is unclear. Similar difference features have
been reported for hemin in SDS micelles and have been
attributed to slight differences in intensity and in frequency
of intense bands in the parent spectra rather than isotope

difference spectrum was fit by setting the frequency difference sensitivity @0). Bands generally assigned tg and o-

between the isotopically shifted bands to the 25-tniThe

frequencies and widths of these bands were optimized to yield the

best fit (solid line, c) to the experimental data (open circles, c).
The maximum (589 cmt) and minimum (531 cmt) were
reproduced by bands centered at 575 (b) and 550 (a} emd
having bandwidths of 50 cm.

(Y228F/Y94A) indicates that Tyr-94 is the missing ligand.
Moreover, lack of iron-tyrosinate vibrational signatures in

(CsCLy)s7 (the bending modes for heme propionate groups)
are intense bands observed at 342 and 370,amspectively,

for ShuT(Y94A). Slight differences in their intensities are
seen and could be responsible for the ShuT(Y94A}{®H
H,80) difference features. Another possibility is that these
modes involve slight motion of the axial hydroxide oxygen
atom, which would confer isotope sensitivity on their
frequencies. The low-frequency resonance Raman spectrum

the spectrum of ShuT(Y94A) suggests that Tyr-228 does notof WT ShuT was also examined for isotope sensitivity in
coordinate to the heme when Tyr-94 is unavailable. Hence, H,'%0 and H!0. Since WT ShuT contains a 5¢ HS heme

ShuT(Y94A) and ShuT(Y94A/Y228F) contain 5¢c HS hemes
which could have an axial hydroxide or carboxylate ligand

from an Asp or Glu residue, analogous to the case of HO-

(H25A) (33).

with Tyr-94 as its proximal ligand, no #£fO-sensitive bands
are expected. Spectra D, E, and their difference spectrum, F
are presented in Figure 6 for comparison with the ShuT-
(Y94A) spectra. They show no evidence of isotope sensitivity

To address the possibility of an exogenous hydroxide in the Fe-OH stretching region of the spectrum.
ligand, the low-frequency resonance Raman spectrum of The rR spectrum of WT ShuT is remarkably insensitive

ShuT(Y94A) was examined for an FOH stretching mode,
which can be identified by its sensitivity $8OH™ substitu-
tion. The effects of this substitution are shown in Figure 6.
Although significant differences are not readily observed
between the parent spectra recorded @ (Figure 6A)
and RO (Figure 6B), an isotopically sensitive mode is
easily identified in their difference spectrum (Figure 6C).
The broad difference feature, with a maximum at 589 tm
and a minimum at 531 cm, is assigned to the FeOH
stretching mode Yge—on) for 5¢ HS ShuT(Y94A). The
apparent shift of 58 cnt is significantly larger than that
calculated for an isolated harmonic+@H oscillator (23.8
cm1). While the observed isotope shifts for 5¢c HS hydroxide
complexes in proteins [e.g., Mb(H93G), 575 to 5517 ¢ém

to pH over the range from 5.2 to 11.4 with only slight
broadening of the bands at pH 12, probably due to the onset
of denaturation (Figure 7). Analogous insensitivity to pH has
also been reported for the rR spectrum of heme catalases
(42). This behavior is not particularly surprising given that
the heme is linked to the protein through the anionic proximal
ligand, tyrosinate. For the heme to take on an overall negative
charge by binding an anionic hydroxide ligand would likely
be unfavorable. Precedence for the difficulty in forming a
bis-anion complex is found in agueous iron-porphyrin model
complexes where it has been shown that conversion of (Fe-
(T(2-N-Mepy)P)(OH)(OH))** to (Fe(2-N-Mepy)P)(OH)**
occurs with a i, ~ 11 (41). Given that this conversion
occurs in a complex having an overall charge ofid an
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aqueous environment, it is not surprising that in a protein 45 : . . 45
environment where the overall charge of the heme-tyrosinate 300 400 500 600 700
is negative (due to the tyrosinate ligand and peripheral Wavelength (nm)

propionate groups), binding of another anionic axial ligand FIGURE8: Magnetic circular dichroism spectra at@ of (A) ferric
(hydroxide) would be costly and unlikely to occur within  Wild-type ShuT in 20 mM Tris buffer at pH 7.5 (solid line) and

o . i ferric H93G (phenolate/water) myoglobin ([phensi]50 mM) in
the range of pH stability of the native protein fold. Accord- 155 mm potassium phosphate buffer at pH 7.0 (dashed line); (B)

ingly, there is currently no example of a ferric heme protein y94A ShuT (dashed line) and wild-type ShuT (solid line).
comprising two anionic O-bound axial ligands.

Magnetic Circular Dichroism Spectroscopy of hea&huT MCD spectra of Y228F and wild-type ShuT is indicative of
and ShuT (Y94A), (Y228F), (Y94A/Y228F) Mutavitsgnetic similar axial ligand fields, they are consistent with Tyr-228
circular dichroism (MCD) spectroscopic signatures of heme not being the proximal heme ligand. In contrast, there are
proteins are well correlated with the various axial ligands clear differences between the MCD spectra of ferric WT
and ligand field strengths. As such, the MCD signatures ShuT and the ShuT(Y94A) and (Y94A/Y228F) mutants in
provide a basis for identifying axial ligands and spin states both the visible and Soret regions of the spectrum (Figures
in uncharacterized heme environments. This is accomplished8B and 9A). This contrast in the MCD spectra is consistent
by examining the MCD spectra of the uncharacterized heme With loss of the native proximal ligand, confirming that Y94
and exogenous ligand adducts, followed by comparison of is the proximal tyrosine in ferric WT ShuT. Hence, the IR
the resulting spectra with those of structurally characterized and MCD spectra of WT ShuT and its Tyr mutants are
heme proteins and/or iron-porphyrin model complexa3.( consistent in their support of assigning Tyr-94 as the

The MCD spectra of ferric WT ShuT and of the ferric Proximal heme ligand.
myoglobin heme cavity mutant Mb(H93G) in the presence  The MCD spectra of ferric ShuT(Y94A/Y228F) and
of phenol are compared in Figure 8A. These spectra exhibit alkaline ferric Mb(H93G) are compared in Figure 9C. The
similar features, albeit with slight differences in intensity. latter has been shown to contain a 5C HS-hydroxide complex
Further characterization by stoichiometric titration of Mb- (34). The similarity between these spectra suggests that the
(H93G) with phenol indicates that the resulting phenolate double mutant also has a five-coordinate hydroxide ligated
complex is five-coordinate high spin (Perera, R. and Dawson, structure. Addition of imidazole to the ferric ShUT(Y94A/
J.H, unpublished data). Therefore, on the basis of the MCD Y228F) solution yields an imidazole complex whose MCD
and the rR data outlined above, we can conclude that thespectrum (Figure 10) bears a striking resemblance to that of
WT heme-ShuT Comp|ex is five coordinate with an anionic the six-coordinate |OW-Spin imidazole adduct of ferric WT
O-bound axial ||gand Figures 8 and 9 compare the MCD Mb, i.e., a heme with two axial imidazole Iigands. The reason
spectra of ferric ShuTs having different sets of axial ligands for the increased breadth of the Soret feature in the spectrum
due to mutation of the two conserved Tyr residues. As shown ShuT(Y94A/Y228F) is not clear, but it may indicate that
in Figure 8B, the spectrum of ferric ShuT(Y94A) is Some heme has dissociated from the protein.
significantly different from that of the wild-type ferric ShuT, EPR Spectroscopy of WT Shiekamination of WT ShuT
while that of ferric ShuT(Y228F) (Figure 9B) is almost by X-band EPR spectroscopy at pH 7.0 revealed a rhombic
identical to that of the wild type. Insofar as similarity in the high spin heme having rhombicity of approximately 10%
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15 A ' ' Feg.v'wsm 115 Table 4: EPR g-Values for Ferric Heme Proteins with Tyrosinate
N ——— Fe*"YO4A/Y228F ShuT Ligation
10 | 1\ 1 10 -
l{ | protein 01 02 Os ref
5t ) /\ - / 1% WT ShuT 629 553 199  thiswork
0 \\y.:\ I N - ad o bovine liver catalase 6.60 5.40 2.00 60[
N \/ 7 N\ HH Mb(H64Y) 6.64 5.34 1.98 q)Y
5| VARV N/ 15 SW Mb(H64Y) 6.63 5.31 198 36
]
|
10} \,” {-10 . o : . .
typical of a ferric high-spin heme having an anionic O-bound
B ' e wr ShT axial ligand. This is consistent with the putativue opn,mode
- sl ——— Fe*Y228FShuT | 5 . in the rR spectra of WT ShuT and with the MCD spectrum,
f-E‘ /2 f f-E‘ as shown in Figures 5 and 9A, respectively.
° . // °
% o S—Y %« DISCUSSION

Although it is clear that apo-ShuT binds one heme per
15 monomer and that the affinity for heme is high, the ability
to quantify theKq for holo-ShuT is compromised by the
propensity of heme to form ill-defined aggregates in aqueous
-10 solution @3). Moreover, whenKy is in the picomolar to
A _ i::ﬁ;ﬁ”ﬁf?:j';‘f nanomolar range, direct spectrophotometric determination of
10k {10 the fraction bound is challenging at best. Whig values
for the cytoplasmic heme binding protein ShuS fr@n
. dysenteriag44) and the rat liver cytosol heme-binding 23
Y A 3 ' 5 N \\,,M/ L\ Wiy kDa protein ¢5) have been measured directly in the 4@
\:/ Y} 108 M range by absorbance or fluorescence methods, and
Kq for holo-hemopexin has been estimated in the picomolar
1-10 range #6), their absolute thermodynamic stabilities may be
. . . of questionable relevance. Although very little physical data
300 400 500 600 700 are available on the proteins and mechanisms of heme
Wavelength (nm) . h . .
o L _ transport, they likely involve interprotein heme transfer
FIGURE 9: Magnetic circular dichroism spectra at@ of (A) ferric

wild-type ShuT in 20 mM Tris buffer at pH 7.5 (solid line) and mediated by prOtemDrOte.m Intergctlpn, as has been recently
ferric YO4A/Y228F ShuT in 20 mM Tris buffer at pH 7.5 (dashed demonstrated for metal ion-trafficking systems such as that
line); (B) ferric wild-type ShuT in 20 mM Tris buffer at pH 7.5  which facilitates copper transpod). Thus, the first defining
(solid line) and ferric Y228F ShuT in 20 mM Tris buffer at pH 7.5 aspect of the interactions between heme and its transporters
(dashed line); (C) ferric YO4A/Y228F ShuT in 20 mM Tris buffer s jikely to be high thermodynamic stability, as free heme is

at pH 7.5 (solid line) and ferric H93G (hydroxide) myoglobin in - - _ . .
100 mM potassium phosphate buffer at pH 10.0 (dashed line). The (OXIC- Second, given that heme toxicity requires the affinities

spectrum of ferric H93G (hydroxide) myoglobin is replotted from  Of all heme transport proteins to be high, it is likely that
ref 34. their affinities need to be responsive to complexation with

the protein that accepts the heme from it. Specifically, the

-10

\}
~

10}

80| o 19 stability of the heme donor protein must be downregulated
Fe™ Y94A/Y228F ShuT+Im . . . . .
——— Fe®(Im) WT Mb by the acceptor protein with the energetic cost being paid
60 | {10 . .
by the free energy of complexation with the heme acceptor
40 | protein.
< - 57 . . I
20t N = Even though, in accord with the rR spectra in Figures 4
E 0 _ 0 £ and 5, the native proximal tyrosinate ligand remains intact
- = = in ShuT(Y228F), the rate of heme loss, tracked by its rate
E""O I s E of uptake by apo-Mb, is 100 fold greater for ShuT(Y228F)
-40 | than for the WT protein. This result demonstrates that an
ol i increase in the kinetic lability of the heme in holo-ShuT upon
replacement of Tyr-228 contributes significantly to the
801 , , , p qualitative decrease in affinity for heme. In a complementary
300 400 500 600 700 fashion, an increase in kinetic lability upon loss of the

Wavelength (nm) proximal tyrosinate ligand in the ShuT(Y94A) mutant derives
Ficure 10: Magnetic circular dichroism spectra at@ of ferric from loss of the coordinative link between the heme and the
Y94A/Y228F ShuT in 20 mM Tris buffer at pH 7.5, 20 mM  protein, as revealed by the absence of bands attributable to

imidazole (solid line) and the ferric imidazole adduct of wild-type coordinated tyrosinate in its rR spectrum (Figures 4 and 5)
myoglobin in 100 mM potassium phosphate pH 7.0 buffer. The . . . . i
spectrum of ferric imidazole adduct of wild-type myoglobin is The optical, vibrational, EPR, and MCD spectral signatures

replotted from ref62. of the heme in ShuT are not atypical of heme proteins having
a proximal tyrosinate ligand, such as the eukary@@) énd

(Figure S1; Supplementary Information). Thevalues for bacterial catalase3(), the H93Y mutant of myoglobir4@g,

the specttrum are listed in Table 4. This EPR signature is 49) and the recently characterized sea coral allene oxide
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synthase %0). Despite the familiarity of this local heme proposed to involve conformational change driven by the
environment, the acquisition and transport of heme into the protein—protein interaction at the domain interface between
bacterial cell is likely to require properties atypical of known the PBP and the ABC transporter and an ATP-driven
heme proteins. Specifically, protection of the cell from conformational change or “tweezer” motion that promotes
damage induced by free heme requires proteins having highrelease of substrate to the cytoplash, (23). A model for
affinity for heme in its isolated form. On the other hand, docking of BtuF with its cognizant ABC transporter BtuCD
both selectivity and kinetic efficacy require that thermody- is thought to involve a conserved Glu residue at the surface
namic affinities modulated by specific proteiprotein of each domain (Glu-72 and Glu-202) of BtuF with a
interactions between the hemophores and their correspondinggomplementary set of conserved Arg residues in BtuCa). (
heme acceptors. This hypothesis is consistent with the broadnterestingly, the regions containing the conserved Glu
pH stability of heme/ShuT observed in this study. We residues are present in ShuT corresponding to residues Glu-
hypothesize that such modulation is affected by specific 101 and Glu-234, respectively, suggesting a conserved
protein—protein complexes. mechanism for docking of the carrier protein to the peri-
The recent structural characterization of the extracellular plasmic domain of the receptor (Figure 1A). On interaction
heme-binding hemophore HasA frdn marcescengvealed of the soluble periplasmic receptor with the ABC transporter
a novel heme-binding motif in which the heme is held a sequence of events is thought to occur in which a
between two loops with His-32 and Tyr-75 providing the conformational change induced by the protefmotein
ligands to the heme which provides a precedent for a tyrosineinteraction releases the heme, after which a tweezer-like
histidine ligation in heme-binding proteins involved in heme motion driven by ATP hydrolysis in the ATPase domain
acquisition b1, 52). While the five-coordinate high spin  induces release of the heme to the cytopla8g). (Although
complex of heme-ShuT is distinct from that of heme-HasA, the conformational changes undertaken by the PBPs such
the hemophore is perhaps the first example of a protein thatas the leucine-binding protein are quite large hinge and twist
binds heme with high affinity as it has to displace the heme motions, the vitamin B (BtuF) and iron-hydroxamate
from hemoglobin, yet it must be capable of releasing the (FhuD) proteins are not expected to undergo such drastic
heme to the outer-membrane receptor HasR and thereforechanges5). However, in the Zn-binding protein TroA from
sets a precedent for proteins of similar functioB3)( Treponema pallidum(a structural homologue of BtuF)
However, sequence homology indicates that the ShuT proteindifferences between the unligandesb) and the liganded
is most closely related to the well-characterized vitamip B (56) protein indicate a four degree tilting between the
(BtuF) periplasmic binding proteins in which the two- domains, which is sufficient to disrupt the Zn-binding site.
domains are linked by am-helical segment (Figure 1A}19). Thus, it is possible that ShuT, which falls within this family
The cobalamin cofactor is bound within a deep cleft between of periplasmic binding proteins, may undergo similar domain
the domains of BtuF in the “base-on” conformation wherein tilting that brings about changes in coordination sufficient
the dimethylbenzimidazole (DMB) serves as the axial ligand to promote release of the heme to the ABC transporter.
to the cobalt with six aromatic residues (Tyr-50, Trp-66, Trp-  In summary, we present the first characterization of a
85, Phe-174, Phe-180, and Trp-202), three from each domainperiplasmic heme-binding protein to which the heme is 5C
with the Trp-65 and Trp-85 side chains flanking the DMB HS with Tyr-94 providing the proximal ligand to the heme.
ring. The cobalamin is further stabilized in the binding cleft Additionally, a number of H-bonding and hydrophobic
by a number of hydrogen-bond interactions between amino interactions most likely contribute to the high-affinity bind-
acid side chains of the corrin ring. Similarly, in the FhuD- ing. The insensitivity of hemeShuT spectroscopic signa-
hydroxamate siderophore structures the binding site is linedtures to pH, together with the relative redox inactivity
with hydrophobic residues with hydrogen bonding between suggests that the protein has evolved to complex the heme
the hydroxamate and amino acid side chains contributing towith high affinity, the release of which is triggered by
the binding affinity 64). A recent alignment of the peri- interaction with the cytoplasmic ABC transporter. Studies
plasmic proteins that transport siderophores, vitamindhd on the interplay between heme coordination, conformational
heme based on the structure of the Fhitiydroxamate  changes, interaction with the ABC transporter, and heme
complexes suggests that they belong to a distinct family of release are currently underway.
periplasmic binding proteins, in which many of the conserved
residues including those lining the binding pocket are retained ACKNOWLEDGMENT
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