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ABSTRACT. Many bacterial hemoproteins involved in heme acquisition have been isolated recently,
comprising outer membrane receptors and extracellular heme-binding protein. The mechanisms by which
these proteins extract heme have not been described up to now. One such protein, HasA, which can bind
free heme as well as capture it from hemaoglobin, is secreted by the Gram-negative aeteaiia
marcescensinder iron deficiency conditions. The fact that HasA does not present sequence similarities
with other known hemoproteins suggests that it posseses a new type of heme binding site. This work
describes the main physicochemical properties of HasA, essential for understanding its function. HasA
is a monomer of 19 kDa that binds obhé&eme per molecule with high affinity. The electron paramagnetic
resonance spectra indicate that the heme iron is in a low-spin ferric state and that the two iron axial
ligands are His and His The low oxidation-reduction potential value %50 mV vs standard hydrogen
electrode) of the heme bound to HasA suggests that heme could be exposed to the solvent. According to
circular dichroism data, the binding of heme does not seem to modify the conformation of HasA.

Free soluble iron, an essential nutrient for microorganisms, will name hemophore, is secreted Bgrratia marcescens
is not readily available under biological conditions (Wein- (Létoffé et al., 1994a).
berg, 1978). Gram-negative bacteria have therefore devel- Hence, during the last years, many new heme and

oped various stratggies to acquire iron. Most of them secretehemoprotein binding proteins have been isolated, comprising
low molecular weight molecules called siderophores which oyter membrane receptors and extracellular proteins. In
bind poorly soluble ferric iron with a very high affinity  many cases the corresponding genes have been identified,
(Neilands, 1981). o - ) and biochemical techniques, such as affinity chromatography
Other mechanisms involved in iron uptake utilize host iIron and ligand binding assay, have demonstrated that they couid

compounds such as free heme, hemoglobin, or hemopexinying heme or hemoproteins. However, their physicochemical
These heme utilization systems require, in most cases, d'recbroperties have not been studied up to now. Nothing is

recognition of free heme or of hemoproteins by an outer \,own about the structure of their binding sites and the

membrane receptor allowing heme transport through the outery,echanisms by which they extract heme are not yet
membrane and then uptake across the inner membrang,,cidated.

involving a specific heme permease (Stojilikovic & Hantke, . . .

1992, 1994 Stojiljkovicet al, 1995; Stevenst al., 1996; HasA is a 19 kDa protein that can bind free heme and
Hornl’mget al. 1996° Bramanti & Holt. 1993: O'Connedit acquire it from hemoglobin. Itis necessary for the utilization
al.. 1996 Henderson & Payne 1994)'_ Alter,natively intwo ©Of heme iron by bacteria and it acts as a heme carrier. HasA
systems, an extracellular heme binding protein is required belongs to the family of secreted proteins lacking a N-

to shuttle free heme or heme from hemoproteins to a specific €Minal signal peptide. It has a C-terminal targeting
outer membrane receptor (io#fé et al, 1994a; Copet al., sequence and is secreted by a specific ATP binding cassette

1995). Haemophilus influenza@opeet al., 1995) secretes  (ABC) transporter, composed of three envelope proteins: an
HxUA, a protein involved in heme uptake. This protein can ABC protein, a membrane fusion protein Iocs:\tedrln the inner
bind the heme hemopexin complex and allows bacteria to Membrane, and an outer membrane proteiridfie et al,

grow in the absence of any other source of heme. The other!994b). HasA does not present sequence homology with

known extracellular heme binding protein, HasA, which we other known proteins, especially with other hemoproteins.
The only sequence similarity between HasA and other

" The work was supported by funds from the Pasteur Institute and Proteins was found with proteins secretet an ABC
the National Center of Scientific Research. transporter. It consists of a short motif (ELLAA in HasA)
*To whom correspondence should be addressed. Please sendocated at the C-terminal extremity, composed of a negatively

electronic mail to nizadi@pasteur.fr or alecrois@pasteur.fr. : :
* Laboratoire de Reonance Magitgjue Nuclaire, Institut Pasteur. charged residue followed by three or four hydrophobic

8 |nstitut Curie. residues and is involved in the secretion process (\lff
ICNRS. al., 1997).
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heme is enj[irely new. In the prgsent paper, we describe theTapie 1: Amino Acid Sequence of HasA
main physicochemical properties of HasA, essential for

understanding its function. MAFSVNYDSS FGGYS IHDY?_,OGQWASTFGD\;(;\]HTNGNVTDZO
MATERIALS AND METHODS 50 60 70 80
NSGGFYGGSL SGSQYAISST ANQVTAFVAG GNLTYTLFNE
Expression and Purification of HasA. Escherichia coli 90 100 110 120
strain TG1 Qlac proAB thi supB traD36 proAB lact PAHTLYGQLD SLSFGDGLSG GDTSPYSTIQV PDVSFGGLNL
lacZAM15) was transformed as described bitdfée et al. 130 140 150 160
(1994a) with plasmid pSYC34. Bacteria were growninal SSLQAQGHDG VVHQVVYGLM SGDTGALETA LNGILDDYGL
L bioreactor, in Terrific Broth medium (Miller, 1992) 170 180 188
supplemented with 2ag/mL kanamycin and 2% glycerol, SVNSTFDQVQ AATAVGVQHA DSPELLAA

for 7 h at 37°C. FinalAspowas 29. The culture supernatant

was precipitated with ammonium sulfate at 60% saturation.  Preparation of the ApoproteinHeme was extracted from
The precipitate was centrifuged for 45 min at 109Ghhd the hemoprotein by cold acigacetone treatment (Di loro,
the pellet was dissolved in a minimal volume of 10 mM Tris-  1981). One milliliter of chilled HasA solution was added
HCI buffer, pH 7.5. The resulting solution was extensively drop by drop with stirring into 100 mL of acidacetone
dialyzed against the same buffer. Aliquots of the dialysate [acetone containing 0.2% (v/v) 12 N HCI] at20°C. The
were loaded on a Sephacryl S-200 HR (Pharmacia) columnaddition was completed in about 10 min. The solution was
(70 x 1.6 cm) equilibrated with 0.1 M Tris-HCl and 0.1 M centrifuged at 1000 for 30 min at—20 °C. The heme
NacCl buffer, pH 7.5. Fractions were collected and their containing supernatant was discarded. If the precipitate was
HasA content was evaluated from their BVisible absorp-  red-colored, this operation was done once more. The final
tion spectra. Fractions that contained HasA but were not precipitate was dissolved in a solutioh®M urea and 0.1
homogeneous, as determined by Stplyacrylamide gel M Tris-HCI, pH 7.5, in order to obtain-25 xM apoprotein.
electrophoresis (SDSPAGE), were pooled, centrifuged on  The solution was centrifuged at 10@pfor 10 min and the
Centricon concentrators (Amicon, 10 kDa cutoff), and supernatant was extensively dialyzed against 0.1 M Tris-
subjected to a second gel filtration. All the purification steps HCl and 0.1 M NaCl buffer, pH 7.5, at4C. The apoprotein
were performed at-4 °C. The pool of the homogeneous was stored at20 °C.
fraction, which we will call the purified HasA sample, was  Binding Studies.Heme binding studies were carried out
stored at—20 °C. by difference absorption spectroscopy in the Soret region.
Polyacrylamide Gel ElectrophoresisSSDS-PAGE was  Aliquots of hemin solution were successively added in both
performed according to Laemmli (1970) using a 15% the apoprotein and the reference cuvettes thermostated at 25
polyacrylamide gel. Gels were stained with Coomassie blue °C. Spectra were recorded 5 min after the heme addition
or tetramethylbenzidine, a specific marker of hemoproteins on a Perkin-Elmer Lambda 2 spectrophotometer.
(Thomaset al., 1976). The heme binding was also monitored by fluorescence
Estimation of Protein, Hemin, and Heme ConteRtotein quenching measurements of the one tryptophan residue of
content of unpurified samples was determined by the methodHasA (Table 1) after addition of different amounts of hemin
of Bradford (1976), using purified HasA as standard. to the apoprotein. ApoHasA concentration and final sample
Concentration of purified HasA solutions was calculated volume (0.5 mL) were kept constant. The excitation
from their absorbance at 277 nm assuminganof 25 100  wavelength was 290 nm and the emission wavelength
M~*cm™t. The value ofe was determined by amino acid determined from the maximum of the emission spectrum
analysis of aliquots of a purified HasA solution of known (data not shown) was 330 nm. Experiments were performed
absorbance, aftéé N HCI hydrolysis for 24 h at 110C. at 25°C with a Perkin-Elmer LS5B spectrofluorometer. Each
Hemin (bovine hemin from Sigma) was initially dissolved emission value was the average of 3 consecutive measure-
in @ minimal volume of 0.1 M NaOH and diluted in the ments. All fluorescence intensity measurements were cor-
appropriate buffer. Solutions were prepared just before use.rected for the inner-filter effect due to the absorbance of the
Hemin concentration was calculated from the absorbance atheme according to
385 nm using the previously publishedgs of 58 400
M-1-cm~! (Dawsonet al., 1986). F.=F, x 10A"")72
Heme content in HasA solutions containing both the apo-
and the hemoprotein was calculated from the absorbance atvhereF. is the corrected fluorescence intensify, is the
407 nm (Soret region), assumingap; of 78 000 Mt-cm™?! measured fluorescence intensity, aAd and A, are the
for the hemoprotein. This value &f was determined by  respective hemin absorbances at the excitation and emission
the pyridine hemochrome method. The absorbance of awavelengths.
purified HasA sample was measured at 407 nm. Sample (1 Circular Dichroism. CD spectra were recorded at 26
vol) was diluted with alkaline pyridine (2 vol) and an excess in a Jobin-Yvon (Longjumeau, France) CD6 spectrodi-
of solid sodium dithionite was added to the solution. The chrograph using 0.2 mm path length cells. Each spectrum
heme was dissociated from the protein and the concentrationwas the average of five consecutive scans from 180 to 260
of the pyridine hemochrome that was formed was determined nm with 2 s ofintegration time/nm. The spectral bandwidth
from the absorbance at 557 nm, using ¢kg value of 34 530 was kept at 2 nm and the wavelength increment was 1 nm/
M~t-cm™! (Berry et al., 1987). step. Measurements were made on purified HasA solutions
All absorption measurements were done in a Perkin-Elmer (2.1 x 1075 M) and on apoHasA solutions (9:6 1076 M)
Lambda 2 spectrophotometer thermostated &t8sing 1 to which different aliquots of hemin had been added [25%,
or 0.2 cm path length cuvettes. 50%, 70%, and 90% (mol/mol)]. Spectrum of the buffer
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alone (10 mM sodium phosphate, pH 7.5) recorded under 3.5
identical conditions was substracted from the sample spectra. ]
Ellipticity was expressed as mean residue molar ellipticity
[®]. The secondary structure content was estimated accord-
ing to the method of Manavalan and Johnson (1987).
Determination of the Heme ClassThe type of heme

bound to HasA was determined from the absorption spectra
of the pyridine hemochrome dissociated from the protein, 0.5
as previously described. ] » N

01 —-0-t-tr-r-v
=77 7

Analytical Ultracentrifugation. Ultracentrifugation studies 46 43 50 52 54 56 58 60 62
were perfqrmed in an XLA (Beckmann) analytic_gl ultracen- Fraction number
trifuge using 12 mm path length qe”S' Purlf_led HasA Ficure 1. Gel filtration on a Sephacryl 200 HR (Pharmacia)
samples were either 0.02 or 0.1 mM in 0.1 M Tris-HCl and  colymn (70 1.6) equilibrated with 0.1 M Tris-HCI and 0.1 M
0.1 M NaCl buffer, pH 7.5. NaCl buffer, pH 7.5. The flow rate was 7.5 mL/h—(277 nm)

The sedimentation/diffusion equilibrium was achieved after Absorbance maximum of HasA; (---, 407 nm) absorbance
22 h at 30 000 rpm. The sedimentation velocity experiment 1mnglmLum of heme-bound HasA. The volume of each fraction was
was carried out for 3.5 h at 58 000 rpm. The absorbance in™ me-
the cell was scanned as a function of the distance to the X
rotation axis, at 277 nm for the 0.02 mM sample and at 430 ; O
nm for the 0.1 mM sample. The buffer was 0.1 M Tris- “r Lo
HCl and 0.1 M NacCl, pH 7.5. Experiments were performed oo
at 20°C. Data were analyzed by means of the DATA-RED
software provided with the XLA centrifuge. The partial
specific volume of HasA (0.715 mL/g) was calculated from
the amino acid composition of the protein (Laetel., 1992)
and the solvent density (1.02 g/@mwas measured by
weighing.

EPR SpectroscopyEPR spectra were recorded at 77 K
using a Varian E109 spectrometer. The microwave power
was 10 mW, the klystron was frequency 9.18 GHz, the FIGURE2: UV-visible absorption spectra of HasA in 0.1 M Tris-
modulaton ampitude was 10 G, and the time constant was 19 01,V Naclbuer g 7. (4 Putied Hach, 54
1s. The magnetic field was calibrated with the stable radical /1 ratio.
1,1-diphenyl-2-picrylhydrazyl used as a markgr2.0036).

Experiments were carried out on purified HasA samples Taple 2: Purification Dafa

containing 15% heme (mol/mol) concentrated to 1 mM in ol

10 mM sodium phosphate buffer, pH 7.5 or 5.5. For some purification step protein (mg) HasA (mg) recovery (%)
experiments hemin was added to the protein up to 90% (mol/

—e— 277 nm
-=-e-- 407 nm

34
2.5
2]

1.5

Absorbance

1

Absorbance

250 300 350 400 450 500
wavelength (nm)

culture supernatant 620 500 100
mol). precipitation and dialysis 550 475 95
Isoelectric Focusing.lsoelectric focusing was performed  first S-200 column 356 285 57
by PhastSystem using a Phastgel IEF9XPharmacia) and ~ Second S-200 column 300 228 46
the broad p calibration kit (pH 3-10). 2 A detailed description of the procedure is given in the Materials

Electrochemistry.Cyclic voltammetry (CV) and square- and Methods section. Values are based on a preparationfrb of
wave voltammetry (SWV) experiments were carried out as S!re:
previously reported (Dollat al., 1994) using as working
electrode a pyrolytic graphite permselective-membrane elec-
trode (Haladjianet al., 1996). All measurements were
performed at room temperature. The supporting electrolyte
was 0.5 M Tris-HCI buffer, pH 7.6. Solutions were
deoxygenated by bubbling with nitrogen. The scan rate was

1 a1 i
20 mves (CV) or 5 mves (SWV).  Uniless otherwise and another one in the Soret region, at 407 nm (Figure 2,

specified, all reported potentials are referred to the Ag/AgCI s .
(saturated NaCl) reference electrode. Potentials versus thetrace A). However, pure fractions presented abnormally high

. Ao Aqo7 ratios, ranging from 2.1 to 2.5, instead of less than
Zhaé}ggrglgyrir\?gen electrode (SHE) can be obtained byl, the value usually observed for hemoproteins (Di lorio,

1981; Leeet al,, 1991; Bruntet al., 1992; Modiet al., 1995).
RESULTS This result suggested that our sample did not contain a 1/1
molar ratio of heme/protein. Therefore, the sample could
Purification of HasA. HasA was the main protein secreted either be a multimer binding less than one heme molecule
into the culture medium under our growth conditions. Its per monomer or it could be composed of both an apo- and
purification was achieved in two steps. Addition of am- a hemoprotein. Purification yields are given in Table 2.
monium sulfate to 60% saturation was sufficient to precipitate  Analytical Ultracentrifugation. The molecular weight
all HasA and to eliminate most of the pigments remaining distribution of the purified HasA sample was determined in
in the supernatant. Other contaminants and pigments werethe sedimentation/diffusion equilibrium experiment. Scan-

eliminated by gel filtration on the Sephacryl column (Figure
1). Pure fractions gave the same single band on SDS gels
with both Coomassie blue and tetramethylbenzidine staining,
at approximatively 19 kDa (data not presented). The
absorption spectra of the fractions containing HasA showed
a pattern typical of a hemoprotein with a peak at 277 nm
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Ficure 3: Sedimentation/diffusion equilibrium of HasA 2105
M). The absorbance at 277 nm was scanned as a function of the
distance to the rotation axis. Ten scans were accumulated. Lower L R B R L.
graph: The experimental points (open circles) were used to generate 0 1.10" 2. 10" 3. 10" 4. 10"

a fitted curve (continuous line) using as a model an ideal solution
with one solute molecule. Upper graph: the residuals in term of
standard deviations from the weighted fit.

w?t
Ficure 4: Determination of the sedimentation coefficient of HasA.

A sample of HasA (2x 1075 M) was centrifuged at 58 000 rpm

. ._.._and 20°C. The sedimentation coefficient was determined from the
ning was performed at two wavelengths, one characteristic jone of a graph of Inrf vs w2, wherer is the distance from the

of the protein (277 nm) and the other characteristic of bound center of rotationg is the angular velocity, antiis the time after
heme (430 nm). As determined from heme titration (see the rotor reached maximum velocity.

below), the HasA sample used for ultracentrifugation experi-
ments contained 85% apoprotein and 15% hemoprotein. The .
scan at 277 nm reflected essentially the distribution of the 15,000
apoprotein, whereas that at 430 nm corresponded to the ]
hemoprotein alone. In order to obtain the initial absorbance
values of about 0.5 optimal for the experiments, 0.02 and
0.1 mM samples were used for scannings at 277 and at 430
nm, respectively. At both wavelengths a satisfactory fit to
the observed distribution was obtained using a one-solute
ideal solution model with a molecule of molecular weight
20 700+ 800 at 277 nm and 20 4GB 200 at 430 nm (Figure

3). These values are in agreement with those of 19 271 Da
for the apoprotein (calculated from the sequence) and of ) R
19 923 for the hemoprotein (the sum of the moleculars E'GURE 5 _Far-U\é CII’C_l%l_|a(; d|_'|Chr'2'sm splectra _Og %%g)/HasAa (82)/8/
Wweights of apoprorein and heme), the variations remaining [EMCIEIET), <1 PLtTed Hash samiies Wi 0% and S0%
within the limits of the methods. This result clearly indicates

that purified HasA contains essentially monomers, since no
trace of multimers was detected. As suggested fromyitg

20,000

_____ 0% hemoprotein
— - - 50% hemoprotein
90% hemoprotein

10,000

5,000 ]

(®) , degré.cm?. dmol’

10,000 e mre e e
180 190 200 210 220 230 240 250 260

Wavelength (nm)

spectra recorded for apoHasA and for HasA samples with
. - ! heme content ranging from 15% up to 90% (mol/mol) were
Asor ratio, the purified sample of HasA was thus a mixture 4 ctically indistinguishable (Figure 5). This similarity of
of an apo- and a hemoprotein. spectra shows that unfolding, which occurred during the acid-
Sedimentation velocity experiments (Hardeetcal, 1992)  acetone treatment, did not alter the final overall secondary
allowed to determine HasA sedimentation (2.26 S) and structure content of the apoprotein. Moreover, the fact that
diffusion (1.03x 10® cn-s™) coefficients (Figure 4). From  addition of heme did not produce any measurable effect

these values, a Stokes radius of 21 A was calculatedindicates that no appreciable change of conformation occurs
according to the Svedberg relation. The frictional coefficient ypon complex formation.

f of HasA, determined from the diffusion coefficient value, Decomposition of the CD spectra using the method of

was equal to 3.9 108 g-s™. As the frictional coefficient  Hennessey and Johnson (1981) with variable selection of

fo of a spherical particle with the same molecular weight protein spectra (Manavalan & Johnson 1987) indicated 29%

and partial specific volume as HasA would be equal to 3.31 g-helix, 23% f-structure, 13% turns, and 30% unordered

x 108 g-s7!, it appears that HasA havingféy ratio of 1.18 structures.

is a globular protein. Binding Studies: (A) Heme TitrationAddition of small
Circular Dichroism. Renaturation of the apoHasA sample amounts of hemin stock solution (¥ 104 M) to the

prepared by acidacetone treatment was checked by far- apoprotein (1.3« 10°5 M) produced a UV-visible absorp-

UV CD before the protein was used in binding studies. CD tion spectrum similar to that of the purified HasA sample
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Ficure 7: Visible absorption spectra of heme bound to purified
HasA (1.2x 105 M with 15% hemoprotein). Trace A, oxidized
state (as isolated); trace B, reduced state with sodium dithionite in
alkaline pyridine (sodium dithionite absorbs in the UV region).

80

60

bound, its fluorescence changes markedly: the emission peak
shifts to blue and the quantum yield increases greatly. Since
hemin was shown to displace ANS from its complexes with
apohemoglobin and apomyoglobin (Stryer, 1965), we could
expect that it would simularly displace ANS from its complex

1 15 2 with apoHasA. However, when ANS was added to the
Heme/HasA apoprotein, neither a significant increase in its fluorescence
FIGURE 6: Heme titration. (A) Difference absorption spectroscopy. emission nor a shift of its emission peak to the blue was
Effect of increases of heme on the association with HasA monitored 5j)seryved (data not shown). Either ANS did not bind to

at 407 nm, using 1.% 1075 M apoHasA in 0.1 M Tris-HCI and . . . .
0.1 M NaCl buffer, pH 7.5. (B) Fluorescence quenching of heme apoHasA or its environment in the complex, if any, was not

binding to HasA. Fluorescence emission of several samples hydrophobic enough to produce changes in its fluorescence.
containing 1uM HasA in 0.1 M Tris-HCl and 0.1 M NaCl buffer, Although they did not allow us to determine the exact
pH 7.5, and qlifferent concentrations of heme was measured at 330yg|ye of theKy of hemoHasA, the binding studies described
nm. The excitation wavelength was 290 nm. above gave an estimation of this value. It is most likely
less than to 1 M, since at a concentration of T0M in
protein we were in the titration conditions.

Determination of Heme Class Typébsorption spectra
of reduced pyridine hemochromes are specific for different
types of heme (Yamanaka, 1992). As shown in Figure 7,
the spectrum of reduced pyridine hemochrome dissociated
from purified HasA sample showed a maximum at 556 nm,
a wavelength characteristic of hefne The heme class type
was confirmed by EPR experiments (see below). When

40

20

Fluorescence Intensity

0

0 0.5

with a peak in the Soret region, at 407 nm, whereas
maximum absorbance of free hemin under the same condi-
tions is 392 nm (Figure 2B). The amount of heme capable
of interacting with the protein was measured by difference
absorption spectroscopy. Result of the titration is presented
in Figure 6A. It shows that HasA interacts with heme in a
1/1 molar ratio of heme/protein. Therefore, from the
absorbance at 407 nm, as described in Materials and

Methods, the heme content in purified samples of HasA could - o
! . hemin was added up to 90% (mol/mol) to a purified HasA
be estimated at 2620% (mol/mol) depending on the culture. sample initially containing 15% heme (mol/mol), the only

Heme binding experiments performed with a purified change observed in the EPR spectra was an amplification
sample of HasA containing 15% heme (mol/mol) gave results ¢ signals (data not shown). No shift or shouldering of
similar to those obtained with apoHasA. Both the apoprotein signals appeared and thevalues, which depend on the local
in the purified sample of HasA and the apoprotein obtained gnyironment of the iron atom and therefore on the heme
by acid-acetone treatment bind heme with a 1/1 stoichi- peripheral groups, were not changed. These results indicated
ometry. These data agree with the results of CD experimentsinat heme in the purified sample of HasA was of the same
suggesting a proper renaturation of the apoprotein after-acid type as that of hemin, that is, tye
acetone precipitation. EPR Spectra.The number and nature of heme ligand(s)

(B) Ka Measurement. Fluorescence quenching experi- of hemoHasA, as well as the state of the iron atom, were
ments were performed at two concentrations of apoHasA, determined from the EPR spectra of the purified protein
namely, 10° M and 107 M. The fluorescence signal, due containing 15% and 90% heme (mol/mol) at pH 7.5 (Figure
to the single tryptophane residue of the protein, was too weakg). Theg values wereg, = 2.855,g, = 2.208, andgx =

to give interpretable data at lower concentratian@® M). 1.706. They are specific for a low-spin ferric heme (Blum-
Equilibrium conditions, that is, the concentration in binding berg, 1981). The rhombicity{{1) = 3.76 and tetragonality
sites comparable in magnitude to thkg of the heme- (A/Z) = 4.16 (, rhombic crystal field parametes, axial

apoHasA complex, were not reached at these apoHasAcrystal field parameteri, spin—orbit coupling parameter)

concentrations, however, and fluorescence experiments onlyvere calculated according to Taylor (1977). They are typical

confirm the stoichiometry of the binding (Figure 6B). of a His-His™ pair of axial ligands (Blumberg & Peisach,
Experiments of competition between heme and 8-anilino- 1971; Yoshimura & Ozaki, 1984).

1-naphthalenesulfhonic acid (ANS) to form a complex with  Electrochemistry. Purified HasA did not give any elec-

apoHasA were done to determine ¢ ANS is known to trochemical signal with the graphite electrode at pH 7.6.

be a suitable and sensitive probe for nonpolar sites. WhenElectrochemistry response of negatively charged proteins was



Purification and Physicochemical Studies of HasA Biochemistry, Vol. 36, No. 23, 19977055

anodic and cathodic CV peak potentials and the SWV peak
{ ’ potential gave a common value 6f760 mV (=550 mV if

/ 1l referred to the standard hydrogen electrode) for the oxida-
/1 ) tion—reduction potential. Complementary experiments using
aa different polylysine concentrations from 15 to 4™ yielded
oo’ the same value.

T T DISCUSSION

\ P To obtain sufficient iron for survival and replication,
Ve ' ' pathogenic bacteria must possess one or more efficient iron-
| scavenging systems capable of competing with or exploiting
the iron transport and storage mechanisms of the host. Heme
and some hemeprotein complexes, including hemoglobin,
F'%#F;]Z%m‘f(';i]%sﬂqgog ae;i(\)/;t&\:ﬁ Sﬁggtrﬁa?g Esfsfgr sa|t_|ur7at5ed can act as an alternative iron source for microorganisms
V(\3”0nditions: temperature, 77 K; microveavegrequency, 9F1)8 G.H.Z; (Ma.rt.mezet al, :!'990; Wooldrldg_e & Wllllams, 1993). In
modulation amplitude, 10 G; power, 10 mW. addition to a siderophore-mediated iron uptake system,
Serratia marcescensecretes a protein, HasA, under iron
deficiency conditions that can bind free heme or acquire it
from hemoglobin. HasA does not present any sequence
homology with other hemoproteins. Its heme uptake and
8 release mechanisms are unknown. This work presents the
physicochemical properties of this new hemophore which
. is the only extracellular heme binding bacterial protein
characterized to date.

4 We first show that this new hemophore possesses a single
heme binding site per molecule and that it binds tyfeeme

with high affinity. The affinity of apoproteins for heme is

200 Magnetic Field (mT) 400

300.0 -

200.0

100.0

I (nA)

0.0 -

-400.0

. . \ . ) ) usually high and difficult to measure. The fraction of
-500.0  -600.0  -700.0  -800.0  -900.0  -1000.0 reversibly dissociated heme molecules is often too small to
E V) be detected by spectroscopic methods. Equilibrium dialysis,

which is a very sensitive method to determine the equilibrium
between free and bound ligands, cannot be carried out due
- to the stacking of hemin molecules unless drastic conditions
are used (high pH or detergents). For all these reasons, the
values of theKy of heme-protein complexes that could be

. directly measured are at best close to8®, whereas in
siderophores, affinity constants for iron as high a® M0

can be measured (Harrit al., 1979). The strong heme

4 albumin binding site complex has Ky of 5 x 107 M
(Beavenet al, 1974), the liver fatty acid-binding protein

7 and glutathione S-transferase hd§gevalues of -2 x 1077
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-500.0  -600.0  -700.0  -800.0  -800.0  -1000.0 M (Vincent & Miller-Eberhard, 1985; Mier-Eberhard &
E (V) Nikkild, 1989), and the heme-binding 23 kDa protein has a
FIGURE 9: Cyclic (A) and square-wave (B) voltammograms at the Kgq of 5.5 x 108 M (Ilwaharaet al, 1995). For proteins
permselective-membrane PG electrode usingllof 77 uM with a higher affinity for heme, such as hemopexin,

polylysine solution+ 2 uL of 68 uM HasA solution, in 0.5 M hemoglobin, and myoglobin, onlgy value estimations are
'tl)')r/lso-lgcl\l/lb#rfi]‘;zl'?b?ugé?gge?(Isme) HasA solution was replaced available. They lie in the picomolar range (Hrket al,

1974; Gryczynsket al., 1995).

shown to be enhanced in the presence of cations or positively The Kq of the heme-HasA complex is lower than 18
charged polypeptides at the surface of the electrode (Hal-M. This high affinity could account for the ability of HasA
adjianet al, 1996). HasA does not have any basic residue t0 take up heme from hemoglobin, as was shown for
(see Table 1), and its isoelectric point calculated from its hemopexin and hemealbumin complex (Sleery & Muller-
amino acid composition is 3.7. Electrofocusing on IEF3 Eberhard, 1973). Itis noteworthy that, under iron deficiency
yielded a single band that migrated with larparker protein conditions,S. marcescenalso secretes hemolysins (Braun
(pl = 3.5) near the anode wick, suggesting that the HalsA p et al, 1993) that can lyse the host erythrocytes and release
is lower than 3.5. The electrode was therefore modified with hemoglobin, representing the most important alternative iron
a 25uM solution of polylysine (MW 39 800, Sigma) in order ~ source in the host organism (74.3% in the mammalian host;
to increase the electron transfer rate. CV and the Swy Wooldridgeet al,, 1993).

curves obtained with the modified electrode are shown in  As determined from EPR experiments, the heme iron in
Figures 9. A single cathodic wave aB10 mV and a single  the heme apoHasA complex is in a low-spin ferric state and
anodic wave at-710 mV were observed. A single SWV is coordinated to two axial ligands, His and His The
peak was also detected Bf = —760 mV. The mean of number and nature of axial ligands in hemoproteins are
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variable and unrelated to the heme type or to the protein apo- and hemoHasA are under way to provide further
function. Histidine residues, however, provide one or both information on the accommodation of heme in the heme
ligands in the majority of hemoproteins. Heme in binding pocket and to contribute to a better understanding
cytochromec’, as well as heme in hemoglobin and of the heme uptake and release mechanisms.

myoglobin, has a single histidine coordination (Finzeal.,
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