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Ligand Binding Properties of Bacterial Hemoglobins and Flavohemoglbbins
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ABSTRACT: Bacterial hemoglobins and flavohemoglobins share a common globin fold but differ otherwise

in structural and functional aspects. The bases of these differences were investigated through kinetic studies
on oxygen, carbon monoxide, and nitric oxide binding. The novel bacterial hemoglobin€fostnidium
perfringensand Campylobacter jejunand the flavohemoglobins frofBacillus subtilisand Salmonella
entericaserovar Typhi have been analyzed. Examination of the biochemical and ligand binding properties
of these proteins shows a clear distinction between the two groups. Flavohemoglobins show a much greater
tendency to autoxidation compared to bacterial hemoglobins. The differences in affinity for oxygen, carbon
monoxide, and nitric oxide between bacterial hemoglobins and flavohemoglobins are mainly due to
differences in the association rate constants. The second-order rate constants for oxygen and carbon
monoxide binding to bacterial hemoglobins are severalfold higher than those for flavohemoglobins. A
similar trend is observed for NO association with the oxidized iron(lll) form of the proteins. No major
differences are observed among the values obtained for the dissociation rate constants for the two groups
of bacterial proteins studied, and these constants are all rather similar to those for myoglobin. Taken
together, our data suggest that differences exist between the mechanisms of ligand binding to bacterial
hemoglobins and flavohemoglobins, suggesting different functions in the cell.

Globins are proteins that contain a heme B prosthetic group NAD(P)" reductase family of proteingl). The amino acid
located in a highly conserved-helical “globin fold”. sequences of TrHbs are 2@0 residues shorter than those
Myoglobin (Mb)t and hemoglobin are the most well-known of bacterial Hbs and have a tertiary structure based on a two-
examples of this class of proteins, which has now been on-two a-helical sandwich§). The present study focuses
established to occur widely also in prokaryotes. On the basison the two groups of globins that are more closely related
of structural differences, three types of such globins have to Mb, that is, bacterial Hbs and flavoHbs.
been identified so far: bacterial hemoglobins (bacterial Hbs),  petailed understanding of the biological function of these
truncated hemoglobins (trHbs), and flavohemoglobins (fla- yroteins remains elusive. Several possible functions have
voHbs), the latter being the most widely distributed in  peen proposed on the basis of their induction in response to
bacteria and fungil). _ _ oxygen limitation and/or oxidative and nitrosative stress and

The tertiary structure of bacterial Hbs consists of seven phenotypical effects. These include the improvement of
o-helical regions adopting the three-on-three helical sandwich oxygen transfer to the terminal oxidases to support aerobic

motf “glot_)in fold”.(2). FIaypos comprise two domai”SE metabolism of cells growing at low oxygen tensiofis On
an N-terminal globin domain and a reductase domain having the other hand, the oxygen-dependent flavin reduction has

a flavin adenine dinucleotide- (FAD-) and a reduced nico- b :
: ) ) . ; een proposed to serve as an oxygen se@$drihally, most
tinamide adenine dinucleotide (phosphate)- [NAD(P)H-] recent reports suggest a protective role in response to

binding site €). This domain belongs to the ferredoxin oxidative and/or nitrosative stres§)( The flavoHb of
' These experiments were supported by ETH Zurich. Escherichia coli(HMP) has been shown to be able to
* To whom correspondence should be addressed: tel 41-1-633 34 Catalyze the oxidation of free NO to nitrate (nitric oxide

46;F Ifaxtf[llt-l-6f3§_ 1t0 5hl; (?-mail kallio@biotech.biol.ethz.ch. dioxygenase activity) in the presence of &d NADH @,
nstitute of Biotechnology.
'Current address: Univergs)i/ty Children’s Hospital ofri¢h, Division 9) Recently, Bonampre et allQ . have .Su.ggeSted the
of Infectious Diseases, Zich, Switzerland. involvement of HMP in the reduction of lipid membrane
8 Laboratory of Inorganic Chemistry. hydroperoxides.
1 Abbreviations: flavoHb(s), flavohemoglobin(s); Hb(s), hemoglobin- . id . h h b
(s); trHb(s), truncated hemoglobin (s); Mb, myoglobin; Cl@ampy- Amino acid sequence comparisons show that vertebrate

lobacter jejunihemoglobin;chh, Campylobacter jejunhemoglobin Hbs and Mbs, with exception of elephant Mb, have His and
gene; CpHbClostridium perfringensiemoglobin;cphl Clostridium Leu at the distal positions E7 and B10, respectively. The

perfringenshemoglobin gene; HmpB®Bacillus subtilisflavohemo- . . .
globin; hmpBs Bacillus subtilisflavohemoglobin gene; hmpSgal- distal His forms a strong hydrogen bond with the bound O

monella entericaserovar Typhi flavohemoglobihmpSt Salmonella  thus stabilizing the oxygenated structudel); In bacterial
entericaserovar Typhi flavohemoglobin gene; HMP, flavohemoglobin  Hbs and flavoHbs the (E7)His and (BlO)Leu residues are
of Escherichia coli FHP, flavohemoglobin oRalstonia eutrophaVHb, ; ;

bacterial hemoglobin o¥itreoscilla sp.; NO, nitric oxide (nitrogen replaced by. Gln a.nd Tyr, respectively (Figure 1). Up t(.) now,
monoxide is the name recommended by the International Union of Pure the three-dimensional structures of only one bacterial Hb,

and Applied Chemistry [ITUPAC]). Vitreoscilla Hb (VHb) (2), and the flavoHbs oRalstonia
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Mb GLSDGEWQQVLNVWGKVEADIAGHGQEVL IRL‘TGH = HTLEKIDKF KHLKTEAEMEASEDLKKHGTVVLTALGGILKKKGH

VHb  MLDQQTINITIRATVBVEKEHGVTITTTFYKNLEAKH-PEVRPLED MGRQESL- EQPKALAMTVLAARQNIEN
CHb  MT-KEQIQIIKDCVRILQKNGEDLTNEE¥KIMENDY - PBEVKPMEN MEKQISG-EQPKALAMATLMAAKNIEN
CpHb MLDQKTIDIIKSTVEVEKSNEGLEITKTEYKNMEEQN - PEVKPLEN MNKQESE - EQPKALSMAT LAVAQNIDN
FHP  MLTQKTKDIVKATAPVLAEHGYDIIKCFYQRMFEAH-PELKNVEN MAHQEQG-QQQQALARAVYAYAENIED
HmpBs MLDNKTIEIIKSTVEVEQQHGETITGRE¥DRMEQDH-PELLNIEN QTNQKKK- TQRTALANAVIAAAANIDQ
HmpSt MLDAQT IAg:;IiTI ILIXE‘.;IPKLT};J:[ER T —ﬁILKEI ﬁ RNG- EIRE FNAI AAYISIE‘.N
HMP  MLDAQTIA TIPLLVETGPKLT. T- LKEI MSNQRNG-DQREALFNAIAAYASNIEN
B B BEE &8 HE H H H H
5 185 mm 7 E K E =
Mb - - -HEAELKPLAQSHATKHKIPIKYLEFISDAITHVLHSKHPG-DFGA-DAQ KALELFRNDIAAKYKELGFQG- - -
VHb LP}-‘;ILPAVKKIAVKIEQAG—VAAAHIP-QE-GAIKEV-LG—DAATDD ILDAWGKA¥GVIEDVFIQVEADLYAQAVE-

CHb  LENMRSFVDKVAITHVNLG-VKEEHYPIVGACLEUKAIKNL-LNPDEAT- - - LKAWEVA¥GKIAKFYIDIEKKLYDK- - - -
CpHb LEAIKPVVNRIGVI CNAK—VQPEHIP. GAIKEV—LG—DGATEDIINEK;IGVIEVFIN:IKEMIASR— --
FHP PNSLHAVLKNIAN‘KIASLG—VKPEQ PIVGE IKEV-LG-NAATDDIISAWAQAYGNLADVLMGMESELYERSAEQ
HmpBs LGNIIPVVKQIGHKHRSIG-IKPEH¥PIUGKYLLIAIKDV-LG-DAATPDIMOBWEKA¥GVIEDAFIGIEKDME¥EQAEE-

HmpSt LPALLPAVEKIAQKHTSFQ- IKPEQ¥NIVGTHLLATLDEM-FN- - - PGQEVLDANGKA¥GVLANVFIHREAEI¥HENAS -
HMP  LPALLPAVEKIAQKHTSFQ-IKPEQ¥YNIVGEHLLATLDEM-FS---PGQEVLDAWGKA¥GVLANVFINREAET¥NENAS-

Ficure 1: Alignment of amino acid sequences of bacterial Hb and flavoHb globin domains. Proteins characterized in the present study:
C. jejuniHb (CHb), C. perfringensHb (CpHb),B. subtilisflavoHb (HmpBs),S entericaserovar Typhi flavoHb (HmpSt). Sequences of

Hbs and flavoHbs with known 3D structure have also been included for compavigmoscillahemoglobin (VHb) R. eutrophalavoHb

(FHP),E. coli flavoHb (HMP), and horse heart myoglobin (Mb). The topological positions according to the structure of Mb are annotated
above the multiple alignment.-Helical regions are shown in boldface type. Residues sharing identity between bacterial Hbs and flavoHbs
are shaded in dark gray, and those sharing identity between bacterial Hbs only are shaded in light gray.

eutropha(FHP) @) andEscherichia coliHMP) (12) have incorporateEcaR| andBanH]| restriction sites at the'5and
been solved. The crystal structure of FHP shows tightly 3'-ends of the genes, respectively, with the exceptioB.of
bound phospholipids in the heme cavity, which altered the subtilis(hmpb$ wereMunl andBanH| restriction sites were
positioning of relevant distal pocket residues, precluding any used.C. perfringens(cphl and C. jejuni (chb Hb genes
determination of proteirheme interaction at the distal site  were amplified by use of oligo pairs JFM15&16 (JFM15,
of the heme §). The three-dimensional structures of the 5-CGGAATTCATGTTAGATCAAAAGAC-3', and JFM16,
globin domains of HMP and VHb are very similar, as 5-CGGAATTCTCTTGAACGATACAT-3) and JFM3&4
expected from their amino acid identity (47%). On the other (JFM3, 3-CGGAATTCATGACA AAAGAAC-3', and JFM4,
hand, although HMP and VHb share only 11% and 6% 5-CGGGATQCTTTATCATAGAGC-3), respectively.B.
amino acid identity with Mb, respectively, their tertiary subtilis (hmpB$ and S enterica(hmpS} flavohemoglobin
structures are also closely related (rmsd 1.6 A, excluding genes were amplified by use of oligos JFM9&10 (JFM9,
the D helix of Mb). This precludes any structure/function 5_CcGCAATTGATGTTAGATAACAAAACAATCG-3', and
correlation based only on sequence comparisons. ThereforegFMloy 5 CGGGATCC AAC GGA CTG CGC CA-3 and
investigations on the biochemical and ligand binding proper- jEm182 (JFM1, 5CGGAATTCATGCTTGACGC-3 and
ties of these proteins are an essential prerequisite for theJFMZ, 3-CGGAATTCCAGCACCTTAT-3), respectively.
understanding of their k_)iological roles and can reveal new 4, PCR-amplified hemoglobin and flavohemoglobin genes
aspects of heme chemistry. were introduced into pHIS expression vector and transformed
The focus of the present study is comparative analysis of into E. coli XL1-Blue (recAl endAl gyr86 thi-1 hsdR17
the rate constants for the reactions of bacterial Hbs andsupE44 relAl lac[F’ proAB lacFiZAM15 Tn10 (Teb)];
flavoHbs with different ligands. The novel Hbs from  gtratagene) by standard techniquib$ (pHIS is a derivative
Clostridium perfringen§CpHb) andCampylobacter jejuni  of hkQV4 (15) carrying aSpH and Hindlll fragment from
(CHb) have been used as representatives of the bacterial HyeTR247 (obtained from Dr. P. Bnier, GlycArt Biotech-
group, and the flavoHbs fromacillus subtilistHmpBs) and  nqj0gy, Schiieren, Switzerland). Ti8pH—HindIll fragment
Salmonella entericaerovar Typhi (HmpSt) as representa- - conains the R, promoter, a multiple cloning site, and a DNA
tives of the flavoHb group. We report the kinetic data of the sequence coding for six His residues (so-called His tag).

_reactions of oxygen and_ carbon mpnoxi_de b@nd?ng to the pna sequencing was performed as described previodsly (
|ron(ll) form of t_he proteins and nitric Ox'd_e blndl_ng with 17). Thecphbgene reveals nucleotide substitutions relative
the |_ron(II) and |ron(II!) for_m; of the proteins. This §tU(_:Iy to the GenBank-deposited sequenCe fjerfringensstr. 13,
p:gvfﬁizsaofctgv mopﬁgﬁ'vg OIPS:%?(;ir:gtgnfjhzisll:%aér;((jesblr(;(ilsr}gleAcceSSion Number AB028630) leading to one amino acid
iF;onI)ications for thgeir fSnctioE P s_ubstltuuon, A&’ to Ser. Th|§ substitution has .b.eer_l con-
' firmed by sequencing three independent amplifications of
the Hb gene fronC. perfringensNCIMB8875. The gene

EXPERIMENTAL PROCEDURES sequences of other Hb (AL139079) and flavoHb genes

Cloning and Expression of Hbs and ktaHbs Genomic (AB024563 and AL627275) were identical with the gene
DNA for PCR amplification ofcphbHb gene was isolated  sequences deposited in GenBank. Expression vectors were
from C. perfringensNCIMB8875 and the strain€. jejuni, transformed intde. coli MG1655 (F 4~; Cold Spring Harbor
B. subtilis andS entericaserovar Typhi have been described Laboratory) for production of Hb and flavoHb proteins. All
previously (3). Oligonucleotide primers were designed to Hb and flavoHb proteins produced from the pHIS vector
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contained a sequence of eight extra amino acids, GSHHH-cell with argon for approximately 15 min and then diluting

HHH, at the C-terminus, two of which, Gly and Ser, are
derived from theBarHI restriction site.

Production and Purification of Hbs and RlaHbs Globin-
expressinge. coli cultures were grown in shake flasks at 37
°C and at 200 rpm for 4 h followed by a period of 10 h at
100 rpm, on Luria-Bertani (LB) medium {4) supplemented
with 100 mg L% ampicillin. Cells from total 63 L of culture

them with phosphate buffer containing different concentra-
tions of NO. Finally, the required amount of an anoxic
NADH solution was added to obtain a final concentration
of 400 uM.

Dithionite-free solutions of the iron(I)NO form of Mb

were obtained by reductive nitrosylation. For this purpose,
a concentrated metMb solution in 0.1 M phosphate buffer,

were harvested, resuspended in 100 mM potassium phosphatgH 8.0, was thoroughly degassed (for several hours) and then

buffer, pH 7.0, containing tM phenylmethanesulfonyl
fluoride (PMSF) to reach an Qi = 600, and lysed in a
French press (SLM-Aminco). All protein purification steps
were performed at 4C. Lysates were clarified by centrifu-
gation and filtration (0.4m). His-tagged Hb and flavoHb
proteins were purified on an affinity column, Sephadex

HisTrap chelating column (Amersham Pharmacia Biotech),

treated with an excess of NO, added from a saturated NO
solution (prepared also in 0.1 M phosphate buffer, pH 8.0).
The complete conversion of MbFe(llI)NO to MbFe(Il)NO
was confirmed by UW-vis spectroscopy. The resulting
MbFe(lII)NO solution was degassed to remove excess NO
and then diluted with 0.1 M phosphate buffer, pH 7.0,
containing the NO concentration required for the laser flash

and eluted stepwise in imidazole buffer (40 and 300 mM photolysis experiments.

imidazole in 100 mM potassium phosphate buffer, pH 7.0)
followed by a desalting column (Sephadex G25). Sample

purity was estimated to be 95% for bacterial Hbs and
>90% for flavoHbs from SDS12% polyacrylamide gels
(18) stained in Coomassie Brillant Blue. Lyophilized horse

heart myoglobin was obtained from Sigma and prepared as

described previously10).

Heme and protein contents were assayed as describe

previously @0). FAD content was assayed by releasing FAD
from flavoHb by boiling the purified protein sample for 3
min and determining the fluorescence at 520 nm with
excitation at 460 nm, by comparison with pure FAD as a
standard.

Preparation of Ligand-Bound HemoglobirSolutions of
the oxygenated forms of bacterial Hb and of Mb were

Despite the fact that we tried different procedures, it
proved impossible to prepare stable solutions containing the
iron(ll)—NO form of bacterial Hbs. Neither the reductive
nitrosylation procedure used for obtaining of MbFe(II)NO
nor the replacement of the coordinated CO with excess NO
led to the formation of the iron(ItyNO form, as confirmed

y UV—vis spectroscopy. Alternatively, we prepared the
ron(Il)—NO forms of bacterial Hbs by first reducing the
corresponding concentrated iron(lll) protein solutions with
sodium dithionite (6-15 equiv were needed, giving a final
concentration in the range 5200 uM) in sealed degassed
cells (flushed for 15 min with argon). The resulting mixtures
were then diluted with phosphate buffer containing the
required NO concentration. Unexpectedly, despite the strict
anaerobic conditions (and the presence of an excess of

prepared by reducing the proteins with a slight excess of yinionite), the iron(I)-NO protein solutions were stable

sodium dithionite and by purifying the resulting mixtures

over a PD-10 column (Amersham Pharmacia Biotech). The
concentrated protein stock solutions were diluted in sealed

cells or in gastight SampleLock Hamilton syringes with
phosphate buffer containing the required €@ncentration.

Solutions of the oxygenated forms of flavoHbs were gener-

ated in sealed cells or gastight SampleLock Hamilton

syringes by adding, immediately before the measurements,

NADH (400uM, final concentration) to a solution containing
the iron(lll) form of the corresponding flavoHbs and the
required Q concentration. Because of the NADH oxidase

activity of these proteins, these solutions were used within

5 min. Older solutions were discarded.

only for 10—30 min and slowly oxidized to the corresponding
iron(l11) —NO form. Moreover, dithionite and/or the products
derived from its decomposition interfered with the laser flash
photolysis measurements (see below). For comparison, Mb
iron(ll)—NO solutions were also prepared according to this
procedure.

Solutions of the iron(IlIl-NO form of the proteins were
prepared by diluting a thoroughly degassed iron(lll) protein
solution in a sealed cell with buffer containing the required
NO concentration.

NADH Oxidation RateMeasurements were performed at
20 °C with an Applied Photophysics SX18MV-R single-

The CO-bound form of the proteins was prepared by Wavelength stopped-flow instrument. Stock solutions of the
flushing concentrated protein stock solutions with argon for iron(lil) form of flavoHbs (4-16 «M) were first diluted with

15 min, adding sodium dithionite (approximately2 equiv),

buffer containing different © concentrations (3061300

and finally diluting the resulting mixtures with CO-saturated #M) and then mixed in the stopped-flow instrument with an
buffer. This stock solution was then diluted in sealed cells @noxic solution of NADH (106-600.M) in buffer. NADH
or gastight SampleLock Hamilton syringes with phosphate consumption was measured by following the absorbance

buffer containing different CO concentrations. For the

preparation of MbFe(Il)CO solutions needed for the deter-

decrease at 340 nm.
Association and Dissociation Rate Constait8 kinetic

mination of the rate of CO dissociation, in some cases the measurements were performed at’20in 0.1 M phosphate
concentrated solution was purified over a PD-10 column buffer at pH 7. @ and CO stock solutions were prepared by

(Amersham Pharmacia Biotech) equilibrated with CO-

equilibrating the buffer with the corresponding pure gas at

saturated buffer. This procedure proved not to be necessaryroom temperature. NO was prepared as described previously

since purified and dithionite-containing solutions of
MbFe(II)CO gave identical CO dissociation rates.
Solutions of the iron(1)-NO form of flavoHbs were

(21). If required, saturated stock solutions (1300 O,, 1000

uM CO, and 2000uM NO) were diluted with degassed

buffer in gastight SampleLock Hamilton syringes. All

prepared by first degassing protein stock solutions in a sealedsamples were prepared immediately before use, and their
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stability was checked spectrophotometrically before and after 1,0 1. Spectroscopic Data for the Iron(ll), ron(lll), and

the kinetic measurements. Complexed Forms of the Different Hemoproteins
Association time courses for0CO, and NO [Ko,(F€*t),

Amax (NM

Keo(FE), Kno(FE"), and Kno(FE™)] were measured by protein form Soret visii)le) visible
laser flash photolysis of the ligand-bound protein samples "
with an Applied Photophysics LKS50 instrument fitted with ggﬁgzg é)+) igi ggi
a Quantel Brillian B Nd:YAG laser. Solutions were irradiated HmpBs(Fé") 432 555
at1 = 532 or 420 nm with a pulse of 10 ns. Final protein HmpSt(Fé*) 433 558
concentrations were 2:5L0 uM. Time courses (average of CHb(Fé") 401 504 625
5-10 traces) were followed at two wavelengths (maximum SpH%(Fig 282 igg gfé
and minimum of the differential spectra ligand-bound protein ngsf((,:é+)) 403 498 shoulder
minus ligand-free protein) and measured for differentligand  cHb(Fe"O, 412 540 577
concentrations (€ 260-1300xM; CO, 200-1000uM; and CpHb(FENO, 411 539 576
NO, 250-2000uM). Second-order association rate constants :mpgf(g:éé%)éb ﬁi gig g;i
were obtained from the slopes of the linear plots of the CHE(F,3+)COZ 419 539 566
observed pseudo-first-order rate constants versus ligand CcHb(Fé+)CO 418 538 565
concentration. Averages and standard deviations of the HmpBs(Fé)CO 420 539 565
calculated slopes are reported. (H:mg(slztéﬁ‘)é;)go ﬁ% gﬁg gt?gul der

Dissociation rate constants for@nd CO ko,(F€**) and CpHb(FENO 417 547 shoulder
keo(F€#T)] were measured directly by carrying out replace- HmpBs(F&Y)NO 414 545 shoulder
ment reactions with an Applied Photophysics SX17MV or HmpSt(ﬁé*)NO 417 547 shoulder
a SX18MV-R single-wavelength stopped-flow apparatus ggﬁgzﬁ é)+’)\INOo ﬁg 22(2) ggg
(22). The ligands of a 18620 uM solution of the Q- and HmpBs(F&")NO 417 533 567
CO-bound forms of the hemoproteins were replaced by a  HmpSt(Fé)NO 421 535 569

high concentration of displacing ligand (5@ CO and
1000uM NO, respectively). Measurements were done at two has previously been reporte@5 26). FAD was supple-

different wavelengths (maximum and minimum of theé \onteq in all reactions to have equimolecular amounts of
differential spectra) and at least two different ligand con- heme and FAD

centrations (65325 uM O, and 506-250 uM CO). The o .
observed rates were obtained from the fits of at least five Spe_ctral Chgracterlzgtlon and Stabllj_tgpectral ch_arac—
terization and information on the stability of the different

single traces. The dissociation rate constants were thenbacterial globins were required to study kinetics of ligand
calculated from the expressioks, = koud1 + Ko,[O)/Kcor binding. The absorbance maxima for the five protein forms

E':o?l]:) e;i;] dk'lzz(()F:H;(O;fwtkj_N o?%%ﬁ!t@rﬂiﬁg)i nbt}/“ Su \?Jg?k of the different proteins relevant for our studies are sum-
Average values and standard deviations obtained from themarlzed in _T?b'e 1. The bacterlal_ globins investigated
displayed similar spectra, resembling that of Mb. The

different measurements are reported. i ) .
NO dissociation rate constanigb(Fe2+)] were measured a.bsorbance spectra of the iron(ll) forms, which all display a
single broad band near 556 nm, suggest that the reduced

spectrophotﬁmetrically in fa ?ary 1E Wi ?pectropho- forms of these proteins are pentacoordinated. A similar
torgete(;_ln t de' E_res_encizoo il/largedexce_ssdo CO_ (J"gﬂp environment is found in Mbs, in contrast to the trHb of
and sodium dithionite (10 mM) as described previougly( Synechocystisp. or neuroglobin and cytoglobin (also know

The progress of the.disso.ciation was fqllowed by repprding as histoglobin)Z7—29), in which a histidine residue occupies
spectra every 10 min during a 3-h period and additionally the sixth coordination site.

every 30 min during a further 3 h. Under these conditions, The oxvaenated forms of the bacterial Hbs were stable
dissociation of NO is the rate-determining step, thugFe’") Y9 L .
for several hours at room temperature in air-equilibrated

was obtained from the exponential fits of the kinetic traces buffer, pH 7. The only characterized bacterial Hb so far
at 420 and 537 nm (of three independent measurements)VHb, has a similar stability30). In contrast, under the same

Mean values and standard deviations are reported. .

conditions oxygenated forms of flavoHbs were only observ-
able while NADH was present. Such behavior has already
been observed for other flavoHKS. coli flavoHb (HMP)

Hb and FlavoHb Protein ProductionBacterial Hbs and  has been shown to consume &nd yield reactive oxygen
flavoHbs were engineered to contain a Hisg at the species, with the concomitant oxidation of NADB{(33).
C-terminus to facilitate protein purification. Identical func- The aerobic NADH oxidation rate by the flavoHbs of the
tional behavior of Histagged and nontagged Hbs has present study was also determined. HmpBs and HmpSt
previously been reporte@4). reported NADH oxidase activities of 0.18 0.02 s* and

Approximately 3.3, 2.6, 2.8, and 2.4 mg of purified 0.25 &+ 0.02 s, respectively. Our values are in good
protein/g of wet cell pellet were obtained for CHb, CpHb, agreement with previously published values for HMP (0.2
HmpBs, and HmpSt, respectively. Protein purities were S %) (25).
approximately 96-95% as estimated from SDRAGE gels. Determination of Association and Dissociation Rate
Purified flavoHbs were partially lacking FAD. The molar ConstantsLigand association rate constants were measured
ratios of FAD to heme were 0.26 and 0.54 for HmpBs and by laser flash photolysis. Time courses were followed at two
HmpSt, respectively. FAD deficiency in purified flavoHbs wavelengths (maximum and minimum of the differential

RESULTS
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FIGURE 2: O, recombination kinetics after laser flash photolysis.  gyre 3: CO recombination kinetics after laser flash photolysis.
(A) Time courses for @rebinding to bacterial Hbs, flavoHbs, and () Time courses for CO rebinding to bacterial Hbs, flavoHbs, and
Mb after laser flash photolysis in the presence of 13800,. To Mb after laser flash photolysis in the presence of GMCO. To
facilitate comparison of the data for the various proteins, the fagjlitate comparison of the data for the various proteins, the
absorbance changes were normalized to 1 at the maximumgpsorbance changes were normalized to 1 at the maximum
absorbance. (B) Plot of the observed rate constantsfoel@nding absorbance. (B) Plot of the observed rate constants for CO rebinding
to the different proteins versus,@oncentration. The results of 5 the different proteins versus CO concentration. The results of
the linear fits, displayed as solid lines, are given in Table 2. Lines: e jinear fits, displayed as solid lines, are given in Table 2. Lines:
(1) CHb; (2) CpHb; (3) HMpPBS; (4) HMPSE, (5) Mb. Protein 1y cHb: (2) CpHb; (3) HMpBs; (4) HMPSt; (5) Mb. Protein
concentrations were-210 uM in 0.1 M sodium phosphate buffer,  ~gncentrations were-210 uM in 0.1 M sodium phosphate buffer,
pH 70,T = 20°C. pH 70,T = 20°C.

spectra ligand-bound protein minus ligand-free protein) and as shown for @and CO in Figures 2B and 3B, respectively.
measured for different ligand concentrations. For control, all The measured®’ values are summarized in Table 2. In all
measurements were also carried out with horse heart myo-cases, the two bacterial Hbs have comparable rates and differ
globin. Typical time courses of QCO, and NO recombina-  from the values of the two flavoHbs, which are also
tion to Mb and to novel bacterial Hbs and flavoHbs after comparable with each other. The second-order rate constants
laser flash photolysis are shown in Figures 2A, 3A, and 4. for O, and CO binding to bacterial Hbs are larger than those
In most cases, these traces could be fitted well with a single-for binding to flavoHbs are. The rate constants for NO
exponential expression. However, time courses for oxygen binding to the iron(lll) forms of the proteins are also larger
association to HmpBs were biphasic; the fast phase accountedor bacterial Hbs compared to flavoHbs.
for approximately 75% of the reaction. Three of the four  The association rate constants for NO binding to the iron-
bacterial globins studied displayed biphasic time courses for (11) form of bacterial Hbs could not be established. As
CO rebinding. The relative amplitudes of the two phases described in the section Experimental Procedures, the
varied among the different proteins. The fast phase accountedron(ll)—NO form of these proteins could only be prepared
for approximately 85% of the reaction with CHb and 50% in the presence of a large excess of dithionite. Surprisingly,
of that with HmpSt. In contrast, for HmpBs the percentage even under these condition the ironti)lO form of bacterial
varied depending on the observation wavelength: at 437 nmHbs was not stable and was slowly (180 min) converted
the fast phase accounted for 70% of the reaction, while atto the corresponding iron(If)NO form, despite the strictly
419 nm the fast phase was reduced to 53%. Biphasic timeanoxic conditions. Great care was taken to ensure po O
courses were also observed for NO rebinding to the iron(lll) contamination and, in fact, Mb samples prepared accordingly
forms of CHb and of CpHb, with 57% and 85% of the were stable. Attempts were made to carry out laser flash
proteins reacting faster, respectively. photolysis experiments with these dithionite-containing solu-
Second-order association rate constakijdd@r each ligand tions immediately after preparation. However, the data were
were obtained from the slopes of the linear fits of the not reproducible, not only because of the instability of the
observed rate constantk,f) versus ligand concentration, iron(ll)—NO form of these proteins but possibly also because
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in further investigations of other flavoHb&%, 36). These
values are in agreement with those reported here for CHb
and CpHb.

Since dissociation rate constant§ (vere mostly very
small, they were determined independently by stopped-flow
spectroscopy, for better accurady,(Fe) and keo(FET)
were determined by ligand displacement with CO and NO,
respectively. Typical time courses for these reactions are
shown in Figure 5. Most kinetic traces could be fitted well
with a single-exponential expression. Howeves didsocia-
tion from HmpBs and from HmpSt was biphasic; the fast
phase accounted for 75% and 61%, respectively, of the
Time (s) reaction.k values were calculated from observed displace-

5 ment rates as described under Experimental Procedures. NO
dissociation from the iron(ll) forms of Hbs and flavoHbs
was measured spectrophotometrically after addition of an
excess of sodium dithionite and CO. Spectra were taken at
regular intervals to ensure that initially the proteins were in
the iron(ll)>-NO form and to follow the progress of the
reaction. Progress of NO dissociation at the Soret maximum
for the different proteins studied is shown in Figure 6. lAll
values for the different ligands studied are summarized in
Table 2. In contrast to the association rate constants, no clear
. . . difference between flavoHbs and bacterial Hbs dissociation
0 100x10% 200x10% rate constants are observed. The rate of dissociation from
iron(ll) form decreases in the order, @ CO > NO, as in

Ficure 4: NO recombination kinetics after laser flash photolysis. mos_'t nétlve m.yogloblns.- .
(A) Time courses for NO rebinding to iron(ll) form of flavoHbs Kinetic studies of previously characterized flavoHbs, as

and Mb after laser flash photolysis in the presence of 1000 well as other studies on Mb mutant37f and hexacoordi-

NO. (B) Time courses for NO rebinding to iron(lll) form of bacterial ; ot
Hbs, flavoHbs, and Mb after laser flash photolysis in the presence nated Hbs $8), also reported that ligand association and

of 10004M NO. To facilitate comparison of the data for the various diSSociation kinetics are sometimes biphasic. No clear
proteins, the absorbance changes were normalized to 1 at theexplanation was generally given for this behavior, which may

maximum absorbance. Lines: (1) CHb; (2) CpHb; (3) HmpBs; (4) be due to the presence of different conformations of the heme
HmpSt; (5) Mb. Protein concentrations were 20 M in 0.1 M pocket, possibly as a result of a higher conformational
sodium phosphate buffer, pH 7.0;= 20 °C. flexibility. In addition, in flavoHbs the reaction can be

complicated by additional interactions with the reductase
of the presence of dithionite and/or products of its decom- domain, leading to different extents of reductic@by

position. Indeed, laser flash photolysis experiments with  |nterestingly, we found that the dissociation rate of CO
dithionite-containing MbFe(I)NO solutions led to a lower  from MbFe(l)CO, determined by NO replacement, depended
value of the association rate than those obtained with on the concentration of the protein and on the wavelength
dithionite-free MbFe(I)NO solutions, prepared by reductive cnhosen to follow the reaction. Moreover, in some cases the
nitrosylation (see Experimental Procedures). ExperimentSiaces were also biphasic. Taken together, these results

performed in the presence of different dithionite concentra- gyggest that dissociation of CO from MbFe(INCO is a
tions showed a clear inverse correlation between the observ 33

1.0 1 A

0.5

AA 435 (normalized)

0.0 A1

0 100x10¢ 200x10®

1.0 4

0.5

AA 400 (normalized)

0.0

Time (s)

11U e €®hrocess more complex than previously repoftd@tie value
association rate constants and the amount of dithionite adde eported in Table 2 was measured under conditions similar

(results not shown).

For all ligands studied, the values of the association rate
constants for flavoHbs are always between those for Mb and ., centration of ca. AM and by following the absorbance
those for bacterial Hbs. Previously characterized bacterial changes at the absorbance maximum of the corresponding
Hbs and flavoHbs (Table 2) display comparable association iron(11)—CO form.
rate constants and follow the same tenderfy 84—36). i .
Only the values of VHb CO association rate constant and The.eqU|I.|br.|um constants calculated frqm the association
VHb O, dissociation rate constant determined by Orii and @nd dissociation rates show that, as with most Mbs, the
Webster 84) differ significantly from the values obtained. ~increasing overall ligand affinity going from Qo CO to
However, not only are the methods used in the determination™NO i largely due to a decrease of the dissociation rate
of these rate constants different from those used for the constant. However, in general the, @O, and NO affinities
characterization of the other bacterial globins but also they ©f bacterial Hbs and flavoHbs are much higher than those
are indirect methods. In a more recent study Giangiacomo of Mb.
et al. 35) report values of 4.273 and 0.15 s! for the fast
and slow phases of VHb QOdissociation rate constant 2 Details on these studies are outside the scope of this work and
measured by a method similar to that used in this study andwill be published elsewhere.

to those used for determination of the dissociation constants
of the bacterial Hbs and flavoHbs; that is, with a protein
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Table 2: Kinetic Binding Constants of Bacterial Hemoglobins and Flavohemogfobins

(FEH0, (FeH)Co (Fé"NO (FéHNO
Kk k K k Kk k Kk k
protein  (uM~ts™?) (s uM~tsh (102sY) (uMtsl (104sY uM~tsh (s ref
Mb 13+ 0.3 11+ 3 0.5+0.1 15+ 1 21+1 1.1+ 0.3 0.044+ 0.005 ND  this work
(8.0£0.2)
HMP 38 0.44 29(1.4,0.3-0.5) 5.F(1.8) 26 (4) 2 44 (5.8) ~4000 36,25
FHP 50 0.2 0.11 '8 10-2¢¢ ND 2.4 1200 25
HmpBs 4444 L2 72 367 38+ 4 21+0.5 24404 ND  this work
(2.8) (0.3) (0.5)
HmpSt 6+ 1 15+0.1 6°t1 6.23+ 0.04 424+ 13 3.4+ 03 48+3 ND  this work
(0.08) (0.9)
VHb 78 5600 0.0007 16 ND ND ND ND 34
VHb 200 42402 ND ND ND ND ND ND 35
(0.15+ 0.04)
CHb 1544+ 17 1.1+0.1 45 + 17 40+ 20 ND 1.6+05 133426 ND  this work
(1.9) 4
CpHb 207+ 40 1.8+0.2 59+ 5 30+ 10 ND 6+ 2 312+ 66 ND  this work
(26)

@ Rate constants for £ CO, and NO associatiork'] and dissociationk) were measured at 20C, 0.1 M phosphate buffer, and pH 7.0 as
described under Experimental Procedures. Error&'fare the standard deviations from the slopes of plots of the observed pseudo-first-order rate
constants versus ligand concentration. Errorskfare standard deviations from the mean of at least three mdependent measurements. ND, not
determined® Reactions were biphasic. The fast phase accounts for 70% or more of the reaction. The slow rate is reported in p&rRethetsass
were biphasic. The fast rate accounts for 50% or more of the reaction. The slow rate is reported in parérRieestions were biphasic. The fast
rate accounts for approximately 70% of the reaction when measured at 437 nm and for approximately 50% when measured at 419 nm. The slow
rate is reported in parenthes@®Reactions were biphasic. The fast rate accounts for 15% of the reaction. The slow rate is reported in parentheses.

Lh 1.0 -

AA 422 (normalized)
o
[<.]

AA420 (normalized)

Time (s)

Time (h)

B Ficure 6: NO Dissociation time courses from iron(ll) Hbs and
flavoHbs. Protein samples;—=5 uM of the NO—iron(ll) form of

the proteins, were injected in sealed cells containing MO

and 10 mM sodium dithionite in 0.1 M sodium phosphate buffer,
pH 7.0, T = 20 °C. NO dissociation was followed spectrophoto-
metrically. Progress of the dissociation at the Soret maximum is
displayed. Lines: (1) CHb; (2) CpHb; (3) HmpBs; (4) HmpSt; (5)
Mb.

AA 420 (normalized)

similar function and to serve as nitric oxide dioxygenases.
, : , ; This hypothesis is based on the high similarity between the
0 5 10 15 20 structures of their globin domain$2). However, a detailed

examination of the biochemical and ligand binding properties
of these proteins shows a clear distinction between the two

Tewrtn= &

Time (s)
Ficure 5: O, and CO dissociation time courses measured by

stopped-flow. (A) Time courses for @lisplacement by CO ([& groups.. . .
= 130 uM), [CO] = 500 uM). (B) Time courses for CO The first clear difference between the two types of proteins
displacement by NO ([CO¥E 100uM, [NO] = 1000uM). Lines: is the autoxidation rate. FlavoHbs show a much greater

(1) CHb; (2) CpHb; (3) HmpBs; (4) HMpSt, (5) Mb. Protein  tendency to autoxidize than bacterial Hbs. In fact, flavoHbs
coHngeg_t%atlogg fretd HPOuMin 0.1 M sodium phosphate buffer, ere purified in the iron(lil) form and could be kept in the
P = ' oxygenated form only in the presence of a reducing agent.
DISCUSSION Previously charaqterized fIgvpos have be_en shown to
consume @ and vyield reactive oxygen species, with the
Among the different classes of globins existing in bacteria, concomitant oxidation of NADH 25, 32). The NADH
bacterial Hbs and flavoHbs have been suggested to have axidase activities of the flavoHbs HmpBs and HmpSt are
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similar to those reported foE. coli, R. eutropha and of nonpolar residues interacting with the heme in the distal
Saccharomyces carsiaeflavoHbs @5), autoxidizing within site of VHb is higher than in Mb, as measured by use of
minutes. Therefore, it would be plausible that flavoHbs have LPC (ligand-protein contacts) softwaré9). In conclusion,
evolved a reductase domain to overcome the susceptibilitycompared to Mbs, a more apolar heme environment in the
to autoxidation of their globin domains, thus suggesting that case of bacterial Hbs, a bigger heme cavity in the case of
for biological function they are in the reduced forms. flavoHbs, and for both bacterial Hbs and flavoHbs the lack
However, the autoxidation rate of the flavoHb from the yeast of water stabilization in the interior of the distal pocket can
Candida nopegensiss comparable to those of bacterial Hbs, be some of the factors that contribute to the highgr@D,
being stable for some hourgf). Although the oxygenated and NO affinities of these proteins.

forms of bacterial Hbs are more stable than those of  gjgnificant differences between the two groups of bacterial
flavoHbs, the autoxidation rates of both types of proteins globin proteins studied were found in their affinities for
are still higher relative to Mbs. It has been shown that the |igands. These were mainly due to differences in the
globin moiety plays an important role for the stabilization association rate constants. The heme distal site of the
of the FeQ unit. Mb has evolved with a heme cavity that pacterial Hb VHb and the flavoHb HMP show notable
can protect the FeQcenter from easy access of a water (differences, despite the remarkable similarity of the overall
molecule and its conjugate ions (Otand H') (39). The  fold of the heme domains. The topological position E8 in
higher autoxidation rate of flavoHbs can be due to a higher \vHp distal site seems to be important. The proline ring at
solvent accessibility to the active site. The heme cavity in this position prevents access of the solvent or ligand to the
flavoHbs is much bigger than that of Mb and bacterial Hbs, heme distal site and is displaced upon ligand bind)g6).
as predicted by use of the software CastB)( The same position in HMP is occupied by an arginine residue
Ligand affinity constants also show a clear distinction whose side chain is oriented toward the outside of the distal
between the two groups of bacterial globins. Theadd pocket, while in HMP it seems that it is the isopropy! site
CO affinity constants and the rates of NO binding to the chain of Leu(E11) which rotates to accommodate the
iron(lll) forms of the proteins are higher in bacterial Hbs incoming ligand 12). Alignment of the amino acid sequences
compared to flavoHbs. All, bacterial Hbs and flavoHbs of all characterized bacterial Hbs shows that the residues at
characterized so far have highes, @O, and NO affinities  the topological positions E6, E8, and E9 are identical in these
than Mb. Studies on vertebrate Mbs show that two major proteins but that they differ from those of flavoHbs. It is
factors affect the rate of ligand entry into the protein. In wild- likely that these residues are responsible for the differences
type deoxy-Mb a noncoordinated water molecule hydrogen- in ligand affinity between bacterial Hb and flavoHbs. More
bonds to the Natom of the distal His(E7) and has to be structural data on bacterial globins is needed to confirm this
displaced before ligand binding. Stabilization of this water hypothesis.
molecule in the interior of the distgl pocket of the deoxyMb Comparison of the kinetic data makes a clear distinction
causes a decrease of the association rate cpnstants for alletween the two groups of bacterial proteins, suggesting that
ligands @1). It has also been shown that the size and depth fiayoHpbs and bacterial Hbs may have different roles in the
of the distal pocket is a major determinant of the rate of cq|| previously, it has been proposed that the NO-induced
ligand entry into the protein: a decrease in the size of the gyjqation (NO dioxygenation) of flavoHbs is favored relative
pocket causes a reduction in the rate of ligand entry. In {4 Mp because of the larger,@ssociation rate constant and
contrast, the ligand release depends more on the frequencyhe smaller @dissociation rate constant of flavoHbs provides
of upward and outward movements of the distal histidine, {he relatively stable iron(If-O, intermediate required for
as well as the number and the accessibility of the internal ¢ reaction 25). According to this hypothesis, NO dioxy-
cavities @2). The three-dimensional structures of the bacterial genation would be more favored in bacterial Hbs with respect
globins used in this study are not yet available. In an attempt s flavoHbs because bacterial Hbs have even larger O
to correlate the ligand binding properties with the molecular association rate constants. On the other hand, it is not known
structures, we compare our present findings with structural po\ fast the necessary rereduction step in bacterial Hbs,

data available for bacterial globins, that is, the flavoHb HMP \hich relies on an external and unidentified reductase system,
and the bacterial Hb of/itreoscilla (VHb). It is expected will proceed in vivo. Moreover, up to now only the

that the structures of these proteins are rather similar to thoseexpression of the bacterial Hb CHb has been shown to be

in the present study. The three—dir_nensional structures ofinduced under nitrosative stres&7). Analogously, recent
HMP and VHb show that the E7 residue, a glutamine, does gy,gjes have shown that Mb in addition to being responsible
not play a significant role in ligand binding to the heme of ¢, O, storage and supply can act as NO oxidase and thus

these proteins. A GIn(E7)Leu substitution in VHb had little  contribute to the attenuation of oxidative stress in cardiac
effect on ligand binding propertied3). In fact, in both VHb muscle ¢8).

and HMP, the GIn(E7) side chain does not contribute to the

formation of the first distal pocket shell in the unliganded ACKNOWLEDGMENT

derivatives 12). Another key residue for the regulation of

ligand binding in Mb is the distal Val(E11). Interestingly, =~ We thank Dr. Thomas Nauser for skillful technical
Leu replacement, the corresponding amino acid present inassistance during laser-flash photolysis experiments.
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