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ABSTRACT: The interaction of the recombinant hemoglobin frifitreoscillasp. (VHb) with the bacterial
membrane oEscherichia colicells has been investigated by measuring the propensity of VHb to interact
with monolayers formed by natural bacterial phosholipids. The measurements showed that the protein is
capable of penetrating the monolayers, possibly establishing interactions with the hydrophobic acyl chains.
VHb is also capable of binding reversibly phospholipids and free fatty acids in solution with a strong
selectivity toward cyclopropanated acyl chain species. Lipid binding occurs within the distal heme pocket
as demonstrated by a sharp YVis spectral change corresponding to a five-coordinate to six-coordinate
transition of the hemeiron ferric derivative. Oxygen binding properties are affected by the presence of
the lipid component within the active site. In particular, the oxygen affinity is decreased by more than
20-fold in the presence of cyclopropanated phospholipids. The kinetic counterpart of the decrease in oxygen
affinity is manifest in a 10-fold decrease in the ligand combination kinetics. Accordingly, the CO and NO
combination kinetics were also significantly affected by the presence of the bound lipid within the active
site. These studies indicate that the current functional hypotheses about VHb should take into account the
association of the protein within the cytoplasmic membrane as well as the presence of a phospholipid
within the active site. These data suggest a possible lipid-induced regulation of oxygen affinity as the
basis of VHb functioning.

The bacterial hemoglobin froMitreoscillaspecies (VHB) biochemical reactivity toward heme ligands and uncertain
represents a most versatile tool for a variety of whole cell physiological role(s). Increased levels of tRNAs and ribo-
biotechnological processe¥)(In fact, heterologous expres- somes as well as enhanced respiratory activity and ATP
sion of VHb within bacteria, yeasts, fungi, and plant cells production have been reported as major beneficial conse-
has been successfully exploited to enhance host cell growthquences of VHb expression in heterologous hos@s 11).

(2) and to improve the expression of selected enzym8gs ( However, the explicit mechanism that links the overall
or the yield of valuable intermediate metabolite$), ( metabolic effects to the putative “hemoglobin-like” function
especially under oxygen-limiting conditions. Notable ex- of VHb is as yet unclear. At present, the following two
amples of the in vivo effects of VHb include the increased general hypotheses have been put forth: (i) VHb acting as
production ofa-amylase inEscherichia coli(5) and cepha- a scavenger toward oxygen or NO radicalic specl&s ¢r
losporin C inAcremonium chrysogenu(@), the degradation (i) VHb acting as an oxygen delivering protein (myoglobin-

of toxic wastes such as benzoic acidRseudomonaspecies like) that facilitates the oxygen diffusion toward terminal
and 2,4-dinitrotoluene bBurkholderia(7), and the enhanced oxidases 13, 14). The latter hypothesis implies that the
activity of chimeric VHb-amino acid oxidases, (9). presence of VHb within the respiratory membrane enhances

Such an amazingly wide array of biotechnological ap- the oxygen flux to one or both terminal oxidases (cyto-
plications of VHb contrasts with a poorly understood chromesoandbdin E. coli) under hypoxic conditions. The
observation that exogenously added VHb stimulated the
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E'Tﬁﬂ:ivglgﬁggibggé?aﬂf'romal"t' a pivotal role and requires further investigation especially
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Abbreviations: _ VHb, Vitreoscilla hemoglobin, HMP,E. coli have been reported to partition efficiently to the phospholipid

flavohemoglobin; FHP Alcaligenes eutrophugRalstonia eutrophp . .
flavohemoglobin; TLE, total lipid extracts fror. coli membranes; ~ bilayer (13, 15), and the latter protein has been also
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The lipid binding properties, together with alkylhydroper- of monolayers at different initial surface pressureg,(the
oxide reductase activity, suggested a specific role for HMP protein (0.05-1.5uM) was injected into the subphase, and
in the bacterial response to oxidative/nitrosative stress. Thethe increment in surface pressure of the lipid film upon
structural similarity of VHb and HMP is restricted to the intercalation of the protein dissolved in the subphase was
first shell of residues that form the contour the heme pocket followed for the next 37 min. The difference between the
(16—18), whereas notable differences between the two initial surface pressure and the value observed after the
proteins are evident in the neighboring regions, especially penetration olitreoscillaHb into the film was taken to be
within the solvent-exposed CE segment that limits the Az. Data shown in Figure 1 represent the last set of five
external surface of the active site. Nevertheless, the hydro-independent measurements carried out on different protein
phobic nature of the distal site and the conservation of the and phospholipid preparations, all showing good reproduc-
distal LeuE11, PheB9, and TyrB10 triad suggest that the two ibility. All measurements were performed at room temper-
proteins may display a common behavior with respect to lipid ature.

bindin_g p_roperties, p_roteﬂamembrane interaction, and oxy- Lipid Binding Measurement®hospholipid and free fatty
gen binding properties. acid binding properties were measured essentially as de-
In this work, the interaction of VHb withE. coli scribed in refl5. Briefly, the lipid-free VHb solution [§«M,
membranes has been addressed by means of lateral pressufie 0.1 M phosphate buffer (pH 7.0) containing 20% (v/v)
measurements on monomolecular phospholipid films. This ethanol] in the ferric state was titrated with small amounts
system has become increasingly popular as a model forof ethanolic solutions containing either TLE or free fatty
investigating the interactions of a wide range of proteins and acids. Phospholipid and fatty acid concentrations in ethanol
peptides with biological membrane3%-21) in that it can  were standardized by infrared absorption measurements in
confirm directly and with high sensitivity the protein the carbonyl stretching region (1692720 cml) as de-
monolayer interaction. Moreover, VHb was also demon- scribed in refL5. The UV—vis spectra were recorded between
strated to bind reversibly cyclopropanated phospholipids (and 250 and 700 nm on a Jasco V-570 spectrophotometer (Jasco
fatty acids) within the active site with consequent alteration Ltd.). Kinetic experiments were carried out by means of
of the oxygen binding properties. stopped-flow measurements in an Applied Photophysics
(Leatherhead, U.K.) instrument. Phospholipid binding was
MATERIALS AND METHODS also monitored by GEMS (on methyl ester extracts) and
UV —vis spectroscopy on protein samples collected after each

BL21 cells and purified as described previousB2)( To step of the purification proced_ure. Thus, a ferric protein
ensure complete removal of bound phospholipids, an ad-S@mple was examined by UWis spectroscopy and then
ditional purification step on the lipid avid hydroxylalkoxy- €Xtracted with a chloroform/methanol mixture (see the
propyldextran resin (Type X, Sigma-Aldrich Co.) was carried Prévious paragraph) at each purification stagfg,(namely,

out. Phospholipids and cyclopropanehexadecanoic, -linoleic, 2ter the capture (DEAES?2 anion exchange chromatography),

-oleic, and eis-vaccenic acids were obtained from Larodan €nrichment (hydroxylapatite chromatography), and refine-
Fine Chemicals (MalimoSweden). ment (G-75 Sephadex gel filtration chromatography) steps.

Total lipid extracts (TLE) fromE. coli BL21 cells were Oxygen Binding PropertieS.he oxygen binding kinetics
prepared as described previouslsy, Fatty acid methyl was measured by directly mixing the deoxygenated protein
esters were ana]yzed by gas Chromatogra-p‘hyss spec- with buffer Containing Varying amounts of dissolved oxygen.
trometry (GG-MS) using an Agilent 6850A gas chromato- [N this case, the deoxygenated protein solution was prepared
graph coupled to a 5973N quadrupole mass selective detectopccording to the method of Kundu et a23[. The reduced
(Agilent Technologies, Palo Alto, CA). Chromatographic Protein (8 mL total volume, xM heme) was transferred to
separations were carried out on a Zebron ZB-WAX fused- a gastight stopped-flow syringe, and 2 mt @5 mg/mL
silica capillary column (30 mx 0.25 mm inside diameter) ~G6P dehydrogenase solution was added. The syringe was
coated with polyethylene glycol (film thickness of 0,28 kept for 15 min in the stopped-flow apparatus until the signal
as stationary phase. The injection mode was splitless at 2608t 430 nm (the peak of the deoxygenated derivative) reached
°C. The column temperature program was from 260(1 a stable value indicating that the protein was fully deoxy-
min) to 260°C at a rate of C/min and held for 20 min. ~ genated. Thereafter, the deoxygenated protein was mixed
The carrier gas was helium at a constant flow of 1.0 mL/ With oxygenated buffer containing varying amounts of
min. The spectra were obtained in the electron impact modeoxygen (135, 65, 32.5, and 16V before mixing).
with an ionization energy of 70 eV and a mass range scan Oxygen release kinetics were also measured in an oxygen
from m/z 50 to 500, an ion source temperature of 2&) pulse experiment by mixing a solution of either lipid-bound
and an ion source vacuum of F0Torr. (TLE) or lipid-free VHb (8 uM) containing an excess of

Monolayer Experimentdnsertion ofVitreoscillaHb into sodium dithionite (0.220 mM) in 0.25 M phosphate buffer
monolayers of plasma membrane lipids extracted fiem at pH 7.0 with oxygenated buffer. At each dithionite
coli (TLE) and spread at an atbuffer (10 mM sodium concentration, time courses were collected over 10 s by
phosphate at pH 7.2) interface was monitored by measuringfollowing the absorbance decrease at 430 nm and the
the surface pressure)with a Wilhelmy wire attached to a  corresponding increase at 416 nm. Thereafter, the oxygen
microbalance (DeltaPi, Kibron Inc., Helsinki, Finland) con- pulse experiment was carried out as a function of oxygen
nected to a personal computer and using circular glass wellsconcentration by diluting the oxygenated buffer with a
(subphase volume of 0.5 mL). After evaporation of lipid degassed one. Four oxygen concentrations were examined:
solvent (2:1 chloroform/methanol mixture) and stabilization 135, 65, 32.5, and 16M (before mixing).

RecombinantVitreoscilla Hb was expressed i&. coli
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Ficure 1: Insertion ofVitreoscillaHb into E. colilipid monolayers.
Increments of surface pressuretfcoli lipid monolayers due to
the addition ofVitreoscillaHb into the subphase are illustrated as
a function of protein concentration (A, at an initial surface pressure
varying between 19.8 and 20.2 mN/m) or initial surface pressure
[B, with 0.5 uM protein; horse Mb controlsX)]. Typical kinetics

of surface pressure increase related to penetratiovitefoscilla

Hb into E. coli lipid monolayers (Csro = 11.8, with 0.54M protein;
arrow indicates injection of the protein into the subphase).

1600 2000 2400

CO and NO Binding Propertie€0O combination kinetics
were studied in stopped-flow experiments by mixing either
lipid-free or lipid-bound dithionite (20 mM)-reduced VHb
with CO-containing solutions in 0.2 M phosphate buffer at
pH 7.0 and in the presence of 20 mM dithionite at°Z
Under the same experimental conditions, binding of NO to
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within the dead time of the instrument even at low NO
concentrations and BC. Thus, NO binding kinetics were
measured on the ferric VHb derivatives by directly mixing
anaerobic NO solutions with the ferric, lipid-bound, or lipid-
free protein. Anaerobic NO-saturated solutions were prepared
by bubbling NO gas at 1 atm through a NaOH trap and
equilibrating the degassed buffer with NO gas in a tonometer.
Reactions were monitored at 419 nm (the peak of the ferric
NO derivative) or 404 nm (the absorption maximum of the
ferric protein). CO release kinetics were measured in a diode
array spectrophotometer by adding an increasing amount of
anaerobic NO-containing buffers to the CO-saturated protein.
The protein concentration waséM, and the CO concentra-
tion was 10uM.

RESULTS

Interaction of Vitreoscilla Hb with the E. coli Lipid
Monolayer.Addition of a ferricVitreoscillaHb solution to
the liquid phase underlying. coli lipid monolayers caused
a sudden increase in the film surface pressure (Figure 1).
Under the experimental conditions detailed in Materials and
Methods, theAr shift was dependent on protein concentra-
tion, reaching a plateau around O/ Vitreoscilla Hb
(Figure 1A), which was therefore selected as the optimal
protein concentration for subsequent experiments. When data
from similar measurements were analyzed in termaof
versusmy, the critical surface pressure corresponding to the
lipid lateral packing density preventing the intercalation of
the protein intoE. coli lipid films could be derived by
extrapolating the\zr—, slope to aAx of 0, giving a value
of ~33 mN/m (Figure 1B). The kinetics of the insertion of
the protein into the lipid monolayer were characterized by a
rapid and marked increase in surface pressure that followed
injection of the protein into the subphase, the lag phase for
this process being too short to be measurable with our
instrumentation (Figure 1C). In a typical experiment, within
120 s of protein injectiony attained slightly more than 90%
of that recorded at the end of the measurement (Figure 1C).
This initial peak was then followed by a slow increaserin
for approximately the next 8 min, when a plateau was
reached, and no more variationinwas detected up to 30
min. This kinetic pattern was independent of initial surface
pressure and, to a lesser extent, protein concentration, because
when low (0.05-0.25 uM) Vitreoscilla Hb concentrations
were used the initial spike in the increase of surface pressure
was strongly diminished or negligible (not shown). As a
whole, the data demonstrate that VHb efficiently penetrates
the phospholipid monolayer. Control experiments demon-
strated that the interaction of horse myoglobin with the
membrane monolayer does occur, but to a much lesser extent
with respect to VHb (Figure 1B) and with a very slow
kinetics (data not shown). The data for horse myoglobin are
consistent with earlier report&3) and point to a nonspecific
interaction of the protein with biological membranes.

Lipid Binding Properties in SolutioriThe presence of a
bound phosholipid within the VHb active site was initially
suspected on the basis of the YVisible spectral changes
observed for the ferric protein during the purification
procedure. Ferric protein samples were thus examined by
UV —vis spectroscopy and then extracted and esterified with
an acidic chloroform/methanol mixture at each purification

ferrous VHb could not be monitored as the reaction occurred stage. The analysis of the GGAS profiles of methyl ester
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Ficure 3: UV-—vis spectra of ferric phospholipid-bound vs
phospholipid-freeVitreoscillaHb and phosholipid titration experi-
ments. Spectra in panel A were measured on a ARI5heme)
ferric protein solution in 0.1 M phosphate buffer at pH 7.0 and 20
°C before ) and after ¢ — —) addition of a 10-fold molar excess
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FiGUrRe 2: UV—vis spectra oWitreoscillaHb at different purifica-
tion steps and GEMS FAME profile of the phospholipids

extracted from the partially purified protein. The visible spectra in
panel A refer to the samples of ferric VHb as obtained after the
purification steps with (a) DEAES52 (first step), (b) hydroxylapatite
(second step), and (c) G-75 Sephadex (third step) chromatographie
The transition from a six-coordinated high-spin heme iron to a five-
coordinate high-spin derivative is evident in passing from spectrum
ato c. In the GE&MS FAME profiles shown in panel B, the total
lipid extracts from the. coli bacterial membrane fraction (bottom
profile) are compared to the fatty acid methyl esters obtained from
phospholipids extracted from VHb after the anion exchange

S.

of total E. coli phospholipids (dissolved in a 3:1 ethanol/chloroform
mixture, 15ul over a total volume of 3.5 mL). The fractional
saturation ) was calculated from wavelength-averaged absorbance
differences and was plotted as a function of lipid concentration in
panel B. Titrations were carried out in a8/ protein solution in
phosphate buffer at pH 8.0 by adding small amounts of ethanolic
lipid solutions. Lipid species were&)) TLE, (x) dipalmitoylphos-
phatidylethanolamine;) dipalmitoylphosphatidylethanolamine)(
linoleic acid, €) oleic acid, (+) palmitoleic acid, and@®) cyclo-
propanepalmitoleic acid.

chromatographic step (top profile). o . - o ]
ferric high-spin heme transition and indicate that a direct

extracts from partially purified VHb after the capture and interaction of a lipid component with the ferric heme iron
enrichment steps revealed that only phospholipids containingmust occur 15).

cyclopropanated fatty acids copurified with VHb (Figure 2).  Subsequent titration of lipid-free VHb with TLE or free

A trace amount of bound phospholipids was detected evenfatty acids (Figure 3B) revealed that the protein recognizes
after the refinement step and could be removed by lipid exclusively cyclopropanated fatty acids (C17:0,cyc9 or C19:
affinity chromatography to ensure the preparation of homo- 0,cyc11) both as free acids and as phospholipid components,
geneous lipid-free protein samples. The bound phospholipidwhereas no lipid-induced spectral signals were observed in
has been identified by GEMS as a phosphatidylglycerol the case of UFAs (oleic or linoleic) or phospholipids
esterified with a saturated C16 fatty acid in #rel position containing saturated (dipalmitoylphosphatidylethanolamine)
and a C17:0,cyc9 or a C19:0,cycll cyclopropanated fatty or unsaturated fatty acids (dipalmitoleylphosphatidyletha-
acid in thesn-2 position (Figure 2). It should be mentioned nolamine). Thus, VHb exhibits a narrow specificity toward
that cyclopropanated fatty acids represent the major fatty acidthe nature of the phospholipid fatty acid acyl chains at least
component of the lipid membrane iB. coli during the with respect to HMP [that appeared to possess the highest
stationary phase. affinity for linoleic acid @5)].

On the basis of the spectral assignments in Figure 3A, Oxygen Binding Propertie©xygen binding properties of
the spectral changes shown in Figure 2 were assigned to the/Hb have been determined in kinetic experiments of oxygen
progressive loss of the iron-bound phospholipid component combination and release. Oxygen combination measurements
along the purification procedure. In particular, the line shape had been previously carried out on fully purified VHb by
of the Soret band is broadened after phospholipid removal means of a laser photolysis technig2€)( These measure-
and the ferric heme iron charge transfer peak shifts from ments allowed estimation of a very fast second-order rate
625 nm in the lipid-bound protein (after the first purification for oxygen binding, characterized by a combination constant
step) to 642 nm in the lipid-free protein. As previously of ~2 x 108 M~!s™1. The same experiment, carried out on
demonstrated for HMP, the observed spectral changesthe oxygenated, lipid-bound (TLE or C17:0,cyc9) VHb, gave
correspond to a typical pentacoordinated to hexacoordinatedunclear results due to a very low yield of photolysi)(1%,
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06 oo Table 1: Kinetic Parametérsf Binding of Oxygen to and Release

of Oxygen fromVitreoscillaHb

g Kon (UM 1S D) ko (S K@MY)  ref

Q lipid-free (0) 200 4.2 476 22

=+ 0.15 1330 22

@ lipid-bound (Q) 8.8 6.6 1.30 thiswork
2 lipid-free (CO) 75 0.0036 208 this work
s lipid-bound (CO) 0.58 0.011 52 this work
5 lipid-free (NOY 8.4 - - this work
§ lipid-bound (NOY 0.35 — — this work

a Measurements were carried out in 0.1 M phosphate buffer at pH
7.0 and 20°C. ®» The NO binding kinetics refer to the ligand binding

0,2 L . to the ferric derivative.
0 20 40
Time (msec) CO and NO Binding KineticsThe CO combination
1 EN— kinetics, measured either on the lipid-bound or lipid-free

protein, were strongly biphasic. In particular, in lipid-free
VHb, a pseudo-first-order fast phase was followed by a
slower contribution showing an anomalous CO concentration
dependence. The amplitude of the fast phase was dominating
(>90%) at CO concentration of100uM but increased up
to 30—35% at 25QuM CO. The pseudo-first-order graph of
Figure 5 was obtained by plotting the fast phases only as a
function of CO concentration. In the lipid-saturated protein,
the slow contribution to the kinetics of CO binding was
greatly reduced<{8%). CO release kinetics in the presence
and absence of the bound lipid were also measured by NO
displacement experiments. The lipid-bound protein was
0 2 ) 4 capable of a faster CO release (0.011) svith respect to
Time (s) the lipid-free protein (0.00367%). The kinetics of NO
FIGURE 4: Kinetics of oxygen binding and release in lipid-bound  pinding to the ferric lipid-bound or lipid-free protein were

Vitreoscilla Hb. Time courses for binding of oxygen to VHb _ : ;
complexed with TLE are shown in panel A at different oxygen also measured by stopped-flow experiments. As in the case

concentrations. Rapid mixing experiments were carried out at 20 Of CO binding to the ferrous protein, the kinetics were
°C in 0.1 M phosphate buffer at pH 7.0 by mixing deoxygenated biphasic in the lipid-free protein and essentially monophasic
VHDb in the presence of an enzymatic system for oxygen consump- in the lipid-bound derivative. The U¥vis absorption spectra
tion (see Materials and Methods) with oxygen-containing buffers. of the NO-bound ferrous and ferric VHb were not reported

The signal decay at 430 nm corresponds to the disappearance o : : : ; ;
the deoxygenated species. The first3¥ms in the kinetic records BreV'OUSIy and are shown in Figure 6. It is of interest to

corresponds to the dead time of the instrument. Oxygen releaseconsider that the ferric NO complex is fairly stable in VHb,
kinetics measured in oxygen pulse experiments are shown in paneldlthough it undergoes a slow reduction process over a time
B. The bottom curve was obtained with lipid-free protein, and the scale of several hours (data not shown).

top curve depicts data from the release of oxygen from the lipid-

bound species. DISCUSSION

Absorbance (430 nm)

0 1 1

data not shown) and a relatively fast autoxidation rate. 1hemain target of this work was to single out and correlate
However, it was observed that the oxygen combination rate the lipid-membrane interaction and the oxygen binding
was greatly reduced with respect to that of the lipid-free properties Of.v Hb to establish whether these properties may
protein. Therefore, direct stopped-flow experiments were beT}:r)]hy_smloglcglly rtfelia/\;abnt. ith thee. coli b h
carried out by mixing deoxy-VHb (enzymatically reduced) e Interaction o with thet. coli membrane has .
with oxygen-containing buffers at both 5 and 20. The been addrgssed by measurements of lateral pressure in
kinetic records of Figure 4A show that oxygen binding can 22:: thr']s OI'I|'phI2 ;?gg;&?giﬁ’mﬂ%a&gg g?;;ﬁ%:}coﬁl'\)ﬁéd with
ggsfuilthe/ ?hnsly(z)gg ;] tnearngvzsrel?gig:ﬂ{é;?%?gggfns respect to horse Mb controls, provides striking evidence of

>SP poor Sig y : an unexpectedly strong and kinetically fast interaction of the
mixing at the highest oxygen concentration used, at0

K i protein with the monolayer. Indeed, the observAd
Control experiments were also carried out &(5t0 assess  jempostrates that VHb physically penetrates the monolayer,

the total signal recovery (total absorbance deoxy minus jniercalating between the lipid molecules spread at the air
oxy at 430 nm) under these conditions. The second-orderyater interface&). As previously recognized.@, 14), VHb
oxygen binding constant thus obtained was (£.8.6) x is devoid of any known membrane insertion motif or
10° M~tstat 20°C (see Table 1). Oxygen release data, as periplasmic export peptides at the N-terminal sequence. Thus,
measured by the oxygen pulse experiments, yielded timethe rationale for the observed effects must reside in a major
courses that were independent of oxygen concentration at aconformational transition that allows for an energetically
dithionite concentration of 10 mM and yielded a first-order  favorable contact of hydrophobic residues of the protein with
rate of 6.6 s. the hydrocarbon moiety of the phospholipids, although the
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B Ficure 6: UV-—visible spectra of ferrous and ferri¢itreoscilla
120 } . Hb—NO adducts. The spectra are for the NO-bound ferrirgnd
ferrous - — —) VHb derivative. The protein concentration was
— 7.5uM in 0.2 M phosphate buffer at pH 7.0 under 1 atm of N
F-(ﬂ gas. The reduced NO derivative was obtained by adding a 10-fold
~i 80 [ molar excess of dithionite to the ferric NO adduct. The spectra
X0 were indentical both in the presence and in the absence of the bound
phospholipid molecule.
40
lysis contained a phospholipid bound within the active site,
as reported earlier foAlcaligenes eutrophuand E. coli
0 . " flavohemoglobins 15, 25, 26). Both UV—vis spectroscopy
0 40 80 120 160 200 240 and GC-MS analysis demonstrated unambiguously that VHb
Ligandl (mM is fully saturated with a phosphatidylglycerol esterified with
[Ligand] (mM) a saturated C16 fatty acid in tlez1 position and a C17:

Ficure 5: Pseudo-first-order plots for binding of CO and NO to  0,cyc9 or a C19:0,cyc11 cyclopropanated fatty acid in the
ferrous and ferricVitreoscilla Hb, respectively. CO combination sn2 position. The sharp UVvis transition that accompanies
kinetics with the ferrous VHb derivativell) and NO binding P . .

kinetics with the ferric proteinlf) were measured in lipid-free (A) !Ipld binding can almost be SL_lperlmposed with t_hat obsgrved
and lipid-bound (B) VHb derivatives. Reactions were monitored in HMP and correponds to a five-coordinate to six-coordinate
in stopped-flow experiments by mixing either lipid-free or lipid- high-spin transition of the ferric heme, thus implying the
bound dithionite (20 mM), reduced VHb with CO-containing presence of a bonding interaction between the heme iron and

solutions in 0.2 M phosphate buffer at pH 7.0 and in the presence - ; ;
of 20 mM dithionite at 20C. NO binding kinetics were measured a phospholipid/fatty acid component. As in HMP, no spectral

on the ferric VHb derivatives by directly mixing an anaerobic NO ~ Signal could be detected upon binding of lipid to the ferrous
solution with the ferric, lipid-bound or lipid-free protein in 0.2 M species 15, 27). The nature of the bond between the ferric
phosphate buffer at pH 7.0 and 2C. Reactions were monitored  iron and the lipid chain is as yet unclear. In the case of the
at 419 nm (the peak of the ferric NO derivative) or 404 nm (the )\ pP—linoleic acid complex, it was proposed that bonding
absorption maximum of the ferric protein). could result from ar-type interaction between the irored
possibility that ionic interactions between the charged and orbital and thesxr system of linoleic acid Z7). In VHb,
polar residues of the protein and the polar phospholipid headhowever, no spectral transition could be observed in the
might also take place cannot be excluded, most likely presence of linoleic acid in that only cyclopropanated species
favoring the initial protein binding at the monolayer surface. are able to generate the spectral changes reported in Figure
At present, such a conformational transition can only be 2. The mode of binding of the cyclopropanated phospholipid
inferred to occur through the participation of amphipathic (or fatty acid) most likely reflects that observed by Ollesch
o-helices that line the heme pocket with consequent exposureet al. £6) in the case of FHP, in which the cyclopropyl
of the highly hydrophobic distal pocket to the acyl chain moiety of the phospholipid resides 3.6 A from the metal in
moiety. In particular, it may be envisaged that the flexible the ferrous derivative. On this basis, a possible hypothesis
region between the CE corner and the E helix (comprising is that the iron ¢ orbital (in the ferric state) is capable of
residues on the top of the heme pocket; see Figure 7) serve®verlapping with the strained-6C o orbital of the cyclo-
as a phospholipid anchoring device, thus allowing for a direct propyl ring. If confirmed, this interaction would represent
interaction of the heme moiety with the lipid acyl chain. the first example of a direct ferric irersaturated hydrocar-
Along this line, when the structures of lipid-free HMP and bon bonding interaction.
lipid-bound FHP are compared, the CE region (not visible  The presence of a lipid acyl chain within the distal pocket
in VHb) appears as a lid that closes when the phospholipid of the heme implies that the heme ligand binding properties
enters the heme pocket, a picture that is reminiscent of themust be re-evaluated by taking into account the occupancy
lipid binding module in some lipaseg4). of the lipid component within the distal site. Oxygen binding
These hypotheses served as a starting point for analyzingand dissociation data obtained for lipid-bound versus lipid-
whether the soluble VHb fraction obtained after bacterial free VHb reveal several intriguing features. First, it is of
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Ficure 7: Close-up of the active sites Witreoscillahemoglobin A. eutrophusandE. coli flavohemoglobins. The crystal structures of the

distal heme pockets of azido-met VHb (PDB entry 2VHB), ferrous lipid-bodnelutrophus=HP (PDB entry 1CQX), and ferric unliganded

HMP (PDB entry 1GVH) are compared. The regions corresponding to the B helix, the CE corner, and the beginning of the E helix are
shown as pale blue tubes. Part of the CE loop is a disordered segment in VHb and is not shown. The chloride ion in the CE loop region
of HMP is represented as a green sphere. The phospholipid acyl chains in FHP are colored green, and conserved distal residues in the three
proteins are colored cyan. The iron-bound azide in VHb is colored brown.

interest to note that the kinetics of oxygen binding and releaseor absence of a phospholipid component within the heme
to VHb are perfectly monophasic in the presence of bound pockets of these proteing9).

phospholipids, whereas a strongly biphasic behavior was Fyrther considerations can be discussed by merging the
observed in the lipid-free proteir2). Second, the overall  results presented here with X-ray structural data obtained
oxygen affinity, as estimated from the ratio between the on HMP, FHP, and VHb to expand the current picture of
kinetic constants, is greatly decreased2Q-fold) in the  the lipid-induced effects on the oxygen binding properties.
presence of the phospholipid component. It is worth noting The physical origin of the observed effects most likely resides
that the figure obtained for the second-order combination in the steric hindrance of the acyl chain within the distal
constant in lipid-bound VHb (8.& 10° M~* s™*) falls within pocket that may impair free diffusion of diatomic ligands to
the range of previous laser photolysis measurement carriecthe heme iron and favor ligand release. According to the
out on native VHb 28) which was considered in open highly conserved structure of the first shell of residues in
discrepancy with our former measurements carried out on contact with the iron-bound ligand in VHb, HMP, and FHP
the lipid-free protein22). The marked effect on the oxygen (Figure 7), it may be envisaged that the gaseous ligand entry
binding kinetics prompted a parallel study of the ligand is gated by the lipid chain (possibly the cyclopropyl moiety)
binding properties with other biatomic ligands, namely, CO in the phospholipid-bound protein which vicariates the
(with the ferrous reduced protein) and NO (with the ferric LeuE11 isobutyl chain in the lipid-free protein. The gating
VHb derivative). The results obtained (see Table 1) fully effect of LeuE1l in VHb can be recognized in Figure 7
confirmed the strong decrease in the second-order combinawhere the presence of the iron-bound azide ion entails the
tion constants together with a slight increase in the rate of lateral diplacement of the isobutyl chain. Further work will
ligand release, in the CO dissociation reaction. On the basisbe necessary to investigate the role of other distal pocket
of these results, it is important to mention that there is no residues suggested to participate to the ligand stabilization
apparent rate-limiting step in the ligand combination reactions in the lipid-free proteins, especially Tyr B10, which appears
of CO with the ferrous protein and of NO with the ferric to be completely out of the iron ligand coordination sphere
VHb derivative. Thus, especially in the ferric derivative, the in the presence of the lipid in FHP (Figure 7).

dissociation of the irortlipid coordination bond (a prereg-

uisite for NO binding) must be extremely fast, and a lipid CONCLUSIONS

acyl chain rotameric rearrangement within the heme pocket
most likely accounts for it rather the release of the phos-
pholipid molecule to the solvent. On this basis, it may be
envisaged that ligand binding and release to the heme iron
in the lipid-saturated protein may occur while the acyl chain
still resides within the distal pocket and eventually contributes
to the formation of a distal shell in contact with the bound

ligand. X-ray structural data on the iron-liganded, lipid-bound many bacteria containing genes for “hemoglobin-like”

protein derivative will be necessary to clarify this point. proteins do not possess cyclopropanated fatty acids within
In light of these results and of the previous similar data the membrane (e.gBacillus species). In this framework, it
obtained for HMP 15), it should be stressed that the would be of interest to determine whether these last bacterial
contribution of lipid to binding of gaseous ligand to bacterial hemoglobins are able to bind specific phosholipid compo-
hemoglobins (either single-chain proteins or flavohemoglo- nents from the parent strain (e.g., methyl-branched phos-
bins) cannot be overlooked. Along this line, the recently pholipids instead of cyclopropanated phospholipids in the
reported differences among ligand binding properties in a Bacillus species). Thus, we also suggest that the nature of
number of single-chain hemoglobins and flavohemoglobins the bound lipid component can make substantial differences
might be re-evaluated on the basis of the possible presencen the oxygen binding behavior and most likely affects other

On the basis of the data presented here and the reports by
Ollesch et al. 26) and Bonamore et al.1p), it may be
hypothesized that lipid binding is a feature common to the
whole flavohemoglobin and single-chain bacterial hemoglo-
bin family; however, bacterial hemoglobins from different
organisms might exhibit different specificities toward diverse
phospholipid components. In fact, it should be stressed that
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oxygen-dependent catalytic properties of proteins such as NO

dioxygenase30, 31) or alkylhydroperoxide reductase activity
(32.
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