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ABSTRACT: Hemoglobin HbI from the clam Lucina
pectinata is involved in H,S transport, whereas homologous
heme protein HbII/III is involved in O, metabolism. Despite
similar tertiary structures, HbI and HbII/III exhibit very
different reactivity toward heme ligands H,S, O,, and NO. To
investigate this reactivity at the heme level, we measured the
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dynamics of ligand interaction by time-resolved absorption §  —— ‘g
spectroscopy in the picosecond to nanosecond time range. We P (1 2 ps P H.S
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demonstrated that H,S can be photodissociated from both
ferric and ferrous Hbl. H,S geminately rebinds to ferric and
ferrous out-of-plane iron with time constants (Tgem) of 12 and 165 ps, respectively, with very different proportions of
photodissociated H,S exiting the protein (24% in ferric and 80% in ferrous HbI). The GIn(E7)His mutation considerably
changes H,S dynamics in ferric HbI, indicating the role of GIn(E7) in controling H,S reactivity. In ferric Hb, the rate of diffusion
of H,S from the solvent into the heme pocket (kentry) is 0.30 uM ™" s™". For the HbII/III—O, complex, we observed mainly a six-
coordinate vibrationally excited heme—O, complex with O, still bound to the iron. This explains the low yield of O,
photodissociation and low kg from HbII/III, compared with those of HbI and Mb. Both isoforms behave very differently with
regard to NO and O, dynamics. Whereas the amplitude of geminate rebinding of O, to HbI (38.5%) is similar to that of
myoglobin (34.5%) in spite of different distal heme sites, it appears to be much larger for HbII/III (77%). The distal Tyr(B10)
side chain present in HbII/III increases the energy barrier for ligand escape and participates in the stabilization of bound O, and

NO.
In shallow sea waters of mangrove swamps whose sediments

contain sulfide, the mollusc Lucina pectinata lives with
symbiont bacteria, which utilize the reductant H,S." This clam
has developed various heme proteins in the gill cells called
hemoglobin® after the mammalian O, carrier, which has the
same tertiary structure. Monomeric hemoglobin isoform HbI is
involved in H,S transport because of its much higher affinity for
H,S in the ferric state compared to other heme proteins.” The
other tetramer isoforms HbII/III from the same clam share
75% homologous sequences® and are involved in O,
metabolism, like the mammalian Hb counterpart. Isolated
HbII and HbII form dimers, whereas a mixture of HbII/III
yields tetramers. These three Hbs have the same tertiary fold as
myoglobin® (Figure 1), yet HbI and HbII/III exhibit different
reactivity toward small heme ligands (H,S, O,, and NO). The
very broad range of heme ligand affinity and redox reactivity in
the globin family is tightly governed by diverse combinations of
side-chain substitutions within the heme cavity and was subject
to numerous mutational studies of the dynamics and binding of
CO,* NO,%” 0,,*° and H,$" to globins from various species.

The interaction between H,S and proteins is not limited to
molluscs. As a recently recognized messenger in vertebrates'
with an unknown specific receptor, H,S is the subject of a
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growing number of studies.'””'* Although sulfhydration of
target side chains seems to be the principal mode of action of
H,S, it may bind to particular hemegroteins14 such as
neuroglobin™ and cytochrome oxidase.'® Furthermore, the
enzyme that produces H,S, human cystathionine f-synthase,
possesses itself a heme cofactor whose function is not yet
known with certainty'” but may have a regulatory role."® In
addition, several studies have pointed out the coupling between
the signaling pathways involving H,S, CO, and NO."”** For
these reasons, there necessarily exists discrimination among
heme ligands H,S, O,, and NO, both for the regulation of H,S
signaling in vertebrates and for the functioning of mollusc
hemoglobins in metabolism. The physiologically relevant redox
state of HbI is ferric for binding H,S with an affinity for this
ligand much higher than for ferric HbI (K, ~ 1 nM) or for the
other ferric isoform HbII/III (Kp ~ 15 #M).> Ferrous HbI and
HbII/III have very similar dissociation constants for O, (K =
0.4 and 0.3 uM, respectively), but in contrast, these Ky, values
result from very different kinetic constants that are much slower
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Hb I ~~SLEAAQKSNVTSSWAKASAAWGTAGPEFFMALFDAHDD
Mb ~~GLSDGEWQQVLNVWGKVEADIAGHGQEVL|IIRLFTGHPE
Hb II ~TTLTNPQKAAIRSSWSKFMDNGVSNGQGFYMDLFKAHPE
HbIII SSGLTGPQKAALKSSWSRFMDNAVTNGTNFYMDLFKAYPD
Hb I VFAKFISGLFSG~~AAKG~~T~VKNTPEMAAQKQSFIKGLVS
Mb TLEKFID~KF~K~~HLKTEAE~MKASEDLKKHIGTYVILTALG
Hb II TLTHFKSLFG~GLTL~~~~AQLQDNPKMKAIQISLVFICNGMS
HbIII TLTHFKSLFE~~~~~DVSFNQMTDHPTMKAIQALWFICDFMS
Hb I NWVDNLDNAGALEGQCKTFAANHK~ARGISAGQLEAAFKYV
Mb GILKKK~GH~~HEAELKPLAQYHATKHKIPIKYLEFISDA
Hb II SFVDHLDDNDMLVVLIQKMAKUHIN~NRGIRASDLRTAYDI
HbIII SFVDNLDDHEVLVVLLQKMAKLUHIWFNRGIRIKELRDGYGV
Hb I LSGFMK~S~Y~~n~nGG~~~DEGAWTAVAGALMGEIEPDM~~
Mb ITHVLHSKH~PGDF~GADAQGAMTKALELFRNDIAAKYKE
Hb II LIHYMEDHNH~~~MVG~GAKDAWEVFVGFICKTLGDYMKE
Hb III LLRYLEDHCH~~~~VEGSTKNAWEDFIAYICRVQGDFMKE
HbI  ~~~w~ 142

Mb LGFQG 153

Hb II LS~~~ 151

HbIII RL~~~ 152

Figure 1. (A) Multiple-sequence alignment of the three types of hemoglobin from L. pectinata compared with horse heart myoglobin. The proximal
His96 is boxed in red; homologous distal Phe/Tyr(B10), Phe(CD1), and Phe(E11) are boxed in blue, and GIn(E7) is boxed in green. (B)
Superposition of structures of HbI [Protein Data Bank (PDB) entry 1FLP] and Mb (PDB entry 1YMB) conducted using Chimera. (C) Close-up
view of the heme pocket. The proximal His97 and distal GIn64 in the heme pocket of Hbl are colored orange, whereas His93 and His64 in Mb in the

heme pocket are colored yellow.

for HbII/III by a factor of 440 for k,, and 610 for kg than for
HbI. Consequently, ligand discrimination implies equilibrium
affinity differences and can be explained not only by ligand
reactivity at the iron level but also by different energy barriers
for ligand dynamics from the solvent to the heme pocket and
reverse pathway.

To investigate the interaction of the three heme ligands, H,S,
0,, and NO, with the Hb isoforms from L. pectinata, we
measured the ligand dynamics within the Hb heme pocket in
the picosecond to nanosecond time range by time-resolved
absorption spectroscopy. This methodology allowed us to
correlate ligand dynamics with the reactivity of heme proteins.
The photodissociation of a ligand from the heme with a 50 fs
laser pulse allowed us to create a synchronized population of
protein—ligand pairs whose dissociated ligand starts its
dynamics from the distal heme pocket and whose evolution
of the heme state is transiently probed. Here, we report the
parameters of ligand dynamics (H,S, O,, and NO) revealing the
energy barriers, correlated with the association and dissociation
rates, which are tuned by protein sequence and folding.

B MATERIALS AND METHODS

We have studied the native monomer Hb], the native tetramer
HbII/HbIII purified from the tissue, and the recombinant WT
HbI protein, which has exactly the same properties as the native
form. We have also expressed two mutants of HbI whose
GIn(E7) is involved in the hydrogen bond network within the
distal heme pocket.

Purification of Native Samples. L. pectinata clams were
collected from the southwest mangrove swaps of Puerto Rico.
The extraction, isolation, and purification of hemoglobins were
conducted following the method described previously”® with
some modifications. Briefly, the gills were dissected from the
clams and homogenized in a pH 7.5 phosphate buffer solution.
This solution was centrifugated at 3000 rpm for 30 min, and
the supernatant was collected, yielding the raw extract, a
mixture of hemoglobins and proteins from the gill. Separation
of HbI and HbII/HbIII from the raw extract was conducted in
a Hi-Load 26/60 Superdex 200 gel filtration column using the
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AKTA fast protein liquid chromatography (FPLC) system
(Amersham Bioscience). The eluted colored fractions that
correspond to HbI and HbII/III were concentrated using a
Millipore ultrafiltration system. The purity of each protein was
confirmed by the presence of a single band in a sodium dodecyl
sulfate—polyacrylamide gel electrophoresis (SDS—PAGE) gel.

Protein Expression and Purification. Recombinant HbI
and HbI mutants were obtained following the previously
published protocol.”** Briefly, the HbI coding region was
obtained by reverse transcription polymerase chain reaction
amplification from the total L. pectinata gill RNA and cloned
into the pET28(a+) vector. The wild-type recombinant protein
was expressed in Escherichia coli BliS cells transformed with the
desired constructs containing a polyhistidine tag. Two days
prior to the large scale fermentation, an overnight culture from
a frozen stock (1 mL) was grown in 50 mL of Terrific Broth EZ
mix medium containing kanamycin and chloramphenicol
antibiotics. After 12 h, an aliquot of 1 mL was extracted and
regrown in 50 mL of fresh medium in a water bath shaker at 37
°C. This overnight 50 mL cell culture was used to inoculate 500
mL of fresh TB medium containing the two antibiotics. After a
12 h incubation, the 500 mL culture was used to inoculate a S L
fermentor (New Brunswick Bioflow). The fermentor medium
was prepared by adding 54 g of tryptone, 108 g of yeast extract,
and 36 mL of glycerol to 4.5 L of distilled water. The sealed
bioreactor was sterilized and equilibrated at 37 °C, and the
medium was inoculated with 500 mL of the previous culture
and induced with 1 mM IPTG, 1% glucose, and 30 pug/mL
hemin chloride. After 12 h, the cells were harvested by
centrifugation of the medium broth, and the pellets were stored
at —80 °C for further lysis and purification.

The stored pellets were lysed with lysozyme and protease
inhibitor for 30 min in an ice bath and centrifuged (3500 rpm)
to separate the soluble protein from the particulate cell
fractions. The recombinant HbI and HbI mutants carrying the
His tag were purified using a Co®" affinity column (Talon,
Invitrogen). Further purification was achieved by FPLC in a Hi-
Load 26/60 Superdex 200 gel filtration column. The purified
proteins were concentrated, and the buffer was exchanged by
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Figure 2. Steady-state absorption spectra of unliganded ferric and ferrous Hbl, HbI liganded with H,S, and ferric HbII/III liganded with H,S.
ultrafiltration (Millipore) under a N, atmosphere. The purity decay-associated spectra (DAS) corresponding to one partic-
was verified by SDS—PAGE. ular exponential decay can be calculated. Alternatively, if the

Preparation of Samples for Spectroscopy. Purified induced signals strongly overlap, analysis of kinetics was also
ferric proteins were dissolved in phosphate buffer (pH 7.4) to performed at single particular wavelengths. Equilibrium spectra
~30 uM, and 100 uL of a solution of proteins was placed in a 1 were recorded with a Shimadsu 1700 spectrometer. The
mm optical path-length quartz cell sealed with a rubber stopper accuracy for wavelength determination is 0.3 nm for steady-
and degassed by means of four successive cycles of vacuuming state measurements and +1 nm for transient spectra. All
and purging with argon (Air Liquide, 99.999%). To obtain measurements were performed at 20 + 2 °C.

ferrous species, the ferric proteins were reduced by the addition
of 10 uL of a degassed stock solution of sodium dithionite B RESULTS
(Na,S,0,) or sodium ascorbate (both at a final concentration

of 2 mM) in the UV—vis cell. For preparing NO-liganded The steady-state spectra of HbI in ferric and ferrous states,
proteins, the argon gas phase was replaced with a 10% NO gas unligand.ed and liganded with H,S, are displayed in Figl.lre 2.
phase diluted in N,, directly introduced into the spectroscopic The ferric forms of HbI and HbII/III have a Soret maximum

cell still connected to the gas train (at ~1.3 bar) to ensure an positioned at 410 nm, characteristic of a six-coordinate iron

“infinite reservoir” of NO during binding equilibration. For the with water bound (“aquo-met”). Binding of H,S to both ferric
0O,-liganded protein preparation, a small amount of air with a and ferrous Hbs shifts the maximum of the Soret band to 426
gastight syringe was used after degassing. H,S-liganded proteins nm, a position clearly different from that of ferrous Hbs
were prepared by the addition of 10 yL of a degassed sodium liganded with O, (414—416 nm).
sulfide (Na,S) solution to the cell with a gastight syringe (final Before investigating the physiologically relevant dynamics of
concentration of 1 mM). The molar concentration ratio the distal ligands H,S, NO, and O, we measured the
between H,S and protein was ~3. Equilibrium spectra were absorption kinetics induced by photoexcitation of unliganded
recorded at each step of the preparation to verify the state of proteins in both redox states. This is necessary because the
the samples. excited-state relaxation also occurs in the presence of any ligand
Time-Resolved Absorption Spectroscopy. Femtosec- and must be taken into account in the analysis of heme—ligand
ond absorption spectroscopy was performed with the pump— interaction in the picosecond range. Then, the excited-state
probe laser system previously described.>® The setup provides relaxation can be easily distinguished from the dynamics of
an excitation pulse at 564 nm in the Q-bands of the heme photodissociated ligand in the transient spectra of liganded
(duration of ~S0 fs, repetition rate of 30 Hz) for photo- Hbs. We performed a global analysis of the evolving transient
excitation. The amplified pulse at 615 nm (duration of 50 fs) spectra by means of singular-value decomposition of the time—
produces a pulsed white light continuum after focusing in an 8 wavelength matrix,”® which allowed us to separate spectral and
mm cell containing pure H,O. From this continuum, the probe kinetic contributions from several processes.
pulse wavelength is selected by a line of two prisms also used Unliganded Ferrous and Ferric WT Hbl. The excitation
for pulse compression. Both beams were focused and spatially of unliganded ferrous HbI produced a red shift and a
overlapped in the sample cell, which was continuously moved broadening of the Soret absorption band in the transient
in a direction perpendicular to the beams for ensuring sample spectra (Figure S1 of the Supporting Information). Two
renewal between laser shots. Transient spectra were recorded processes were identified: vibrational relaxation®>*® of the
simultaneously with kinetics by a CCD detector as a time— excited heme with a 7.5, of 3.8 ps and partial photo-oxidation
wavelength matrix of induced absorption. The CCD calibration (15% of photoexcited hemes) followed by back-reduction with
was performed with a multiline interference filter. The global two time constants (7,4 = 6.4 and 280 ps), which correspond
analysis of the data was performed by singular-value to back-electron transfer leading to the reduction of the heme
decomposition (SVD) of this time—wavelength matrix of as depicted in Scheme S1 (see the Supporting Information for
Soret band absorption changes over the entire recorded time the full discussion of these processes). The ability of electron
range.”> From the orthogonal components of this matrix, transfer from electronically excited heme Fe** depends on its
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Figure 3. Ferric HbI liganded with H,S at pH 7.5. (A) Raw transient spectra of HbI at particular time delays after photoexcitation. (B) Kinetics after
photoexcitation of H,S-liganded ferric HbI at particular wavelengths and their fitted trace. Fitted parameters are listed in Table 1. (C) Kinetics
measured to S ns after photoexcitation of the HbI—H,S complex. The entire kinetics was fit with only two components: 7,5, = 3.8 ps, and 7y, = 15
ps. (D) Transient spectra of ferric myoglobin after NO photodissociation (inset shows the main spectral component). (E) Transient spectrum of the
HbI-H,S complex at 1.4 ps compared to the steady-state difference unliganded minus H,S-liganded ferric HbI spectrum. The induced absorption
bands and the bleaching bands are labeled with their respective assignments. (F) Absolute transient spectra of the species generated by photoexciting
the ferric HbI—H,S complex. These spectra were obtained by subtracting the raw spectrum of the HbI—H,S complex before excitation (at —1 ps)
with a weighting coeflicient, from the raw transient spectra at given time delays.

environment. We have already observed such photo-oxidation
in the case of the isolated heme domain of soluble guanylate
cyclase followed by its back-reduction occurring with two time
constants.”” The presence of two time constants for back-
reduction strongly suggests that the electron acceptor (A in
Scheme S1 of the Supporting Information) is an internal side
chain switching between two conformations characterized by
different rates of electron transfer, observed as two kinetic
components because the side-chain motion is much slower than
the electron transfer. The immediate photo-oxidation of ferrous
HbI indicates that the electronic nature of the close heme
environment can modulate its redox potential.

As for unliganded WT ferric HbI, only vibrational
relaxation®>*® of the heme in the electronic ground state with
a 7, of 3.8 ps is detected (Figure S2 of the Supporting
Information), very similar to that measured for Mb.***® The
terric HbI is in the six-coordinate state with a water molecule as
the sixth iron ligand (aquo-met), but the bound water molecule
does not dissociate upon photoexcitation, like in the case of
ferric rnyoglobin29 [see also below the comparison with the
ferric Mb—NO complex (Figure 3C)]. We did not observe any
photoinduced charge transfer for ferric Hbl, contrary to the
case for ferrous Hbl.

Ferric Hbl Liganded with H,S. After photoexcitation of
the ferric HbI-H,S complex (HbI-H,S hereafter), the
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bleaching centered at 425 nm (Figure 3A) is readily assigned
to the disappearance of ground-state liganded species whose
steady-state Soret absorption is located at 426 nm (Figure 2).
Does photodissociation of H,S occur, or is there only electronic
excitation? The shift of the isosbestic point initially located at
438 nm (Figure 3A) indicates the presence of two simultaneous
processes. Contrary to most transient spectra, which have a
characteristic derivative-like shape, the transient spectrum of
HbI—H,S presents two induced absorption bands centered at
446 and 395 nm, on each side of the bleaching. This unusual
shape may suggest a complex behavior. We fit kinetics at
particular wavelengths within the bleaching and the two
induced absorption bands (Figure 3B). We obtained only two
exponential components with similar time constants at all the
wavelengths (Table S3 of the Supporting Information),
indicating the presence of only two processes. The first time
constant (7,5, = 3.4 + 0.5 ps) is similar to those we have
measured for vibrational relaxation for all the heme proteins
studied so far. The induced absorption centered at 446 nm at
early time (0.4—6 ps) could apparently be assigned to the
reduced unliganded heme because of its position; however, it
shifts rapidly, as in the case of photoexcitation of unliganded
terric HbI. We have observed such an absorption in the case of
ferric mitochondrial cytochrome ¢, attributed to the vibration-
ally hot heme, an interpretation supported by transient Raman

dx.doi.org/10.1021/bi400745a | Biochemistry 2013, 52, 7007—7021
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Figure 4. Photodissociation of H,S from ferrous HbI. (A) Raw transient differential spectra at selected time delays. (B) Spectral components from

SVD global analysis and their associated kinetic components (C).

data.®® Furthermore, the kinetics at 450 nm mainly contains
(92%) the contribution of the 3.4 ps component. This induced
absorption is therefore assigned to the five-coordinate ferric
heme vibrationally excited in the electronic ground state, red-
shifted with respect to the Soret band of vibrationally relaxed
heme. The bleaching due to photodissociated H,S truncates the
transient spectrum of ferric HbI; because of the strong overlap
of bleaching and induced absorption, the SVD global analysis
was not efficient in separating them, so we fit the kinetics at
single wavelengths.

NO can be photodissociated from the ferric Mb—NO
complex, which provides a relevant comparison with ferric
HbI-H,S and whose transient spectrum is shown in Figure 3D.
Remarkably, the transient Mb spectrum after NO photo-
dissociation has the same spectral shape, disclosing two induced
absorption bands (390 and 440 nm) on each side of the
bleaching (421 nm). The absorption of S-c ferric heme appears
as a broad band centered at 391 nm, exactly as in HbL. We thus
assigned this induced absorption in HbI to the appearance of
the S-c ferric heme due to the dissociation of H,S. Importantly,
the Soret band is observed at same position in the steady-state
spectrum of ferric Mb mutant His(E7)Leu that does not bind
water as the sixth iron ligand,29’30
characteristic of S-c ferric b-type heme. The same value (391
nm) was reported for the ferric guanylate cyclase.”" In the case
of WT ferric Mb, the water molecule cannot be photo-
dissociated from the heme, contrary to NO, so that only
vibrationally excited heme is obtained in aquo-met Mb.>® The
species ferric 6-c H,0O HbI is not re-formed in the picosecond
time range after photodissociation of H,S, exactly like for the
ferric Mb—NO complex,” but also for the ferrous Mb—CO
complex.>* This is demonstrated by the comparison between
the steady-state difference H,S-liganded minus unliganded
terric HbI spectrum with the transient spectrum of HbI-H,S
(Figure 3E). The observation of 5-c heme from ferric HbI-H,S
implies that H,S is photodissociated and H,S geminately
rebinds. Indeed, the decreases in the levels of bleaching and
absorption at 395 nm are correlated (Figure 3A). Fitting the
kinetics at several wavelengths reveals a very fast mono-
exponential rebinding of H,S to the ferric heme (Tgem = 12 ps;
76%). The constant amplitude at S00 ps (~24%) indicates the
proportion of dissociated H,S that exits the heme pocket. We
verified that no further kinetic component exists at a longer
time scale after geminate rebinding of H,S to ferric HbI, as

so that this Soret maximum is
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deduced from the constant absorption up to 5 ns (Figure 3C).
A H,0 molecule does not rebind on this time scale.””**

To obtain a better view of the two transient species occurring
in the picosecond time range, we have calculated their absolute
spectra, obtained by subtracting the raw spectrum of HbI-H,S
before excitation (at —1 ps) with a weighting coefficient from
the raw transient spectra at given time delays to remove the
bleaching at 424 nm. These coefficients are evolving with time
and are proportional to the bleaching evolution, which is given
by the expression 0.67 X exp(#/3.1 ps) + 0.25 X exp(#/12 ps)
(Table S3 of the Supporting Information) because the decrease
in the level of bleaching arises simultaneously from vibrational
relaxation and from H,S rebinding. In Figure 3A, the transient
difference spectra were obtained by subtracting the raw
spectrum of HbI—H,S before excitation without any coeflicient
to reveal the spectral changes. The band at 401 nm is the Soret
of unliganded ferric heme, whose amplitude decreases with a
time constant of 12 ps. The band shifting from 436.5 to 432 nm
is due to the vibrationally excited six-coordinate heme with H,S
still bound. This shift is characteristic of vibrational relaxation
with a time constant of 3.1 ps. The complete separation of the
two transient Soret bands is not possible, and that of the 5-c
heme at 401 nm may contain a contribution from the
vibrational excited states.

Ferrous Hbl Liganded with H,S. The photoexcitation of
ferrous HbI—H,S also leads to its dissociation (Figure 4) and is
followed by the monoexponental geminate rebinding of H,S
(Tgem = 165 ps) and constant phase, whose relative amplitudes
are 20 and 80%, respectively. The affinity of H,S for ferrous
HbI is much lower than for the ferric form,> as shown by the
presence of a shoulder at 433 nm in the equilibium spectrum
(Figure 2) and more conspicuously by a shoulder at 430 nm in
the negative band of transient spectra at early times (Figure
4A). This resulted in a larger amplitude of vibrational relaxation
of the Fe""—H,S complex excited states, in comparison with that
of ferric HbI—H,S (Table 1).

Ferric Q(E7) Hbl Mutants Liganded with H,S. To
investigate the role of GIn(E7) in the hydrogen bond
network,® we expressed the two HbI mutants GIn(E7)His
and Gln(E7)Val with polar and apolar side chain at position
E7(64) in the distal heme pocket for comparison of dynamics
of HbI with H,S with that of WT Hbl. Indeed, the GIn(E7)Val
variant lacks the ability to form a hydrogen bond at this
position. The transient spectra of both mutants after photo-
dissociation of H,S are shown in Figure 5. First, the shift of the

dx.doi.org/10.1021/bi400745a | Biochemistry 2013, 52, 7007—7021
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Table 1. Time Constants and Amplitudes from Fitting the
Kinetics after Photoexcitation in HbI and Mutants Liganded
with H,S

H,S geminate rebinding constant”
protein Tgemt (PS) (A" Tgema (p5) (45)° 4,
Fe** HbI + H,S - 165 (20) 80
Fe* HbI + H,S 12 (76) c 24
Fe’* Q(E7)H + H,S 5.4 (81) 32 (14) 5
Fe¥* Q(E7)V + H,S 7.3 (71) c 29

“Amplitudes A; are expressed as a percentage of the normalized
transient absorption (calculated without the contributions of vibra-
tional relaxation, which are given in Table S2 of the Supporting
Information). “The constant term corresponds to the population not
rebinding after 500 ps. “The quality of the fit was not improved by

introducing a second component.

isosbestic point at 430—440 nm is large qualitatively, indicating
an important contribution of excited-state relaxation to the
transient absorption changes. To quantitate the effect of the
mutations, we have fit the kinetics at 424 nm in the bleaching
part of the transient spectra to monitor the recovery of the
initial H,S-liganded heme. The parameters of the fitted kinetics
(Figure SC) are listed in Table 1.

For the GIn(E7)His mutant, two parameters are changed in
comparison with those of WT HbI. First, two components of
H,S geminate rebinding are present, with the major one having
a very fast time constant (5.4 ps). Second, the population of
dissociated H,S that escapes into solution (5%) is much smaller
than that for WT (24%). In contrast, only one component is
observed for the GIn(E7)Val mutant, which has a larger
population of H,S released into solution (29%). Like that of
WT, the fit of kinetics for GIn(E7)Val could not be improved
by using a second exponential component, whereas that of
GIn(E7)His could not be fit with only one component. For
both mutants, the induced absorption band below 400 nm is
assigned to the S-c ferric heme, as observed and explained in
the case of WT HbI—H,S (Figure 3). Furthermore, the excited-
state decay for a ferric heme is usually faster than $ ps;** thus,
for the GIn(E7)His mutant, we have assigned the S$.4 ps
component to dissociated H,S. However, the very short time

constant (7 = 5.4 ps) implies that dissociated H,S does not
move far from the iron before rebinding or that it might be
associated with relaxation of the heme—H,S complex in a
transient excited vibrational state.

Dynamics of O, in Ferrous Hbl and Hbll/lll. The
equilibrium Soret maximum of the liganded ferrous HbI-O,
complex is located at 416 nm (Figure 6A), similar to that of the
Mb—0, complex, but at 414 nm for Hthe bII/III—-O, complex
(Figure SS of the Supporting Information). The transient
spectra of the HbI—O, complex after excitation (Figure 6B) are
similar to those of the Mb—O, complex (Figure S6 of the
Supporting Information). The minimum of bleaching shifts
from 414 nm at 0.4 ps to 416 nm because of vibrational
relaxation; the position of the minimum is constant after ~10
ps, and the transient spectra represent only O, dissociation and
geminate rebinding that occurs with two time constants similar
to those of the Mb—O, complex (Table 2). However, the
comparison of the transient difference spectrum of the HbI-0O,
complex from global SVD analysis (Figure 6D) with the
difference of equilibrium spectra (ferrous unliganded minus O,-
liganded) reveals a slight shift between both, suggesting that the
protein is not in exactly the same state.

As for the isoform of the HbII/III-O, complex, conspicuous
differences are observed (Figure 6C): at 10 ps the amplitude of
the difference spectrum decreased much more than in the case
of Hbl, and there is a shift of the isosbestic point after 10 ps.
The kinetics from the global fit is compared with that of HbI
(Figure 6F and Table 2). We have calculated the spectra
associated with each exponential component [decay-associated
spectra (DAS) (Figure 6E)]. The DAS with larger amplitude
decays with a time constant of 5.8 ps (72% of the signal) and
does not correspond to the steady-state difference “ferrous
unliganded minus O,-liganded” spectrum, contrary to the 100
ps and constant DAS that both match this difference.
Consequently, the 5.8 ps process cannot be assigned to O,
rebinding, and its origin will be discussed below.

The geminate recombination kinetics of O, are very different
for HbI, HbII/III, and Mb (Figure 6F and Table 2). The fast
and slow phases of rebinding of O, to HbI and Mb occur with
the same time constant (Tgeml = 6.0 and 6.3 ps and 7, = 396
and 291 ps, respectively) but with different amplitudes.
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Figure S. Dynamics of interaction of H,S with the two ferric HbI mutants, GIn(E7)His and GIn(E7)Val. (A and B) Raw transient spectra of mutants
GIn(E7)His and GIn(E7)Val, respectively, at particular time delays after photoexcitation. The vertical dotted lines in panels A and B indicate the
wavelength (424 nm) at which the kinetics of H,S rebinding are fit. (C) Kinetics of H,S-liganded ferric mutants at the minimum of bleaching and
their fitted traces compared with that of WT HbI (red dotted line). The fitted parameters are listed in Table 1.
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ferrous HbI, HbII/III, and Mb up to S ns. In the first time window, the kinetics were recorded with a larger time resolution. The fitted parameters are

listed in Table 2.

Table 2. Time Constants and Amplitudes from Fitting the
Kinetics after Photodissociation of NO or O,

geminate rebinding constant

protein Tgem (PS) (A1)%  Tgema (pS) (43)° Ay
Fe** HbI-0, 6.0 (20.5) 396 (18) 61.5
Fe?* HbII/III-0, 5.8 (72) 100 (5) 23
Fe* Mb-0, 6.3 (28.5) 291 (6) 65.5
Fe** HbI-NO 8.0 (36) 90 (62) 2
Fe* HbII/III-NO 11 (83) 61 (15) 2
Fe** Mb—NO 13 (40) 148 (50) 10
Fe** Mb—NO 24 (14) 208 (48) 38

“The amplitudes are expressed as percentages of the normalized
transient absorption (calculated without the contributions of vibra-
tional relaxation, which are given in Table S4 of the Supporting
Information).

Remarkably, the fast rebinding phase for HbII/III (Tgeml =358
ps) has a 3.5-fold relative amplitude compared to the slow
phase (Zgem = 100 ps). The overall amplitude of rebinding of
O, to HbII/II is much larger with respect to HbI and Mb
(77% of dissociated O, for HbII/III and 38.5 and 34.5% for
HbI and Mb, respectively), revealing a large constraint for the
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movement of the ligand away from the heme iron. This will be
discussed in view of the respective structure and function of the
Hb isoforms.

Dynamics of NO in Ferrous Hbl and HbIl/lll. The
dynamics of NO in ferrous Hbl and HbII/III were also
measured and compared with that of the Mb—NO complex.
NO dissociation is immediately identified by the raw transient
spectra after NO photoexcitation from HbI (Figure 7B), which
are similar to the “unliganded minus NO-liganded” steady-state
difference spectra (Figure 7A). The larger spectral component
from global analysis (SVD) is due to NO rebinding and is
similar for the three proteins (Figure 7C). Like that for other
six-coordinate ferrous heme proteins,®* the geminate NO
recombination takes place on the picosecond time range
(Figure 7D; fitted parameters listed in Table 2). The overall
rebinding of NO to both HbI and HbII/III is almost complete
at 500 ps (Figure 7D), so that only 2% of dissociated NO did
not rebind (compared to 10% for Mb). As for Mb, NO rebinds
to HbI and HbII/III with two geminate phases, the fast one
corresponding to NO rebinding without an energy barrier* ">
and the second being caused by NO having diffused farther into
the heme pocket (docking site) so that it encounters a steric
energy barrier for rebinding. The fast time constant is similar

dx.doi.org/10.1021/bi400745a | Biochemistry 2013, 52, 7007—7021
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Figure 7. Interaction of NO with ferrous HbI, HbII/III, and Mb. (A) Steady-state spectra of unliganded and NO-liganded ferrous HbL (B) Raw
transient spectra at various time delays after photoexcitation of ferrous NO-liganded Hbl. (C) Kinetics of ferrous HbI and HbII/III from global SVD
analysis compared to that of Mb after NO photodissociation up to 500 ps. The fitted parameters are listed in Table 2. The inset shows the associated
SVD transient spectra of ferrous HbI, HbI/III, and Mb after NO photodissociation.

for all three proteins (g = 8—13 ps), but their amplitudes
differ; the second geminate phase for the three proteins varies
in both time constant (Tgeml = 61—148 ps) and amplitude.

B DISCUSSION

Photodissociation of H,S from Ferric WT Hbl. After
photoexcitation of ferric HbI—-H,S, an intense induced
absorption band appeared at 446 nm, the magnitude of
which decreased rapidly (Figure 3A). At first glance, this band
could be assigned to the formation of ferrous unliganded HbI,
thus to photoreduction. However, several arguments led us to
conclude that the main contribution is H,S photodissociation.
First, a similar induced absorption due to the 5-c ferric heme is
observed in the case of the ferric dissociated Mb—NO complex
(Figure 3C). Second, we can infer that photoreduction did not
occur for the following reasons. Fitting the kinetics at 450 nm
yielded only two exponential components, the larger one
(92%) being due to vibrational relaxation (same time constant
as in the absence of H,S, 3.4 + 0.5 ps) and the smaller one
(8%) being similar (12 + 1 ps) to that obtained when fitting
the kinetics (Table S3 of the Supporting Information) in the
bleaching due to H,S geminate rebinding. Thus, the induced
absorption located at 440—460 nm (Figure 3A), ie, at an
energy lower than that of the ground-state Soret band, is
assigned to vibrational excited states of the heme, exactly as
observed for photodissociated NO from ferric Mb (Figure 3C).
We thus conclude that photoreduction did not occur in this
case of ferric HbI-H,S and that the picosecond transient
spectra reflect only vibrational relaxation of the heme followed
by H,S geminate rebinding (Scheme 1). The partial reduction
of the HbI heme by H,S followed by sulfide release has been
observed before by static resonance Raman under equilibrium
conditions.'® Because no photoreduction was detected here, we
infer that the reduction of HbI heme by H,S occurs on a longer
time scale. These transient spectra demonstrate that H,S can be
photodissociated from ferric heme in HbI upon excitation of

Scheme 1. Processes Photoinduced in Ferric HbI—-H,S”
hv Tip= 3.4 pS Tgem= 12 PS

(FE*H,S) —= (Fe¥)yp+H,S —> (FE)+H,S — (Fe**-H,9)

“vib* represents the vibrational excited state.

the heme in the Q-bands (564 nm), contrary to the case of
water bound to the ferric heme of Mb*® and CN~ bound to the
ferric heme of both Mb and HbI,36 which do not dissociate,
even when using a more energetic photon at 405 nm. This
indicates different electronic configurations in the excited state
for both types of ligands. The contribution of vibrational
excited states comes not only from the photodissociated heme
but also from nondissociated 6c-H,S heme. The vibrational
excitation of a diatomic ligand bound to the heme without
dissociation was also observed in the case of the ferric HbI—-CN
complex.*® The photodissociation of the Fe—S bond was also
achieved with the same excitation wavelength (564 nm) in
ferrous Cyt ¢ whose heme Fe?* is linked to a distal methionine
sulfur;>> however, photodissociation does not occur for ferric
Cyt ¢,*° contrary to ferric HbI—H,S.

Geminate Rebinding of H,S in Ferric WT Hbl. The
transient spectra 20 ps and 5 ns after H,S dissociation are
identical, and no transition other than rebinding takes place; in
particular, no water molecule binds to the ferric heme on this
time scale. Using the amplitude of the kinetic components
(with the approximation of similar absorption coefficients), we
measured that 20% of photodissociated H,S escapes from the
heme pocket into solvent while 80% of H,S rebinds to the
heme. The geminate rebinding of H,S to Fe**-Mb (Tgem = 12
ps) is faster than that of NO (Tgem1 =24 ps, and 7,y = 208 ps).
Two factors may explain this fact. First, for ionizable ligands
interacting with ferric heme (H,0/OH™ and H,S/SH™), the
electrostatic potential favors ultrafast ligand rebinding. Second,
H,S forms a hydrogen bond that precludes its diffusion and
holds it in place.

Immediately after photodissociation, the iron is positioned
out of the heme plane ~0.3 A toward the proximal His.**
Because H,S rebinds to ferric HbI as fast as NO binds to
ferrous Mb (Tgem = 12 ps), a process that is barrierless for
NO,**** we infer that H,S rebinds whatever the position of
Fe3* with respect to the heme plane. Thus, there does not exist
any energy barrier for the rebinding of H,S to Fe*". In ferric Mb
as well as ferrous Mb, the geminate rebinding of NO occurs
with two phases (Table 2). Contrary to Mb>* and NO
synthases,”” which have two and three NO geminate phases,
respectively, there exists only a single phase of geminate
recombination in HbI-H,S, with a constant term (20%)
corresponding to the escape of photodissociated H,S to the
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solvent. Consequently, there is no docking site for H,S,
contrary to the case for NO, and the only energy barrier resides
between the solvent and the heme pocket, which can be
modulated by distal side chains.*®~*°

The structure of H,S-liganded HbI revealed that the sulfur
atom participates in a hydrogen bond with the side chain of
GIn(E7) (Figure 8) and that three side chains, Phe29(B10),
Phe43(CD1), and Phe68(E11), are favorably positioned to
stabilize H,S through aromatic—electrostatic interactions,
forming what has been called a “Phe cage”.4o The effect of
this very particular structure is to restrain the H,S dynamics,
favoring its rebinding. Thus, the high yield of H,S rebinding
explains its very slow rate of dissociation (2.2 X 107*s7") from
ferric Hbl, supporting the fact that H,S release is facilitated by
heme reduction.

The photodissociation of H,S also occurs in the ferrous
HbI-H,S complex (Figure 4), and its geminate rebinding is
also monoexponential but with a larger time constant (165 ps;
20%) and a larger constant phase whose relative amplitude
represents 80% of photodissociated H,S. Importantly, these
proportions are inverted with respect to the ferric form (Table
1). The constant phase corresponds to H,S that escaped into
solution, and its amplitude is directly correlated with the affinity
of H,S, which is lower for ferrous Hbl. The slow geminate
phase for the ferrous species (7o, = 165 ps) indicates a higher
energy barrier for rebinding, only because of the ferrous state of
the heme. This observation is in line with the binding of H,O
to ferric Mb and not to ferrous Mb, given the similar electronic
configuration of sulfur and oxygen atoms (four electrons in the
external p subshell). The existence of a single phase for H,S
rebinding in both ferric and ferrous HbI, despite a large
difference in affinity between both, confirms that only an
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energy barrier due to steric constraints resides between the
distal pocket and the solvent.

H,S Exiting the Heme Pocket and the H-Bond
Network in Ferric Hbl. Several side chains within the distal
pocket of HbI are involved in a hydrogen bond network,**'
especially GIn(E7), whose mutation alters the properties of the
protein.'® The kinetic parameters of H,S geminate rebinding
are changed upon mutation of GIn(E7) (Table 1): the
proportion of H,S released into solution is increased for the
GIn(E7)Val mutant (29%) but decreased substantially for the
GIn(E7)His mutant (5%). For the latter, a fast component
(Tgeml = 54 ps) appeared with a high amplitude (81%).
Remarkably, the GIn(E7)His mutation induced an increase in
the rates of association of both O, and CO but a decrease in
this rate for H,S."” This suggests the presence of a strong
hydrogen bond between His and the bound H,S, which slows
its escape to the solvent. In the GIn(E7)Val mutant, the lack of
hydrogen bonds facilitates ligand escape. These findings are
consistent with the observed reduction of the ferric heme by
H,S in these variants.'” In this regard, it has been suggested
that heme reduction is facilitated by a strong hydrogen bond
between His and the bound H,S, while the lack of this
interaction in the Gln(E7)Val mutant decreases significantly
the extent of heme reduction. Thus, it appears that the
reduction of ferric heme by H,S is correlated to H,S dynamics
through the hydrogen bond network that holds it in place.

Furthermore, in the GIn(E7)His mutant, the main
absorption change occurs with a time constant of 54 ps,
accounting for 81% of H,S dynamics, which is faster than usual
geminate rebinding. This of value 7,oy, (5.4 ps) implies that
photoexcited H,S must stay in very close to the iron. Because
the vibrational relaxation of the heme was taken into account by
a 1.3 ps component when fitting the kinetics (Table S2 of the
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Table 3. Association Rates, Dissociation Rates, and Dissociation Constants for Binding of a Ligand to HbI and HbII/III

Compared to Those of Mb and Hbs from Invertebrates”

protein—ligandb B10/E7°¢ conditions®
Fe’* HbI-H,S pH 7.5; 20 °C
Fe* HbII/III-H,S pH 7.5; 20 °C
HbI-0, F/Q pH 7.5; 20 °C
HbI-O, mutant F/H pH 74; 25 °C
HbI-O, mutant Y/Q pH 7.4; 25 °C
HbII/II-O, Y/Q pH 7.5; 20 °C
Cl TrHb—0,° Y/Q pH 7.0; 20 °C
As TrHb—05" Y/Q
Mt TrHbN—-0O,% Y/L pH 7.5
Mt TrHbO—-0,8 Y/A pH 7.5; 23 °C
Sw Mb—0O, mutant Y/Q pH 7.0; 20 °C
Sw Mb—0O, WT L/H pH 7.0; 20 °C
horse heart Mb—0O, L/H pH 7.0; 25 °C
HbI-NO pH 7.0; 25 °C
HbII/III-NO pH 7.0; 25 °C
horse heart Mb—NO
sperm whale Mb—NO pH 7.0; 20 °C

ko (UM s71) koge (s71) Kp (M) ref
0.23 22 % 1074 1073 2
0.011 1.7 x 1072 L5 2
100—200 61 0.3-0.6
31 3 0.1 10
6.8 0.6 0.09 10
035 0.11 0.3 2
230 190 0.8 9
1.5 4% 1073 2.7 %1073 51
55 0.2 8 x 1073 55
0.11 14 x 1073 1.3 x 1072 54
2.8 1.6 0.6 40
17 15 1.1 40
22 24 1.1 63
109 4x107* 3.7 x107° 33
2.4 7.1 % 107* 3% 107 33
17 12 x 107 0.7 X 107° 64
22 1x 107 045 X 107° 65

“Values for other proteins can be found in the cited references. “Proteins liganded with O, and NO are all in the ferrous state. “Pair of side chains
within the heme pocket. dHydrogen sulfide acts as a weak acid with a pK, of 6.9 at 18 °C (at 0.01—0.1 M), giving the hydrosulfide ion HS™.
“Truncated hemoglobin from Cerebratulus lacteus.” Hemoglobin from Ascaris suum. #Truncated hemoglobin from Mycobacterium tuberculosis, type N
or type O. For TrHbO—0,, there is another minor component (20%) for both k,, and kg

Supporting Information), we consequently assigned the 5.4 ps
component to the relaxation of the heme—H,S complex in a
transient excited vibrational state, H,$ still being bound to Fe*".
This particular six-coordinate excited complex decays to the
relaxed ground state with a time constant (5.4 ps) very close to
that observed in the case of ferrous heme in the O, sensor
Dos** and the truncated hemoglobin Mt-TrHbO.** Accord-
ingly, we suggest that the six-coordinate vibrationally excited
heme—H,S transient species is due to the trapping of H,S by
hydrogen bonds. Thus, for the GIn(E7)His variant, only a Tgem2
of 32 ps corresponds stricto sensu to H,S geminate rebinding,
which is slower than in the case of WT and GIn(E7)Val Hbl
but with a small amplitude (14%). Data for H,S dynamics in
other proteins are not yet available, and we may attempt a
comparison with those of other ligands, if not considering their
bonding with the iron. The human Mb variant His(E7)Gln,
carrying a mutation that is the reverse of what we have
performed in HbI, was shown to disclose a faster NO geminate
recombination (9 ps) than WT human Mb (24 ps),45 in
agrement with our observations of HbI variants and H,S (Table
1). This may indicate a general role of distal His(E7) with
ligands able to form a hydrogen bond. In summary, the
dynamics in Gln(E7)His HbI suggest that the strong H-bond
between H,S and His limits H,S photodissociation (only 19%
is photodissociated) and ligand escape (5%), contrary to the
case for GIn(E7)Val Hbl in which 29% migrates to the solvent.
Photodissociated H,S can still participate in favorable electro-
static interactions and hydrogen bonds. The faster rebinding in
GIn(E7)Val HbI with respect to that in WT HbI can be
explained by the lack of a hydrogen bond interaction of the
photodissociated H,S with the apolar Val, which eliminates one
internal barrier for ligand recombination. In the Gln(E7)His
and WT HbI variants, the interaction of the photodissociated
and diffusing ligand with their polar side chains slightly
increases the barrier of H,S rebinding from the distal pocket to
the iron. Moreover, the existence of a single geminate rebinding
process for the three HbI variants confirms that only one
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energy barrier resides in the distal pocket and that there is no
“docking site” for H,S.

Major Species in the Photoexcited Hbll/IlI-0,
Complex versus the Hbl-O, Complex. The shape and
evolution of the transient spectra shortly after photoexcitation
of the HbII/III-O, complex are remarkably different from that
of the HbI—O, complex (Figure 6B,C). In the time interval of
10—50 ps, the isosbestic point shifts from 422 to 427 nm, a
direction that is the opposite of that observed in the case of
vibrational relaxation of ferrous heme.” Consequently, this
shift cannot be due to vibrational relaxation of the 5-c heme,
which was taken into account by a 2.7 ps component in the
fitted kinetics (Table S4 of the Supporting Information). The
absorption decrease at 430 nm occurs simultaneously with this
shift with a time constant of 5.8 ps and represents 72% of the
signal. Considering that the transient difference spectrum
associated with the 5.8 ps decay does not match that of the
steady-state difference “O,-liganded minus unliganded” HbII/
III spectrum (Figure 6D) and that its time constant is slower
than thermal relaxation but faster than geminate rebinding, we
assigned this phase to the relaxation of the heme—0O, complex
in a transient excited vibrational state with O, still bound to
Fe?*. This phenomenon is the same as the one we observed
with the photoexcited mutant GIn(E7)His—H,S complex (vide
supra). This six-coordinate excited species decays to the ground
state with a time constant (5.8 ps) similar to that observed in
the case of the O, sensor Dos* and very close to that of the
truncated hemoglobin Mt-TrHbO™ and the O, sensor FixL
(4.7 ps),* for which no heme doming is observed after
photoexcitation.* The 5.8 ps time constant, first assigned to O,
geminate rebinding in the O, sensor DOS,* was latter
reassigned to the six-coordinate vibrationally excited heme—
0, complex on the basis of time-resolved Raman spectra,*® a
transient species that is induced by the trapping of O, by
hydrogen bond(s) in a configuration still interacting with Fe?*.
Consequently, only O, that rebinds with a 7, of 100 ps

gem
corresponds to geminate rebinding stricto sensu, and the
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Table 4. Rate Constants k., and k., Calculated from the Experimental Values of (Kyem), Agery and ko,

geminate rebinding®

ligand diffusion

protein (- (s A - (uM! s71) ket (s71) association constant k., (UM~ s7")

Fe** HbI-H,$ 0.83 x 10" 0.76 0.30 0.2 x 10" 023

Fe** HbI-O, 0.53 x 10'° 0.385 260—520 0.33 x 10" 100—200

Fe** HbII/III-0, 0.84 x 10" 0.77 045 0.2 x 10" 0.35

Fe** Mb—0," 0.18 x 10" 0.345 64 0.12 x 10" 22

Fe** HbI-NO 0.17 x 10" 0.98 111 0.3 X 10° 109

Fe*" HbII/III-NO 0.54 x 10" 0.98 245 0.11 x 10" 24

Fe** Mb—NO” 0.11 x 10" 0.90 18.9 0.11 x 10" 17

“kgem) is calculated from the weighted time constants of the two geminate rebinding phases. “Horse heart myoglobin.

quantum yield for O, dissociation is much lower for the HbII/
II-0O, complex than for the HbI—O, complex. The constant
of 23% corresponds to the O, population not rebinding, which
was shown not even to rebind up to ~2 ps.”>

The partial negative charge of bound O, can be involved in
hydrogen bonds with donors such as Tyr(B10) or His(E7) or
can interact with the delocalized partial charge of aromatic
rings. Once the Fe—O, bond is broken, the ligand becomes
neutral and no favorable electrostatic interaction occurs. Thus,
in the vibrationally excited Fe**—0, complex, the ligand can
still be held in a bound position whereas dissociated O, only
sterically interacts with distal side chains. The occurrence of the
six-coordinate excited species, greatly decreasing the dissocia-
tion yield, is correlated with hydrogen bonding that stabilizes
0, bound to the heme Fe**. Whereas Mt-TrHbO possesses a
distal Tyr(B10)** like HbII/IIl does, in the case of the O,
sensors Dos and FixL, a distal Arg side chain forms a hydrogen
bond with O,.

Dynamics of O, in Lucina Hbl and HbIl/IIl. First, a
spectral observation addresses the structural change in HbL
The transient difference spectrum associated with the geminate
rebinding of O, to HbI does not match the equilibrium
difference spectrum but is slightly shifted (Figure 6D). This was
also observed in the case of the O, sensors DOS and FixL** and
reveals that within S ns of O, dissociation the protein
conformation has not yet relaxed to its equilibrium unliganded
state. Consequently, a conformational transition of the heme
takes place after a delay of >5 ns following Fe’*—0O, bond
breaking.

As deduced from the presence of two geminate phases, O,
diffuses into a docking site in L. pectinata Hbs, contrary to the
ligand H,S (Figure 8A). As opposed to Hbl, the much faster
and complete rebinding of O, in the case of HbII/III (Figure
6F) reveals a higher energy barrier to be overcome for O,
diffusing out of the heme pocket, which explains the 554-fold
lower kg for HbII/IIT (0.1 s™') compared to that of HbI (61
s7!) (Table 3). The ratio of k,, between isoforms HbI and
HbII/III is of the same order of magnitude as the ratio of k.g
yielding dissociation constants (3 X 1077 M) remarkably close
for both. However, there is a very large difference in amplitude
between the geminate rebinding components in HbI and HbII/
III (Table 2) and thus a large difference in the energy barriers
for O, entering and escaping the heme pocket. The ferrous
HbI-0, complex has a large association rate (1—2 X 10° M
s7!) that is close to the diffusion limit,****” in line with a low
energy barrier for O, accessing the heme pocket. This energy
barrier influences O, dynamics in both directions (from and
toward the distal heme pocket) and thus is the origin of the
decrease in both k. and k,, for HbII/III compared to those of
HbL. The HbII structure® revealed that its heme group is
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buried farther than in HbI and that O, is tightly liganded
through hydrogen bonds with residues GIn(E7) and Tyr(B10),
the latter being present only in HbII/III and replaced by Phe in
HbI. Is the substitution of Phe for Tyr at the B10 position
sufficient for eliciting faster geminate rates and thus modifying
the association and dissociation kinetics? To mimic the HbII/
III distal pocket, we previously replaced Phe(B10) with Tyr in
HbI and observed that both O, k,, and k. rates decreased by
factors of 28 and ~100, respectively.'® Despite the same B10/
E7 pair, the HbI Phe(B10) Tyr mutant O, off rate is still 6 times
larger than in HbII/III, indicating that other factors are
contributing to O, dynamics. As described next, this is further
supported by comparing the HbII/III-O, binding rates with
those of other hemoglobins and several myoglobin mutants
(Tables 3 and 4).

From the experimental parameters of geminate rebinding, its
rate, Ky, and its normalized amplitude, A, it is possible to
obtain the rates of entry and exit of the ligand (k.. and k
respectively) from the solvent to the distal heme pocket, which
quantifies the heme accessibility for comparison with other
invertebrate Hbs. This is possible from our data provided that
no other geminate component exists on longer time scales (10
ns to 10 us). A previous study showed that HbII geminate
rebinding on the nanosecond to microsecond time scale®
occurs neither for CO nor for O,, contrary to Hb from Ascaris
suum, which showed a geminate phase of ~50 ns for O,. The
picosecond geminate phase in the kinetics of the HbII-O,
complex was not detected with an 8 ns laser pulse,>® and the
constant amplitude of these previous kinetics must correspond
to the 23% constant phase that we have measured. As for the
terrous Mb—NO complex, no kinetics on the 10 ns to 1 ys time
scale was reported so far, and the calculation of k., in this case
is subjected to the hypothesis that no long geminate phase
exists. However, we calculated k., for ferric HbI—H,S because
we did not observe any process in the 1—5 ns time range,
acknowledging the possibility of a much longer phase but with
a very small amplitude. In the case of the Hb—O, complex, we
considered the position of unbound O, either in the distal
pocket or in the docking site as a single intermediate state.
Consequently, for determining K., we have used the
simplified model®*® described in Scheme 2 for which

Agem = kbond/(kbond + kexit)

exit)

kgem = kbond + kexit
kon = (kentrykbond)/(kbond + kexit) = kentryAgem
kexit = kgem X (1 - Agem)
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Scheme 2
—— kon —
kbond kentry
Hb-H,S < [Hb..H,S] <=——— Hb+H,S
hv exit

For each species, k., is obtained by first calculating an
average time constant from the weighted time constants of the
two geminate rebinding phases. The values of ke, and k. are
listed in Table 4. It must be noted that, as calculated, ke
represents the depletion of free ligand in the heme pocket
caused by geminate rebinding and not the ease with which the
ligand moves into the exit channel.

Role of the Distal Side Chains Compared in Lucina
and Other Invertebrate Hemoglobins. To evaluate the
structural factors controling O, kinetics in HbII/III, we
compared the O, binding rates of L. pectinata Hbs with those
of several invertebrate hemoglobins and of Mb mutants at
positions E7 and B10, which resembles the HbII/III distal
cavity. In this comparison, we will consider steric restrictions by
side chains for diffusion of O, from and to the iron, modulating
the geminate rebinding probability and its entry in the heme
pocket. In all cases, the reactivity of the iron atom itself is
identical, because the geminate rebinding of O, is as fast as that
of NO, meaning that it does not depend on the in-plane iron
movement.>**> The comparison of the rates is correlated with
the structure of these various proteins.

Intriguingly, the Leu(B10)Tyr mutation in sperm whale
myoglobin greatly increases the O, ko rate (500-fold) and
induces two k,, rates (first k,, is unchanged, and the second is
10-fold lower),* whereas the Leu(B10)Phe mutation decreases
kg without affecting kon>® This behavior is contrary to that
observed when considering only the B10 side chain and
comparing HbI with HbII/IIL The His(E7)GIn single mutation
in Mb increases k. (10-fold), but the double mutation of the
B10/E7 side chains from Leu/His to Tyr/Gln decreases both
the k,, and kg rates®" (Table 3). This illustrates the important
fact that contributions from distal side chains are not merely
additive and that the hydrogen bonding pattern and steric
barrier must be considered within each particular protein
structure and cannot be generalized, even within the same
globin fold. Thus, whereas the stabilization of O, by hydrogen
bonding to Tyr(B10) qualitatively explains the more efficient
O, trapping in HbII/III compared to that in HbI, other
structural features must modulate O, migration and contribute
to the decrease in both k, and kg In fact, heme proteins that
possess the GIn(E7)/Tyr(B10) pair disclose kg values, which
span several orders of magnitude from 4 X 107> to 24 s™', and
comparison is made with other Hbs (Table 3).

The truncated Hb from the sea worm Cerebratulus lacteus
(CI-TrHb) possesses Tyr(B10) and GIn(E7) in its binding
site,” as seen for HbII/IIL, but has a much larger ko (1730
times) and k,,, (X660 times) yet has a Kp, for O, that is only 2.6
times larger than that of HbII/III (Table 3). On the other hand,
HbI possesses Phe(B10) and has binding rates much closer to
those of CI-TrHb than those of HbII/III. The effect of the
distal Tyr(B10) may be opposite in different Hbs. In
Chlamydomonas Hb,”” bound O, is stabilized by a hydrogen
bond with Tyr(B10) and its replacement with Leu induces a
70-fold increase in kg whereas in C. lacteus Hb, the Tyr(B10)
hydroxyl group electrostatically destabilizes bound O, because
of the presence of the neighboring Thr(E11).” Consequently,
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Tyr(B10) is not the only determinant of O, binding. Indeed,
the hemoglobin from A. suum is the globin with the highest O,
affinity (Kp = 2.7 nM) because of its low k,g>> explained by a
synergistic effect of both side chains of the distal Tyr/Gln pair
providing an additional hydrogen bond to 0,.>* The photo-
dissociation of O, from As-TrHb produces a very high
amplitude of geminate rebinding (>99%; time constant of
<20 ps, albeit not resolved),* which accounts for its low kg
and is in qualitative agreement with our measurements for
HbII/II (72%; 5.8 ps). In HbII/IIL, the strong hydrogen bonds
between the pair of Tyr(B10) and GIn(E7) side chains and
bound O, also act in synergy to increase the level of O,
geminate recombination, resulting in a decreased k,g None-
theless, these polar interactions vary within proteins having the
same Tyr(B10)/GIn(E7) motif, modulating the ligand kinetics.

The truncated Hbs from Mycobacterium tuberculosis type N
or type O have the intermediate (0.2 s™) and lowest k. (1.4 X
107% s71)%* for O,, respectively (Table 3 and references cited
therein). Mt-TrHbO, whose E7 side chain is Ala, is remarkable
because it discloses at the same time the lowest k.4 and the
lowest k,;, resulting in a K, 5 times larger than that of As-TrHb
but only 1.6 times larger than that of Mt-TrHbN. Thus, in Mt-
TrHbs, the substitution of Leu(E7) for Ala(E7) increases both
ko, and k.g showing that steric hindrance plays a major role.
The geminate rebinding of O, to Mt-TrHbO proceeds in two
phases with very fast time constants (4.8 ps, 92%; 20 ps,
~7%).** The major and very fast component is in line with our
observations (5.8 ps, 72%) for the HbII/III-O, complex,
assigned to hold O, in place by hydrogen bonding. However,
the difference in the geminate rebinding amplitude between
HbII/II and Mt-TrHbO (77 and 99%, respectively) accounts
for their difference in ks despite their identical Tyr(B10),
which is thus not the only factor for holding O, in a bound
position. Conversely, Tyr(B10) contributes to the energy
barrier to O, binding: the k,, rate is decreased 15-fold by the
Phe(B10)Tyr mutation in the HbI—O, complex and increased
10-fold by the Tyr(B10)Phe/Leu reverse mutation in the Mt-
TrHbN—O, complex. In this Hb, the GIn(E11)Val/Ala single
mutation decreases only ~1.5-fold the O, k,, rate and the E11
side chain may thus appear to have no role. However, the O,
k., rate is remarkably increased 32-fold by the Tyr(B10)Leu/
GIn(E11)Val double mutation,> so that there is a synergistic
effect. This effect may come from a slight conformational
change in the local heme environment caused by the double
mutation or from a modified H,O dynamics,>® and not from
additive steric effects. We must note that a synergistic
mutational effect does not necessarily result from a synergistic
role of the mutated side chains in the wild-type protein. Overall,
the hydrogen bonding in the distal heme pocket is essential for
O, binding and release but is not the only determinant of the
affinity; steric barriers between the heme pocket and entrance
channel are determinant as well.

These comparisons demonstrate that k. is directly
correlated with the geminate rate and yield but that the
molecular conformation for achieving a particular k. is not
unique because k., must also be modulated to reach the affinity
for a precise function in a particular partial O, pressure.
Although the overall conformation, the ligand pathway, the
steric barriers, and the H-bond network all participate in
controlling the affinity, if the organism need a kg that is as low
as possible, this parameter can be modulated by a single
mutation.
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Dynamics of NO within Ferrous Hbl and Hbll/lll. Upon
comparison of the dynamics of NO rebinding (Figure 7D), a
remarkable fact is that the kinetics of the HbI-NO complex is
superposed on that of the Mb—NO complex up to 25 ps but
reaches that for the HbII/III-NO complex after 300 ps,
whereas rebinding of NO to HbII/III is much faster at early
times. At first glance, it seems that the HbI-NO complex has a
behavior intermediate between those of Mb and HbII/IIL. The
very large difference in the relative amplitude of the fast NO
geminate rebinding phase, 7, (36% for HbI vs 83% for HbII/
III), indicates that NO diffuses away more easily in HbI (lower
energy barrier), being retained close to the heme in HbII/IIL
The most probable hypothesis, in the absence of the NO-
liganded Hb structure, is the interaction of Tyr(B10) and NO.
However, we did not observe a six-coordinate excited species,
as in the case of the HbII/III-O, complex. Thus, Tyr(B10)
does not preclude photodissociation of NO but restricts its
motion so that NO has a high probability of reacting with the
heme, yielding the 83% amplitude. The time constant of the
fast NO geminate rebinding phase for HbI and HbII/III (rgeml
= 8 and 11 ps) almost reaches that of NO rebinding to a four-
coordinate planar heme (7 = 7.5 ps; 97—98%), indicating the
absence of any energy barrier.2”>6 758 Thus, HbII/III offers a
mechanism for trapping NO that is different from that existing
in the NO recegptor guanylate cyclase”” and in the bacterial
cytochrome ¢'.>® The NO geminate rebinding is monoexpo-
nential in these two NO receptors, where interaction with the
proximal histidine is crucial, but it appears to be biexponential
in the globin proteins,*****® because of the modulation of NO
affinity by the distal heme pocket structure. In Mt-TrHbO, the
two phases of NO geminate rebinding appear to be very similar
to those of O, (5.1 ps, 75%; 18 ps, 25%; <1% NO released into
solvent),** suggesting that NO is also held in place by hydrogen
bonding and that the steric barrier is as efficient for NO as it is
for O,.

The total rebinding yield is the same for both Hbs, because
the kinetics decrease to the same amplitude at 500 ps (Figure
7D), indicating the same amount of NO released in the solvent
from both HbI and HbII/III (2%). This translates into similar
kg rates for dissociation of NO from Hbs.*” Compared to Mb,
HbI and HbII/II show the same trends for NO and O,
geminate rebinding, suggesting that the steric barrier between
the heme pocket and solvent for both NO and O, is imposed
by the same side chain(s) in both proteins. The fact that the
heme group seems to be less accessible in HbII/III than in HbI,
as seen from the X-ray structures,*®* results in a lower k,, in
HbII/III than in HbI (Table 3), not only for NO but also for
O,, as illustrated by the “sliding scale rule” for O, and NO
binding.*’

B CONCLUSIONS

We have shown in this work that photodissociation of H,S
occurs for both ferrous and ferric HbI liganded with H,S and is
followed by very fast H,S geminate rebinding in the ferric form
with a time constant 7y, of 12 & 1 ps and a large amplitude
(76%), whereas it is much slower in the ferrous form (16S ps)
with a large release of H,S into the solvent (80%). We have also
shown that H,S geminate rebinding and escape can be
modulated by the hydrogen bonding network with distal side
chains. In recent years, the therapeutic potentials of H,S have
been recognized, and the need for donors that can release H,S
in a controllable manner is growing. The fact that H,S
photodissociates and the fact that its release can be controlled
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by the heme environment and oxidation state make cognate
heme proteins potential candidates for H,S donors.

Despite having the same tertiary structures, ferrous HbI and
HbII/III show very different reactivities toward the diatomic
heme ligands O, and NO. Whereas rebinding of O, to HbI is
similar to that of myoglobin, it appears to be faster to HbII/III,
with a larger yield. Remarkably, for both HbI and HbII/III, the
rebinding of NO follows the same trend as that of O,, showing
that a HbII/III possesses a structural feature, most probably
Tyr(B10), which traps both NO and O, close to the heme. In
contrast with HbI and Mb, in HbII/III the side chains of
GIn(E7) and Tyr(B10) hold O, in place and induce a
considerable decrease in the rate of escape of O, into the heme
pocket and solvent. In Lucina HbII/III, the hydrogen bonds
between Tyr(B10) and GIn(E7) and bound O, increase the
proportion of the vibrationally photoexcited six-coordinate Fe—
O, complex.

As seen for Hbs from L. pectinata, several truncated
hemoglobins may coexist in the same organism,”’ having
diverse kinetic properties and affinity for O, and NO, and
should correspond to different functions in the cell. The
function of Hb from a protozoan®' appears to be more complex
than a carrier, and DHP, a peroxidase with a globin fold that
binds H,S, appears to have multiple functions.®” The hydrogen
bonding network, involving distal Tyr(B10), is essential for O,
release but is not the only determinant of O, binding; steric
barriers in the entrance channel are also determinant.
Resonance Raman data showed that the Fe—His vibrational
mode in HbII falls into the group of heme proteins responsible
for O, transport.”® Considering the very different behaviors for
O, trapping among HbII/III, HbI, and Mb revealed by their
respective geminate rebindings, it appears that HbII/III may
have a more complex function, which should be investigated

further.
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cytochrome ¢; TA, transient absorption; SVD, singular-value
decomposition; DAS, decay-associated spectra; WT, wild type;
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