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ABSTRACT. The active site of the oxygen-avid truncated hemoglobin fiBatillus subtilishas been
characterized by infrared absorption and resonance Raman spectroscopies, and the dynamics of CO
rebinding after photolysis has been investigated by picosecond transient absorption spectroscopy. Resonance
Raman experiments on the CO bound adduct revealed the presence of-t@®Fsretching bands at

545 and 520 cmt, respectively. Accordingly, two €0 stretching bands at 1924 and 1888 ¢mwere
observed in infrared absorption and resonance Raman measurements. The very @wtr€tching
frequency at 1888 cri (corresponding to the extremely high RR stretching frequency at 543)cm
indicates unusually strong hydrogen bonding between CO and distal residues. On the basis of a comparison
with other truncated hemoglobin it is envisaged that the two CO conformers are determined by specific
interactions with the TrpG8 and TyrB10 residues. Mutation of TrpG8 to Leu deeply alters the hydrogen-
bonding network giving rise mainly to a CO conformer characterized by-el&® stretching band at 489

cm ! and a CO stretching band at 1958 ¢mPicosecond laser photolysis experiments carried out on the

CO bound adduct revealed dynamical processes that take place within a few nanoseconds after photolysis.
Picosecond dynamics is largely dominated by CO geminate rebinding and is consistent with strong
H-bonding contributions of TyrB10 and TrpG8 to ligand stabilization.

Truncated hemoglobins (trHbs) are a family of small the bottom of the heme distal pocket (G8 position, according
oxygen binding proteins that are widely distributed among to the classical globin nomenclature). The crystal structures
bacteria, protozoa and plantg, (2). These proteins are  of group Il truncated hemoglobins froBacillus subtilis(Bs-
characterized by a remarkable variability in the nature of trHbt) (3), Thermobifida fuscgTf-trHb) (4), Geobacillus
the heme pocket residues among the various spebidsus stearothermophilugGs-trHb) 6) and Mycobacterium tu-
suggesting diverse functions, possibly related to the physi- berculosis(Mt-trHbO) (6, 7) revealed a common general
ological response in the defense from oxygen reactive speciegattern of the heme pocket that has been defined “ligand-
and/or NO R). The amazing variability in the active site inclusive hydrogen bond network” as it is characterized by
suggested the partition of trHbs in three groups that sharean ensemble of polar residues in contact with the iron-bound
less than 30% sequence similarity with each otHgr I ligand coordination shellg; 9). In Bs-trHb and Gs-trHb,
the three groups, whereas the proximal F8 histidine is besides Tyr B10 and GIn E11, the nitrogen atom of the
invariant and the B9-B10 pair is commonly phenylalanine- tryptophan residue in position G8 completes the hydrogen-
tyrosine, other residues lining the heme pocket are not bonding network whereas in Tf-trHb and Mt-trHbO an
conserved. Group I, by far the most populated among the additional potential hydrogen bond donor is provided by a
three, is characterized by the presence of a Trp residue onTyr CD1 residue. The biological significance of such an
unusual network of interactions is unexplained, although the
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affinity in Mt-trHbO and Tf-trHb is at least 1 order of Spectroscopic Characterization. Electronic Absorption.
magnitude lower than in Bs-trHb and Gs-trHb suggests that UV —visible absorption spectra were measured on a Jasco
the presence of a Tyr residue in position CD1 impairs binding V-570 spectrophotometer (Jasco Ltd., Japan). Protein con-
of the ligands to the heme iron rather than contributing to centration was determined on the CO derivative in the
their stabilization 7—9). presence of 1820 mM sodium dithionite by using an
In this framework, it is possible that the amino acid side €xtinction coefficient of 178 000 M cm™ at 421 nm. It

chains surrounding the iron-bound ligand are devoted not Should be mentioned that excess sodium dithionite had a
only to ligand stabilization but also to oxygen chemistry. Pronounced effect on the UWis absorption line shape of
On the other hand, at variance with group | truncated the deoxy and CO derivatives. A spurious intermediate
hemoglobins, group Il proteins display a remarkable inertness SPecies with a Soret peak at 424 nm was detected, especially
toward typical oxy-hemoglobin reactions such as oxidation at high dithionite concentrations 20 mM). The intermediate

by nitrite, hydrogen peroxide or NO3( 8). This most species was assigned to the formation of a stable low spin
intriguing behavior is coupled with an unusual ligand binding ferric sulfide adduct by titration of the protein with all
dynamics, e.g., as observed in Mt-trHbO in transient POssible dithionite by-products, namely thiosulfate, tetrathion-
resonance Raman experiments after photolysis of the coate, bisulfite, sulfite and sodium sulfide. Among these
bound adduct. In fact, at variance with classical hemoglobins, C0Mmpounds, only sodium sulfide gave rise to the spectrum

trHbs do not undergo the nanosecond tertiary relaxation afterWith characteristics typical of a ferric sulfide addudt.
photolysis of the CO bound molecule. In particular, the Thus, in all measurements, dithionite concentration was

resonance Raman spectrum of the 10 ns photoproduct isconstantly kept below 20 mM and CO gas was added before
identical to the static spectrum of the deoxygenated derivative OF immediately after dithionite addition in order to prevent
implying that relaxation dynamics after photolysis is com- the formation of the sulfide adduct.

plete within 10 ns 10). Accordingly, laser photolysis of the Fourier Transform Infrared At_)sorpnorETIR spectra were
Bs-trHb CO adduct does not reveal nanosecond relaxationméasured on a MAGNA 760 Nicolet spectrometer equipped
processes3). On this basis, the structural properties and the v_v|th an MCT detector. The protein solutions at a concentra-
dynamic behavior of group Il trtHbs provide an overall picture tion of about 3 mM (heme) in 0.2 M phosphate buffer, pH
that sets these proteins far aside from vertebrate hemoglobing/-0, were equilibrated with 1 atm of CO gas, and a few
and myoglobins. To better understand the structfuection microliters _of a sodium dithionite solution was added (final
relationship, it is highly desirable to elucidate the differences concentration of about 10 mM). The spectra were measured
that are associated with a bound ligand and its environmentP€tween 10 and 43C in a Cak, cell with a 50um Teflon

in these proteins. An excellent probe is provided by carbon SPacer; 512 scans at 2 chresolution were averaged. The
monoxide since the ligand-related vibrations reflect most SPectra of the oxygenated proteins measured under the same
sensitively the nature of the Féigand bond and the ligand experimental conditions were subtracted from the spectra of
protein interactions. Moreover, the high photosensitivity of the CO derivative to obtain a flat baseline (see Figure S1 in
the CO complexes allows one to investigate the dynamics the Supporting Information). Experiments in deuterated water
of ligand entry/escape to the heme pocket in laser photolysisWere carried out by equilibrating the protein in a deuterated
experiments. In the present work, the structural properties Phosphate buffer (95% A, Sigma Aldrich Co.) obtained

of the active site of Bs-trHb have been probed by infrared bY dissolving weighed amounts of phosphate salts i6.D
absorption and resonance Raman (RR) spectroscopy of thel he protein was then repeatedly diluted in the deuterated
CO complex and the subnanosecond dynamics has bee,lpuff_er and concentrated with a vivaspin concentrator to
investigated by picosecond transient absorption (TA) spec- achieve 92% deuterated samples.

troscopy. Resonance Raman Scatteriniie CO complexes were
prepared by first flushing with nitrogen the protein solution
EXPERIMENTAL PROCEDURES in 50 mM phosphate buffer pH 7.0, then flushing witgO
(Rivoira) or *CO (FluoroChem), and reducing the protein
Expression CloningThe truncated hemoglobin frof. by addition of a fresh sodium dithionite (Fluka) solution.
subtilis was expressed as a recombinant proteittircoli Protein concentrations were in the range-B9 uM, whereas

cells and purified as described earli®).(The TrpG8-Leu the dithionite concentration was 20 mM.

mutant was obtained by PCR using oligonucleotides BSG81 RR spectra were measured with the 413.1 nm line of a
and BSG82 and plasmid DNA template. The sequences ofKr* laser (Coherent, Innova 300 C). The back-scattered light
BSHb1 (B-GAGCTGATGCTTGGCTCAGCTGTATGAAGG-  from a slowly rotating NMR tube was collected and focused
3') and BSHb2 (5CCTTCATACAGCTGAGCAACGCAT- into a computer-controlled double monochromator (Jobin-
CAGCTC-3) include nucleotides overlapping thednd 3 Yvon HG2S) equipped with a cooled photomultiplier (RCA
end of the coding sequence in correspondence of the TrpG8C31034A) and photon-counting electronics, or into a triple
codon. The PCR product was cloned into the pET28b spectrometer (consisting of two Acton Research SpectraPro
expression vector (Invitrogen) following the manufacturer’s 2300i working in subtractive mode and a SpectraPro 2500i
instructions, and the recombinant plasmid was transformedin the final stage with a 3600 grooves/mm grating) , equipped
into E. coli TOP 10 cells. Plasmid DNA was purified and  with a liquid nitrogen cooled CCD detector (Roper Scientific
transformed intd. coli TUNER (DE3) cells (Novagen) for ~ Princeton Instruments). The RR spectra inithband region
expression. The integrity of the cloned gene was verified by (1330-1390 cnt') were checked to ensure that the amount
DNA sequencing. The WG8L mutant was extracted and of five-coordinated ferrous species due to laser photolysis
purified according to the same procedure used for the wt was small enough not to appreciably contribute to the RR
protein. spectra in the low-frequency region. The RR spectra were
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calibrated with indene, Cgland acetonitrile as standards wi
to an accuracy of 1 cm for intense isolated bands. iy

-~ 552 589
Laser Photolysis MeasuremeniBA spectra were mea- 2
sured by a femtosecond Ti:sapphire laser based system (BMI = e 538 Tses
ALPHA 1000) capable of producing 100 fs pulses with E 200-°co

energy of 70QuJ/pulse at 1 kHz repetition rate. The system
has been fully described in previous papet2<14). The

second harmonic of the fundamental frequency (400 nm) 542
excited the sample in resonance with the Soret band. A white

515

light continuum pulse measured the transient spectra in the ope . CO
400-650 nm interval. The pump and probe beams were 545

focused by a parabolic mirror in an almost collinear scheme. 589
The sample preparation was the same as that described in e
the previous sections. The solutions were kept under constant 489

stirring by a small magnet inséda 2 mmthick quartz cell.
Experiments at different sample concentrations (OD-0.3
0.7 at the peak of the Soret band) and with different pump
energy (0.3-1 uJ/pulse) were performed with the aim of
identifying possible measurement artifacts. In these concen-

tration and power ranges no differences were observed in 220 560 )
transient spectra. In order to achieve a longer sample stability co
and a good spectral quality, several short-exposure-timé ( 493 532 577
min) experiments on freshly prepared samples with ©D W
0.7 at the peak of the Soret and @&/pulse pump energy 482 o 13
were performed. . . co- _CO
500 600
RESULTS Raman shift (cm™)

Ficure 1: Resonance Raman spectra of tH€O and *CO
Resonance Raman and IR Spectroscbpthe RR spectra  complexes of Bs-trHb (photomultiplier detection, integration time
of the CO bound species (Figure 1) three isotope-sensitive23 s/0.5 cm?) and its TrpG8-Leu mutant (CCD detection,

peaks were detected and assigned as follows: the bands iccumulation time 45 min fot’CO and 60 min for*CO). The

. . power at the sample was-2 mW. The difference spectrd?CO
520 anq 545_ cmt (which shift to 515 and 542 cm, T 15C0) are also reported.
respectively, in the presence &fCO) were assigned to
distinctv(Fe—C) stretching modes, and the band at 589tm 0024 F 922 1925 ]

(which shifted to 569 cmt) is assigned to @&(Fe—C—O)

bending mode. Accordingly, in both the RR and IR spectra,

two bands corresponding to théCO) stretching modes were

identified at 1925 and 1888 crh(Figure 2) which shifted ® oots
to 1890 and 1853 cm, respectively, upofCO substitution

(see Figure S2 in the Supporting Information).). These bands
were insensitive to pH changes between 6.0 and 9.0 as well 3
as to temperature changes between 10 antiCAfdata not
shown). However, in BD, the frequency of the band at 1888

cm ! shifts to 1886 cm'! and the band at 1925 crhto 1922

cm! (Figure 2). This H-D isotopic shift is similar to that o o e v R el A e raa
reported for the IR/(CO) stretching mode of CCRCO (15), 1980 1880 1900 1920 1940 1080 1960 2000
HRPC-CO (16), and CIP-CO complexes7) and is a clear Wavenumber (cm-")

indication of the presence of hydrogen bonds between the ] )

bound CO and distal residues. On the basis of the intensitiest':r'ﬁERlE:rzc;mlr;ggrt%db%?fo%?tm;ﬁgitmr? ;Ich(eggéz).cmng:; ?rf] Bs-
and frequencies of the bands, two different conformers of 1,0: TrpG8-Leu mutant in kD. The spectra were measured in
the Bs-trHB-CO complex are observed: form 1, character- 0.2 M phosphate buffer at pH 7.0 (or pD 7.0) in the presence of 20

0.008

1958

ized byv(FeC) at 545 cmt, §(FeCO) at 589 cm, andv- mM sodium dithionite and 20C. Protein concentrations were 3
(CO) at 1888 cmt, and form 2, characterized byFeC) at mM. Further details are reported in the Supporting Information.
520 cnrt andv(CO) at 1925 cm' (Table 2). observed, an intense band at 1958 tand a weak band at

Mutation of TrpG8 into Leu causes dramatic changes in 1920 cn1?! (which shifted to 1916 and 1876 cf respec-
the vibrational spectra. In the RR spectrum (Figure 1) two tively, upon3CO substitution, see Figure S2, Supporting
v(Fe—C) stretching modes are observed at 489 £(486 Information). The highly similar Gs-trHb shows two-©
cm1in the presence ofCO) and at 524 crmt (520 cnit stretching modes at identical frequencies as Bs-trHb. In
in the presence of*CO). Moreover, a band at 575 cin contrast, Tf-trHb exhibited two CO stretching modes at 1939
(which shifts to 560 cm' in the presence dfCO) is assigned  and 1920 cm! (see Figure S2, Supporting Information).
to a 6(Fe—C—0) bending mode. Accordingly, in the IR Laser Photolysis Experiment&fter the excitation at 400
spectrum (Figure 2) twa/(C—O) stretching bands were nm, the TA evolution of Bs-trHbCO adduct is rather
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Table 1: Fitting Parameters for the Evolution of the Transient A similar but not fully superimposable behavior is
Signal Measured at Various Wavelengths observed in Bs-trHbCO complex. In Figure 3 the spectral

evolution shows that a broad band around 480 nm forms

Jprobe (NM) 420 444 485 610 , oL , X
™ 0,028 0018 instantaneously upon exc_ltatlon and decgys Wlth a time
A 0155 0.0255 00188 0.0063 constant of_aboqt 5_00 fs into a sha_rp antlbleachlng band.
,1 0.44+ 005 0.35+0.05 0.35-0.05 0.3+ 0.05 An isosbestic point is observed also in this case. The shape
A 0.022 —0.0195 —0.004 —0.0027 and position of the antibleaching band is consistent with the
72 4+1 4+1 3+1 48+1 formation of a hot ground state of a 5-coordinate heme.
':;3 (2)602410 ;g f(i556 ;gfgg 58 'io% Therefqre, the observed decay is a_ttributed to fast vibratipnal
A 0.017 —0.014 —0.0001 relaxation processes that superimpose to fast geminate
T4 770+ 50 7704 50 7704+ 50 recombination. After 100 ps the transient spectrum is well

aThe time courses were fitted to the sum of four exponentials and "eéProduced by the difference between the stationary spectra
a constant. Allr values are given in ps. The sign of thefactors is of Bs-trHb-CO and Bs-trHb (see inset of Figure 3) thus
consistent with the curves of Figure 4. Negative values mean a rise leading to the conclusion that the relaxation mechanism is
while positive anes mean a decay of the signal. dominated by geminate recombination at delays greater than

100 ps.

complex during the first 10 ps (Figure 3). At longer delay ~ The time courses measured at different wavelengths (420,
times the spectra can be reproduced by the difference444, 485, 610 nm) are reported in Figure 4. The fitting
between the ground state spectrum of the CO adduct andprocess is accounted by four different time constants (see
that of the Bs-trHb deoxygenated form (see inset of Figure Table 1). The kinetics measured at 480 nm is dominated by
3). Assuming that the photodetachment process occurs on & Vvery fast decay process with a time constant of less than
time scale shorter than the minimum time resolution achiev- 400 fs similar to that observed in the deoxy form. In parallel,
able by our instrument, the subsequent relaxation processeshe kinetic at 444 nm shows a rise of the signal with the
must be mainly electronic and vibrational in nature. They same time constant. This fast process is attributed to
occur before or in parallel to fast geminate recombination. electronic and vibrational relaxation, in line with the mech-

In order to better understand the photophysics and anism proposed for the deoxygenated derivative. The an-

: . tibleaching decay is well described by a three exponential
hotochemistry of Bs-trHbCO we first recorded the spectra 2
gnd the kinetigs of the deoxy form in the5, 200 ps ?ime decay with time constants ¢4 ps (42%),~25 ps (26%)

> o ) .
interval (Figures S3 and S4, Supporting Information). The ?Qsdemgg ?ﬁo(siz {;)é;—sﬁefgsgnmﬁ]:rgiocxonsgggi dCIZsilgies
experiments brought out that in Bs-trHb the relaxation Y9 P

processes occur on a very short time scale. The antibleachin Ithough their relative weights are different. For this reason,
band with maximum at 450 nm forms in ébout 300 fs and he overlapping of different mechanisms must be taken into
. . : . L account. The 4 ps component can be attributed mainly to
gfﬁsﬁgﬁgsoﬁicggdgg%t ;’ aarl] dkzlze; p;sn?;g;: ) Isﬁ‘rvﬁe\’\;:tsl g;ne fast vibrational relaxation mechanisms while the intermediate
the signal coincides with the decay of a' broader band component of 25 ps should be interpreted as the superposition
appearing “instantaneously” at longer wavelength@g0 of vibrational relaxation mechanisms and of a fast geminate

; . e recombination. Thus, the slowest component (770 ps) is
nm). A clear isosbestic point is observed around 460 nm. entirely due to geminate recombination.
These observations can be interpreted as follows. After

the excitation at 400 nm the excited electronjcstate (with ~ DISCUSSION

n> 1) can relax very efficiently to the lowest excited singlet  The recently reported X-ray structure of Bs-trHb cyanide
state of the heme. Therefore the “instantaneous” fprmatlon adduct (PDB code 1UX8) provides a basis for understanding
of the band at 480 nm can be attributed to an excited-statethe remarkable ligand binding properties of this protein,
absorption (ESA) from the lowest excited singlet state. namely, an extremely high oxygen affinity6 nM~2) and
However, we cannot rule out that this band might derive g very slow rate of oxygen releas®).(Bs-trHb distal heme
from an absorption from a vibrationally hot ground state, as pocket is characterized by an array of polar residues
recently pointed out for other proteinsl&-20). This surrounding the bound ligand, namely, TyrB10, TrpG8, and
hypothesis implies that relaxation processes occurring in theGInE11 (Figure 5), all capable of hydrogen bonding to the
first 50 fs or less are entirely dominated by internal jron bound ligand. The other relevant residues, PheCD1 and
conversion from $to § As a consequence, the antibleaching ThrE7, do not appear to be part of the distal ligand
band rising at 450 nm in the subsequent picosecond can benvironment. In the crystal structure, the cyanide nitrogen
assigned either to a vibrationally hot ground std&-20) atom is at a hydrogen-bonding distance of 2.5 A from the
or, within the hypothesis that the 480 nm band is due to an TyrB10 hydroxyl group, TrpG8 is buried in the distal pocket
ESA process, to a low-energy electronic state of different and is roughly parallel to the heme plane with the indole
spin multiplicity (21). The fast decay of the antibleaching, NE1 atom placed at a distance of 3.4 A from the cyanide
occurring with a time constant of 4 ps, is consistent with nitrogen atom, and the GInE11l amino group is likewise
previous observationd 8-26). The residual signal (less than located at 3.3 A from the cyanide nitrogen. Thus, based solely
10%) decays with a time constant of approximately 30 ps. on the crystal structure coordinates, distal stabilization of
This decay can be assigned to vibrational relaxation althoughthe cyanide ligand appears to involve mainly H-bonding to
the contribution of thermal effects cannot be excluded. The the TyrB10 phenol hydroxyl group.

low signal does not allow one to perform tests at different  Deeper insight into the structural properties of the active
laser power excitations. site are provided by the present characterization of the CO
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Table 2: Vibrational Frequencies (cf) of the CO Complexes of Several Invertebrate Hemoglobins and Selected Distal Mutants
Tr-hemoglobind v(FeC) o(FeCO) »(CO) H-bonds with CO® ref
Class |
HbN—CN (1RTE) (37

TyrB10 (O~N 2.8 A)
GInE11 (N“N 3.4 A)

HbN—CO 535 1916 TyrB10 GInE11 30)

500 19606-1948 GInE11
HbN—CN TyrB10-Phe (2GKM)
GInE11 (NN 2.9 A) (34
HbN—CO 502 1947 GInE11
HbN—CN GInE11-Ala (2GLN)
TyrB10 (O~N 2.7 A) (39
HbN—CO 527 1925 TyrB10
HbN—CN TyrB10Phe-GIn E11Val (2GL3) (39
HbN—CO 493 1950
HbN Tyr B10Leu-GInE11Val (39
HbN—CO 485 1967

Class Il

B. subtilis—CN (1UX8) ©)

TyrB10 (O=N 2.6 A)
TrpG8 (N=N 3.4 A)
GInE11 (N“N 3.3 A)

B. subtilis=CO 545 (form 1) 589 1888 TrpG8 TyrB10 this work
520 (form 2) 1924 TyrB10

B. subtilis=CO TrpG8Leu 524 (form 2) 576 1920 TyrB10 this work
489 (form 3) 1958

HbO—CN (INGK) )

TrpG8 (N=N 3.3 A)
Tyr CD1 (O~=N 2.7 A)

HbO—-CO 525 1914 TrpG8 Tyr CD1 9%

HbO—CO TyrB10-Phe 525 1914 TrpG8 Tyr CD1 9)(
Class Il

HbP—CN (C. jejuni) (21G3) (40

TyrB10 (O=N 2.72 A)
TrpG8 (N=N 3.3 A)
HiSE7 (N=N 4,5 A)

HbP—-CO 515 1936 TrpG8 D)
HbP—CO HisE7Leu 517 1938 TrpG8 TyrB10 39
557 1893
HbP—CO Tyr B10Phe 524 1914 TrpG8 33
HbP—CO TyrB10PheHisE7Leu 521 1926 TrpG8 33
Invertebrate Hb
A. suum-oxy (1ASH) (38

TyrB10 (O~0 2.75 A)
GInE7 (N-O 3.7 A)

A. suum-CO 543 588 1909 TyrB10 GInE7 3L, 32
515 582 1948 GInE7
495 1965 82,39

A. suum-CO Tyr B10Phe 520 584 1928 GInE7 31

A. suum-CO GInE7Leu 536 587 32
493 576 82

a Distal residues involved in H-bond with the bound ligand. The distances between the hydrogen-bonding atoms of the residues and the N/O
atom of the ligand are reported in parentheses according to the X-ray structures indicated by the PDBistaleresidues which are mainly
involved in H-bonding with the CO ligand are reported.

adduct of Bs-trHb by using vibrational spectroscopy. In fact, ens while the CO bond weakens, thereby increasingthe
carbon monoxide is a sensitive probe for investigating distal (Fe—C) vibrational frequencies and decreasing #f@—0)
environmental effects on ligand binding of heme proteins frequenciesZ8, 29). For a large class of CO adducts of heme
(27). In particular, polar interactions and the formation of proteins and of model compounds containing an imidazole
H-bonds between the bound CO and the distal residuesas the fifth iron ligand, a linear correlation between the
increase the extent of back-donation from the Edadthe frequencies of the(Fe—C) andv(C—0O) stretching modes
CO x* orbitals. As a consequence, the-Heé bond strength- ~ has been found. The correlation plots have a negative slope
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0.16

450 500 550 600 650
Wavelength (nm) Ficure 5: Close-up view of the distal pocket in Bs-trHb. The

Ficure 3: The transient absorption spectra of the CO complex of picture highlights the relevant TyrB10 and TrpG8 residues (yellow
Bs-trHb after laser photolysis. Samples were pumped at 400 nm stick) and the spatial relationships with the entrance of the heme
and recorded with delays of 100 fs (thin full line), 1 ps (dashed pocket and with the cavity (cyan CPK). Labels on the cyan CPK
line), 16 ps (dotted line), 200 ps (dastiotted line) and 300 ps  residues delimiting the wall of the cavity read as follows: LE4
(full'line). Four groups of bands are clearly observed: the bleaching (Leu E4); AB14 (Ala B14); VB13 (Val B13); FCD1 (Phe CD1).
of the Soret at 425 nm, an ESA (excited state absorption) between
450 and 525 nm, the bleaching of the Q bands and a second diffuse ~ 5604  HENL
ESA between 580 and 700 nm. In the inset the spectrum recorded O
at 100 ps (open circles) and the static difference spectrum are 5504 Bs-trHb Asuum
compared. Transient spectra relative to the deoxygenated derivative { A

are reported in the Supporting Information. —’E‘ 540 HbN
5 4
200 T 5304 QE1)A
20 - I HbO W
100 g 520 4 A\ Y(B10F
501 2
0@ g 1 wesL @ A
06 g 510 4 HbP
=~ 1 Y(B10)F
20/ (é 500 - Q L 2
401 = 1 Y(BIOFK> A
490 QEMV. O

Y(B10)L/
1 weaL & Q((E11))V
480

T T T T T T T T T T T T v T T T M T r 1
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-1
v(CO) wavenumber (cm™)

Ficure 6: Correlation plot between(Fe—C) andv(C—0). The
frequencies of the FeC stretching vibrations are plotted as a
function of the frequencies of the—€ stretching modes for the

. . . following proteins: Bs-trHb M) and its TrpG8-Leu mutant}),

400 800 A. suumHb (a) and its TyrB10-Phe mutanta), C. jejuni HbP

(®) and its HisE7-Leu mutantd), M. tuberculosisHbN (¢) and
several mutants), M. tuberculosisHbO (v). Specific references

to the data points and proposed H-bonding interactions are
summarized in Table 2.

(=]

-AAbs m(OD)
&

Ficure 4: Time courses of the CO complex of Bs-trHb after 100
fs laser photolysis. The analysis of the time dependent signal (open
circles) in four different spectral regions is done by the fitting of
the convolution between the pumprobe correlation and a
multiexponential decay (full line). The results are summarized in trHb—CO adductsif(FeC) at 520 cmt andv(CO) at 1924

Table 1. . cm™Y], form 1 is characterized by unusual vibrational
and depend on the extent of-back-bonding 28, 29). frequencies. In particular, the extremely low-O stretching
Moreover, Fe-CO back-bonding is modulated not only by - frequency at 1888 crt and the corresponding high FE
polar interactions with protein residues but also by variations stretching frequency (545 crf), similar to those previously
in the donor strength of the trans ligand (i.e., the proximal observed for a heme peroxidag8), within the hemoglobin
hihs:]Eidiﬂe). Thuls, pha?ges indthe_ trans ligand do"ncl)rl_strengthfam"y can only be compared to those observedAscaris
shift the correlation line and give rise to parallel lines at . )

suumhemoglobin 81, 32) and for the His (E7) to Leu mutant

higher or lower positions in the correlation pl&7j. -
A plot of v(Fe—C) versus/(C—O) frequencies for the CO of Ctb fromCampylobacter jejunfHbP), a class Il truncated

adducts reported in Table 2 is given in Figure 6. Bs-trHb is hemoglobin 83). For this latter case, while the CO adduct
characterized by the presence of two different CO conformers©f the wild type Ctb fromC. jejuniis characterized by a
in which the ligand is stabilized by hydrogen bonding, as conformer withv(FeC) at 515 cm* andv(CO) at 1936 cm,
evidenced by the 2 cm shift of thev(CO) frequencies in  the His(E7) to Leu mutation induced the formation of an
D,0. While one Fe-C—0O conformer (form 2) is character-  additional conformer with/(FeC) at 557 cm' and »(CO)
ized by vibrational frequencies similar to those of other at 1893 cm* (see Table 2 and re§3).
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The origin of the two FeC—O conformers of Bs-trHb ~ Form 1 Form 2
can be discussed in the light of the crystal structure of the Y810 YB10
ferric cyanide adduct of Bs-trHIB) and in comparison with QE11
the spectroscopic properties of the CO adduct of the TrpG8- WG8 QET wes
Leu Bs-trHb mutant, as well as with the previous results &g ﬁ
obtained for other CO adducts of several trHbs and their 1
distal mutants. The two conformers differ for the electrostatic
environments around the F€0O moiety. The position of
form 1 at the extreme left of the plot indicates that strong
electrostatic interactions between the CO and the distal
residues are involved. As mentioned above, hydrogen bonds™rm 2 YE10 Form3 YB10
could be formed between the oxygen atom of the bound CO
and the indole nitrogen of TrpG8, the hydroxyl group of LG8 QE11 QE11
TyrB10 or the amido NHof GInE11. The results obtained
for the TrpG8-Leu mutant shed light on the origin of the <\J= ﬁ @u ﬁ
strong polar interaction of form 1. In fact, the mutant (i)
lacks form 1, because of the absence of TrpG8; (ii) conserves
form 2 [v(Fe—C) at 524 cmi* andv(CO) 1920 cm?], which
displays H-bonding, and (iii) shows a new form (form 3)
whosev(Fe—C) at 489 cm* and»(CO) at 1958 cm' are FiIGURE 7: Scheme of the hydrogen-bonding interactions in the
consistent with a conformer with no or very weak polar conformers of the CO complex of Bs-trHb and its TrpG8-Leu
interaction with the surrounding amino acids. Therefore, we mutant. Top panels refer to the wt protein, and bottom panels refer
propose that CO in form 1 is stabilized by strong polar to the TrpG8-Leu mutant. Hydrogen-bonding contributions to the
: ; - . . iron-bound CO are shown as green lines. The structural frame is
interactions with the indole nitrogen of TrpG8 and the paseq on the X-ray structure of the ferric cyanide adduct (LUX8).
hydroxyl of TyrB10, which are closest to the heme-bound
cyanide in the crystal structure of the ferric cyanide adduct and HbO (see Table 2). It appears that the extent of back-
of Bs-trHb (Table 2). We cannot exclude, though, a polar bonding is reduced in HbO, in spite of the fact that hydrogen
interaction with the side chain of GInE11. On the other hand, bonding involves the same kind of residues, namely, a Trp
CO in form 2 most likely has a single hydrogen bond to the and a Tyr residue. We suggest that this difference may arise
TyrB10 residue. This interpretation is consistent with the from the different position of the interacting Tyr side chain,
recent proposal made for the two CO conformers of the His which is TyrB10 in Bs-trHb and TyrCD1 in HbO. A simple
E7Leu mutant of Ctb fronC. jejuni(33). Moreover, it agrees  analysis of the X-ray structures of the CNomplexes of
well also with the results obtained for the Hb frodn suum these proteins shows that the angle formed by the three
in which the strong hydrogen bonds between CO and the atoms, O(Tyr}-N(CN-)—N(Trp), is about 120for Bs-trHb
distal glutamine and tyrosine residues lead(td—O) at 1909 and about 65for HbO. In the assumption that the protein
cm! and a correspondingly high(Fe—C) at 543 cm? structure of the CO complexes is similar, a 12&ngle
(Table 2). Form 2 bears also an analogy with the second O(Tyr)—O(CO)-N(Trp) appears to be more favorable for
conformer (L1) observed irA. suum,in which CO is the formation of a bifurcated hydrogen bonding, since it
supposed to interact only with GInE7 (Table 31(32). would allow a larger overlap with §fhybridized O orbitals
The comparison between the frequencies of the CO adductsand/or reduce the electrostatic repulsion between both
of A. suumand Bs-trHb in the plot of Figure 6 brings out a hydrogen bonds. For the same reason, in spite of the close
difference in the strength of the trans ligand, i.e., the proximal proximity of GInE11 to the bound ligand in Bs-trHb, we
His. In fact, the points foA. suumare shifted to the right-  disfavor the hypothesis of a double H-bonding including Tyr
hand side of the plot, indicating a weaker trans liga?ig).( B10 and GIn E11.
This is in agreement with the finding that théFe—Im) The structural scheme shown in Figure 7, which has been
stretching mode lies at 201 crhin A. suumHb (32) and at worked out according to the data set in Table 2 and to the
226 cn1tin Bs-trHb (data not shown). Moreover, the unusual crystal structure of the Bs-trHb cyanide adduct, provides a
short Fe-Im bond (1.92 A) evidenced from the X-ray first attempt to rationalize vibrational spectroscopy findings
structure of the ferric cyanide adduct of Bs-trHB) (is in truncated hemoglobins. Thus, additive/alternatehy-
consistent with the presence of a strong trans contribution. drogen-bonding network can be envisaged that entails the

Comparing the results obtained for the CO adduct of Bs- presence of a doubly H-bonded CO adduct in Bs-trHb
trHb with those obtained previously for other class Il tr- coexisting with a singly H-bonded species. In this picture,
Hbs (Table 2) and several distal residue mutants, it appearsthe presence of form 1 and form 2 results from alternate
that TrpG8, TyrB10, and GInE11 may play different roles H-bonding interactions involving multiple donors.
in the various truncated Hbs. In particular, while TyrB10  The presence of strong, multiple H-bond donors is in
and GInE11 control the binding of CO in HbIS4), mutation agreement with the very slow ligand release of both oxygen
of TyrB10 in HbO (7, 9) does not alter the frequency of the and CO and at the same time raises a number of questions
stretching modes of the ligated CO. In the latter case, basedon the dynamic aspects of ligand entry/escape processes. In
on the sequence alignment and on the X-ray structure of thea previous investigatiorB], laser photolysis experiments of
CN complex, it has been concluded that the CO ligand is the CO adduct with less than 1% quantum yield revealed
stabilized by both TrpG8 and TyrCDT) An interesting that no process other than second-order ligand rebinding from
aspect arises when comparing the CO complexes of Bs-trHbthe solvent phase (0.28M~* s™%) could be detected within
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the nanosecond to millisecond time regime (9 ns laser escape pathways or even ligand reservoBs (n fact,
pulses). Similarly, in the Mt-trHbO CO adduct, 8 ns laser although the overall geometry of the distal pocket displays
pulses were barely able to photolyze the iron-bound CO suchsome analogies with the similar group | truncated hemoglo-
that ligand rebinding could only be observed at temperaturesbins, the dynamic behavior is strikingly different probably
higher than 40°C (8). The picosecond laser photolysis due to the absence of tunnels or cavity systems in the group
experiments on the Bs-trHb CO adduct, shown in Figures 3 Il truncated hemoglobins hitherto studieg| 6, 35).
and 4, demonstrate that a large geminate phase does occur In conclusion, the complete spectroscopic and dynamic
in the sub-nanosecond time scale. In this time window, picture of the CO adduct in Bs-trHb helps rationalizing
however, early photodynamic phenomena occurring after theavailable structural and biochemical data on group I
100 fs laser pulse partially superimpose to the signal truncated hemoglobins, the largest family among bacterial
originating from the geminate recombination process. As hemoglobin-like proteins. Vibrational spectroscopy data
apparent in Figure 4 and reported in Table 1, at least threesuggest that the network of polar residues in the distal pocket
distinct processes can be extrapolated from the observedacts as a hydrogen-bonding relay in which the iron-bound
signal decay after photolysis. The interpretation of the three ligand can be either coordinated to a single H-bond donor
time constants relative to the observed time courses can beor generate a bifurcated interaction with two donors. In the
assigned only after analysis of the transient difference spectraatter case, the €0 stretching frequency is anomalously
of Figure 3 and comparison with the signal decay observedlow and is reminiscent of a peroxidase-like conformer.This
in the unliganded derivative (deoxygenated Bs-trHb). finding is in agreement with the recently reported peroxidase
The analysis of the transient difference spectra of Figure activity in Mycobacterium tuberculosidbO (36) and sug-
3 indicates that the geminate recombination process domi-gests that the active site of truncated hemoglobins is tailored
nates the overall signal decay in the investigated time interval to perform hydrogen peroxide chemistry rather than revers-
(1 ns). The time course of the geminate process, involving ible ligand binding.
a fully relaxed 5-coordinatetheme, can be easily extrapo- The presence of sub-nanosecond CO geminate rebinding
lated (see Figure 4 and Table 1) as the only contribution in after photolysis indicates that the dynamics of the ligand is
the hundreds of picoseconds to 1.5 ns time regime with aconfined within the distal pocket itself with a remote
time constant of 770 pk(= 1.3 x 10° s7). The earlier possibility of escape to the solvent or to the adjacent small
photodynamic processes preceding ligand geminate rebindingcavity located at the top of the distal pocket. Taken together,
can be interpreted as follows. A first relaxation of the vibrational spectroscopy and dynamics data indicate that the
electronically and/or vibrationally excited heme occurs with active site of group Il trHbs is not designed to perform
atime constant of about 400 fs. Its similarity to that observed gaseous ligand exchange and is most likely devoted to a
in the deoxygenated derivative can be taken as an indicationredox process involving oxygen or eventually hydrogen
that on such a time scale photophysical processes (electronigeroxide. It is as yet difficult to ascertain whether hydrogen
and vibrational) dominate the relaxation mechanism. The peroxide might represent the genuine substrate of these
following relaxation process occurs with a time constant of proteins as both Mt-trHbO and Bs-trHb are characterized
about 4 ps. As for the previous component, such decay isby slow (36) or no @) turnover even in the presence of
observed also in the deoxygenated species. However, theefficient electron-transfer mediators like ABTS6] and no
presence of a very fast geminate recombination cannot beperoxidase-like spectroscopic intermediates have been de-
ruled out. The same considerations can be applied for thetected. Further screenings on peroxidase substrates and on
30 ps component. radical forming species/intermediates will be necessary to
In summary, there is clear evidence that a large CO unveil the biochemical functionality and the physiological
geminate phase represents the major contribution to thesignificance of these most intriguing hemoproteins.
observed signal within hundreds of picoseconds. The dy-
namic picture emerging from picosecond laser photolysis dataSUPPORTING INFORMATION AVAILABLE
is consistent with ligand remaining confined within the distal
heme pocket after photodetachment. In fact, given the
presence of strong H-bonding contribution(s) to the oxygen

at_c;)rgr,]dtir;]e é:;orpgtlgri\ﬂivceina?tgr(tari(gezt;girtmzl,:ggjriga\:/vgh stearothermophilyBacillus subtilisTrpG8-Leu mutant, and
of the Fe?c bond. Thus. gaseous li a?nd molecules can bgeeThermobifida fusca(Figures S3 and S4) Transient absorption
' ' 9 9 spectra and decay of deoxygenatdsubtilistrHb. This

ultimately released to the solvent only by repeated photo- o ) ;
induced )c/:Ieavage steps as demonstra){tedyby Ft)he presr,Jence cr’?atenal is available free of charge via the Internet at http://
pubs.acs.org.
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