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ABSTRACT: A new truncated hemoglobin (HbO) fromMycobacterium tuberculosishas been expressed
and purified. Sequence alignment of HbO with other hemoglobins suggests that the proximal F8 residue
is histidine and the distal E7 and the B10 positions are occupied by alanine and tyrosine, respectively.
The highly conserved residue at the CD1 position, surprisingly, is tyrosine, making HbO the first exception
in the hemoglobin family that does not contain phenylalanine at this position. Resonance Raman data
suggest that a strong hydrogen bonding network, involving the B10 Tyr and the CD1 Tyr, stabilizes the
heme-bound O2 and CO as evidenced by the relatively low frequency of the Fe-O2 stretching mode (559
cm-1) and the high frequency of the Fe-CO stretching mode (527 cm-1). The presence of this hydrogen
bonding network is supported by mutagenesis studies with the B10 tyrosine or the CD1 tyrosine mutated
to phenylalanine. Taken together, these data demonstrate a rigid and polar distal pocket in HbO, which
is significantly different from that of HbN, the other hemoglobin fromM. tuberculosis. The distinct features
in the heme active site structures and the temporal expression patterns of HbO and HbN suggest that
these two hemoglobins may have very different physiological functions.

Recent discoveries of hemoglobins in unicellular organ-
isms (1-7) introduce a new twist to the common perception
that hemoglobin is an oxygen carrier, in view of the fact
that oxygen delivery is a diffusion-controlled process in these
cells. On the basis of sequence alignments, two groups of
hemoglobins have been identified in unicellular organisms
(4, 8-12). The first group consists of flavohemoglobins from
bacteria and fungi (13-17). Members of this group contain
a heme domain with a classical three-over-threeR-helical
sandwich motif (14), and a flavin-containing reductase
domain either covalently or noncovalently associated with
the heme domain (18, 19). The second group consists of
small Hbs with a novel two-over-twoR-helical sandwich
motif (4, 20, 21). They have been termed truncated hemo-
globins (trHbs)1 and are characterized by the absence of the
A-helix and the presence of an extended loop substituting
for most of the F-helix (4).

Two genes,glbN and glbO, encoding trHbs (HbN and
HbO, respectively) were recently discovered in the complete
genome sequence of the virulentMycobacterium tuberculosis
(22). The extent of amino acid identity between the two
proteins is only 18%. Structure-based sequence alignment
(Figure 1) suggests that the structural fingerprint for trHbs,
including the presence of three glycine motifs and the
occupancy of the B9 and E14 positions by two Phe residues

(4), is present in both HbN and HbO. In HbN, the proximal
ligand to the heme is His and the distal residues at the E7
and B10 positions, which stabilize heme-bound ligands in
other hemoglobins (12, 23-26), are Leu and Tyr, respec-
tively. In HbO, the proximal ligand to the heme is also His
and the distal residues at the E7 and B10 positions are Ala
and Tyr, respectively. More interestingly, the highly con-
served CD1 residue, which is Phe in all hemoglobins studied
to date, is Tyr in HbO. HbO thus represents the first example
of native Hb that does not have Phe at the CD1 position. It
is important to point out that some of the naturally occurring
human Hb mutants do not have Phe at the CD1 position (27).
In addition, a Tyr residue is found in the CD1 position of
other putative trHbs fromMycobacterium leprae, Mycobac-
terium aVium, Cornybacterium diphterae, andStreptomyces
coelicolor (Figure 1) (21).

In previous reports, we demonstrated that the B10 Tyr in
HbN donates a strong hydrogen bond to the heme-bound
dioxygen (28, 29). We proposed that an important function
of HbN is to protectM. tuberculosisagainst reactive nitrogen
species and the unique hydrogen bonding network between
the B10 Tyr and the dioxygen activates the O-O bond and
thereby facilitates its reaction with NO to produce nitrate
(28, 29). On the other hand, the physiological function of
HbO is totally unexplored. The presence of two trHbs inM.
tuberculosis, like the multiple copies ofâ-globin genes in
mammals (30), may originate from a gene duplication event.
Gene duplication events can produce proteins with redundant
functions, which might insulate an organism against other-
wise deleterious mutations (31). They can also produce
proteins with diverged functions, which might promote
functional diversification and biochemical innovation through
mutations and recombination of duplicates (31). In an effort
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to facilitate the understanding of the physiological functions
of HbN and HbO, we followed the temporal expression
pattern of HbO with Western blot analysis, in comparison
with HbN, during the growth cycle ofMycobacterium boVis
BCG cells (a model system forM. tuberculosis). In addition,
we used resonance Raman spectroscopy, combined with site-
directed mutagenesis, to investigate the structural and
functional properties of HbO. The peculiar distal heme pocket
structure of HbO is discussed in detail and is compared to
that of HbN.

EXPERIMENTAL PROCEDURES

Bacterial Strains and Culture Conditions. M. boVis BCG
ATCC 35734 cells were grown at 37°C with constant
shaking at 150 rpm in 300 mL Nephelo flasks containing
150 mL of 7H9 medium supplemented with 15 mL of
Middlebrook ADC enrichment medium, 0.6% glycerol, and
0.05% Tween-80. ADC contains 5% bovine serum albumin
fraction V, 2% glucose, and 0.85% NaCl.

Cloning, Expression, and Purification of Recombinant
HbO. We used the polymerase chain reaction to amplify the
coding region of theglbO gene fromM. boVis BCG ATCC

35734 genomic DNA. The DNA primers that were used were
5′ GCTGTTCCATATGCCGAAGTCTTTCTACGACG 3′
(upper primer) and 5′ CGGGATCCTCAAAACGGGGAGT-
TGACCAGCG 3′ (lower primer). The NdeI-BamHI-
digested PCR fragment was cloned into the pET-3A prokary-
otic expression vector, and the recombinant protein was
expressed in freshly transformedEscherichia coliBL21-
(DE3) cells. The amino acid sequence of BCG ATCC 35734
HbO was found to be 100% identical to that ofM.
tuberculosisH37Rv. The sequence has been deposited at
National Center for Biotechnology Information data bank
(accession number AF213450).

Cells were grown at 37°C in 2 L flasks containing 850
mL of Luria-Bertani medium and 200µg/mL ampicilin until
the absorption at 600 nm reached 0.5-0.8, at which point
they were incubated for an additional 2 h. The cells were
harvested by centrifugation at 5000g for 15 min at 4°C,
resuspended in 0.02 volume of buffer containing 50 mM
Tris-HCl (pH 7.5), 50 µM EDTA, and 1 mM phenyl-
methanesulfonyl fluoride, and disrupted by passing them
twice through a French pressure cell operated at 20 000 psi
(cooled at 4°C). Cell debris was removed by centrifugation

FIGURE 1: Structure-based sequence alignment ofM. tuberculosisHbO and of 11 trHbs from different sources. The sequences of sperm
whale (Physeter catodon) Mb, Vitreoscillasp. Hb, andC. eugametostrHb are taken as references for vertebrate globins, bacterial Hbs, and
bacterial trHbs, respectively. The topological positions for the globin fold, as defined in sperm whale Mb, are shown on the top of the
aligned sequences. Helices inC. eugametosHb andVitreoscillasp. Hb are underlined. Sequence accession numbers: X72919 forC. eugametos
Hb, P15160 forPhyseter caudatum, D90910 forSynechocystisPCC6803 Hb, L47979 forNostoc communeHb, P17724 forTetrahymenis
pyriformisHb, Z74020 forM. tuberculosisHbN, AL021246 forM. tuberculosisHbO, CAC31634 forM. lepraeHbO, and CAB71209 for
S. coelicolorHbO. Preliminary sequence data forM. aVium (HbN and HbO) were obtained from The Institute for Genomic Research.
Sequence data forChlamydomonas diphteraewere produced by the Sequencing Group at the Sanger Center and can be obtained from
ftp://ftp.sanger.ac.uk/pub/pathogens/cj and ftp://ftp.sanger.ac.uk/pub/pathogens/bp. Important residues with regard to coordination of the
heme and the ligand binding residues properties are indicated: (#) tyrosine at B10, (*) phenylalanine at CD1, (+) distal position at E7, and
(crossed C) proximal histidine at F8. Glycine motifs that contribute to the achievement of the trHb fold and the highly conserved Phe at
B9 and E14 are also shown in reverse type.
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at 12000g for 30 min at 4 °C. The extract was then
fractionated with ammonium sulfate (40-80% saturation).
The precipitate was collected by centrifugation at 10000g
for 20 min, resuspended in 10 mM Tris-HCl (pH 8) and 50
µM EDTA, and dialyzed against the same buffer overnight
at 4°C in 6-8 kDa molecular mass cutoff membranes from
Spectrapor.

The dialysate was then loaded onto a XK 26/40 column
of DEAE-Sepharose Fast-Flow (135 mL) (Pharmacia),
equilibrated with 10 mM Tris-HCl (pH 8) and 50µM EDTA
at 4°C. The column was washed with 10 mM Tris-HCl (pH
8), 50µM EDTA, and 50 mM NaCl until the absorption at
280 nm was less than 0.05. The protein was eluted with a
linear gradient (1350 mL) of 50 to 150 mM NaCl. Fractions
with a 410 nm/280 nm ratio of>0.8 were pooled and
concentrated by ammonium sulfate precipitation (95%
saturation). The protein was then resuspended in 1-2 mL
of buffer containing 50 mM Tris-HCl (pH 7.5), 50µM
EDTA, and 300 mM NaCl, dialyzed against the same buffer
overnight at 4°C, and passed through a HiLoad 16/60
Superdex 75 gel-filtration column (prep grade, Pharmacia)
equilibrated with the same buffer at 4°C. Fractions with a
410 nm/280 nm ratio of>2.4 were pooled and concentrated
by ammonium sulfate precipitation, as described previously,
and were dialyzed against 10 mM Tris-HCl (pH 8) and 50
µM EDTA overnight at 4°C. The protein was then loaded
onto a Resource Q 6 mL column (Pharmacia) and eluted
with a linear gradient (120 mL) of 0 to 200 mM NaCl in 10
mM Tris-HCl (pH 8) and 50µM EDTA at 4 °C. Fractions
with a 410 nm/280 nm ratio of>3.0 were pooled and
concentrated by ammonium sulfate precipitation, as described
previously, and were dialyzed against 50 mM Tris-HCl (pH
7.5) and 50µM EDTA overnight at 4°C. Protein purity was
assessed by SDS-PAGE. The heme was identified and
quantified by the pyridine-hemochrome method (32). Using
this procedure, 1.0-1.2 mg of highly purified protein was
obtained per liter of growth medium.

Western Blot Analysis. Polyclonal antibodies against HbO
were obtained as described previously (11) except that
Titermax (CytRx Corp.) was used in place of Freund’s
adjuvant. Western blot analysis was performed as previously
described (11). It was obtained by probing the membrane
first with trHbN antibodies and then with trHbO antibodies.
Identical results were obtained by probing first with trHbO
antibodies. We also stained the membrane after the immu-
nodetection procedure to ensure equal loading in the different
wells.

Optical Absorption Spectroscopy. Optical absorption spec-
tra were recorded using a Cary model 3E spectrophotometer
(Varian) equipped with a temperature-controlled multicell
holder. Ferric samples were prepared at room temperature
by oxidation of the oxy form, purified fromE. coli cells,
with a 10-fold excess of potassium ferricyanide. After the
reaction was allowed to proceed to completion, the protein
was purified from the ferri/ferrocyanide by desalting over a
P6DG column equilibrated with 10 mM Tris-HCl buffer (pH
7.5) containing 50µM EDTA. Oxy samples were prepared
either from the ferric protein with an enzymatic reducing
system or by exposing to air the ligand-free ferrous Hb
prepared in an anaerobic chamber (Labmaster 100, MBraun).
CO samples were prepared by first incubating anaerobically

the Hb with CO followed by reduction with sodium dithion-
ite. All spectra were recorded at room temperature.

Site-Directed Mutagenesis. The single-amino acid substi-
tution mutants of HbO (B10 Tyrf Phe and CD1 Tyrf
Phe) were prepared as described previously (28).

Resonance Raman Spectroscopy. The Raman measure-
ments were taken with previously described instrumentation
(29). The protein was buffered at the desired pH with 50
mM Tris and CAPS buffers at pH 7.5 and 10.5, respectively.
For all of the experiments reported here, the protein
concentration was 50µM. The oxy and CO derivatives were
prepared by exposing the dithionite-reduced protein to either
air or CO in tightly sealed Raman cells. With this method,
a small amount of ferric form was always present in the oxy
sample; however, the spectral contribution from the ferric
protein was canceled out in the isotope difference spectra.
Optical absorption spectra were obtained before and after
the Raman measurements to ensure the stability of the protein
samples. The corresponding18O2- or 13C18O-substituted
samples were prepared with the same protocol. The output
at 406.7 or 413.1 nm from a krypton ion laser (Spectra
Physics) was focused to an∼30 µm spot (laser power of
∼2 mW) on a rotating cell to prevent photodamage to the
sample. The acquisition time was∼15 min for each
spectrum. The scattered light was collected at right angles
to the incident beam and focused on the entrance slit of a
1.25 m polychromator (Spex) where it was dispersed and
then detected by a charge-coupled device camera (Princeton
Instruments).

RESULTS

Biochemical Properties of Recombinant HbO. To dem-
onstrate that theglbO gene encodes a functional trHb and
to gain information about the biochemical and biophysical
properties of the protein, the recombinant HbO protein was
expressed inE. coli and purified to near homogeneity. The
purified protein contained a heme and was identified as an
iron-protoporphyrin IX protein from the oxidized-minus-
reduced pyridine-hemochromogen spectrum (32). The apo-
protein migrated with an apparent molecular mass of 14.9
kDa, as estimated by SDS-PAGE. This value is close to
that predicted from sequence analysis of the 128-amino acid
hydrophilic polypeptide (14.9 kDa).

HbO reacts reversibly with oxygen with high affinity,p50

= 0.02 mmHg (M. Guertin et al., unpublished data),
characteristic of many trHbs (21). This oxygen affinity is
much higher than that of sperm whale Mb (0.51 mmHg),
and slightly lower than that of HbN (0.013 mmHg). In sharp
contrast to the findings withM. tuberculosisHbN and
ChlamydomonastrHb (12, 28), mutation of the B10 tyrosine,
TyrB10 f Phe, results in only a minor decrease in oxygen
affinity (p50 = 0.04 mmHg). The lower oxygen binding
affinity of HbO as compared to that of HbN, and its
insensitivity to the mutation in the B10 residue, can be
ascribed to its unique distal heme environment as will be
discussed below.

Optical Absorption Spectra. Optical absorption spectra
revealed that HbO can bind a variety of ligands. The optical
absorption spectrum of the ferric species at pH 7.5 is a
mixture of low- and high-spin heme (λmax ) 409, 540, 580,
and 634 nm; Figure 2). The wavelengths for the electronic
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transitions of the oxy (λmax ) 414, 543, and 580 nm; Figure
2) and carbon monoxide (λmax ) 420, 541, and 571 nm;
Figure 2) derivatives are typical of globins. Examination of
the optical spectrum of the ligand-free ferrous form at pH
7.5 (λmax ) 430 and 559 nm; Figure 2) indicates the presence
of a five-coordinate high-spin heme.

Temporal Expression Pattern of HbO. As a first step in
revealing the physiological function of HbO, we examined
the temporal expression pattern of HbO inM. boVis BCG
ATCC 35734, the nonpathogenic model forM. tuberculosis.
In this study, polyclonal antibodies raised against HbO were
used to detect the presence of this polypeptide in Western
blot analysis. As shown in Figure 3, in aerobic cultures, near-
steady levels of HbO are detected throughout the growth
phase. This is in sharp contrast to that observed for HbN,
which is only detected after cells have reached the stationary
phase (Figure 3, insets).

Resonance Raman Spectra of the Ferric and Ferrous
Protein. On the basis of resonance Raman data, the deoxy
form of HbO has a typical five-coordinate high-spin heme,
which is consistent with the observation from optical
absorption measurements. The frequency of the Fe-His
stretching mode was identified at 226 cm-1 (33), confirming
the prediction from the sequence alignment that His is the
proximal ligand. This frequency is the same as that in HbN

and is significantly higher than that in mammalian hemo-
globins (Table 1), suggesting that there is no or little proximal
strain in these two hemoglobins. To infer functional proper-
ties of HbO, in the work presented here, we examined the
liganded forms of the wild type, the B10 Tyrf Phe mutant
of HbO, and the CD1 Tyrf Phe mutant of HbO.

CO-Bound Ferrous Protein. In the resonance Raman
spectrum of the wild-type CO-bound ferrous protein, a line
was detected at 525 cm-1 with 12C16O and was shifted to
513 cm-1 with 13C18O. It is assigned as the Fe-CO stretching
mode (Figure 4a). In the C-O stretching frequency region
of the wild-type protein, a line was detected at 1914 cm-1

in the 12C16O derivative and was shifted to 1828 cm-1 with
13C18O (Figure 4b). Because of the electronic structure of
the Fe-C-O moiety, when the distal interactions strengthen
the C-O bond, the Fe-CO bond is weakened concomitantly
(or vice versa). As a consequence, there is an inverse
correlation curve relating the frequencies of the Fe-CO
stretching modes with those of the associated C-O stretching
modes (34-36). These curves depend on the identity of the
proximal ligand, such that the curve for imidazole/histidine

Table 1: Frequencies of the Iron-Histidine (Fe-His), Iron-Hydroxide (Fe-OH-), Iron-CO (Fe-CO) and Iron-O2 (Fe-O2) Stretching
Modes of Various Heme-Containing Proteins Determined by Resonance Raman Scatteringa

protein νFe-His νFe-OH νFe-CO νFe-O2 νO-O ref

HbO 226 446 (HS), 533 (LS) 525 559 1140 this work
HbO B10 Yf F 226 446 (HS), 510 (LS) 525 559 - this work
HbO CD1 Yf F 226 510 (LS) 515 556 - this work
HbN 226 456 (HS), 560 (LS) 500, 535 560 - 28, 29
HbN B10 Y f F 226 552 (LS) 502 570 - 28, 29
sperm whale Mb 220 490 (HS), 551 (LS) 507 569 - 40-42
human Hb 216 492 (HS), 553 (LS) 506 571 - 40-42
ScapharcaHb 203 578 (5C) 517 568 - 41, 46
Ascaris sumHb 206 nd 515, 543 nd - 26, 47
barley Hb 219 nd 493, 534 nd - 48
ChlamydomonasHb 232 nd 491 554 1136 12, 49
ParameciumHb 220 nd 493 563 - 50
SynechocystisHb nd nd 492 554 1133 49, 51
CCP 227, 248 nd 505, 537 nd - 52
HRP 241, 244 503 (LS) 531, 541 562 - 40, 42, 52, 53

a HS, LS, and 5C stand for high-spin, low-spin, and five-coordinate species, respectively. CCP and HRP are cytochromec peroxidase and
horseradish peroxidase, respectively. nd means not determined.

FIGURE 2: Optical absorption spectra of HbO. The absorption
optical spectra of the oxy (s), ferrous (- - -), CO (-‚‚‚-), and
ferric (‚‚‚) forms were recorded in 50 mM Tris-HCl (pH 7.5)
containing 50µM EDTA at 23 °C. The concentration of HbO is
10 µM.

FIGURE 3: Temporal expression pattern of HbN and HbO inM.
boVis BCG cells. BCG cells (ATCC 35734) were grown at 37°C
with constant shaking. Aliquots of suspension were taken at the
indicated times for absorption determination at 580 nm and Western
blot analysis of total proteins (each lane contains 5µg of protein
extract). The detection was performed using polyclonal antibodies
raised against HbN and HbO.
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is distinct from that of thiolate. Like other globins, the
correlation betweenνC-O and νFe-CO for HbO falls on the
His correlation curve (Figure 5), which further confirms that
the proximal ligand is His.

When the B10 Tyr or the CD1 Tyr was mutated to Phe,
the Fe-His stretching mode in the ligand-free form was not
affected (Table 1), suggesting that this mutation does not
perturb the chemical nature of the proximal Fe-His bond.
On the other hand, the full width at half-maximum of the
Fe-CO stretching mode of the B10 Tyrf Phe mutant
increases from 16 to 34 cm-1 as compared to that of the
wild-type protein, although the frequency of the peak
maximum stays constant (Figure 6). In the CD1 Tyrf Phe
mutant, the Fe-CO stretching frequency is shifted from 525
to 515 cm-1, suggesting that the mutation in the CD1 Tyr
alters the distal pocket structure, which, in turn, modifies
the chemical nature of the Fe-CO bond.

Oxygen-Bound Ferrous Protein. In the resonance Raman
spectra of the ferrous oxy derivatives of both the wild type
and the B10 Tyrf Phe mutant, one Fe-O2 stretching mode
was detected at 559 cm-1, which shifted to∼535 cm-1 for
18O2 as shown in Figure 7. A surprising feature in both the

wild-type protein and the B10 mutant is the presence of the
O-O stretching mode (Figure 7). The O-O stretching mode,
identified at 1140 cm-1, shifted to 1064 cm-1 upon isotope
substitution with18O2. This mode is rarely observed in the
Raman spectra of globins containing an iron heme (37). The
presence of the O-O stretching mode in the spectrum of
HbO suggests that the distal heme pocket of HbO is atypical
among the globin family. The low frequency of this mode,
as compared to 1556 cm-1 for molecular oxygen, indicates
that the heme-bound dioxygen has superoxide character as
concluded for many other globins (37). When the CD1 Tyr
of HbO is mutated to Phe, the Fe-O2 stretching frequency
shifted down slightly from 559 to 556 cm-1 and the O-O
stretching mode disappeared. The disappearance of the O-O
stretching mode suggests that the unique distal pocket
structure of HbO is radically altered by this mutation.

FIGURE 4: Raman spectra of12C16O- and13C18O-coordinated forms
of HbO in pH 7.5 Tris buffer, and the difference spectrum between
them in the low-frequency (a) and high-frequency regions (b).

FIGURE 5: Inverse correlation diagram of the Fe-CO stretching
frequency vs the C-O stretching frequency of a variety of heme
proteins and porphyrin derivatives. Lines 1 and 2 are for complexes
in which the proximal ligand is thiolate and histidine, respectively.
Line 3 is for five-coordinate CO adducts. The identity of each data
point, except HbO, is described in the literature (29, 36, 38, 47).

FIGURE 6: (Left) Raman difference spectra (12C16O minus13C18O
derivative) of the wild type, the B10 Tyrf Phe mutant of HbO,
and the CD1 Tyrf Phe mutant of HbO in pH 7.5 Tris buffer.
(Right) Schematic drawing illustrating the interaction between the
heme-bound CO and the distal residues.
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Hydroxide-Bound Ferric Protein. At neutral pH, the
resonance Raman spectrum of the ferric protein is primarily
six-coordinate and high-spin as indicated by the 1480 and
1563 cm-1 lines forν3 andν2, respectively (data not shown).
A contribution from a six-coordinate low-spin form devel-
oped as the pH was increased from 7.5 to 10.5 as indicated
by an increase in the intensity of the lines at 1506 and 1583
cm-1 for ν3 andν2, respectively (data not shown). With H2

16O
and H2

18O isotopic substitution at pH 10.5, two isotope
sensitive lines were detected at 446 and 533 cm-1 (Figure
8). These two vibrational modes are assigned as the Fe-
OH- stretching frequencies of six-coordinate high-spin and
low-spin species, respectively. The doublet in the negative
peak of the high-spin species in the isotope difference
spectrum is attributed to Fermi resonance coupling of this
mode to other porphyrin modes. In the spectrum of the B10
Tyr f Phe mutant, although the 446 cm-1 mode stayed
unchanged, to our surprise, the 533 cm-1 mode shifted to
510 cm-1 (Figure 8). On the other hand, in the spectrum of
the CD1 Tyrf Phe mutant, the 446 cm-1 mode disappeared
and the 533 cm-1 mode shifted to 510 cm-1, the same
position as that observed in the B10 Tyrf Phe mutant

(Figure 8). These results indicate that both the B10 and CD1
Tyr play important roles in interacting with the heme-bound
hydroxide.

DISCUSSION

Role of the B10 and CD1 Tyr. The Fe-CO stretching
mode of HbO observed at 525 cm-1 is higher than that in
most globins (Table 1). It is well established that positive
polar interactions weaken the C-O bond (lowering its
stretching frequency) and concurrently strengthen the Fe-
CO bond (increasing its stretching frequency) (29, 34-36).
This is illustrated in Figure 5 by the well-known correlation
curve betweenνFe-CO andνC-O. In this correlation diagram,
HbO is located in the top left corner of the curve, which
consists of a cluster of other globins with positive polar distal
environments (38). Consequently, the CO form of HbO is
assigned as a closed conformation in which the heme-bound
CO strongly interacts with the distal polar residues. Mutation
of the B10 Tyr to Phe does not affect the Fe-CO stretching
frequency, but it causes broadening of the peak. It suggests
that the distal environment of the heme-bound CO in the
mutant protein is comparable to that of the wild-type protein;

FIGURE 7: (Left) Raman difference spectra (16O2 minus18O2 derivative) of the B10 Tyrf Phe mutant and the CD1 Tyrf Phe mutant of
HbO in pH 7.5 Tris buffer. (Right) Schematic drawing illustrating the interaction between the heme-bound O2 and the distal residues.

FIGURE 8: (Left) Raman difference spectra (16OH- minus18OH- derivative) of the wild type, the B10 Tyrf Phe mutant of HbO, and the
CD1 Tyr f Phe mutant of HbO in pH 10.5 CAPS buffer. (Right) Schematic drawing illustrating the interaction between the heme-bound
OH- and the distal residues.
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however, the conformational freedom of the heme-bound CO
is considerably increased. On the other hand, mutation of
the CD1 Tyr to Phe causes the Fe-CO stretching frequency
to shift down to 515 cm-1, which is still ∼15-25 cm-1

higher than that of a fully opened distal pocket (Table 1).
Taken together, these observations indicate that in the wild-

type protein the CD1 Tyr is interacting with the heme-bound
CO, presumably through a hydrogen bond to the oxygen
atom of CO. Furthermore, we postulate that the CD1 Tyr
also forms a hydrogen bond with the B10 Tyr as illustrated
by the top cartoon in Figure 6. In the absence of this
hydrogen bond, the protein loses its rigidity as reflected by
the increase in the conformational freedom of the Fe-CO
bond in the B10 Yf F mutant. In the absence of the CD1
Tyr, the B10 Tyr can interact with the heme-bound CO
through a relatively less favorable hydrogen bonding interac-
tion as indicated by the shift of the Fe-CO stretching
frequency to a lower value (515 cm-1). This hydrogen
bonding interaction is illustrated by the bottom cartoon in
Figure 6.

The Fe-O2 stretching mode of HbO, observed at 559
cm-1, is∼10 cm-1 lower than the typical frequency observed
for most mammalian globins (39-42). This frequency is
unaffected by the B10 Yf F mutation, and was slightly
downshifted to 556 cm-1 upon introduction of the CD1 Y
f F mutation. It has been demonstrated that the Fe-O2

stretching frequency of globins is relatively insensitive to
the presence of the hydrogen bonding to theterminaloxygen
of the heme-bound dioxygen (29, 39). Previously, we have
shown that hydrogen bonding to theproximal atom of the
heme-bound O2 causes a significant lowering of the Fe-O2

stretching frequency (29, 37). Thus, the low frequency of
this mode in the wild type and the B10 mutant of HbO
suggests that the proximal oxygen atom of the heme-bound
dioxygen forms a hydrogen bond with the CD1 Tyr residue
in both the wild-type and the B10 mutant protein. This is
consistent with the observation that mutation of the Tyr at
the B10 position to Phe results in only a minor decrease in
oxygen affinity (M. Guertin et al., unpublished results), in
sharp contrast to the findings withM. tuberculosisHbN and
ChlamydomonastrHb (12, 28), in which the heme-bound
oxygen is mainly stabilized by the B10 Tyr. If the hydrogen
bond between the CD1 and the B10 Tyr is present in the
oxy derivative of the wild-type protein, like that in the CO
derivative, it is plausible that the terminal oxygen of the
heme-bound dioxygen also forms a H-bond with the B10
Tyr due to their spatial proximity and the stabilization energy
gained by forming a five-membered ring structure as
illustrated in the top cartoon of Figure 7. To evaluate the
feasibility of this proposal, we examined the crystal structure
of the trHb from Chlamydomonas eugametos. In this
structure, the para carbon of the CD1 Phe is pointing toward
the heme iron and the linear distance between this para
carbon of the Phe and the heme iron is only∼5 Å (4). If the
CD1 Phe is replaced with a Tyr, the OH group of this Tyr
ought to be close enough to form a hydrogen bond to the
heme-bound dioxygen as illustrated in Figure 9. In addition,
on the basis of this postulated structure, the B10 Tyr is also
in a favorable position to form a hydrogen bond with the
terminal oxygen atom of the heme-bound dioxygen.

In the B10 mutant, the hydrogen bonding network is
interrupted. However, the critical interaction between the

CD1 Tyr and the proximal oxygen atom of the heme-bound
dioxygen persists, and as a result, the Fe-O2 stretching
frequency is unchanged. On the other hand, in the CD1
mutant, this critical H-bond is disrupted and the structure is
rearranged. A new and stronger H-bond is formed between
the B10 Tyr and the proximal oxygen atom of the heme-
bound dioxygen as reflected by a further downshift of the
Fe-O2 stretching frequency to 556 cm-1 as illustrated in
the bottom cartoon of Figure 7.

The presence of the hydrogen bond between the CD1 Tyr
and the proximal oxygen atom of the heme-bound dioxygen
forms creates a unique distal heme environment as reflected
by the presence of the unusual O-O stretching frequency
at∼1140 cm-1. The O-O stretching mode was not observed
in the resonance Raman spectra of any dioxygen-bound
globin until recently. It was first detected in the oxy
derivatives of the trHbs fromC. eugametosandSynechocystis
PCC6803 (37). It was proposed that the heme-bound
dioxygen is stabilized by a H-bonding network involving
both oxygen atoms of the dioxygen, a Tyr at the B10
position, and a Gln at the E7 position, and the enhancement
of the O-O stretching mode is due to this H-bonding
network. The presence of this O-O stretching mode in the
wild type and the B10 Tyrf Phe mutant of HbO and the
absence of this mode in the CD1 Tyrf Phe mutant suggest
that the presence of this mode in HbO is due to the presence
of H-bonding between the dioxygen and the Tyr at the CD1
position, and it is not associated with the H-bonding
interaction with the Tyr at the B10 position.

In the hydroxide-bound ferric protein, the Fe-OH-

stretching frequencies of the high-spin and low-spin con-
formations were observed at 446 and 533 cm-1, respectively
(Table 1). The high-spin mode at 446 cm-1 is assigned to a
conformation in which the oxygen atom of the heme-bound
hydroxide forms a hydrogen bond with the CD1 Tyr as
illustrated in the right panel of Figure 8. In this model, it is
assumed that the hydrogen bond between the B10 Tyr and
the CD1 Tyr is present in the ferric protein, like that in the
O2 and CO derivatives. The hydrogen bond between the CD1
Tyr and the oxygen atom of the heme-bound hydroxide
withdraws electron density away from the hydroxide, which,
in turn, makes it a weak field ligand conferring a high-spin
electronic configuration to the heme iron. This scenario is
consistent with the observation that this mode was not
affected by the B10 Tyr mutation, and it disappeared when
the CD1 Tyr was mutated to Phe.

FIGURE 9: Postulated structure of the oxy derivative of HbO based
on the structure ofC. eugametosHb (PDB entry 1DLY).
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The low-spin mode at 533 cm-1, on the other hand, is
assigned to a conformation in which the hydrogen atom of
the heme-bound hydroxide forms a hydrogen bond with
either the CD1 or B10 Tyr residue (one of the two
conformations is illustrated in Figure 8). In the B10 mutant,
the loss of the hydrogen bond between the CD1 Tyr and the
B10 Tyr relaxes the structural constraint, and as a result, a
stronger hydrogen bond is formed between the CD1 Tyr and
the heme-bound hydroxide as illustrated in Figure 8 (likewise
for the CD1 mutant). The new hydrogen bond makes the
hydroxide a weaker ligand and results in a lower Fe-OH-

stretching frequency (510 cm-1). It should be noted that a
low Fe-OH- stretching mode has also been observed at 503
cm-1 for the low-spin species of horseradish peroxidase
(HRP). It is∼50 cm-1 lower than that in most globins (Table
1). It is believed that a strong hydrogen bond between the
heme-bound hydroxide and the distal His42 and/or Arg38
is responsible for this weak Fe-OH- bond in HRP (40).

Functional Implications. Recent experiments showing that
invertebrate and bacterial hemoglobins protect cells from
damage by ambient NO or O2 through NO/oxygen chemistry
(3, 5, 28, 38, 43-45) have challenged our perception that
globins are generally involved in oxygen transport. This has
led to the proposal that ancient hemoglobin is an enzyme
that uses redox chemistry to battle against toxic NO or O2

molecules, and it is later on during evolution that its role
transformed into O2 delivery as seen at present in animals.
In parallel with these findings, we have proposed that one
of the physiological functions of HbN is to scavenge NO
(28, 29). In the study presented here, we have demonstrated
that the unique hydrogen bonding network composed of the
CD1 Tyr, the B10 Tyr, and the heme-bound ligands in HbO,
as illustrated in Figures 6-8, creates a rigid and crowded
distal pocket, which is distinct from that of HbN (29). It
suggests that the physiological roles of HbN and HbO may
be quite different, and the unusual role played by the CD1
Tyr in HbO may be crucial for it to perform its physiological
functions. The presence of Tyr in the CD1 position of a group
of trHbs from high-GC, Gram-positive bacteria, including
M. tuberculosis, M. aVium, M. leprae, C. diphterae, andS.
coelicolor (Figure 1), supports a unique functional role for
CD1 Tyr. Substitution of the highly conserved CD1 Phe for
Tyr may represent an ancient and selective adaptation for
function in this group of bacteria. Although the extent of
amino acid identity between HbO and HbN is low (∼18%),
the level of identity between HbO and those globins from
M. aVium (84%),M. leprae(83%),C. diphterae(64%), and
S. coelicolor(66%) is much higher. Likewise, HbN overall
is 79% identical with its orthologue inM. aVium. These
observations all support the proposal that HbO belongs to a
distinct group in the trHb family that contains a Tyr at the
CD1 position (21). In agreement with this concept, physi-
ological studies performed withM. boVis BCG demonstrate
that the expression of HbN is greatly enhanced during the
stationary phase in aerobic cultures, in contrast to the steady
expression of HbO throughout the growth curve (Figure 3).
The differences in the temporal expression pattern of HbN
and HbO in the BCG cells further support the hypothesis
that these two hemoglobins may perform very different
physiological functions. Additional approaches, such as
creation ofM. tuberculosisstrains harboring inactivatedglbN
andglbO genes, and quantitative evaluation of the activity

of oxy-HbN and oxy-HbO toward NO, are now required to
help clarify their roles and are underway in our laboratory.
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