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ABSTRACT: TheglbNgene for the hemoglobin ofSynechoccocussp. PCC 7002, a cyanobacterium incapable
of nitrogen fixation, was cloned and overexpressed inEscherichia coli. The 123-residue protein was purified
from inclusion bodies and reconstituted with iron protoporphyrin IX to obtain the ferric form of the
holoprotein. Mass spectrometric analysis confirmed the identity of the polypeptide. NMR and optical
data demonstrated that the protein so prepared contained a hexacoordinate heme group, as observed in
the related globin fromSynechocystissp. PCC 6803 [Scott, N. L., and Lecomte, J. T. J. (2000)Protein
Sci. 9, 587-597]. The data were consistent with a similar bis-histidine coordination scheme involving
His46 (E10) on the distal side and His70 (F8) on the proximal side. Several aromatic residues were identified
in the vicinity of the heme and were used to establish the orientation of the prosthetic group in the
polypeptide matrix. In this protein, as in that fromSynechocystissp. PCC 6803, there was a marked
preference for the heme orientation in which pyrroles C and D contact the C-E corner of the protein.
Both hemoglobins were found capable of forming a product in which the heme is cross-linked to the
polypeptide through modification of a vinyl group.

Certain cyanobacteria of the generaNostoc and Syn-
echocystiscontain a gene,glbN, that encodes a hemoglobin
of approximately 120 residues (1-3). These cyanobacterial
proteins belong to the truncated hemoglobin family (trHb),1

a distinct phylogenetic group sharing less than 15% sequence
similarity with other nonvertebrate and vertebrate globins
(4). The best-studied member of the trHb family with respect
to physiological properties is the hemoglobin from the

nitrogen-fixing cyanobacteriumNostoc commune(GlbN). In
this organism, GlbN is produced with proteins of the
nitrogenase complex; it is a peripheral membrane protein
that accumulates on the cytosolic side of the cell membrane
in both the heterocysts and vegetative cells (3). In vitro
studies demonstrate thatN. communeGlbN binds oxygen
with high affinity (5); its role may be to scavenge oxygen
and deliver it to a terminal oxidase (3).

Among the 30 strains of filamentous cyanobacteria capable
of aerobic N2 fixation that were screened for the presence
of glbN in an early study (3), fewer than half contained
candidateglbN genes, demonstrating that GlbN is not
essential to nitrogen fixation. NoglbN gene was found in
Nostoc sp. PCC 7120 (Anabaena sp. PCC 7120), an
observation now confirmed with the complete sequencing
of the Anabaenasp. PCC 7120 genome (6). According to
recent microbial genome information (7), the glbN gene is
also identified inNostoc punctiformeand in Chloroflexus
aurantiacus, a filamentous anoxygenic phototroph exhibiting
characteristics of both the green sulfur bacteria and the purple
bacteria. In contrast, theglbNgene appears to be absent from
Prochlorococcus marinusstrains MED4 and MIT9313 and
from marineSynechococcussp. WH8102. At this time, the
distribution of GlbN-like proteins does not correlate with
any obvious physiological or metabolic properties.

The structures of three trHb’s, fromParamecium cauda-
tum, Chlamydomonas eugametos, and Mycobacterium tu-
berculosis, have been solved by X-ray methods (8, 9). In
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each of these structures, the iron ion is coordinated by the
proximal histidine and an exogenous sixth ligand. The trHb
fold exhibited by these proteins contains unique cavities and
tunnels presumably allowing oxygen and other small ligands
to access the distal side of the heme group (4, 9). In addition
to these static structural features, unusual ligand-dependent
conformational changes have been observed inP. caudatum
Hb, in which they appear to accelerate the ligand dissociation
rate (10). The number of deletions, insertions, and substitu-
tions in cyanobacterial Hbs compared to other trHbs is large,
and predictions based on the available X-ray structures may
not be reliable for purposes of predicting chemical properties.
The suggestion that trHbs may play catalytic roles (4) also
warrants a thorough investigation of the range of chemical
tasks these proteins can perform.

The truncated hemoglobin from nitrogen-fixation-negative
Synechocystissp. PCC 6803 binds oxygen tightly (11, 12),
but unlike in N. commune, the location of theglbN gene
within the genome and biochemical analyses have so far
provided no hints for its use(s) in the cell. In vivo information
on the temporal and spatial distribution of the protein is also
lacking. To investigate the relationship between structure and
reactivity in a cyanobacterial globin, an NMR study of the
recombinant protein fromSynechocystissp. PCC 6803
(S6803 rHb-R) was initiated (13). This globin has spectro-
scopic signatures resembling those of cytochromeb5, and
analysis of NMR data identified His46 (residue E10 in the
vertebrate globin helix nomenclature) and His70 (proximal,
residue F8) as the axial ligands to the ferric heme (14). N.
communeGlbN also contains histidines at positions E10 and
F8; it is capable of endogenous hexacoordination under some
conditions (5, 15), although the identity of the sixth ligand
has not been confirmed. To gain insight into the factors
controlling stable bis-histidine hexacoordination,Synecho-
coccussp. PCC 7002 (S7002) was considered as a novel
source of cyanobacterial protein. Ongoing systematic genome
sequencing has revealed a copy of aglbN gene in this
euryhaline (brackish water) organism. The primary structure
of the protein product is presented in Figure 1, aligned against
the Synechocystissp. PCC 6803 and theN. commune
sequences with BLAST (16). The axial histidines of S6803
Hb are conserved in S7002 Hb, and in the present report, it
is shown that they also serve as axial ligands to the iron. A
novel observation is that this protein forms a covalent adduct
to one of the vinyl side chains of the heme.

MATERIALS AND METHODS

Materials.Unless otherwise indicated in the text, chemicals
were purchased from Sigma Chemical Co., St. Louis, MO,
and enzymes from Promega Corp., Madison, WI.

Cloning, Expression, and Purification of S7002 Hb.The
putative hemoglobin gene ofSynechococcussp. PCC 7002
was amplified by PCR from a cDNA cosmid. The primers
(Integrated DNA Technologies, Coralville, IA) were designed
to incorporate 5′-NdeI and 3′-BamHI restriction enzyme
recognition sites to allow cloning of the gene into a T7
polymerase-controlled expression vector. Following enzy-
matic digestion, purification, and ligation of the PCR product
into the doubly digested pET3c vector (Novagen, Inc.,
Madison, WI), the resulting plasmid was transformed into,
replicated by, and purified (Qiaprep Spin Miniprep Kit,

Qiagen, Valencia, CA) fromE. coli DH5R. The cells were
made competent prior to transformation by the modified
Simanis method reported forE. coli BL21(DE3) (13), except
rubidium was employed as the monovalent cation in trans-
formation buffers as per the original reference (17). Restric-
tion enzyme digestion and DNA sequencing verified the
presence of the correct insert in the molecular construct.

The plasmid was transformed into the competent expres-
sion host strainE. coli BL21(DE3), also prepared by the
above method. Freshly transformed cells were seeded into
2 × 25 mL of Luria-Bertani broth [1% (w/v) tryptone, 0.5%
(w/v) yeast extract (Difco Laboratories, Detroit, MI), and
1% (w/v) NaCl] supplemented with ampicillin (Kodak,
Rochester, NY) to 50µg/mL (LB/Amp) in 125 mL baffled
flasks and shaken at 250 rpm, 37°C, for approximately 12
h. Optimal expression of the gene did not require induction
by IPTG and was continued by transferring 10 mL starter
growth to each of four 500 mL volumes of LB/Amp in 2 L
baffled flasks and culturing as above for an additional 13 h.

The method generated apoprotein partitioned entirely to
inclusion bodies, which was purified using a scheme similar
to that used for apo S6803 rHb (14) with the following
modifications: cell pellets were washed with 50 mM Tris,
1 mM EDTA, pH 8.0, before freezing, rounds of sonication
were increased to four, and inclusion body washes were
doubled in volume. The elution profile from the Sephadex
G-50 Fine sizing column as monitored by UV spectroscopy
was similar to that of apo S6803 Hb, and fractions constitut-
ing the body of the S7002 rHb peak were pooled, concen-
trated, and reconstituted with an excess of bovine hemin
chloride (50 mg/mL in 0.1 M NaOH) to obtain the holo-
protein, S7002 rHb-R. S7002 rHb-R was purified in a final
step of DEAE anion-exchange chromatography as detailed
previously (14). Protein was concentrated and exchanged into
20 mM Na2H/NaH2 phosphate, pH 7.5, in an Amicon
(Danvers, MA) model 8MC Micro-Ultrafiltration System
equipped with a 3000 MW cutoff regenerated cellulose
membrane (Millipore, Bedford, MA). This process produced
approximately 40 mg of pure holoprotein per liter of culture.

Samples of S6803 rHb-R used for comparison were
prepared as previously reported (14).

Reduction and Carbon Monoxide Binding.A buffered
protein solution registering 0.4-0.6 absorbance unit in the
Soret region was reduced by adding a small amount of solid
sodium dithionite and mixing end-over-end in a sealed
cuvette. To bind ligand, pure carbon monoxide gas was
gently bubbled through the solution for approximately 45 s.
Absorbance was measured at 1-nm intervals over the range
of 250-700 nm. Solution pH was monitored throughout each
procedure and remained within 0.5 unit.

Hemochromogen Assay.The millimolar extinction coef-
ficients of ferric S7002 Hb were determined with the
hemochromogen method of de Duve (18). Hemoglobin
concentrations reported in this work are expressed on a heme
basis.

Mass Spectrometry.Mass spectrometric data were col-
lected at the Penn State Intercollegiate Center for Mass
Spectrometry on a sample of purified ferric S7002 rHb-R.
Tryptic digestion was performed in 50 mM ammonium
bicarbonate (pH 8) at a trypsin:protein ratio of approximately
1:50. Incubations were carried out at 37°C for 24 h to 2
weeks. Intact proteins and protein digests were separated
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using reversed-phase HPLC on a BetaBasic C4 column (1
× 50 mm, 3µm packing, Keystone Scientific, Bellefonte,
PA) using a model 1100 HPLC system (Hewlett-Packard,
Palo Alto, CA) coupled to a Mariner mass spectrometer
(Perseptive Biosystems, Framingham, MA). Gradient elution
was achieved with pre-injection split and a column flow rate
of approximately 50µL/min with solvent A) 0.15% formic
acid/H2O, solvent B) 0.15% formic acid/acetonitrile, and
solvent C) 0.15% formic acid/2-propanol. The solvent was
programmed at A:B:C) 95:0:0 for 0-4 min, followed by
a linear gradient to A:B:C) 5:95:0 at 25 min and a linear
gradient to A:B:C) 5:0:95 at 40 min. All mass spectra were
acquired using electrospray ionization in positive ion mode.

Optical Spectroscopy.Electronic absorption spectra were
collected at 25°C on an Aviv model 14 DS spectrophotom-
eter and referenced to the appropriate buffer. All data were
corrected for background absorption by subtracting values
collected for 18 MΩ cm water over the same wavelength
interval.

NMR Spectroscopy.1H NMR spectra were collected at 600
MHz on a Bruker DRX spectrometer. Samples contained the
holoprotein at a concentration of∼0.6-2 mM (per heme
basis) in either 95%1H2O/5%2H2O or 2H2O (20 mM phos-
phate buffer, pH 7.5). The temperature of the samples was
maintained at 25 or 35°C. Three types of 2D experiments
were performed in order to assign heme resonances: NOESY
(19), 2QF-COSY (20), and clean-TOCSY (21, 22). TPPI
quadrature detection was applied in the indirect dimension
(23), and the water signal was suppressed either with
presaturation or with a WATERGATE sequence (24, 25).
Mixing times were 80 and 100 ms (NOESY) and 45 ms
(TOCSY). Other spectral parameters were as described for
S6803 rHb-R (13, 14). In addition, WEFT data were acquired
to identify rapidly relaxing protons. Post-inversion delays
were varied from 5 to 120 ms in 5 ms increments, with an
acquisition time and relaxation delay of 140 ms. Data were
processed using either NMRPipe (26) or XWIN NMR
(Bruker Biospin Corp., Billerica, MA).

RESULTS AND DISCUSSION

The amino acid sequence of S7002 trHb (Figure 1) is
closely related to that of S6803 trHb (59% identity).
Surprisingly, the next best matches (∼46% identity) are with
the chloroplastic hemoglobins fromC. eugametos, followed
by the protozoan sequences fromTetrahymena pyriformis
andthermophila. N. communeis more distantly related than
these eukaryotic proteins, showing only 29% identity. These
observations may indicate separate phylogenetic origins, as
well as functional roles, for the trHbs found in diverse
cyanobacteria.

Recombinant S7002 trHb was purified in the apoprotein
form from inclusion bodies. Addition of hemin chloride
yielded a stable red holoprotein, S7002 rHb-R. Mass
spectrometry analysis of this species yielded a polypeptide
mass of 13 726 Da (expected 13 725.6 Da); these results are
consistent with the complete removal of the terminal me-
thionine.

Optical Properties of S7002 rHb-R.Figure 2 displays the
optical spectra of S7002 rHb-R obtained in the absence of

FIGURE 1: Amino acid sequences forSynechococcussp. PCC 7002 Hb (Syn 7002),Synechocystissp. PCC 6803 Hb (Syn 6803), and
Nostoc communeGlbN (Nos com). A dot indicates a residue that is identical to that in theSynechococcussp. PCC 7002 Hb sequence. The
alignment was produced by BLAST (16). Synechococcussp. PCC 7002 Hb andSynechocystissp. PCC 6803 Hb have the same length and
share 59% identity (positives 77%).Synechococcussp. PCC 7002 Hb andNostoc communeGlbN share only 29% identity (positives 50%;
gaps 6%). The seven helices of the trHb fold inC. eugametos(8) are underlined with alternating solid and dashed lines and indicated with
uppercase letters (A, B, C, E, F, G, and H) above the sequences. Lowercase letters indicate additional helical residues in sperm whale
myoglobin (sw Mb). The histidines coordinating the iron ion in S6803 Hb (boldface, positions 46 or E10 in sw Mb and 70 or F8 in sw Mb)
are conserved in the three sequences. Secondary structure assignments in the cyanobacterial proteins may be different from those inC.
eugametosHb. The initial Met is cleaved in the protein products.

FIGURE 2: Optical absorption spectrum of S7002 rHb-R in the
visible region. The protein (7µM heme) was maintained at pH 7.5
and 25°C. The ferric form is represented by a solid line whereas
the ferrous form (reduced with dithionite) is shown as a dotted line.
The arrows point to the relevant ordinates, left panel to the left
and right panel to the right. Extinction coefficients and maxima
are listed in Table 1.
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any added exogenous ligand at pH 7.5 and room temperature.
The UV-visible spectrum of the ferric state showed maxima
at 411 and 544 nm, and shoulders around 365, 445, and 568
nm. The absence of a charge-transfer band near 630 nm
suggested an endogenous sixth ligand to the iron and low-
spin electronic structure. No shoulder was observed in the
700-nm region, arguing against methionine coordination (27).
The pyridine hemochrome spectrum of S7002 rHb-R after
NMR analysis had a maximum at 557 nm and another at
525 nm, confirming that the prosthetic group was protoheme
as originally inserted. The extinction coefficient of ferric
S7002 rHb-R at its Soret maximum of 411 nm was
determined to be 96 mM-1 cm-1.

The spectrum of ferric S7002 rHb-R shown in Figure 2
was independent of pH down to pH∼5.4. Upon lowering
the pH from 5 to 4, the intensity at 411 and 544 nm decreased
while a charge-transfer band at 635 nm and a Soret at 370
nm emerged. Below pH 4, the spectrum resembled that of
free heme and became independent of pH. At each pH
through the transition, the observed spectrum corresponded
well to a weighted sum of the two extreme spectra (neutral
S7002 rHb-R and acidic free heme), suggesting the displace-
ment of both iron axial residues and heme release upon
acidification. The transition occurred over a narrow range
of pH with a midpoint at pH 4.4. This pH response was in
contrast to that of S6803 rHb-R, which retains a low-spin
spectrum at pH 4.4 (13), and to that ofN. communeGlbN,
which, depending on the preparation, exhibits a mixed-spin
spectrum over the range of pH 5-9 (15) or a transition from
low to high spin below pH 6 (5).

Upon reduction of S7002 rHb-R by dithionite at neutral
pH, the Soret peak sharpened and shifted to 425 nm, while
two resolved peaks were observed at 528 nm (â) and 558
nm (R) (Figure 2), and a weak shoulder at 610 nm. The
binding of carbon monoxide to the reduced protein yielded
a spectrum with an absorption maximum at an intermediate
value of 418 nm and at higher intensity compared to the
endogenously coordinated ferric and ferrous forms; the
resolvedR/â peaks reverted to a single peak at 543 nm.
Shoulders were detected at 397 and 513 nm, and also at 625
nm, the latter perhaps representing a contribution from free
CO-bound heme. Except for the weak shoulders in the 600
nm region of the reduced states, the optical characteristics
of S7002 Hb were similar to those reported for S6803 rHb-R
and supported strongly the coordination of a histidine to the
iron in the oxidized and reduced forms. Table 1 lists the
salient features of these spectra with millimolar extinction
coefficients.

NMR Assignments of the Heme and Axial Ligands of
Ferric S7002 rHb-R.The one-dimensional1H spectrum of
ferric S7002 rHb-R is shown in Figure 3A. The narrow
chemical shift dispersion and sharp lines were consistent with
the formation of a low-spin complex. By applying 2D
homonuclear methods, the resonances from the vinyl, methyl,
and propionate substituents of the porphyrin ring were
identified. The heme structure and nomenclature used in this
work are shown in Figure 4. The heme chemical shifts are
listed in Table 2. In summary, the vinyl groups were
recognized by their distinctive AMX pattern, with theR
proton occurring downfield andâ protons upfield from the
water line. The cis and transâ protons of a given vinyl group
were distinguished by using resolution-enhanced 1D data to

compare the coupling constants to theR position; the proton
with the largerJRâ value is in trans. Each of the two heme
vinyl groups had NOEs to one downfield-shifted methyl
group, accounting for the 2-vinyl/1-CH3 and 4-vinyl/3-CH3

pairs. In both cases, theâ trans-to-methyl NOE was the
strongest, indicating predominant vinyl orientations as drawn
in Figure 4. The 1-CH3 was identified as such by an NOE
to a third heme methyl group, the 8-CH3. The remaining
heme methyl, at 24.5 ppm, was the 5-CH3 by default. The
5- and 8-CH3’s each exhibited NOEs to a broad set of -CH2-
CH2- resonances, attributed to the 6- and 7-propionate
substituents. Figure 5 contains two sections of the TOCSY
data illustrating cross-peaks for the 6-propionate candidate
(H-L). The heme methyl groups occurred in the 5-1-8-3
order with a mean heme methyl shift of 14.5 ppm. The order
and mean shift compared well with the data for S6803 rHb-R
and indicated closely related ligation schemes and vinyl
geometries (28).

Table 1: Optical Absorption Properties of S7002 rHb-R

Hb derivative λ (nm) ε (mM-1 cm-1)a

ferric (365) sh
411 96

(445) sh
544 10

(568) sh
ferrous 425 132

528 (â) 11
558 (R) 21

ferrous+ CO (397) sh
418 165

(513) sh
543 13

a Spectra are shown in Figure 2. Values were determined by the
hemochromogen method (18) with samples of the ferric protein; values
in parentheses and marked “sh” denote a shoulder to the main peak.
Additional shoulders are discussed in the text.

FIGURE 3: 600 MHz 1H NMR spectrum of recombinant S7002
Hb-R in the ferric state. (A) The protein (2 mM heme) was in 95%
H2O/5%2H2O, buffered at pH 7.5 with 20 mM sodium phosphate;
the probe temperature was 25°C. The letters indicate hyperfine-
shifted signals (Tables 2 and 3). Peaksd and e arise from labile
protons and are not observed in2H2O solutions. The asterisks
indicate a minor protein form integrating as 8% of the total sample.
This form is attributed to heme rotational isomerism. (B) Spectrum
of a mixture containing the form shown in (A) as well as a species
that does not release the heme upon acid-butanone extraction. This
latter species accounts for 80% of this particular sample. Arrows
point to broad peaks consistent with the CδH and CεH of axial
histidines in this second form.
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Returning to Figure 3A, peakzat-10.4 ppm has chemical
shift and line width typical of an axial imidazole CδH or
CεH (28), and supports the coordination of one histidine to
the iron. The WEFT data shown in Figure 6 revealed three
other protons with relaxation properties similar to those of
peakz. Table 3 contains the chemical shifts for these peaks
as well as those for similar resonances observed in WEFT
data of S6803 rHb-R (14). The presence of these four signals
was consistent with the ligation of two histidines through
their Nε atom. Additional evidence was provided by peaks
d ande (Figure 3A), which disappeared in2H2O. In S6803
rHb-R, they arise from the NδH of the axial histidines
(14). Figure 7 contains S7002 rHb-R NOESY data that
established connectivity betweend and 10.71 ppm, ande
and 10.44 ppm. These 10-11 ppm signals belong to AMX
spin systems (A-C and D-F, Figure 5), consistent with
-CâH2-CRH- moieties. The correlated data in1H2O ex-
tended these to include the corresponding peptide NHs.
The chemical shifts for the CâH2-CRH-NH units are listed
in Table 3. S7002 Hb contains a total of four histidines;
TOCSY data collected in2H2O solutions showed two sets

of resolved and sharp cross-peaks corresponding to the
CδH-CεH connectivities of two rings, as expected if the other
two imidazoles were involved in the complex and yielded
peaksm, n, o, and z (Figure 6). S7002 Hb also contains
seven phenylalanines and three tyrosines. All these aro-
matic rings could be accounted for in the 9-to-5 ppm re-
gion of the 2QF-COSY data, a portion of which is shown in
Figure 8. The ensemble of the NMR data was therefore in

FIGURE 4: Structure of iron-protoporphyrin IX and the nomenclature
used in this work. The residues mentioned in the text are positioned
around the periphery of the heme, using the primary structure of
S7002 Hb. Dashed lines indicate residues on the distal side of the
heme; continuous lines, residues on the proximal side according to
a preliminary solution structure of S6803 Hb and the properties of
the trHb fold (8). In S6803 Hb, Phe61 is replaced with Tyr61, and
Ile87 with Val87.

Table 2: 1H NMR Chemical Shifts for Heme Resonances in the
Spectrum of Ferric S7002 rHb-R

assignment signala
δ

(ppm)b assignment signala
δ

(ppm)b

5-methyl a 24.54 7-R′-propionate 1.41
1-methyl b 16.86 6-â-propionate 1.24
2-R-vinyl c 16.81 6-â′-propionate 0.50
6-R-propionate 10.40 7-â-propionate -1.01
6-R′-propionate 9.95 7-â′-propionate -1.50
8-methyl 9.22 trans-4-â-vinyl -1.60
3-methyl 7.16 cis-4-â-vinyl -1.90
4-R-vinyl 5.20 trans-2-â-vinyl x -5.41
7-R-propionate 2.12 cis-2-â-vinyl y -5.91

a Refer to Figure 3A for peak labeling and to Figure 4 for the heme
structure.b In 95%1H2O/5%2H2O, at 25°C and pH 7.6, with the water
resonance set at 4.76 ppm with respect to DSS.

FIGURE 5: Portion of the1H-1H clean TOCSY data for recombinant
S7002 Hb-R in the ferric state. Data were collected at 600 MHz at
a protein concentration of 1.5 mM on a per-heme basis. The solvent
was2H2O, buffered at pH 7.5 (uncorrected for isotope effects) with
20 mM sodium phosphate; the probe temperature was 25°C. The
mixing time was 45 ms. Squared-cosine bells were applied in both
dimensions prior to Fourier transformation in order to preserve the
broad peaks in this region. The labels indicate: His46 CâH (A),
His46 CâH to His46 CâH′ (B), His46 CâH to His46 CRH (C),
His70 CâH (D), His70 CâH to His70 CâH′ (E), His70 CâH to
His70 CRH (F), 6-R-propionate (G), 6-R-propionate to 6-R′-
propionate (H), 6-R-propionate to 6-â-propionate (I), 6-R-propionate
to 6-â′-propionate (J), 6-R′-propionate to 6-â-propionate (K), and
6-â′-propionate (L). In the 2QF-COSY data, cross-peaksJ andK
are intense, and cross-peaksI andL are weak. Chemical shifts are
listed in Tables 2 and 3.

FIGURE 6: WEFT NMR spectrum of ferric S7002 rHb-R. Data were
collected at 600 MHz and 25°C on the same sample as in Figure
5. The trace is a difference between two spectra: one with a WEFT
recovery delay of 15 ms, the other with a recovery of 5 ms. This
emphasizes resonances with the shortestT1 value. The time-domain
data were subjected to a line-broadening of 20 Hz prior to
transformation. Four broad resonances are observed (hatched) and
marked by arrows:m (10.2 ppm),n (5.4 ppm),o (-1.7 ppm), and
z (-10.4 ppm); these signals are tentatively assigned to the CδH
and CεH of the axial histidines.
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agreement with coordination of the heme by His46 and
His70.

Heme EnVironment in S6803 rHb-R and S7002 rHb-R.In
low-spin ferric heme proteins, the chemical shifts of the axial
histidine protons are highly dependent on the orientation of
the imidazole rings with respect to the heme group. Thus,
additional analyses of the spectra were necessary to assign
the shifted CâH2-CRH-NH units to His46 or His70. In S6803
rHb-R, for which the1H, 13C, and 15N assignments are
practically complete (29), several aromatic and aliphatic side
chains were found in dipolar contact with the prosthetic

group. To illustrate a few residues relevant to this study,
Figure 9 presents NOEs from pyrrole C to Leu79, Val87,
and Phe34. Phe34 in turn had NOEs to both Leu79 and
Leu73. Leu79 was near His83 and Leu73; and Leu73
displayed NOEs to the heme 5-CH3 (not shown). Val87 was
in contact with Phe50, a residue showing strong NOEs to
the 2-vinyl group (pyrrole B), and with Phe21, a residue
further from the heme and on its distal side. Not shown are
interactions between the 2-vinyl substituent and Tyr53 and

Table 3: 1H NMR Chemical Shifts for the Axial Histidines in the
Spectrum of Ferric S7002 rHb-R

assignment signala
δ (ppm)b

S7002
δ (ppm)c

S6803

His46 NH 10.65 10.67
His46 CRH 7.97 7.70
His46 CâH 10.71 10.82
His46 CâH 9.15 9.20
His46 NδH e 12.88 13.2
His70 NH 10.40 9.90
His70 CRH 7.57 6.75
His70 CâH 10.44 9.72
His70 CâH 9.14 8.92
His70 NδH d 15.73 15.0
- m 10.2d 11.7e

- n 5.4d 5.4e

- o -1.7d -1.7e

- z -10.4d -10.8e,f

a Refer to Figure 3A for peak labeling.b In 95% 1H2O/5% 2H2O, at
25°C and pH 7.6, with the water resonance set at 4.76 ppm with respect
to DSS (this work).c Measured in 95% H2O/5% 2H2O, pH 6.9-7.5,
25 °C (14). d In 2H2O, pH 7.6, 25°C (this work); refer to Figure 6 for
peak labeling.e In 2H2O, pH 7.2, 35°C (14). f Assigned to His46 CεH
(14).

FIGURE 7: Portions of the1H NOESY data for recombinant S7002
Hb-R in the ferric state. Spectra were acquired at 600 MHz and 25
°C on the same sample as in Figure 3. The left two panels are
from a spectrum collected with presaturation of the water line, and
the right panel is from a spectrum collected with WATERGATE
solvent suppression. Cross-peaks are as follows, with identity in
the direct dimension given first: His70 NδH (signal d in Figure
3A) to His70 CâH (A) and His70 CâH′ (B); His70 CâH to His70
CâH′ (C); His70 NH to His70 CRH (D) and Ala69 NH (E); His46
NδH to His46 CâH (F) and His46 CâH′ (G); His46 CâH to His46
CâH′ (H); His46 NH to His46 CâH (I) and His46 CRH (J); Gln47
NH to His46 NH (K) and Lys48 NH (L); Lys48 NH to Asp49 NH
(M); and Asp49 NH to Phe50 NH (N). Chemical shifts are listed
in Tables 2 and 3, and in the Supporting Information. The rest of
the right panel illustrates a large number of NH-NH connectivities
as expected of a helical protein.

FIGURE 8: Portions of the1H-1H NOESY data and 2QF-COSY
data for recombinant S7002 Hb-R in the ferric state. Spectra were
at 600 MHz and 25°C on the same sample as in Figure 5. The
bottom panel shows the aromatic region of the 2QF-COSY
spectrum. The top panel contains the NOEs to the 4-â vinyl and
two upfield-shifted residues identified as Ile87 (CδH3 overlapping
with CγH3 under these conditions) and Leu79 (CδH3). Note the
effects to the aromatic residues: 4-â-vinyl to Phe34, Leu79 to Phe34
and His83 (labeleda), Ile87 to Phe50 and Phe21. These effects
are shown in Figure 9 for S6803 rHb-R.

FIGURE 9: Portions of the1H NOESY data for recombinant S6803
Hb-R in the ferric state. Spectra were at 600 MHz at a protein
concentration of 1 mM on a per-heme basis in2H2O, buffered at
pH 7.2 with 20 mM sodium phosphate; the probe temperature was
25°C. The locations of the ring signals for Phe21, Phe34, and Phe50
are indicated. The labels 87, 79, 69, and 73 indicate the location of
methyl groups: Val87 CγH3’s, Leu79 CδH3, Ala69 CâH3, and
Leu73 CδH3, respectively. The labela denotes an NOE between
Leu79 and His83 CεH.
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Phe84; interactions between Tyr61 and the heme 1-CH3; and
interactions between Phe35 and the heme 5-CH3. These
residues (or their S7002 Hb counterparts) are outlined in
Figure 4 at their approximate location relative to the heme
group.

A comparable network of dipolar contacts was detected
in S7002 rHb-R, some of which are shown in the NOESY
panel of Figure 8. For example, the 4-vinyl group had
distinctive NOEs to a phenylalanine ring also in contact with
a leucine side chain near the 3-CH3. This accounted for
Phe34 and Leu79. Leu79 showed NOEs to another leucine
near the heme 5-CH3 (not shown), corresponding to Leu73,
and to one of the two noncoordinating histidines (His83).
The 3-CH3 had strong NOEs to an upfield-shifted isoleucine
spin system in contact with a phenylalanine ring, itself near
the 2-vinyl group. This was in agreement with the Ile87/
Phe50 pair. Ile87 had NOEs to an additional phenylalanine
ring, not in contact with the heme, and corresponding to
Phe21. NOEs were also obtained from the 2-vinyl substituent
to a tyrosine ring (Tyr53) and a phenylalanine ring (Phe84);
the heme 1-CH3 was found close to yet another phenylalanine
(Phe61). The chemical shifts of these residues are listed in
the Supporting Information. The partial survey of the heme
periphery revealed that the chemical shift of the residues
common to the two proteins, although understandably not
identical, followed similar trends compared to random values.
The NOEs observed in S7002 rHb-R also argued for the same
prosthetic group orientation within the protein matrix as in
S6803 rHb-R. The preference for this orientation is greater
than 90% in both proteins.

With the assignments proposed above and the pronounced
parallel between the two proteins, the axial histidine signals
were considered further. The peptide NH at 10.65 ppm had
resolved dipolar connectivities characteristic ofR-helical
structure (Figure 7). By following these effects and analyzing
the J-correlated data belonging to the sequential NH’s, a
pattern consistent with the polypeptide chain beyond His46
could be traced. As expected, at positioni + 4 from His46
was found a peptide NH with an NOE to the ring assigned
above as Phe50. The sequence of NH chemical shifts in this
region of the protein resembled that observed for S6803 rHb-
R. Likewise, the residue prior to the peptide NH at 10.40
ppm was identified as an alanine (J-correlated data and NOEs
between theâ-CH3 and the peptide NH), consistent with the
Ala69-His70 sequence. The same effects were observed in
S6803 Hb, although in this protein theâ-CH3 of Ala69 is
under the influence of the Tyr65 ring, as opposed to Ser65
in S7002 Hb, and is shifted upfield (Figure 9). Finally, Leu73
had NOEs to the CâH2-CRH portion of His70. Assignments
obtained in this fashion represent a self-consistent initial set;
they will be confirmed and expanded beyond the heme
environment with isotopically labeled protein.

The steric constraints imposed by ligation of His46 and
His70 limit the number of conformational possibilities for
the polypeptide chain in the E-F region, and it is therefore
not surprising to observe similar geometries and shifts for
many side chains in the two rHb-R’s. From the spectroscopic
viewpoint, it is noteworthy that the chemical shifts of His46
match well in the two proteins, whereas those of the proximal
histidine are systematically displaced downfield on average
by -0.6 ppm in S7002 rHb-R. This observation has bearing
on the electronic structure of the heme group and will be

useful when correlating paramagnetic properties and struc-
tural details.

Stability of S7002 rHb-R and Formation of a CoValent
Heme Adduct.The spectral analysis presented above pertains
to signals from S7002 rHb-R in the ferric state. After several
days at conditions suitable for NMR studies (as in Figure
3A), some of the S7002 rHb-R samples underwent a
remarkable transformation by which the spectrum changed
gradually from the trace in Figure 3A to that in Figure 3B.
In Figure 3B, rHb-R is still recognizable, but most of the
protein has converted to a new species, henceforth S7002
rHb-A. The chemical shift dispersion observed for S7002
rHb-A and the presence of broad and shifted peaks typical
of axial histidine CδH and CεH suggested strongly that the
coordination scheme of rHb-R was maintained. In contrast
to S7002 rHb-R, S7002 rHb-A did not lose the heme group
when subjected to the acid-butanone extraction protocol of
Teale (30). Additionally, mass spectroscopic data returned
a molecular weight for S7002 rHb-A that equaled within
experimental error the sum of the masses of the apoprotein
and free heme. Survival of the heme-protein couple through
these two treatments was evidence that the conversion
involved the formation of a covalent linkage between the
protein and its prosthetic group.

Minor changes in the electronic absorption spectrum were
observed on going from S7002 rHb-R to rHb-A. The Soret
maximum moved to 409 nm with the blue shoulder at about
360 nm, while the secondary peak was slightly red-shifted
at 545 nm. These small perturbations made optical detection
of ferric S7002 rHb-A in a sample of S7002 rHb-R difficult.
The pyridine-hemochromogen assay of the holoprotein
rendered by the Teale procedure (S7002 rHb-A) exhibited
maxima at 552 and 522 nm, values within 1-2 nm of the
maxima characteristic of hematoheme [551 and 520 nm,
(31)] and c-type cytochromes [550 and∼521 nm, (32)];
this supported a modification of a heme vinyl group, a
probable candidate for the attachment site to the polypep-
tide. Conversion of rHb-R to species containing a modified
heme was previously observed with S6803 rHb-R (14). In
this case, hemochrome analysis appeared to return a nor-
mal iron-protoporphyrin IX spectrum. Reinspection of the
properties of S6803 rHb-A on samples that converted
completely yielded a hematoheme-like spectrum as for S7002
rHb-A.

Preliminary NMR data were collected on S7002 rHb-A
in order to examine the modified heme signals. Figure 10A
shows the 20-to-4 ppm region of a sample containing
approximately 90% rHb-A at 35°C. Resonancesm1, m2,
m3, andm4 had the intensity, shift, and width expected of
the four methyl groups of low-spin iron-protoporphyrin IX.
In the clean-TOCSY experiment, signalsV1 and V2 were
correlated to a signal at 6.89 ppm, withV1 exhibiting a larger
coupling constant thanV2 (Figure 10B,C). In addition,V1
and V2 had medium and weak NOEs, respectively, tom3
(Figure 10D,E). No NOE was detected betweenm3and any
of the other heme methyl groups, whereas a small effect was
observed betweenm2andm4(Figure 10F,G). Signalm1also
lacked inter-methyl effects. The simplest interpretation of
the data assignedm3as the 3-CH3 and theV1-V2-6.95 ppm
AMX system to the intact 4-vinyl group. Although the vinyl
groups of iron-protoporphyrin IX are readily detected in
rHb-R and otherb hemoproteins, the rHb-A data contained
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no obvious spin system attributable to a second vinyl in
contact with eitherm2or m4. Thus, the cross-link responsible
for the hemochromogen result occurred through the 2-vinyl
side chain. During initial experiments to localize the point
of attachment on the protein, it was observed that rHb-A
was resistant to tryptic digestion under conditions that easily
fragmented rHb-R.

The ability of the heme pocket to select for a specific
orientation of the heme group may have special significance
as it positions the same vinyl groups in proximity to the same
protein residues in the majority of the holoprotein molecules.
Furthermore, this nearly uniform orientation is common to
both S6803 rHb and S7002 rHb, whereas the GlbN protein

from N. communefavors the reverse by 80% (33). It remains
to be determined whether the chemical modification observed
with recombinant material in vitro takes place in the
cyanobacterial cells. Nevertheless, the ease with which the
conversion takes place suggests adduct formation should be
taken into account when proceeding with biochemical
analyses. Autocatalytic formation of a cross-link between
heme and protein has been reported for various peroxidases
(34, 35) and recently in cytochrome P4504A fatty acid
hydroxylase (36). In lactoperoxidase (34, 37, 38), the cross-
links result from heme methyl reaction with carboxylic acids
to form esters. In rHb-A, the heme methyl groups appeared
intact. The nature of the cross-link and the chemistry
underlying its formation are currently under investigation.

SUMMARY

Endogenous, reversible hexacoordination is atypical of
hemoglobins but is found in an increasing number of
vertebrate and invertebrate examples. These include human
and mouse neuroglobins (39, 40), C. eugametoschloroplastic
Hb (41), and the nonsymbiotic hemoglobin from rice, for
which it is thought to play a role in controlling ligand affinity
(42). Coordination of a protein side chain to the distal
position of the iron is expected to influence both the dynamic
and structural features of the hemoglobin. It is clear that axial
ligand strength is an essential property of the molecule that
must be considered in order to rationalize the kinetics of
ligand binding as well as alternative functional roles.

The ferric hemoglobin fromSynechococcussp. PCC 7002
shares several physical properties with its relative from
Synechocystissp. PCC 6803. S7002 rHb readily forms a
hexacoordinate, low-spin complex in the absence of exog-
enous ligand. Only two forms of the protein were necessary
to explain the appearance of the NMR spectra of rHb-R:
one in which the heme is oriented as in the major form of
S6803 rHb-R and one in which the heme was rotated by
180° about theR-γ meso axis. Interestingly, there was no
detectable amount of alternative coordination schemes (pen-
tacoordinate, or a different ligand) in the ferric state over a
range of pH values. All spectral manifestations (optical and
magnetic resonance) supported a bis-histidine ligation to the
heme involving His46 (E10) as the ligand on the distal side.
The heme pocket, lined with several aromatic residues, was
capable of discriminating the substituents at the 1, 2, 3, and
4 positions of the heme ring. The ready formation of a
derivative species in which the heme is covalently bound to
the protein through a vinyl group showed that the Hbs of
both S7002 and S6803 are capable of similar chemistry. The
biochemical and structural similarities of these proteins
suggest that they play similar roles in cellular physiology
and metabolism.
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