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Abstract

The genome of the unicellular cyanobacteri@ynechocystisp. PCC 6803 contains a ge(®#r2097,glbN) encoding

a 123 amino-acid product with sequence similarity to globins. Related proteins from cyanobacteria, ciliates, and green
algae bind oxygen and have a pronounced tendency to coordinate the heme iron with two protein ligands. To study the
structural and functional properties f/nechocystisp. PCC 6803 hemoglobin, slr2097 was cloned and overexpressed

in Escherichia coli Purification of the hemoglobin was performed after addition of hemin to the clarified cell lysate.
Recombinant, heme-reconstituted ferB8gnechocystisp. PCC 6803 hemoglobin was found to be a stable helical
protein, soluble to concentrations higher than 204d. At neutral pH, it yielded an electronic absorption spectrum
typical of a low-spin ferric species, with maxima at 410 and 546 nm. The proton NMR spectrum revealed sharp lines
spread over a chemical shift window narrower than 40 ppm, in support of low-spin hexacoordination of the heme iron.
Nuclear Overhauser effects demonstrated that the heme is inserted in the protein matrix to produce one major equi-
librium form. Addition of dithionite resulted in an absorption spectrum with maxima at 426, 528, and 560 nm. This
reduced form appeared capable of carbon monoxide binding. Optical data also suggested that cyanide ions could bind
to the heme in the ferric state. The spectral properties of the puyivechocystisp. PCC 6803 hemoglobin confirmed

that it can be used for further studies of an ancient hemoprotein structure.
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The amino acid sequences and gene structures of hemoglobisbillion years agaSchopf & Walter, 198p synthesize a hemo-
found in various kingdoms of organisms suggest that all globingrotein belonging to the globin familicyanoglobin, GIbN; Potts
have evolved from an ancestral set of hemoproteins. These existed al., 1992; Hill et al., 1996 GIbN and its relatives are expected
before atmospheric Obecame available and the physiological to provide insights into the evolution of globin functions and
roles they assumed are open to speculatidardison, 1998 Cer-  to reveal new aspects of heme chemistry, in particular the mech-
tain cyanobacteria, the oxygenic photosynthetic organisms thougtenism of discrimination among ligands to the iron such as NO, CO,
to be responsible for the modification of the atmosphere 3.5 tand G.

Cyanoglobin was first discovered iNostoc commun&TEX

i i i 584, a filamentous heterocyst-forming cyanobacterium capable of
Reprint requests to: Juliette T.J. Lecomte, Chemistry Department, Th%erobic N fixation. In N. commungeGIbN is the 12.5 kDa product
Pennsylvania State University, 152 Davey Laboratory, University Park ) ’ ) P

Pennsylvania 16802; e-mail: jtil@psu.edu. 'of the gIbN gene, which forms a part of two contiguous operons
Abbreviationsbp, base pair; CD, circular dichroism; DQF-COSY, double- encoding proteins of the nitrogenase complBwtts et al., 1992;
quantum-filtered correlated spectroscopy; DSS, 2,2-dimethyl-2-silapentaneangeloni & Potts, 1994; Hill et al., 1996 GIbN was originally

5-sulfonate; EDTA, ethylenediaminetetraacetic acid; EPR, electro ;
paramagnetic resonance; GIbN, cyanoglobin; Hb, hemoglobin; HbCO, cal:‘-)mpo.Sed FO s_cavenge O.’(Yger.‘ to .prOt.ECt the n_|tro_genase cpmplex
from inactivation. A participation in nitrogen fixation has since

bonmonoxyhemoglobin; MALDI, matrix-assisted laser desorption ioniza-
tion; MCOSY, magnitude two-dimensional correlated spectroscopy; MRE been supported through in vivo experiments, and the location of
molar residual ellipticity; NOE, nuclear Overhauser effect; NOESY, two- GIbN on the cytosolic face of the cell membrane further suggests
dimensional nuclear Overhauser effect spectroscopy; PAGE, polya_crylthat GIbN presents £to a terminal oxidase completill et al.,

amide gel electrophoresis; ppm, parts per million; SDS, sodium o . - .
dodecylsulfate; TOCSY, totally correlated two-dimensional spectroscopy,lgga' PurifiedN. communéIbN has a high affinity for @and is

TPPI, time-proportional phase incrementation; Tris,(hj&lroxymethy)- capable of rapid @release(Thorsteinsson et al., 199% agree-
aminomethane. ment with the proposed functions.
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KELVENHGLN GEHFDAVAED LLATLKEMGV PEDLIAEVAA VAG---APAHKRD VLNQ

KG----MNLQ NLHFDAIIEN LAATLKELGV TDAVINEAAK VI----- EHTRKD MLGK

KG----MNLQ NSHFDAIIEN LAATLKELGV SDQIIGEAAK VI----- EHTRKD CLGK

KDLVP--HLS DVHFQAVARH LSDTLTELGV PPEDITDAMA VV----- ASTRTE VLNM

KDLVP--HLT DVHFQAVVRH LSDTLAELGV TPGDIADAMA VV----- ASTKTE VLNM

AN----MGVT NAQFTTVIGH LRSALTSAGV AADLVEQTVA VA----- ETVRGD VVTA

AN----MGVT NAQFTTVIGH LRSALTGAGV AAALVEQTVA VA----- ETVRGD VVTV

AN----MGVS NAQFTTVIGH LRSALTGAGV AAALVEQTVA VA----- ETVRGD VVTV

AG----LNLQ QPHFDAIAKH LGEAMAVRGV SAEDTKAALD RV----- TNMKGA ILNK

AG----LNLQ QPHFDAIAKH LGERMAVRGV SAENTKAALD RV----- TNMKGA ILNK

QG----RGIT MHHFSLVAGH LADALTAAGV PSETITEILG VIAPLAVDVTSGE STTA

Fig. 1. Primary structure of the globin froynechocystisp. PCC 6808GLB_SYN; gene: slr209%IbN) and its ClustalW alignment
(Thompson et al., 1994with other globins. The proteins are: GLB_TETPY, myoglobiiemoglobin from Tetrahymena pyriformjs
GLB_TETTH, myoglobin(hemoglobin from Tetrahymena thermophilaGLB1_CHLEU, globin LI637{gene:LI637} from Chla-
mydomonas eugametoSLB2_CHLEU, globin LI410{gene:LI410} from C. eugametgsS60030, hemoglobin frorParamecium
jenningsj S60031, hemoglobin frorRaramecium multimicronucleatyrsLB_PARCA, myoglobin(hemoglobin from P. caudatum
GLBN_NOSSN, cyanoglobiggene:glbN} from Nostocsp. (strain mun 8820) GLBN_NOSCO, cyanoglobin{gene:glbN} from

Nostoc commun&TEX 584; YOAN_MYCTU, hypothetical 14.5 kd protein cy48.2fene: mtcy48.23glbN} from Mycobacterium
tuberculosis The numbers following the denomination refer to the portion of the sequence used in the alignment. The numbers above
the Synechocystisp. PCC 6803 sequence refer to that structure alone. The top line contains the helical portions as established with
vertebrate and nonvertebrate sequence tempi{ddegns et al.,, 1996 The exact helical boundaries remain to be determined with
three-dimensional structural data. According to the alignment, this group of globins lacks the beginning of the A-helix as well as the
D-helix. The proximal histidinéF8) is His70(bold and underlinedand the distal positioE7) is occupied by a Glrfunderlined.

Strictly conserved residues in this group are in bold.

In contrast toN. commungSynechocystisp. PCC 6803 is a
unicellular cyanobacterium that does not produce the nitrogenasthe location of the sIr2097 gene in the genome does not immedi-
complex and thus utilizes only fixed nitrogen sources such astely suggest a role for the protein. It is not known under which
ammonium or nitrate ions for growth. The genomeSghechocys-
tis sp. PCC 6803 has been sequenced in its entiteipeko et al.,
1996. The sequence revealed the presence of a ¢&n2097,
glbN), encoding a globin sharing 55% sequence identity with theby this organism, it is possible that sIr2097 is a cryptic gene, one

cyanoglobin fromN. communédFig. 1). Several other organisms

that do not fix nitrogen synthesize a related gloldtig. 1; Thomp-
son et al., 1994; Moens et al., 1996 hese include the gram-
positive bacteriaBacillus subtilis (Kunst et al., 199y and
Mycobacterium tuberculosi§Cole et al., 1998 which actually
encodes two globin-like protein&IbN and GIbQ, as well as
eukaryotes of the genefi@trahymendlwaasa et al., 1990Par-
amecium(lwaasa et al., 1989; Shikama et al., 1995; Yamauchinuclear magnetic resonance spectroscopy experiments. It was found
et al., 199%, andChlamydomonag¢Couture et al., 1994
Limited functional information is available for this disparate hexacoordinate complex with irhl )-protoporphyrin IX.
group of proteinsChlamydomonas eugametb637 hemoglobin

releases its bound Qhree orders of magnitude more slowly than

horse heart myoglobifCouture et al., 1999aThe slow Q release

and the sulxM hemoglobin concentration in the chloroplast pre-

clude a transport roleMycobacterium tuberculosi&lbN forms a

dimer binding oxygen cooperatively but its primary function may

be to scavenge reactive nitrogen compoui@isuture et al., 1999b
The functions of hemoglobin in the ciliates have not been1996 was cloned from purified chromosomal DNA as described
determined.

In Synechocystisp. PCC 6803, the organism of interest here,

conditions the synthesis of the gene product is induced, where this
product is localized, and whether it binds dioxygen reversibly. If
not expressed under the range of conditions typically encountered

that can be reactivated under extreme occasional environmental
pressurgLi, 1984). To uncover the role of the putative hemoglo-
bin in Synechocystisp. PCC 6803 and to produce a tractable
hemoprotein for the study of structure-reactivity relationships in
ancient globin folds, the slr2097 gene was cloned and its protein
product overexpressed Bscherichia coli The purified recombi-
nant protein was subjected to a preliminary set of optical and

that the protein folds into a helical conformation and forms a stable

Results

Expression, extraction, and purification of
Synechocystisp. PCC 6803 hemoglobin

The gene forSynechocystisp. PCC 6803 globititKaneko et al.,

in the Materials and methods. The gene was inserted in a pET3c
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A B C a mass of 13,730 Da, within experimental error of the theoretical
M, x 103 13,736 Da mass calculated for complete post-translational removal

of the N-terminal methionine and heme loss during sample prep-

— - 26.6 aration. The tryptic digest and further analysis by liquid chroma-

tography yielded a series of fragments whose molar masses were
consistent with the expected primary structure.

— ~—17.0 The extinction coefficient of the Soret band of S6803 metHb
 c— -— 14.4 was determined to be 1.0 10° mM~* cm~* by the hemochro-
- . - -— B5 mogen methodde Duve, 1948 The visible spectrum of the re-

duce pyridine heme complex indicated that no chemical modification
of the heme vinyl group or the porphyrin ring occurred during the
aerobic preparation of the protein. Nevertheless, the properties of
the hemoglobin synthesized [8ynechocystisp. PCC 6803 may
Fig. 2. SDS-PAGE of the purified recombinant S6803 Hb.The central b? .dlffgrent from those of the recombmar.'t mate”al'. Whe_re the
lane contains the molecular weight markers, with masses indicated to th&iStinction may matter, the prepared protein is qualified with the
right of the figure.C: Theright-hand lanecontains 2.5ug of the purified  Prefix “r” to specify its recombinant nature and the suffix “-R” to

protein for comparison with the marker&: The left-hand laneis over- indicate that the heme was inserted through an in vitro reconsti-

loaded with~10 ug protein. This gel and a silver-stained gel indicate a t|tion reaction with ferric protoporphyrin IX.
purity higher than 95%.

Electronic absorption spectra

vector andE. coli BL21(DE3) cells were used for expression. In Figure 3 presents the visible absorption spectra of oxidized and

initial tests, samples were visualized on gels stained with Coomagdithionite-reduced S6803 rHb-R. The spectral properties of these

sie blue and showed that S6803 Hias expressed as at least 60% forms are summarized in Table 1. The oxidized protemetHb;

of total cellular protein by 4-5 h postinduction at&7. Gel elec- solid line) showed a broad apsorptlon at 546 nm and a shqulder gt

trophoresis of clarified cell lysates and pellets demonstrated the 8 NM. There was no maximum near 630 nm, where high-spin

production of protein in a soluble form as well as the accumulatiorfe!fiC species generally show a charge-transfer yafashania et al.,

of insoluble protein in inclusion bodies. Although both sources1968. The spectrum suggested that the recombinant metHb pre-

yield pure S6803 Hb with the same properties, only results obPared by reconstitution had an endogenous sixth ligand to the iron

tained with the soluble fraction are presented here. and a low-spin electronic structure. This particular coordination
Hemin-reconstituted S6803 Hb eluted from the ion-exchangescheme for the oxidized form is termed a hemichrdiRechmile-

column between-0.13-0.22 M of the sodium chloride gradient. Witz et al., 1971. Unlike for vertebrate metmyoglobins and met-

Elution from the size exclusion column occurred in an almosth€moglobins(Antonini & Brunori, 1971, this species existed at

entirely resolved peak, and pooled fractions yielded a preparatiofeutral pH. _

of red-orange-colored protein greater than 95% pure as determined 1he spectrum of the reduced S6803 rHiYfRy. 3, dotted linep

by Coomassie blue- and silver-stained gels. The former is shown iSO contrasts with those of the deoxy states of vertebrate myo-

Figure 2. This purification method yielded 5.2 mg of pure protein globins a_nd hemogloblr_ls. Under physiological c_ond|t_|ons, the lat-

per liter of bacterial culture. As evidenced by the pinkish color of {€r Proteins have no sixth ligand or a weak sixth ligand to the

harvested cells, ferrous holoHb is likely produced in vivo to anferrous iron; they are in a high-spin state and show a single broad

extent limited by the level of heme biosynthesis in M-9 cultured

BL21(DEJ) cells. However, throughout this aerobic preparation,

no separate band corresponding to oxyHb was detected. At each

chromatographic step, the Hb concentration estimated by gel elec- 200 r 30
trophoresis and by electronic absorption at 410 nm confirmed that r A B |
the heme group remained associated with the protein matrix through- ~ 150 [ i

out the purification.

The identity of the purified material was ascertained by MALDI
mass spectrometry of the intact and trypsin-digested polypeptide.
The[M + H]* peak due to the undigested protein corresponded to

1The protein poses a nomenclature problem. Its relative fikmatoc
communaés called GIbN, as per the name of the gegleN. In Synechocys-
tis sp. PCC 6803, slr2097 was namgtbN, although it is not closely
related to théNostoc commune glbene(Hill et al., 1996 and its product
may not serve the same function. On the other hand, the generic name A (nm)
“cyanoglobin” (for cyanobacterial globinapplies to theSynechocystisp.
PCC 6803 protein but is confusing because of the frequent use of cyanideig. 3. Optical absorption spectrum of S6803 rHb-R in the visible region.
as a ligand in hemoglobin and myoglobin studies. Here, both GIbN andlhe protein(8.5 «M heme was maintained at pH 7.4 and 298 K. The ferric
cyanoglobin are avoided to describe the product of slr2097. The protein iform is represented by a solid line, whereas the ferrous foeduced with
referred to as S6803 hemoglolB6803 HB; this allows the unambiguous  dithionite) is shown in a dotted line. The arrows point to the relevant
use of metHb for the oxidizederric) form and cyanometHb for its cyanide abscissae(A) to the left and(B) to the right. Extinction coefficients and
adduct. maxima are listed in Table 1.
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Table 1. Spectral properties of S6803 rHb-R 200 T 11 ] 30
A € B
Hb derivative (nm) (mM~tem )2 1 20
Ferric 362 25 e
410 100 o N
546 (sh: 578 11 (sh: 7 s T ‘ \ 4 10
Ferrous 426 162 E _- \
528 (sh: 518 13 (sh: 9 4 /\ /\ /\
560 (sh: 556 24 (sh: 23 5 v ~==-20
w
Ferrous+ CO 420 184
544 (sh: 568 14 (sh: 11 50 |
-1-10
aRefer to Figures 3 and 4 for the spectral appearance. Values were NP B I R I R PR

determined by the hemochromogen metidel Duve, 1948with samples
of the ferric protein; values in parentheses and marked “sh” denote a 350 400 450 500 550 600 650
shoulder to the main peak. A (nm)

Fig. 4. Optical absorption spectrum of S6803 rHb-R in the visible region.
The protein(8.5 uM heme was maintained at pH 7.4 and 298 K. The
dashed line represents the spectrum obtained by reduction in the presence

band near 556 nrtAntonini & Brunori, 1972. Dithionite-reacted of CO. Extinction coefficients and maxima are listed in Table 1. The solid

line represents the difference spectrum obtained by subtracting the dithionite-
S6803 rHb-R presented two resolved bands at 528( Aimand reduced spectrungshown Fig. 3 from the reduced-CO spectrum. The

560 nm(a), and its sharp Sorét) band was maximal at 426 nm.  extrema in the difference spectrum are at 418, 428, and 558 nm. The arrows
These features are reminiscent of low-spin hexacoordinated sp@eint to the relevant abscissd@,) to the left and(B) to the right.

cies such as ferrocytochronig (Strittmatter, 1960

Ligand binding properties « and B bands, S6803 HbCO exhibited a single band at 544 nm

To assess whether one of the endogenous axial ligands could readifffth @ shoulder at 568 nm. No further spectral changes were ob-
be displaced by an exogenous ligand in the ferric state, an exceS§rved after prolonged CO bubbling through the solution. The
of cyanide was added to a solution of S6803 metHb at pH 7.4. Th&ifference spectrum of the CO-bound reduced protein and the re-
absorption spectrum, which was monitored over the course oflUc€d ProteiriFig. 4) displayed the features of CO-bound forms of
hours, exhibited minor spectral perturbations. At pH 4.4, the metH€"minal oxidase¢Becker & Schafer, 1991y peak at 418 nmy
spectrum was practically identical to that obtained near neutral pHI/oUgh at 428 nmg trough at 560 nm, and peak at 574 nm. The
Addition of cyanide at this low pH exaggerated the spectral changeePth of thea trough and the ratioe(y peak — y trough/
seen at pH 7.4, which consisted of a small red shift of the Soref (@ P&ak— a trough = 7 both suggested a predominantly low-
band, a red shift and symmetrization of the absorbance at 546 nniPin reduced specig$Vood, 1984.
and the emergence of a shoulder near 360 nm at the base of the
Soret peak. Similar small changes are seen in the apsorp_tion SPeGeme release
trum of C. eugameto4.1637 hemoglobin upon cyanide binding
(Couture & Guertin, 1996 The transfer of heme from S6803 metHb-R to the apoprotein of
The dithionite-reacted form of S6803 rHb-R was used in at-equine myoglobin was monitored optically through the change in
tempts to generate the oxygen-bound complex. The spectrum olgbsorption at 635 nm in a solution containing both proteins. When
tained after brief passage of air through the solution resulted ithe molar ratio of apomyoglobin to S6803 metHb was and the
marked spectral changes compared to the reduced form. HowevdtH was 7.34(comparable to the cytoplasmic pHseveral hours
the a/B bands remained unresolved and did not appear as in typvere needed to obtain a detectable absorption attributable to ho-
ical O,-bound spectra of hemoglobins and myoglobins. A comparlomyoglobin. Thus, partitioning of the heme from the hemichrome
ison of the ferric form and the oxygen-exposed reduced form showeWas slow under these conditions.
slight differences in the breadth of the Soret band and in the
584 nm shoulder. This result suggested that the protein underwela{
a rapid reaction in vitro, likely back to an oxidized state. Data were
also acquired at pH 6, where the behavior was identical to that afo assess the extent of secondary structure in the hemichrome, a
neutral pH. At approximately pH Bheoretical p), the reduced far-ultraviolet(UV) CD spectrum of S6803 metHb was recorded
protein precipitated and its oxygenation was not monitored. at pH 7.4(not shown. The trace displayed the double minima at
A similar procedure was applied to produce the carbon monox209 nm(molar residual ellipticity of~—19,000 mdeg crf¥dmol)
ide complex of S6803 rHb-R. When a sample of metHb was satand 222 nm(molar residual ellipticity of~—17,500 mdeg ci#f
urated with CO and subsequently reduced with excess dithionitedmol) characteristic of a protein containing a predominance of
the Soret band increased, sharpened up, and exhibited a red sHiftlices. The molar residual ellipticity was decomposed in contri-
(Fig. 4). In contrast with the spectra of CO-bound hemoglobinsbutions frome, 8, and random structure with a neural network
and myoglobingAntonini & Brunori, 1972, which show resolved  treatment(Andrade et al., 1993; Merelo et al., 1994 he algo-

ircular dichroism spectrum
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Fig. 5. 600 MHz *H NMR spectrum of recombinant S6803 metHb-R. The protéid0 uM heme was in 95% HO/5% 2H,0,
buffered at pH 6.88 with Tri&EDTA; the probe temperature was 298 K. The two insets expand 2-ppm wide regions from the same
spectrum. The letters indicate hyperfine-shifted sigfi@ible 2. Examples of minor peaks are marked with stars.

rithm returned a helical content of over 60% and less than B0% nized in the DQF-COSY, TOCSY, and MCOSY da&i4l: signals
structure. b, x, andy; V2: signals at 6.84 ppm, andw). The chemical shifts

of these and other signals are listed in Table 2. Giseandtrans

BB protons of the vinyl side chains were distinguished by the mag-
nitude of the coupling constant to tlagproton(J,—s ~ 15 Hz >

The one-dimensiondH NMR spectrum of S6803 metHb is shown Ja—pc ~ 10 H2. NOESY data allowed other heme signals to be
in Figure 5. Protein and heme resonances were moderately brodg8c0gnized. Thus, Figure 7 illustrates that thensB-vinyl pro-
and were contained between 24 and4 ppm. Both observations tonsv andx were found in dipolar contact with sets of protons at
were consistent with a low-spin ferric species, as inferred from the?-98 ppm(l) and 15.07 ppntd), respectively. These signals with
optical data. The range of chemical shift was narrower than oblelative intensity 3 could be attributed to two of the four heme
served for the cyanide complex Bhyseter catodofsperm whalp ~ Methyl groups. The three-proton signals at 21.27 gaimand at
metmyoglobin (Emerson & La Mar, 1990and for two well- 10.37 ppm(j) had the width and shift of heme methyl groups as
studied oxidizedh cytochromes, cytochroni® (Keller & Wiithrich, weII_. ) ) ) N
1980, which has bis-histidine heme ligation, and cytochrdwmg Figure 7 shows that both heme vinyl side chains had additional
(Wu et al., 1991, which has histidine and methionine heme liga- NOES. Thes protons of vinyl V1 were found in contact with
tion. The range was comparable to that in the cyanide complex oprotons resonating at 7.38 and 7.29 ppm. Analysis of the correlated
Glycera dibranchiatamethemoglobin(Alam & Satterlee, 199¢  datarevealed that these, along with prégnesonating at 6.75 ppm,
and indicated low magnetic anisotropy. The relative intensity of2rose from a phenylalanine ring. Tieprotons of vinyl V2 had
the resolved resonances showed that the protein adopted mostlyPES to one of they methyl groups of a valine at 0.81 ppm(r).
single form. Minor peaks were reproducibly observed that were
likely to arise from a small extent of equilibrium heme orienta-
tional heterogeneity within the cavitjta Mar et al., 1988 and
possibly distinct heme attachment schésheThe excellent dis-
persion observed in the diamagnetic region of the spectrum dem-
onstrated that the protein was folded under those conditions.
Chemical shift changes indicating the formation of a distinct low-
spin species were observed upon cyanide addition to concentrated
neutral solutions of S6803 metHbot shown. These converted
NMR samples displayed the optical features noted above upon
cyanide addition at neutral and acidic pH. This confirmed that the
small changes in the absorption spectrum were characteristic of
cyanide binding and that the cyanometHb complex could be made
over a range of pH. In contrast to the metHb form, the reduced
protein prepared by anaerobic addition of excess dithionite exhib-
ited limited solubility and its NMR study was not attempted.
Two-dimensional NMR data were collected on S6803 metHb-R
to ascertain that the heme group was bound specifically in the
protein matrix, and to initiate the structural determination of theFig_ 6. The structure of the heme groufpon-protoporphyrin 1¥ used

hemichrome. Two three-spin systems corresponding to the hemg ihe reconstitution of S6803 rHb. Methyl groups are located at posi-
vinyl substituentgsee Fig. 6 for the heme structlineere recog-  tions 1, 3, 5, and 8. The meso protons are labelgtroughy.

NMR spectroscopy
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Table 2. *H NMR parameters for selected resonances tive spin-lattice relaxation timegrelated to the distance to the
in the spectrum of ferric S6803 rHb-R iron). The observed chemical shift of a resonance contains a dia-
magnetic contributioridy,) and a hyperfine contribution made of
) o _ 3 (ppm) at Ty a contact term and a dipolar terf@ps = Scon + Sgip). In simple
Signaf (ppm)® Assignment T=of (m9)? compounds with a unique and isolated spin stétgyanishes at
a 2127 Heme methyl 6.3 130 Infinite temperature, decreasing linearly witiiTlas T is raised
b 15.54 aVinyl (V1) 11 210 (Jesson, 1973 A Curie plot, or chemical shift vs. reciprocal ab-
d 15.07 Heme methy 23 190  Solute temperaturéJesson, 1973 is presented in Figure 8 for
j 10.37 Heme methyl 11 230  Selected resonances of S6803 metHb-R. The majority of the para-
I 9.98 Heme methyl 6 260 magnetically shifted signals moved toward diamagnetic values as
6.84 a-Vinyl (V2) the temperature was raised from 10 t0°@1 The behavior was
v -1.67 transB-vinyl (V2) 6.2 230 linear, leading to the intercepts at infinite temperature listed in
w —2.14 cis-B-vinyl (V2) 5.7 260 Table 2. The diamagnetic shift of heme methyl groups ranges
X —4.54 trans-B-vinyl (V1) 7 470 between 2.5 and 4 pprfLa Mar et al., 2000 Heme methyld
y —-5.15 cis-B-vinyl (V1) 7 410 yielded an intercept at the edge of this range, whereas heme meth-
z —-11.6 7 3.7 ylsaandl extrapolated to-6 ppm in a slight hypo-Curie response.

Heme methy| had near anti-Curie behavior, remaining practically

aRefer to Figures 5 and 7 for resonance labeling and 6 for heme struct the same shift af was raised. Nonideal response of this order
ture. V1 and V2 distinguish two different sets of signals arising from vinyl has been observed with other low-spin itbh) hemes(Nguyen

groups. ) ] et al., 1999. The mean heme methyl shift of 14.2 ppm at 298 K
In 95% H20/5% "H,0, at 298 K and pH 6.88, with water resonance a5 comparable to that i6. dibranchiatacyanometHb(Alam &

set at 4.766 ppm with respect to DSS. .
CIntercept at 1T = 0, from the Curie plot presented in Figure 8. Satterlee, 1994and in model compoundd.a Mar, 1979.

dMeasured by nonselective inversion recovery in 989%0/5% 2H.0, The nonselective spin-lattice relaxation rate of a pratander
at 298K and pH 6.88 on a 300M sample in 30 mM Tris. The error is  the influence of the unpaired sg8) also contains a contact con-
10%. tribution and a dipolar contribution. The dipolar effects depend on

the distance to the iron according(® _g.) ~® and can be used for

structural purposes. The relaxation times of a few resolved reso-

nances are listed in Table 2. The values were moderately short and
The same side-chain methyl was in contact with heme mgthyl again comparable to those @& dibranchiatacyanometHiAlam
whereas the secongtmethyl (—1.31 ppm,u) interacted with an & Satterlee, 1994 Of note was signat (Fig. 5), which had aT,
upfield-shifted phenylalanine ring at 5.15, 5.74, and 6.00 ppm.of 3.7 ms. When thisl; value was compared to that of a heme
These and other contacts between the heme moiety and the protaimethyl experiencing a small hyperfine shift and therefore a small
matrix demonstrated that the heme was bound in a pocket linedcalar contributionT; ~ 200 mg, protonz appeared located at
with several hydrophobic side chains. ~3.2 A from the iron atom. This distance, as well as the chemical

The properties of the paramagnetic form were characterizeghift and the broad linewidth, suggested assignment to a proton

further with the temperature dependence of the chemical shifbelonging to one of the axial residues, possibly one of the CH
(related to the electronic structure of the heraed the nonselec- protons of the proximal histidinéLa Mar et al., 1981
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Fig. 7. Portion of the 600 MHZH NMR NOESY spectrum of recombinant S6803 metHb-R. The sample was as described in Figure 5.
The mixing time was 100 ms. The letters follow the nomenclature of Figure 5 and Table 2. Cross peaks between the heme methyl
at 15.07 ppm(d) and theg protons of vinyl V1(x andy) are marked. A similar set of peaks for the resonance at 9.98(ppand

B protons of vinyl V2(v andw) provided a tentative assignment of a second heme methyl. Selected NOEs between the heme group
and the protein are discussed in the text.
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LA B L B O 7 T ments at positions B10Tyr — Leu), E4 (conserved Mets Ala),

and E10(Lys — Ala) (Couture et al., 1999aThese residues are in
contact with the distal side of the heme in the myoglobin model
and are plausible candidates for heme coordination. None of the
individual replacements prevents the formation of a six-coordinate
species at basic pH. Recent resonance Raman and EPR spectros-
copy data point to a novel Tyr BYQys E10 ligation scheme,
where the lysine serves to stabilize the tyrosinate ion, thereby
favoring a low-spin statéDas et al., 1999a When Tyr B10 is
replaced by a leucine, Lys E10 becomes the sixth ligand. The
proteins of the cyanoglobin group therefore appear prone to un-
dergo the conformational distortions necessary to achieve various
patterns of endogenous hexacoordination and may serve to illus-
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10F | L z trate heme ligand-switching reactions akin to those observed dur-
:_L. Ll .A. :..B. il ing the folding of cytochrome (Yeh et al., 1997; Telford et al.,
1999.
330 340 350 360 330 340 350 3.60
The stability of the S6803 rHb-R hemichrome is interesting in
1T x10° (K™ 1T x 10° (K) view of results obtained with sperm whale myoglobin with a his-

Fig. 8. Curie plot for selected resonances observed in the 600 FHHz tidine introduced at position E1@Qin et al,, 1994 In this variant,
NI?/I.R .spectrur% of recombinant S6803 metHbAR.Low field resonances. the te.mpera'ture erendencg of 'the Chemlcallsh.lfts and the non-
B: High field resonances. The protei®00.M heme was in 95% HO/5%  Selective spin-lattice relaxation times clearly indicate a thermal
2H,0, buffered at pH 6.88 with Tr¥(EDTA. The letters indicate hyperfine- equilibrium between a low-spin state and a high-spin state. This
shifted signals as labeled in Figure 5. Over this narrow temperature ranggroperty arises from coordination of His E11, but with nonideal
(10-31°C), only the heme methy! signal at 10.37 g exhibited non- 4o metry allowing only a weak bond. S6803 metHb displayed no
Curie response with a practically invariant chemical shift. ; . .
such mixture at room temperature, a mark of unstrained bonding.
S6803 Hb contains a tyrosine at B10 and a histidine at E10; this
pair of residues may confer properties similar to those reported in
C. eugameto®r in the hemophore fronSerratia marcescens
nonglobin hemoprotein that appears to modulate its affinity for the
The oxidized state of recombinant and hemin-reconstit®ga-  heme through interactions between a coordinated tyrosinate and a
echocystisp. PCC 6803 hemoglobin was found to have an elechearby histidine grougArnoux et al., 1999
tronic absorption spectrum and a proton NMR spectrum N. communéeGIbN in the ferric state at pH 7 exhibits an en-
characteristic of a low-spin, hexacoordinatetiemoprotein/An- hanced tendency to lose its heme group compared to sperm whale
tonini & Brunori, 1971; Wood, 1984 A low-spin ferric coordina-  myoglobin(Thorsteinsson et al., 198Heme loss in myoglobin is
tion scheme is observed at basic pH in the reldteccommune dependent on the presence of the D héithitaker et al., 199bas
GIbN (Thorsteinsson et al., 1996matureC. eugametod 1637 well as the polarity and size of the heme cavityargrove et al.,
hemoglobin(Couture et al., 1999aand Paramecium caudatum 1996. The instability of ferricN. communeGIbN is attributed to
hemoglobin generated by autoxidation of the oxy foffisuba-  these factors and, in particular, a glutamine at position FG5
moto et al., 1990 The absorption spectrum of these hemoglobins(Thorsteinsson et al., 1999where myoglobin typically has an
depends strongly on pH and reflects a reduction in the number ofoleucine. The qualitative data on S6803 rHb-R heme retention
ligands at acidic values. The S6803 rHb-R hemichrome did nosuggest a heme release slower than fidncommunésIbN. This
show a pronounced pH response between pH 8 and pH 5, and thkfference between the two proteins may be caused by the distinct
endogenous hexacoordination scheme of this hemoprotein appdength and composition of the FG lodpig. 1).
ently persisted through a broader range of conditions than in its The preparation of the recombing®ynechocystisp. PCC 6803
closest relatives. hemoglobin included a reconstitution step by which hemin was
The identity of the side chains coordinating the iron atom in theadded to the overexpressed apoprotein. This reconstitution proce-
cyanoglobin group of proteins is a matter for speculation. Se-dure may generate a reversible hemichrome even if the native
guence alignmentd=ig. 1) and comparison of vertebrate and non- protein does not adopt this coordination schefRachmilewitz
vertebrate globin templatéMoens et al., 1996predict the Ahelix  etal., 1971 In the highly evolved oxygen delivery proteins, hemi-
to be truncated by several residues and the D helix to be missingthrome formation interferes with normal functigRachmilewitz
The alignments identify with confidence the conserved His at po-et al., 1971; Rifkind et al., 1994; Arnold et al., 199%owever,
sition 70 in theSynechocystisp. PCC 6803 hemoglobin sequence hemochromesgreduced hemichrome, retaining endogenous hexa-
as the proximal residue. However, a sixth ligand is not readilycoordination may be nondetrimental or even desirable in other
proposed on the basis of the primary structures and the availablepecies. BarleyHordeum vulgarg hemoglobin(Duff et al., 1997;
hemichrome stability data. A priori, functional groups provided by Das et al., 1999band rice (Oryza sativalL.) hemoglobin Hbl
the amino terminus, Cys, His, Lys, and Met are capable of binding Arredondo-Peter et al., 199have a high oxygen affinity due to
to the iron to form low-spin species, and it is likely that different stabilization of the bound oxygen by distal interactions. In these
proteins recruit different side chains. proteins, the ability to make the additional contacts that slow down
The possibility of alternative binding schemes is reinforced byoxygen release is accompanied with a pronounced propensity to
experiments that Couture and coworkers performedCoreuga-  form hemi- and hemochrome species through the distal histidine in
metos 1637 Hb. They subjected the protein to amino acid replace-the absence of exogenous ligand. The slow oxygen release indi-

Discussion
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cates that the function of these hemoglobins is most certainly natransformation buffer and cells were incubated with dl0of the
that of carrying oxygen or facilitating its diffusion. Thus, hemi- above ligation reactions for 1.5 h before a heat shock period of
chrome formation may signify nontraditional roles, for example, 2 min. LB medium was exclusively employed throughout the pro-
oxygen scavenging or electron transfer. The genon8yoéchocys- cedure. Cells were screened for presence of the construct on agar
tis sp. PCC 6803 contains three sets of genes for terminal respplates supplemented with 50g/mL ampicillin (Eastman Kodak
ratory oxidases, including a functional cytochrobajuinol oxidase ~ Company, Rochester, New YorkSelect colonies were grown over-
(Cyd) localized mostly on the cytoplasmic membra&witt & night in liquid LB/Amp medium, and purified plasmid DNA was
Vermaas, 1998 A possible function forSynechocystisp. PCC  prepared from cells with the QIAprep Spin Miniprep K@iagen
6803 hemoglobin in vivo could be that of presenting 1O this Inc., Valencia, California The correct sequence and incorporation
high affinity oxidase. of glbN between th&dd andBarHI recognition sequences down-
The present study determined that the sIr20§bN) gene in  stream of the T7 promoter region of pET3c were verified by au-
Synechocystisp. PCC 6803 encodes a polypeptide sequence cadomated sequencing performed by the Nucleic Acid Facility of the
pable of folding, specific heme binding, and ligand binding to thePenn State Biotechnology Institute.
heme. The potential for this hemoglobin to have an active role in
Synechocystisp. PCC 6803 is underscored by the observationsB
that slr2097, the sole globin gene present in the organism, has
undergone some selective pressure to maintain these features in Es coli BL21(DE3) host strain was chosen for its high-level in-
product over time. Experiments are underway to explore both physducible expression of recombinant proteins. The cells were made
iological and functional properties &ynechocystisp. PCC 6803 competent by a procedure developed by Simédsnahan, 1985
Hb. The favorable thermodynamic and spectral characteristics ofiith the following modifications: cells were initially cultured in
the recombinant material will allow the detailed description of this TYM medium (2% tryptone and 0.5%w/v) yeast extractDifco
ancestral hemoprotein. Laboratories, Detroit, Michigan100 mM NacCl, 10 mM MgSQ);
potassium chloride was used in lieu of rubidium chloride; compe-
tent cells and plasmid DNA were incubated on ice for 90 min; cells

L21(DES3) transformation and expression of glbN

Materials and methods were heat-shocked for only 45 s; and LB was used as recovery
medium. Transformed cells were spread on M9 agar plates sup-
Materials plemented to final concentrations of 0.2% glucose, 0.1 mM gacCl

2 mM MgSQ, and 50 ug/mL ampicillin (M9+). Single trans-
formed colonies were used to inoculate 60 mL-M8&nd cultured

at 37°C for 16 h. Ten milliliters of the overnight cultures were
transferred into 500 mL fresh M9 in 2 L baffled flasks. This
culture was incubated at 3€ with vigorous shaking until OFo
Amplification of gloN gene and construction reached=0.9, at which point isopropyB-thiogalactosidg|PTG)

of expression vector was added to a final concentration of 0.5 mM. Protein production
continued fo 5 h after which faintly pink cells were separated

Purified Synechocystisp. PCC 6803 chromosomal DNA was pro- from the growth media by centrifugation and stored-&0°C.
vided by Dr. D.A. Bryant, Department of Biochemistry and Mo-

lecular Biology, The Pennsylvania State University. The slr2097

(glbN) gene was amplified and terminal restriction enzyme rec-Protein extraction and purification

ognition sites added by the polymerase chain rea¢®®R using  ce|| pellets were thawed and resuspended in 20 mL 50 mM Tris,
Ready-To-Go PCR Bead®harmacia Biotech, Uppsala, Sweglen 1 mm EDTA pH 8.0 per 5 g cells. Phenylmethylsulfonyl fluoride
The reaction yielded the expected 395 bp product by comparisoppMSF; 50 mM in 100% ethanpwas added to a concentration of
to a0.07-12.2 kbp laddéBoehringer-Mannheim, Mannheim, Ger- 1 mm. and the ice-cold suspension was sonicated for six 10 s
many. Only trace low molecular weight secondary products werep rsts at 70% poweFisher Scientific Model 60 Sonic Dismem-
observed. The major PCR product was separated from the reactiqf}ato) to release soluble globin. Cellular debris was removed by
mixture by 1% agarose gel electrophoresis and purified with theentrifugation and the above procedure repeated twice. HoloHb
JETsorb Gel Extraction KitPGC Scientifics, Gaithersburg, Mary- a5 reconstituted by adding a saturated solution of bovine hemin
land). PCR_ product and pET3c vector Dl\_(A\Iovage” Inc., Mil- chioride in 0.1 M NaOH to the pooled supernatants stirring in the
waukee, Wisconsjwere doubly digested with endonucleabetd ok at £C. Free heme was precipitated by lowering the recon-
andBanHl in separate reactions. Vector DNA wasdephosphor-  stityted protein solution pH te-6 followed by centrifugation at
ylated with calf intestinal alkaline phosphatase. Digestion productq&ooox g for 45 min. This crude mixture was passed through a
were gel-purified as above. ThglbN insert and pET3c vector 0.45 um filter and applied to a DEAE Sephad@harmacia, Upp-
(threefold molar excess of fragmeéntere ligated using T4 DNA sala, Swedenanion exchange colum(2.5 x 5 cm) equilibrated
ligase in duplicate, and these mixtures were used to transformyith the above buffer. A linear sodium chloride gradidft to
competent DHSx E. coli cells. 0.5 M) in buffer was used to elute the bound protein. Colored
fractions were analyzed by SDS-PAGE and samples free of con-
taminating proteins less than twice the molecular weight of Hb were
pooled and concentrated to a volume-e12 mL. This solution
Competent DH5x cells were prepared and transformed by a slightlywas passed through a 22696 cm Sephadex G-50 Fin&igma
modified procedure of the calcium chloride method of Sambrooksize exclusion column. Fractions were analyzed by SDS-PAGE
et al (1989. Here, 50 mM CaGl 10 mM Tris-Cl, pH 8 was the and those essentially free of impurity were pooled and concen-

All chemicals were purchased from Sign(@t. Louis, Missoup
and enzymes from Promega Corporatidviadison, Wisconsin
except where otherwise indicated.

E. coli transformation and purification of expression vector
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trated to yield a stock solution of metHb at pH 7 for further ~ Heme release assay
analysis. SDS-PAGE gels of the purified protein were stained witl
Coomassie bluéFig. 2) and silver nitratgSilver Stain Plus; Bio-
Rad Laboratories, Hercules, Califorpia

hThe ability of metHb-R to release the heme prosthetic group was
verified by competition with equine apomyoglobin. Briefly, apo-
myoglobin prepared by the butanone method of T¢a859 and
S6803 metHb-R were mixed in 30 mM Tris, 0.6 mM EDTA,
pH 7.4 with an approximate ratio of 3:1. The solution was moni-
tored by visible spectroscopy for the appearance of a charge trans-
Mass spectrometry and tryptic mapping data were collected at thfer band at 635 nm to indicate the formation of metaquomyoglobin
Penn State Intercollegiate Center for Mass Spectrometry on a samAntonini & Brunori, 1971. Readings were taken upon mixing
ple of purified metHb. All matrix-assisted laser desorption ioniza-and at 10 to 15 min intervals for the first hour, 30 min intervals for
tion (MALDI ) mass spectra were generated on a Voyager-DE STRhe next hour, and at various intervals over the next two days.
mass spectrometéPerseptive Biosystems, Framingham, Massa-
chusettg using 337 nm light from a nitrogen laser for desorption.
Samples were desalted using ZipTips-QMllipore Corporation,
Bedford, Massachusetiand mixed with a solution of alpha-cyano- All electronic absorption spectra were collected on an Aviv model
4-hydroxycinnamic acid matrixin acetonitrilg'water 50:50 yv 14 DS spectrophotometer at 298 K. Raw data were corrected for
plus 0.3% trifluoroacetic acid The spectrum of the whole protein background by subtracting a matched spectrum of 18 &n
was generated in linear mode. water collected on the same day in the same cuvette pair.
Tryptic mapping was performed by dissolving the protein in
100 mM ammonium bicarbonate containing 10 mM Gaénd
incubating with trypsin(Sigma at a trypsin:protein ratio of ap-
proximately 1:50. Incubations were carried out at@7or 48 h. S6803 metHb was diluted to a concentration of 1w and
Digestion products were desalted using ZipTips-C18 as above, anguplicate sets of data collected from 192—300 nm on an Aviv
MALDI spectra were acquired in reflector mode. This procedureModel 62 DS Circular Dichroism spectrometer. Raw data were
did not provide information on fragments with masses lower thancorrected by subtracting values collected for buffer over the same
750 Da. interval. The molar residual ellipticityMRE in mdeg cnd/dmol)
was calculated at each wavelength according to the equation:

Mass spectrometry analysis

Optical spectroscopy

CD measurements

Determination of extinction coefficient 0 X 100X M
r

The millimolar extinction coefficient of the metHb Soret band was MRE = ¢ X d X Naa

determined according to the hemochromogen method of de Duve

(1948. At minimum, quadruplicate readings of reduced pyridine- \yhere@ is rotation of circularly polarized light in degreed, is

heme were averaged to determine heme concentration &sig the molar mass of S6803 rHb-Rjs its concentration in mgnL,

32.0 mM™* cm™* and ess = 16.0 mM™* cm™*, and duplicate s the pathlength in centimeters, aNga is the number of amino
absorbance readings of the original metHb solution at 410 nm werggids. Values oM, andNj4 did not include the initial methionine
averaged to determine the extinction coefficient at that wave,q per mass spectroscopic data. An estimate of the extent of sec-
length. The hemochromogen assay was performed with two seRsndary structure was evaluated with the neural net progead
arate protein samples, ard,, is reported as an average of the éAndrade et al., 1993: Merelo et al., 1994

values obtained from each. All S6803 Hb concentrations reporte

in this work are expressed on a heme basis.
NMR spectroscopy

CN-, Oy, and CO binding 1H NMR spectra were collected at 600 MHz on a Bruker DRX
e spectrometer. The sampl@seme concentratior-600 uM) were
The ability of S6803 rHb-R to bind various ligands was tested atprepared in 95%H,0/5% 2H,0 and contained Tri~20 mM)
a heme concentration 6f8.5 M in 30 mM Tris, 0.6 mM EDTA,  and EDTA(~0.4 mM). The temperature of the probe was 298 K or
pH 7.4 or as noted. In the case of CNa small grain of solid set at values between 283 and 304 K. The water signal was sup-
potassium cyanide was added directly to the oxidized sample angressed by low-power presaturation. NOE&Yimar et al., 198))
spectra recorded over a period of several hours. Cyanide bindinBQF-COSY(Rance et al., 1983MCOSY (Aue et al., 197§ and
was also monitored at pH 4.4. In the case gf e solution was TOCSY (Braunschweiler & Ernst, 1983ata were collected on
first exposed to nitrogen bubbling for 5 min, then a small amountmetHb with TPPI quadrature detection in the indirect dimension
of solid sodium dithionite was added to convert all metHb to the(Drobny et al., 1979 For each of these, 512 increments were used
reduced form. An excess of dithionite was immediately confirmedand the recycling time was 1 s. Other parameters were: NOESY,
by UV absorbance at 390 nm. Filtered air was bubbled through thenixing time of 100 and 50 ms; TOCSY, mixing time of 45 ms with
solution for 1 min, after which the spectrum was recorded. Air wasDIPSI-2 schemgShaka et al., 1988and a power of 8.4 kHz.
bubbled through the sample for an additional minute and the specSpectral width in the directD1) dimension was 24,038 Hz col-
trum was again recorded. No residual dithionite was left in solu-lected over 2,048 complex points. Spectral width in the indirect
tion. To produce the carbon monoxide adduct, pure CO gas wadimension(D2) was either 24,038 or 13,514 Hz. Felidolecular
passed through the reduced solution for 10 min prior to recordingsimulations Inc., San Diego, Californiaas used for Fourier trans-
the spectrum. In a second procedure, the metHb solution was saiermation of the data. Squared sine-bell windows shifted by 45
urated with CO before the reduction step. (direct dimensiopand 60 (indirect dimensiohwere applied to the
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NOESY data before transformation into a 2,048,048 real ma- binding kinetics of a recombinant protein synthesizedgtherichia coli

trix. The MCOSY data were redundant with the DQF-COSY and _ Plant Physiol 1151259-1266.
d indicati h lati Q b Aue WP, Bartholdi E, Ernst RR. 1976. Two-dimensional spectroscopy. Appli-
TOCSY data, an indication that cross correlation effects between 440 to nuclear magnetic resonandeChem Phys 62229-2246.

1H—'H dipolar and*H-Fe Curie relaxatioiQin et al., 1998are  Becker M, Schafer G. 1991. Purification and spectral characterization of a
not interfering in this small low-spin protein. NOESY mixing times ~ b-type cytochrome from the plasma membrane of the archaebact8tilim

; ; : PR folobus acidocaldariusFEBS Lett 291331-335.
were set at 100 ms to emphasize the diamagnetic ConneCtlvmeéraunschweiler L, Ernst RR. 1983. Coherence transfer by isotropic mixing:

and at 50 ms to verify the specificity of the effects involving the  application to proton correlation spectroscogyMagn Reson 5521-528.
protons influenced by paramagnetism. None of the effects dis€avanagh J, Fairbrother WJ, Palmer AGI, Skelton NJ. 1986tein NMR

cussed here appeared relayed. Complete analysis including mixingoISF’eC”OSCOpy- Principles and practicgan Diego: Academic Press.

. d d . K e ST, Brosch R, Parkhill J, Garnier T, Churcher C, Harris D, Gordon SV,
time dependence as necessary in paramagnetic systemgar Eiglmeier K, Gas S, Barry CE III, et al. 1998. Deciphering the biology of

et al., 2000 is in progress. Mycobacterium tuberculosiom the complete genome sequenhiature
The temperature dependence of the chemical shift was studied 393537-544.

between 283 and 304 K by collecting data every 3 K. The probeCouture M, Chamberlgnd H, St-Pierre B, Lafon.taln_e J, Guertin M. 1994. Nu-
clear genes encoding chloroplast hemoglobins in the unicellular green alga

temperature was calibrated by using either ethylene glycol or meth-  chjamydomonas eugametddol Gen Genet 24385-197.
anol and the equations given in Cavanagh et1#896. Chemical  Couture M, Das TK, Lee HC, Peisach J, Rousseau DL, Wittenberg BA, Wit-

shifts were referenced indirectly to DSS through the shift of the tenberg JB, Guertin M. 1999&hlamydomonashloroplast ferrous hemo-
. . . globin. Heme pocket structure and reactions with ligand®iol Chem
water line whose temperature dependenceli4.9 ppbK (Wishart 574:6898—6910.
et al., 1995. Couture M, Guertin M. 1996. Purification and spectroscopic characterization of
NonselectiveT; relaxation times were obtained with an inver- a recombinant chloroplastic hemoglobin from the green unicellular alga

: ; ; Chlamydomonas eugametdur J Biochem 24279-787.
sion recovery sequence, presaturation of the water line, and éouture M, Yeh SR, Wittenberg BA, Wittenberg JB, Ouellet Y, Rousseau DL,

recycle f[ime of 3.5 s on a 309M heme sample. A minimum of 18 Guertin M. 1999b. A cooperative oxygen-binding hemoglobin fidyco-
data points was collected throughout the recovery. The data were bacterium tuberculosisProc Natl Acad Sci USA 961223-11228.

analyzed with a three-parameter fit accounting for incomplete in-Pas TK, Couture M, Lee HC, Peisach J, Rousseau DL, Wittenberg BA, Wit-

version of the sianal at zero recovery time. If the relaxation of tenberg JB, Guertin M. 1999a. Identification of the ligands to the ferric
g y ' heme ofChlamydomonashloroplast hemoglobin: Evidence for ligation of
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(T1;) tis proportional td R _ge) ~6, whereR _gcis the distance to  Das TK, Lee HC, Duff SM, Hill RD, Peisach J, Rousseau DL, Wittenberg BA,

the iron. An estimate dR _r. can be obtained by comparing tfig \évri}t;i?bg%'gﬁigig' The heme environment in barley hemogldiBmol

value of the proton to that of a methyl group endowed with a smallye pyve c. 1948. A spectrophotometric method for the simultaneous determi-
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