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ABSTRACT. The product of the cyanobacteriuBynechocystisp. PCC 6803 gene slr2097 is a 123 amino
acid polypeptide chain belonging to the truncated hemoglobin family. Recombinant, ferric heme-
reconstitutedSynechocystisp. PCC 6803 hemoglobin is a low-spin complex whose endogenous
hexacoordination gives rise to optical and NMR characteristics reminiscent of cytochgd®eott, N.

L., and Lecomte, J. T. J. (200@rotein Sci. 9587-597]. In this work, the sequential assignments using

15N —13C-labeled proteintH nuclear Overhauser effects, and longitudinal relaxation data identified His70
as the proximal histidine and His46 as the sixth ligand to the iron ion. It was also found that one of two
possible heme orientations within the protein matrix is highly preferre2D@6) and that this orientation

is the same as in vertebrate myoglobins. The rate constant for tferd@@ion of the heme within a
protein cage to produce the favored isomer was 05alh 25°C, approximately 35 times faster than in
sperm whale myoglobin. Variable temperature studies revealed an activation energyto#1&Pmol =,

similar to the value in metaquomyoglobin at the same pH. The rate constant for heme loss from the major
isomer was estimated to be 0.01'lby optical spectroscopy, close to the value for myoglobin and decades
slower than in the relateldostoc communeyanoglobin. The slow heme loss was attributed in part to the
additional coordination bond to His46, whereas the relatively fast rate of heme reorientation suggested
that this bond was weaker than the proximal HisF@ bond. The standard reduction potential of the
hexacoordinated protein was measured with and without pdygine as a mediator and found to be
~—150 mV vs SHE, indicating a stabilization of the ferric state compared to most hemoglobitg and
cytochromes.

Among recently discovered representatives of invertebrate can perform various roles including the scavenging of oxygen
globins are several proteins with a sequence abbreviated by(4), its delivery §), its sensing §), and the processing of
3040 residues. These “truncated hemoglobins” (trHb’s) NO (7). Extensive characterization of wild-type and artifi-
are found in the eukaryotic genef@hlamydomonagl), cially modified vertebrate globins has revealed robust trends
Tetrahymend?2), andParamecium(3) and in an increasing in the relationships between structure and reacti8ty10).
number of bacteria. As a group, trHb’s vary considerably in However, the differences between truncated and full-length
primary structure (Figure 1), some displaying pairwise amino sequences are too many for these vertebrate trends to apply,
acid identity below 30%. The function of most of these and the subset of trHb’s requires its own systematic studies
proteins is not entirely understood, but it appears that they to expose functional determinants.

The X-ray structures of the eukaryotichlamydomonas
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MYCOBACTERI: =-------- MGLLSRLRKREPISIYDKIGGHEAIEVVVEDFYVRVLA-DDQLSAFFS-—---—-——————-—-— GTNMSRLKGKQVEFF

EEEEE FFFFFFFFF GGGGGGGGGGGGGEGGGEE HHHHHHHHHHHHHHHHHHHHHHHHHH

11112 123456789 1234567891111111111 12345678911111111112222222

67890 0123456789 01234567890123456
MYOGLOBIN : GAILKKKGHHEAELKPLAQSHATKH---KIPIKYLEFISEAIIHVLHSRHPGDFGADAQGAMNKALELFRKDIAAKYKELGYQG

6 7 8 9 10 11 12
0 0 0 0 0 0 0
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TETRAHYMENA: TMLLGGPNH--YKGKNMTEAHKGMN----LONLHFDAITENLAATLKEL--GVIDAVINEAAKVIEHTRKDMLGK-—-~--=---~
CHLAMYDOMON: AYALGGASE--WKGKDMRTAHKDLV--PHLSDVHFQAVARHLSDTLTEL--GVPPEDITDAMAVVASTRTEVLNMPQQ---—~~
PARAMECIUM : CAALGGPNA--WTGRNLKEVHANMG--~~VSNAQFTTVIGHLRSALTGA--GVAAALVEQTVAVAETVRGDVVTV-~=~=--~-=
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MYCOBACTERI: AAALGGPEP--YTGAPMKQVHQGRG----ITMHHFSLVAGHLADALTAA--GVPSETITEILGVIAPLAVDVTSGESTTAPV--

Ficure 1: Primary structure of the globin frofBynechocystisp. PCC 6803 (SYNECHOCYST; gene sIr209hN) compared to other
truncated hemoglobins: TETRAHYMENA, myoglobin (hemoglobin) fraratrahymena pyriformjsCHLAMYDOMON, globin L1637
(genelLl637) from C. eugametgsPARAMECIUM, myoglobin (hemoglobin) fronP. caudatumNOSTOCCOMMU, cyanoglobin fron.
commundJTEX 584 (gengylbN); MYCOBACTERI, hypothetical 14.5 kDa protein cy48.23 (gene mtcy48g#3aN) from Mycobacterium
tuberculosis The first sequence (MYOGLOBIN) is that of sperm whalkhyseter catodgnmyoglobin. The top lines indicate helix
denominations in this protein. The numbers aboveSiieechocystisp. PCC 6803 sequence indicate every 10 residues in that structure.
The initial Met is cleaved from the expressed protein. The proximal histidine (F8) is in bold face in all sequences.

Here, the characterization of trHb from the cyanobacterium
Synechocystisp. PCC 6803 (S6803 rHb, where “r’ indicates
the recombinant origin of the protein) was pursued. In
previous work 15), it was shown that the apoprotein binds
ferric heme [Fe(lll) protoporphyrin IX] and produces a low-
spin hexacoordinated species, or hemichrome, with optical
and NMR spectra resembling those of cytochrobe a
protein in which the heme is coordinated by two histidines.
Reduction of ferric S6803 rHb with dithionite yields an Fe-
(I complex exhibiting spectral features consistent with
hexacoordination as well. The goals of the present study were
to identify the sixth ligand to the iron ion, as this information
is critical to understanding the chemical and functional
properties of the protein and to guide future in vivo
investigations. In addition, some of the consequences of
hexacoordination were investigated to begin the comparison
to other globins and cytochromes, both natural and artificial.

FIGURE 2: (A, right) The truncated hemoglobin fold observed in  MATERIALS AND METHODS
C.eugametokemoglobin in the metcyano form (1dly.pdtt). The
circle on the E helix indicates the position of residue E10. In this Materials.All chemicals were purchased from Sigma (St.
protein, the side chain points upward and away from the iron ion. Louis, MO) and enzymes from Promega Corp. (Madison,
(B, left) The heme structure with Fischer nomenclature is shown WI), except where otherwise indicated
to the left of the ribbon. ! . ) e
S6803 rHb The apoprotein was prepared by a modification
Presumably, some of these help to maintain the heme in itsof the published protocollf) to utilize the protein packed
site and reshape the cavity to protect the prosthetic groupin inclusion bodies (see Supporting Information). The yield
from excessive water access. In contrast to the full-length was 35-40 mg of pure apoprotein/L of growth medium. This
globins, trHb’s share a tendency to coordinate the iron atom protein had the same properties as that obtained from the
with two, rather than one, protein ligands2(-14). One of soluble fraction. Uniformly labeled apoproteiiN and>N—
these is the “proximal” histidine as in other globins; the C)was similarly purified from cells grown in modified M-9
second has been identified @ eugametoas Tyr B10 6). medium containing®NH,Cl and [-*C]glucose (Isotec, Mi-
However, variants of trHb’'s are capable of recruiting amisburg, OH) as appropriate. The ferric form of S6803 rHb
alternative residues for coordinatiob4f, and this behavior ~ was prepared by reconstitution as previously reporié&l (
suggests that conformational rearrangement of the heme sitdf necessary, the holoprotein was dialyzed against ¢@ H
is facile in these proteins. to remove buffer, and the protein was lyophilized for long-
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term storage. Lyophilization did not alter the spectroscopic
or thermodynamic properties of the protein.

Apoprotein Extinction CoefficieniThe extinction coef-
ficient of apoHb was determined at pH 8.0 by the method
of Gill and von Hippel (6). The extinction coefficient at
278 nm was calculated to be 7.36 mMem* for the folded
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(University of Texas, Galveston, TX) to obtain the apparent
midpoint of the transitionT,) according to the van’t Hoff
equation adapted for the dependence of the fully folded and
fully unfolded signals on temperatur2d).

NMR SpectroscopySamples of oxidized reconstituted
recombinant S6803 rHb ranged in concentration from 0.6

apoprotein on the basis of a compositional value of 7.00 to 2 mM in buffer as specified. The pH was adjusted using

mM~1 cm for the unfolded protein.
Heme:Protein Stoichiometrylhe number of heme mol-

HCI or NaOH. The'H spectra were referenced to the water
resonance at 4.76 ppr&C signals and®N signals were

ecules incorporated in each molecule of S6803 apoHb wasreferenced indirectly to the proton frequen@d;

obtained by the method of Antonini and Brunofi7f. A
break in the titration curve occurred within experimental error
of equivalence and confirmed the 1:1 stoichiometry of the
reconstituted material (Figure S1, Supporting Information).
Holoprotein Sample PurityFreshly reconstituted ferric
S6803 rHb had a mass consistent with expectatib&sand
yielded reproducible NMR spectra. After days to weeks in

NMR data were acquired on a Bruker DRX-600 spec-
trometer (14.1 T, operating at % frequency of 600.13
MHz). Homonuclear experiments (2QF-COSY, TOCSY, and
NOESY) were carried out as reported elsewhégs.(Triple
resonance 3D experiments were performed dfCa-15N-
labeled sample (20 mM phosphate, pH 7.5) with the
following parameters for dimensionsg t,, andts, respec-

solution, some of the samples underwent an apparentlytively, with the asterisk indicating the number of complex

irreversible modification altering the chemical shift of heme

data points: HCCH-TOCSY and COSYH, 4808 Hz, 64*;

and protein resonances. This transformation was accompa#3C, 11468 Hz, 40*;'H, 4808 Hz, 512*) 2); H—'C

nied by minor changes in the optical spectrum. The trans-

HSQC-NOESY {H, 8013 Hz, 64*;1°C, 11468 Hz, 32*H,

formed protein was subjected to the hemochromogen assay8013 Hz, 512*) 23); HNCA (**N, 2222 Hz, 44*13C, 5000

(18) with results identical to those obtained with the freshly

Hz, 48*; H, 8013 Hz, 512*) 24, 25, and CBCA(CO)NH

prepared holoprotein. However, the heme remained tightly (*3C, 8929 Hz, 60* N, 2222, 24*;'H, 8013, 512*) 26).

associated with the protein matrix both at low pH and through
the procedure for MALDI analysis. In view of this occasional
conversion to a different low-spin species, all holoprotein
samples were subjected to an NMR control before use.
Isoelectric Point DeterminationThe d of apo and holo

In addition,'H—°N TOCSY-HSQC andH—'N NOESY-
HSQC data (modified from ref7) were collected on a
uniformly >N-labeled sample. Parameters were as follows:
5N, 2554 Hz, 128**H, 13020 Hz, 2048*. In all of these
experiments, quadrature detection in the indirect dimensions

S6803 rHb was experimentally determined by use of the was achieved using the TPPStates method2@), and a
Pharmacia Phast System with precast Phast IEF 4-6.5 gelsSWATERGATE solvent suppression scheme was ugsj (

according to the manufacturer’s instructions (Amersham

Pharmacia Biotech, Inc., Piscataway, NJ) and with compari-

30).
Data sets were processed using FELIX 97.0 (Molecular

son to IEF protein standards (Sigma). The measured apo-Simulations Inc., San Diego, CA). In general, the FID along

protein @ was 4.9, close to the theoretical value of 5.2
calculated from the primary structure with Proteomics tools
of EXPASy molecular biology server. Thé pf the ferric
holoprotein was 4.4. The soluble domain of rat hepatic
cytochromebs in the oxidized state and in the apoprotein
state (prepared as described in &) exhibited a similar
difference. All S6803 Hb NMR data were collected at pH
values above thelp

Circular Dichroism.Apoprotein CD spectra were collected
at 25°C from 190 to 300 nm on an Aviv Model 62 DS
circular dichroism spectropolarimeter. The concentration of
the samples was 20M protein in 20 mM phosphate buffer
(pH 7.2). Raw data were collected Wib s averaging and
corrected for buffer contribution. The molar residual ellip-
ticity (MRE in mdeg cr¥/dmol) was calculated as previously
reported 15). The holoprotein CD spectrum was collected
in the Soret region from 360 to 460 nm on two samples (65
and 75uM) with remaining parameters as above.

Holoprotein Thermal DenaturationAbsorbance spectra
were collected on an Aviv Model 14D spectrophotometer
with Pelletier device for rapid temperature adjustment.
Typically, a holoprotein solution of 5.&M in 20 mM
phosphate buffer (pH 7.2) was heated from 5 to°89in 2

the direct dimension was convoluted with a low-order
polynomial to remove the residual water signal before
filtering with a sine-squared window function phase-shifted
by 40-60°. Along the indirect dimensions, the interferograms
were extended by linear prediction before apodizing with a
sine-squared window function phase-shifted by—60°.
Final data set sizes were typically 512024 x 64—128 x

128 real data points.

IH WEFT spectra 1) were collected irPH,O over a
spectral width of 24510 Hz and 4096 data points (acquisition
time of 84 ms) 82). After a 3 msrelaxation delay, a
composite 18Dpulse was applied for nonselective inversion.
This pulse was followed by an adjustable recovery period.
'H WEFT NOE data were obtained in 95%,0/5% ?H,0
over the same spectral width and number of data points as
above. In this case, the relaxation delay was 100 ms. A single
18C° pulse was applied and followed by a recovery period
of 300 ms. During the last 30 ms of this period, a low-power
rf pulse was applied either to the resonance of interest or to
a reference position. The water signal was suppressed with
low-power presaturation during the relaxation delay and the
WEFT delay. To obtain the data shown in Figure 7, a total
of 18432 transients were collected in blocks of 1024. For

°C steps, and spectra were collected between 260 and 44(@rocessing, the water line was minimized with a convolution

nm after an equilibration period of 3 min. Reversibility was
inspected by refolding the protein from 75 t8G, collecting

spectra at 5C intervals. The absorbance at 410 nm was
plotted as a function of temperature and fitted using NFIT

difference filter; an exponential line broadening of 50 Hz
was applied prior to transformatiotd WEFT NOESY data

were collected on this sample with 1024 complex points in
the direct dimension and 512 real points in the indirect
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dimension and TPPI quadrature detection. The relaxation
time was 50 ms, the WEFT delay 250 ms, and the mixing
time 30 ms. A total of 256 transients were accumulated for
each time increment. Data processing included a convolution(37) where m is the minor isomer (least populated at equi-
difference removal of the water line, square cosine bell librium), M is the major isomer (most populated at equilib-
multiplication, and zero filling to a 2048 2048 real matrix. ~ fium), andk: andk, are forward and backward unimolecular
The nonselectivel; of C-bound protons was measured rate constants, respec_tlvely. Hem_e tr_ansfer experiments (see
by standard inversion recovery methods. The nonselectiveP€low) indicate tha; minor and major ISomers undergo heme
T, of N-bound protons was determined using a fast HSQC 0SS that can contribute to the equilibration
sequence3d). Inversion of theH amide region was achieved Ky
with a 3-9-19 pulse trainT; values were obtained by mﬁappo+ heme (1b)
measuring cross-peak height as a function of recovery time ?
and fitting with a single exponential decay. An estimate of
the efficiency of the inversion was obtained by comparing
the extrapolated zero time intensity to the fully relaxed o ) o )
intensity. WATERGATE!H—15N HSQC experiments with ~ The initial rate of heme insertion into the apoprotein was
and without saturation at the water frequency were carried Modeled with two irreversible reactions
out to determine the saturation factor of the resonances whose

ki
m<= M (1a)

k.M
— apoHb+ heme (1c)
kM

‘M
Ty was of interest to this work. Saturation of the water line apoHb-+ hemeK—» M (d)
and underlying resonances led to a reduction of intensity of km
less than 10% for His46 and His70 peptide NH’s and ring apoHb+ hemé—m (1e)
NOH’s.

accounting for the slow formation of M and m upon mixing.
This scheme distinguished competent ferric heme as in eqs
1b and 1c from a slowly inserting ferric heme species
(heme).

The rate of equilibration was determined by integrating
resolved peaks representative of each isomer. The peak area
was then assigned a time value coinciding with the center
of the time interval during which the transients for that data
point were acquired. The programs KinSim and KinBi,(

39) were used to fit simultaneously the decay of m and the
buildup of M. At 25°C, the bimolecular rate constarks"
and k' were fixed to 1x 10° M~ st (40), andk™ and
ki™ were set to a value consistent with the rate constant of
heme loss determined optically (see beldg! = kqy in eq
2a) and according to microscopic reversibility (see Discus-

NonselectiveT; values were translated into proton-to-iron
distancesR-ro) by scaling with theT; value of a hypothetical
heme methyl group Rue-re ~ 6.2 A) experiencing no
contribution from delocalized spin densit§4). To estimate
this T; value, 1T, for the 5-, 1-, and 8-Cki(Table 3 and ref
15) were plotted versusibps — ddia — Odip), Wheredops is
the chemical shift of the methyl grougi, is the diamagnetic
shift (assumed to be-3.5 ppm;35), anddg, represents the
axial dipolar shift due to the magnetic anisotrafy.x (34).

In the absence of Ayax estimate dqp, was set to zero and a
referencerl; ye of 270 ms was obtained and used; inclusion
of a dqip term of —3 ppm (a representative contribution for
sperm whale metMbCN35) raised this value to 300 ms.
Approximate distances in angstroms were calculated with

. 1/6 — R. i i i
(Teid/Tome R_r/6.2. For axial residues, these distances sion, k™ ~ (kike)ki). The rate constants™, k™., k, andk,

are _I'ke!y to be slightly un.deres.umateaa). were optimized by the fit. The activation energy of the
Kinetics of Heme Reorientation by NMR Spectroscopy. intramolecular reaction in the forward direction was deter-
NMR samples were prepared by dissolving lyophilized mined by applying the Arrhenius equationkn= In A —
apoprotein in 20 mM phosphate bufferfBi pH 7.2) to a  E/RT, whereA is the preexponential factdg,, the activation
concentratlon_of 1 mM. Hemin was dissolved in cold 0.1 M energyR the gas constant, afd the temperature in kelvin.
NaOH and stirred at 4C in the dark for at least 30 min. Heme Release from Oxidized S6803 rHibe kinetics of

The appropriate amount of hematin solution (1 equiV/LY)  heme release to equine apomyoglobin were followed by
was added to the apoprotein solution contained in the NMR N\MR and  optical spectroscopy at 2%C. The optical
tube and mixed rapidly before insertion in the magnet, with procedure was as reported previoudig)with a S6803 rHb
the probe and bore tube preequilibrated at the desiredconcentration of 6%M (all holoprotein concentrations are
temperature, calibrated with ethylene glycol or metha®@l.(  reported on a per heme basis) and a 3-fold excess of
The experiments were performed at 5, 15, 25, 30, and 35apomyoglobin in 20 mM potassium phosphate at pH 7.2.
C. The reaction at 3C was too slow for determination of  The absorbance at 634 nm, containing a negligible contribu-
an accurate rate constant. To confirm heme disorder, a samplgjon from S6803 rHb, was measured as a function of time.
was reconstituted with 2,4-dimethyldeuteroporphyrin IX 1o obtain estimates for the rate of loss, the data were
(Porphyrin Products, Logan, UT) and monitored at°Z5 simulated and fitted with the programs KinSim and KinFit
'H NMR spectra were recorded over a spectral width of (38, 39) using a mechanism including the following steps:
24 kHz. The water signal was suppressed with low-power
irradiation for 1.2 s. The number of transients and the time Hb == apoHb+ heme (2a)
delay between each time point were adjusted in order to k

obtain reliable target peak intensities. Data were processed K

with 25 Hz exponential broadening using the Bruker software Hb' — apoHb+ heme (2b)

XWINNMR. Mb+ h k Mb 5
Heme reorientation can be represented as apo em k" (2c)
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In these equations, Hb represents the fraction of S6803 rHb A41 K42 Q43 R44 A5 H46 Q47 K48 A49 F50 L51

that loses the heme slowly, and Hithat which loses it L , ﬂ
rapidly and irreversibly. The optical method does not resolve | . ' é R ) . g
the M and m isomers, and the nature of Hb and eéfnnot , N N o -
be determined from these data. The apparent bimolecular|.ep®-P-«# e | 1| e-ite | 0O F K
rate constant for heme insertion into an apoprotkinyas AR Y LIRS I I o S I R T~ - )
set to 1x 10° M~1 s (40) and the rate constant for heme | ®. i i i ! -0 o
loss by Mb,kq", to 1.7 x 1075 s7 (41). The relative signal " ge ) ‘g
amplitude from S6803 rHb and S6803 rHind the first- > N Co N

120.7 [120.4 | 122.4 |119.6 | 120.4 [ 123.0 | 124.1 |121.6 | 125.6 | 119.3 | 119.6 N (ppm)

order rate constantg; andky were optimized. The results
were insensitive to variations &§" within a range consistent
with experimental error42). The model given by eqgs 2 does 'H (ppm)

not require contact between the donor and acceptor proteind-IGurRe 3: Sections of an HNCA experiment collected on uniformly
(43) and assumes that Hb and Hio not interconvert on :r’;'d_;?'r'ﬁ,ae'ehdofsem';tgﬁ_‘??‘i rﬂgé@%ﬁ?ﬁﬁﬁ?@ggg&h@

the time scale of the heme release.‘ Fur'ther complexity Wassequential co%necpt)ivities are sFr)wwn frompresidue Ala41 to residue
added to the mechanism by taking into account heme | gy51. The!SN frequency of each panel is indicated at the bottom.
orientational disorder (eqs 1b and 1c and text). Moderate Alanines at positions 41, 45, and 49 facilitated unambiguous
changes to the fitted constants followed. The numbers in the assignment through their characteristjé €hift. The Gx resonance

T T T T T T ' [l B T B
87 83 95 91 89 107 105 97 92 95 88

text are estimates based on the simulations. of His46 occurs at-80.1 ppm and is folded in at47 ppm.
The NMR procedure used anl mM solution of oxidized —1-
holo S6803 rHb to which was added a 3-fold molar excess W@ §
of freshly prepared equine apomyoglob##). Final condi- @' 0 ! [
tions were 10 mM Tris and pH 6.9. The heme transfer ! ' B
reaction was monitored by collecting 1D NMR spectra at 47H @@ @ - o £
regular time intervals. The spectral width was set to 100 000 a6H T - t e ;Q
Hz in order to observe S6803 rHb and the metaquoMb 46[‘l 7op* B pop T
signals. Data were processed with 25 Hz exponential line ' b 7oH ' L
broadening. The intensity of resolved heme signals from Q‘ ‘.@b B+ o
S6803 rHb was followed as a function of time, and the =
profiles were analyzed as above. o 100 | e0
ElectrochemistryHoloprotein was diluted to a concentra- 1H (ppm)

tion of approximately 10Q«M in thoroughly degassed 50  Figure4: Plane of tha*C-separated NOESY collected on the same
mM Tris, pH 8.0, or 100 mM sodium phosphate, pH 7.1, at sample. The data are located at@ frequency of 25.1 ppm and

room temperature. Polydysine was tested for its ability to ~ contain the connectivities for theff both His46 and His70.
promote electron transfer at the electrode surface at concen-

trations ranging from 0.1 to 0.8 mM in 0.1 or 0.2 mm Structure of the relateC. eugametosand P. caudatum
increments in the phosphate buffer. The reduction potential "éMoglobins 11), His70 serves as the proximal histidine in
was measured directly by Osteryoung square-wave voltam-S6803 rHb. The d'St,aI_ !'Qa”d in the he_mlchromg CC_’UId be
metry (OSWV:45) on a BAS 100B electrochemical analyzer ©N€ of several possibilities among lysine, methionine, ty-

(Bioanalytical Systems, West Lafayette, IN) utilizing a BAS ro:_;ine, or hi_s_tidine, as each of these_is found _at pptentially
cell stand C3 equipped with a glassy carbon working suitable positions. Recent mutagenesis studiésiplicate

electrode, a platinum auxiliary electrode, and a silver/silver th€ histidine at position E10. To identify the protein ligands

chloride reference electrode filled WwiB M NaCl (Bioana- '

in the wild-type protein, apo S6803 rHb was uniformly
lytical Systems). The working electrode required polishing 'aPeled with®®N and **C for triple resonance NMR experi-
with wet alumina, flanked by consecutive dd® and

ments. With a combination of heteronuclear and homonuclear
methanol rinses, immediately before each measurementdatd, nearly complete assignments were achieved (C. J.
Following a 2 sequilibration delay at initial conditions,

Falzone et al., unpublished results). Relevant to this study
reduction potentials were collected over a rangetdD0 is the portion of HNCA data extending from Ala41 to Leu51

mV up to —1100 mV (versus Ag/AgCl reference) at a (in the E helix, Figure 1). This portion is shown in Figure 3
sensitivity of 104A/V, with a step size of 4 mV, and a to illustrate the quality of the spectra in the proximity of the

square-wave amplitude of 25 mV and frequency of 15 Hz. 10W-Spin heme iron. In this data set, the.Gignal of His46
Solutions were blanketed with nitrogen gas at all times and Was folded from its downfield-shifted position of 80.1 ppm
stirred during potential measurement. Peak potentials were!© @ apparent chemical shift of 47 ppm. Complete sequential

detected by BAS 100W software version 2.3, and resulting analysis revealed that His70_ had e §ign_al shifted to 70.7
values were corrected to yield reduction potentials versus PPM- CBCA(CO)NH data yielded [ shifts of 25.1 ppm

the standard hydrogen electrode (SHE) by adding 206 mv (His46) and 25.4 ppm (His70). HCCH and homonuclear
as supplied by the manufacturer. TOCSY and COSY data assigned the attached protons.

Figure 4 presents the 25.1 ppm carbon plane oftthe!sC

RESULTS HSQC NOESY data, which contains these signals and some
of their NOEs.
Identification of the Axial Ligands to the Iron Atom Within a few angstroms of the iron ion, the nonselective

According to sequence alignments (Figure 1) and the protonT; parameters are dominated by dipolar paramagnetic
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Table 1: Chemical Shift andl; Values for His46 and His70 in 2
Ferric S6803 rHb

residue nucleus o (ppmy T1 (msyp

His46 NH 10.67 260 -
CaH 7.70
CBH 10.82 90
CpH' 9.20 110 o
NOH 13.2 45 s
CeH -11.6 3.7 £
N 123.0 2
No 131.0 o T
Ca 80.1 o
cp 25.9

His70 NH 9.90 170
CaH 6.75 Sr'
CpH 9.72 140 -
CpH' 8.92 230
NoH 15.0 38
N 113.0 140 120 100 80 6.0
No 136.0
Co 70.7 'H (ppm)
Cs 25.4 FicUre 5: Portion of alH WEFT-NOESY experiment collected

aMeasured in 95% bO/ 5%2H,0, pH 6.9-7.5, at 25°C. ® Measured on ferric S6803 rHb in 95%H,0/5% 2H,0, pH 7.8, and 10 mM
either in 95% HO/5%2H,0, pH 7.2, at 25C with a modified HSQC Tris. The probe temperature was 35. The mixing time was 30
experiment or in 99%H.0 by inversion recovery. In all cases, only ~ Ms (see Materials and Methods for experimental details). The figure
points within the first 100 ms of recovery were used. emphasizes the NOEs of the exchangeable nitrogen-bound protons
at 15 ppm (c) and 13 ppm (e). Resonance c displays NOEs to 9.67
ppm (cl) and 9.35 ppm (c2). These signals are assigned to the NH
contributions and depend oRS, whereR is the H-Fe and the low-field GH of His-70, respectively. Resonance e displays

distance 82, 34). An estimate of R can be obtained by NOE to 8.8 ppm (el) assigned to the high-fielBHCof His46.
comparingT; values to a suitable reference. Theparam- The sets of NOE and th&, values (see text) support assignment

. - . of ¢ to the ring NH of His70 and e to the ring 8H of His46.
eters of the shiftegs protons of His46 and His70, when  xi55 marked are cross-peaks from His46: h1, His46 NH G

compared to that of a heme methyl group, indicated distancesg1, His46 @H to CBH'; h2, His46 NH to His46 @H; g2, His-46
to the paramagnetic center between 5 and 6 A. ChemicalCSH to His46 GuH.

shifts andT; values are listed in Table 1.

In addition to the backbone NH and side-chain\irbss-
peaks, the'H—'N HSQC spectrum of ferric S6803 rHb
(Figure S2, Supplementary Information) contained two side-
chain outliers atH—5N chemical shifts of 15 ppm (labeled
with ¢ in ref 15) and 136 ppm and of 13.2 ppm (labeled
with €) and 131 ppm. Th&; values for these were40 ms
(Table 1) and suggested a distance~ef.5 A to the iron.
WEFT-NOESY data (Figure 5) revealed that the proton
responsible for signal ¢ was in dipolar contact with one of
the @3H's of His70 whereas the proton giving rise to signal
e was close to one of the fBlI's of His46. As the
paramagnetic relaxation is expected to limit detectable NOEs 1

to short-range intraresidue effects, ¢ was assigned todke N . ]
of His70 and e to the BH of His46. FicUrRe 6: RepresentativiH WEFT NMR spectrum of ferric S6803

Axial coordination of an imidazole ring through thesN ;T%ﬁ't ?920 vl\élilt—:]z.z'gh%&ro_lt_creig (%gwp?g&egxsgga% wggg
atom brings @H and GH within 3.2-3.5 A of the iron. The recovery delay following inversion was 60 ms, and the

As a result, in paramagnetic species bothHCand GH recycling rate was~7 s™1. The time-domain data were subjected

exhibit shortT;’s and broad resonances. In favorable cases, t0 @ line broadening of 20 Hz prior to transformation. With this set

: ; parameters, several signals have experienced partial recovery
these resonances are detected by suppressing the signals Qlf]d give rise to positive intensity. The shaded peaks m (11.7 ppm),

other protons with accelerated recycling time following an " (574" ppm), o 1.7 ppm), and z £10.8 ppm) have relaxed
inversion recovery schem&%; WEFT spectrum) as shown  completely; their line width and shcfi identify them as belonging
in Figure 6. In thiH,O spectrum, several nonexchangeable to the axial residues.

signals are emphasized, among which m, n, o, and z have a

line width in excess of 300 Hz. Proton z was found to have CoH of His46 and the other two from thed€l and GH of
aT; of ~4 ms at 25°C (15), and although th&; of protons His70.

m, n, and o could not be determined directly, variable delay In support of the bishistidyl ligation of the heme in the
WEFT experiments indicated values similar to that of z. To ferric state of S6803 rHb, the chemical shifts ane-fFé
identify z, 1D NOE difference data were collected with a distances of the axial histidines in the ferric form of
WEFT sequence. A single effect was obtained to peak e cytochromebs (47, 48) and cytochrome (49) are consistent
(Figure 7), which implied that z is the ringeBl of His46. with the values for His70 and His46 listed in Table 1.
Thus, of m, n, and o, one signal is likely to arise from the Furthermore, no other candidate, for example, Tyr22 (B10)

i T T T T T T T
20 15 10 5 0 -5 -0 ppm
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Ficure 9: Downfield region of the 600 MH2H NMR spectrum
of freshly reconstituted oxidized S6803 rHb (pH 7.2, 20 mM

phosphate buffer, 30C). Peaks M and m arise from two different

16.0 8.0 00 8.0 heme orientational isomers, related by a ?L8@tation about the

I
24.0

o—y meso axis.
1H (ppm) 4
Ficure 7: H NOE data collected on the same sample as used for 1.2
Figure 5. The top spectrum was acquired with water saturation and Joro Do 0 S °
a recycling rate of~0.6 s1. The bottom trace represents a 101¢

difference spectrum obtained in a WEFT-NOE experiment where
the shifted peak z at10.6 ppm was irradiated. The strong signal
at 3.6 ppm arises from the Tris buffer. A single NOE is obtained
to peak e at 13 ppm. This identifies z as theHOof His46.
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2 Ficure 10: Time course of the integrated area of Figure 9 peaks
E -10 - M (O), m (&), and their sum@) at 15°C. The lines through the
@ data points are the results of fits to the mechanism described by eq
2 -15 1 la—e.
x
® 201 changed with time, the first set of resonances (represented
-25 by heme methyl peak M) gaining intensity at the expense of

200 220 o 240 the second set (represented by heme methyl peak m). Set M
corresponds to the hemichrome spectrum reported previously

Ficure 8: Changes in the far-UV circular dichroism spectrum of ; P
S6803 rHb induced by heme binding at pH 7.2 (20 mM phosphate) (15). Spectral changes such as those depicted in Figure 9

and 25°C. Apoprotein ©) and holoprotein4) samples were-20 are typical of heme reorientation following heme addition
uM protein or heme. The increase in molar residual ellipticity to apob heme proteins. The reorientation is, to a good
indicates that heme binding contributes an addition0% to the approximation, a reversible rotation of the prosthetic group
helical content of the protein. by 180 about its a—y meso axis %0). Accordingly,

, ) , reconstitution with 2,4-dimethyldeuteroporphyrin 1X, which
and Met40 (E4), displayed shifts and relaxation parameters;q symmetrical with respect to the—y meso axis, yielded
indicative of ligation to the iron. To begin the analysis of time-independent spectra (not shown).
the consequences of bishistidyl coordination and the com- 114 integrated areas of M and m were fitted to a kinetic
parison of S6803 rHb to its truncated and full-length relatives, 1, qel including irreversible and reversible heme insertion
several aspects of the interactions between heme and proteigteps to produce each of the two isomers as well as their
matrix were characterized at neutral pH. equilibration through an intramolecular step (egs 1). Sample

Conformational Changes Following Heme Insertidie data are shown at 1% in Figure 10. At this temperature,
'H NMR spectrum of apo S6803 rHb at 1 mM concentration the slow production of the holoprotein manifested in a rise
and neutral pH was broad and exhibited little chemical shift of the sum of peaks M and m during the early stages of
dispersion (data not shown). Under these experimentalequilibration. This was attributed in part to the disaggregation
conditions, the polypeptide chain did not appear to adopt of hematin 61), but a simple heme dimer disruption step
extensive tertiary structure. However, the far-UV CD spec- did not yield a satisfactory fit of the data, and reactions
trum shown in Figure 8 indicated the presence of helices. described by eqgs 1d and le were used instead.

Addition of hemin in a 1:1 ratio caused a near doubling of  The forward rate constants for equilibratidn ih eq 1a)
helical content, also shown in Figure 8. are listed in Table 2 and plotted as a function of inverse

The reconstitution reaction was monitored #y NMR temperature in Figure 11. An activation energy of 132
spectroscopy to confirm the identity of the product observed kJ/mol and a preexponential factor of>2 10*° st were
by optical methods. In this experiment, 1 equiv of hemin is obtained from this plot. At equilibrium, the minor form
mixed into the apoHb solution, and the proton spectrum is concentration was only a few percent and increased slightly
collected at regular time intervals following the addition. The with temperature. It was not possible to obtain a reliable
first spectrum obtained after adjustment of the pH is shown numerical value forAH® because of the large error in the
in Figure 9. It contained two sets of resonances and it reverse reaction rate constants and equilibrium constants.
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Table 2: Parameters for Heme Reorientation in Ferric S6803 rHb at Table 3: IH NMR Parameters for Heme Resonances in the

pH 7.2 Spectrum of Ferric S6803 rHb
temp (K) ki (x10*s71)2 o (ppmy assignment signal
288.2 0.26 21.27 5-methyl a
298.2 14 15.54 2e-vinyl b
303.2 3.4 15.07 1-methyl d
308.2 9.8 10.37 8-methyl j
- 9.98 3-methyl |
aError of the fit is at most 4%. 6.84 Ae-vinyl
—1.67 trans-4-f3-vinyl v
-6 —2.14 cis-4-B-vinyl w
—4.54 trans-2-6-vinyl X
7 4 —5.15 cis-2-6-vinyl y
aRefer to Figure 2B for the heme structure. In 9%860/5% 2H,0
. 8 1 at 25°C and pH 6.9 Signal label as in rel5.
£
9 0.60
0.6
———, —
-10 1 0.501 05 a
0.4
-1 T T 0.40 -
3.20 3.30 3.40 3.50 03
T-1 % 1000 (K1) 0 20 40 60 8

T(°C)

Absorbance
o
w
o
\

Ficure 11: Arrhenius plot for heme reorientation within S6803
rHb (pH 7.2). The individual rate constantg)(were obtained from
data for peak M as shown in Figure 10.

@
i
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Kinetics of Heme TransferS6803 rHb has among its 000
closest relatives the cyanoglobin frohostoc commune 260 300 340 380 420
(GIbN). This protein loses its heme group readily, but it is A(nm)

not known whether the lower affinity is a property shared Ficure 12: Optical spectrum of oxidized S6803 rHb as a function
by trHb’s in all of their complexation states. The kinetics of of temperature. The sample was %8l heme (pH 7.2, 20 mM

heme loss from the oxidized state of S6803 rHb at'@5 ~ Phosphate). The trace collected at the lowest temperatih@)(&s
indicated with “a” and that at the highest temperature°@pwith

were studied optically and by NMR Sp?CFrOSCOpy' The “b.” The inset shows the temperature dependence of the absorbance
second method has the advantage of identifying the productsat 410 nm extracted from these spectra.
whereas the first can be performed at lower concentrations.
Heme release was found to be biphasic (Figure S4, Sup-(52). This geometry is reversed comparedNocommune
porting Information). The major fraction>©0%) of the  (53) Hb andP. caudatunHb (11). In C. eugametqghe two
S6803 rHb signal disappeared with a rate constant@bd1 orientations are equally populatedlf. The origin and
h~%, whereas the remainder of the signal decayed with a rateimplications of the preference for one isomer over the other
constant of~0.5 ' NMR spectroscopy, which monitored  are unclear, but the two isomers may differ in properties such
the intensity of the S6803 rHb heme signals, also showed aas redox potential5d).
biphasic decrease, with the slow phase contributiri§% The CD signal of hemoproteins in the Soret region reflects
of the total intensity. asymmetric interactions with the residues lining the heme
Heme Orientation in S6803 rHIIThe heme group in the  pocket 65) and can be used to assess the extent of heme
low-spin state gives rise to several resolvetresonances  disorder 66). Equilibrated ferric S6803 rHb exhibited a
(15). These were assigned to specific substituents of the negative Cotton effect with a minimum at 407 nm (Figure
porphyrin ring by relying on the sole intermethyl NOE, S3, Supplementary Information) similar to that of wild-type
between the 1-CHand the 8-CH (Figure 2 inset). In the  pig and rat hepatic cytochroni® (57, 58).
WEFT-NOESY data, such an NOE was detected at 15.1 and  Thermal Stability of the Hexacoordinated Specfigure
10.4 ppm. The 15.1 ppm signal was identified as the z-CH 12 illustrates the results of a thermal denaturation experiment
through its NOEs to a vinyl side chain. Other assignments monitoring the holoprotein state by absorption spectroscopy.
were derived from this one to provide the list in Table 3. As the temperature is raised, a smooth transition takes place
With known heme and backbone signals, the ring reso- from the hemichrome spectrum to a spectrum resembling
nances of the strictly conserved phenylalanine at position that of free ferric heme. The isosbestic point supports a two-
CD1 (Phe35) could be assigned at 7.66 ppi 8.59 ppm state process by which the protein is either folded and the
(€), and 6.61 ppm{) using NOE and 2QF-COSY data. The heme in a hexacoordinate low-spin state or unfolded in the
peak at 6.61 ppm was broad and unresolved from the presence of a high-spin heme likely to be loosely and
diamagnetic envelope. In all globins of known structure, Phe nonspecifically associated with the polypeptide as observed
CD1 is located on one side of the porphyrin ring, in contact in other thermally unfoldedh hemoproteinsg9).
either with pyrroles A and B or with pyrroles C and D. In The inset of Figure 12 shows the temperature dependence
S6803 rHb, Phe35 has weak NOEs to the 5;@pirrole of the absorbance at 410 nm. The curve reflects the
D), establishing that at equilibrium the heme orientation in maintenance of the folded state up to 85; this property
its binding site is identical to that in mammalian myoglobins was confirmed by NMR data up to 48. The thermal
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unfolding of the protein at neutral pH was not completely the displacement of this ligand in a step that is thought to
reversible, and the midpoint at 7€, obtained with a van't  tune the oxygen affinity@4, 65). Conformational changes
Hoff analysis of the curve6(), is only an apparent value. are triggered by @ binding, possibly contributing in a
Apparent transition midpoints as high as’Twere obtained = mechanism for signal transductio®3j. The effects of
when the data were collected at a single wavelength to various exogenous ligands on the structure of S6803 rHb
improve the reversibility. Changes in temperature did not remain to be determined. However, when i® bound, its
trigger a rearrangement of the coordination in the folded state.rate of release appears to be slai@)( which suggests that
ElectrochemistryExperimental evidence thus far supports residues such as Tyr B10 and GIn E7 may be recruited to
that the ferrous form of S6803 rHb is also hexacoordinated stabilize the complex through the H-bond netwdsk- 68).
(15) and by the same histidine ligandé6]. The reduction Interestingly, the trHb fronf. caudatunhas an unexpectedly
potential of the Fe(lll)/Fe(ll) couple was determined in the low oxygen affinity, although it contains these two H-
hexacoordinated S6803 rHb species for comparison to otherbonding residues (Figure 1). This has been attributed to
hemoproteins. The values obtained in two consecutive conformational equilibria opening the distal side of the
OSWV scans on two separate samples of S6803 rHb sample®rotein 6) and supports variability in the dynamic properties
in Tris or sodium phosphate buffer yielded a consistent Of trHb heme pockets.
reduction potential value of150 mV &+ 4 mV vs SHE. Optical and NMR data indicated that the majority of ferric
Samples containing polylysine in the electrochemical S6803 rHb molecules lost the heme group with a rate
solution at all experimental concentrations returned a po- constant comparable to that observed in wild-type sperm
tential of —150 mV for the first scan and subsequent readings Whale myoglobin at neutral pHi2, 69) and somewhat lower
stabilized at a slightly more positive reduction potential of than thatin cytochrombs (41). The efficient heme retention

—139 mV+ 3 mV vs SHE. in ferric S6803 rHb compared td. commune&IbN is likely
to arise in part from the His46Fe bond. However, the H46A
DISCUSSION variant of S6803 rHb retains its heme grow®); which

o ) ) indicates only a moderate decrease in affinity caused by the
The elucidation of the relationship between structure and replacement. Other factors, for example differences in the
function in hemoglobins requires a complete description of sequence bordering the hemisy, are therefore likely to
the structural and dynamic features of the heme-binding site. contribute strongly to heme affinity in S6803 Hb.

In a step toward understanding the control of reactivity in A small fraction of reconstituted S6803 rHb lost the heme
trHb’s, NMR spectroscopy was applied to characterize the tagter than the major fraction discussed above. Similar
ligation scheme and the heme-binding properties of the penayior has been reported in otidiemoproteins and has

hexacoordinate hemoglobin frorBynechocystisp. PCC  haen attributed to molecules possessing a detached proximal
6803. The data demonstrated that, in the wild-type ferric pistigine @3). In the present case, the NMR control experi-
heme-reconstituted S6803 rHb, residues His F8 (His70) andent monitored resolved heme resonances from the major

His E10 (His46) coordinate the iron ion. The optical isomer of ferric S6803 rHb, and the fits of the NMR data
properties of S6803 rHb in the ferrous state are consistent,,qre improved by the inclusion of a low-amplitude fast

with retention of this hexacoordination schenis, (46). phase, as in the optical data. It is doubtful that a change in
Where the identity of the heme ligands is concerned, it can -ggrdination would be NMR silent over the paramagnetic
be concluded that S6803 rHb resembles cytochrbse region of the spectrum, and the nature of this subpopulation

When comparisons are made to other trHb’s, it is s not evident. Support for a minor hemichrome form with
noteworthy that the truncated Hb froM. communealso  subtly different geometry is provided by weak, unattributed
contains a histidine at position E161) and that this protein  cross-peaks in thtH—25N HSQC data.
does not form a hemichrome as readily as S6803 rHb. Also,  As in otherb hemoproteins, heme reorientation proceeds
in contrastC. eugametoslb is capable of an unusual lysine  via a complicated mechanism. The most economical model
E10-assisted coordination of Tyr B16)(yielding a low- representing the process calls for egs 1b and 1c to account
spin complex, but Tyr B10 does not bind the iron in S6803 for the measurable propensity of the holoprotein to release
rHb. In the X-ray structure of the metcyano complex of ferric its heme and for eq 1a as a unimolecular route within a

C. eugametosib, Lys E10 points away from the heme and protein cage 37). Microscopic reversibility applied to eqs
the relative disposition of the distal helix and prosthetic group 1a—c holds thatk;Vk,"k; = k;™k,Mko. If there is no kinetic

must be perturbed for the side chain to reach the iron. Suchdjiscrimination for heme insertion, théa™ is equal tok,",
a conformational change is plausible sinceCireugametos  and it follows thatk,"/k™ = kdk,. In S6803 rHb, the
Hb, Lys E10 becomes the distal ligand when Tyr B10 is equilibrium constant for heme disord&r= ki/k, = [M]/[m],

replaced by a leucine6]. Guertin and colleagues further was~20 at 25°C. The rate constant of heme loss from the
observed that substitution of His46 in S6803 rHb has no major isomerk,™, was~0.01 b, which impliedk;™ = 0.2

effect on the resonance Raman characteristics of boundh-1, The rate constant for intramolecular reorientatim,
carbon monoxide to the reduced hem#6)( His46 can  was estimated at 0.5"h Taking the rate constants at face
therefore move away from the exogenous ligand that value, kinetic partitioning could be estimated with simula-
displaces it. tions that suppressed either the intramolecular or the
Endogenous hexacoordination is rare in globins presum-intermolecular pathway. If heme loss alone were responsible
ably because it interferes with the binding of oxygen. The for reorientation, the rate constants indicated that after 1.4 h
nonsymbiotic hemoglobin from rice is a recently discovered (approximately 1 half-life) the minor isomer proportion
exception 62, 63) where the distal histidine (E7) ligates the would have decreased from 46% to 40%, whereas if
iron in the ferrous state. The kinetics of Ginding reflect reorientation within the protein were the only mechanism,
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25% of the minor isomer would be left. The observed value  The standard reduction potential of the iron ion in
was 21%, close to the intramolecular prediction. hemoproteins depends on numerous influences including

Three comments should be made about the kinetic simula-co0rdination schemer@, 80), exposure of the heme group
tions. First, the optical data for heme transfer could be 0 solvent 81), H-bonding status8?2) and orientation &3)
modeled with 5% of the total population losing the heme 20 ©f axial ligands, and dielectric properties of the heme pocket
times faster than the major isomer, as proposed above on(84)- The midpoint potential of S6803 rHb between pH 7
the basis of the simplest mechanism. This, in effect, resolved@"d PH 8 was measured to be-150 mV vs SHE with and
eq 2a into egs 1b and 1c. However, a separate populationVithout poly+-lysine; this value is more negative than
as described by eq 2b, remained necessary to fit the datdyPically encountered in globins aibg cytochromes$4, 85,
and to account for the biphasic trace observed by NMR 86). It is likely t.hat bishistidine coordination contributes to
spectroscopy. This, as well as the tendency of the hemichromehe low potential as proposed for V68H horse myoglobin
to produce a species with trapped heme (see Materials and83): This protein, in which His68 (E11) binds the iron, has
Methods), revealed that sample heterogeneity may interfere® Midpoint potential 0F~110 mV vs SHE, some 170 mV
with various biophysical measurements. Second, the fit of I0Wer than wild-type horse myoglobin.

the NMR data for heme reorientation was satisfactory when _1he | of S6803 rHb is below neutral, and the sequence
two distinct heme insertion rate constarktswere usedi™ alignment withC. eugametosib shows that several acidic

being~20% faster thak™. Apparent discrimination in these residues t_)order the heme cavity. These two features are
ad hoc steps could be due to a number of causes, includingSharéd with cytochromes where they are thought to
additional equilibria involving the binding of heme dimers contribute to unique electrochemical properties, including a
as observed for the insertion of tin protoporphyrin IX in midpoint potgntlal sensitive to mgdlators. Key to the unqsual
equine apomyoglobin7(). This difference in apparent rate electrochemistry of cytochroni® is also a heme group with
constants does not necessarily invalidate the assumption thaP"€ €dge exposed to solver@7). Whether S6803 rHb
kM = k™. Third, all rate constants obtained on this system exhibits S|_m|lar m(_)dulatlon of electr_ochemlcal_propertles will
were approximate because several assumptions were neceQ€ €stablished with further potential determinations.
sary to fit the data and some of the processes occurred on " Myoglobins a serine is generally found at the position

similar time scales. The most accurate parameter that couldPeceding the proximal histidine. This side chain forms an
be extracted from the experiments was the intramolecular H-bond with the proximal histidine and orients the imidazole
rate constant;. ring (88, 89), increases its imidazolate character, and

. . lecul hani fh stabilizes the oxidized state. Removal of this interaction
In' myoglobm, an !ntramo ecular mechanism ol NeMe j,creases the affinity for distal ligand8Q, 91). In S6803
reorlentqtlon (eq la)is sup_ported by the negative results ofer, both His46 and His70 are preceded by an alanine
heme displacement experiment7). The rate of heme j,ohqpie of side-chain H-bonding interactions. The moderate
reorientation in S6803 rHb at 23C is approximately 35  qphirg of the BH's of the axial histidines (Table 1) also
times faster than that reported for sperm whale Mb in the suggest that H-bonding to thedN's does not take place
metaquo form K ~ 4 x 10°° s°%, at pH 7.2;37) and 10 (32). For example, in peroxidaseg8’s are found between
times faster than for cytochrombs (71). The similar 14 and 22 ppm32): in cytochromebs, one of the GH's of

activation energies for reorientation of m into M in sperm i1 His39 whose NH forms a strong hydrogen bond to
whale metaquoMb72), heme dissociation from the protein .o carbonyl of Gly42, resonates at 16 ppm, whereas the

matrix (43), and heme reorientation in S6803 rHb (this work) CBH's of axial His63, whose NH forms a weak hydrogen
suggest that the processes occur with conserved mechanistigynq to the carbonyi of Phe58, resonate near 10 p#fn (
features: breaking of axial bond(s), local unfolding, and g2) | ow imidazolate character, if confirmed, could provide

solvation of the heme group. An interpretation of the ne explanation for the stabilization of endogenous hexa-
common behavior proposes that decoordination of His46 in 4 rdination.

S6803 rHb plays no part in the rate-limiting step of either

heme loss or heme reorientation. This would support & o yryp from Synechocystisp. PCC 6803 were inspected.
relatively weak His4& Fe bond, as suspected from the H46A 1 \yas found that the protein retains the heme efficiently

variant data46); this is an advantage if the function of the \ithin its cavity, selects preferentially one of the heme
protein is to bind an exogenous ligand in the distal cavity. sitional isomers, and has a negative standard reduction
The stability of ferric S6803 rHb toward thermal de- potential. The reversible formation of a bishistidyl heme
naturation at neutral pH compares well with the stability of complex accounts for some of these properties. As in rice
sperm whale myoglobin7@) and cytochromévs (74) if the Hb, the interactions of the heme with the two axial histidines
apparently, is used as an indicator of the robustness of the are not equivalent, and the distal residue can be displaced
protein. According to CD data, the extent of secondary by an exogenous ligand. In addition, the observation of a
structure induced by heme binding to S6803 apoHb is small population of hexacoordinate globin in the S6803
approximately 30%. On a residue basis, such an increase iH46A variant 46) shows that this protein is capable of ligand
comparable to that in sperm whale myoglobitb)( Quan- exchange and conformational rearrangements. Ligand ex-
titative interpretation of CD data is unreliable for apoglobins change and displacement reactions provide a versatile means
(76, 77); nevertheless, it is expected that a fraction of the to control the functional properties of a hemoprotein. Such
binding Gibbs energy is expended in the refolding of the processes take place not only in hexacoordinate globins but
truncated sequence. Coupled binditrgfolding as observed  also in several other hemoproteins, for example, the trans-
here is typical ofb hemoproteins with buried prosthetic lational activator CooA%43) and the hemophore HasA4).
groups 79). The bishistidyl scheme encountered in S6803 Hb raises

In conclusion, essential features of the heme-binding site
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questions about the role of the protein in vivo and offers an 15. Scott, N. L., and Lecomte, J. T. J. (20@0ptein Sci. 9587—
opportunity to investigate novel globin chemistry. A detailed

description of the heme environment and the hydrogen bond 16.

network involving the axial residues will be crucial in the

rationalization of the redox and ligand-binding properties of

this protein and its relatives.
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