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ABSTRACT. The truncated hemoglobin (Hb) from the cyanobacterfBymechocystisp. PCC 6803 is a
bis-histidyl hexacoordinate complex in the absence of exogenous ligands. This protein can form a covalent
cross-link between His117 in the H-helix and the heme 2-vinyl group. Cross-linking, the physiological
importance of which has not been established, is avoided with the His117Ala substitution. In the present
work, H117A Hb was used to explore exogenous ligand binding to the heme group. NMR and thermal
denaturation data showed that the replacement was of little consequence to the structural and thermodynamic
properties of ferricSynechocystisib. It did, however, decelerate the association of cyanide ions with the
heme iron. Full complexation required hours, instead of minutes, of incubation at optical and NMR
concentrations. At neutral pH and in the presence of excess cyanide, binding occurred with a first-order
dependence on cyanide concentration, eliminating distal histidine decoordination as the rate-limiting step.
The cyanide complex of the H117A variant was characterized for the conformational changes occurring
as the histidine on the distal side, His46 (E10), was displaced. Extensive rearrangement allowed Tyr22
(B10) to insert in the heme pocket and GIn43 (E7) and GIn47 (E11) to come in contact with it. H-bond
formation to the bound cyanide was identified in solution with the us#e®/2H,O mixtures. Cyanide
binding also resulted in a change in the ratio of heme orientational isomers, in a likely manifestation of
heme environment reshaping. Similar observations were made with the r8latedhococcusp. PCC

7002 H117A Hb, except that cyanide binding was rapid in this protein. In both caséSNtiseemical

shift of bound cyanide was reminiscent of that in peroxidases and the orientation of the proximal histidine
was as in other truncated Hbs. The ensemble of the data provided insight into the structural cooperativity
of the heme pocket scaffold and pointed to the reactive 117 sit8yatchocystislb as a potential
determinant of biophysical and, perhaps, functional properties.

Truncated hemoglobins (trHdsjorm a subfamily ofb capable of binding @or other small ligands such as NO
hemoproteins distantly related to vertebrate hemoglobins. (2). Spectroscopic and structural data of several trHbs reveal
They are found in many cyanobacteria, pathogenic bacteria,that the stabilization of the bound,@ likely conveyed by
unicellular eukaryotes, and plants and are phylogenetically an extensive network of hydrogen bonds &, 4). Central
classified in three groups (I or trHbN, Il or trHbO, and Il  to this network is Tyr B10, a residue strictly conserved in
or trHbP), which exhibit distinct constellations of amino acid groups Il and Ill trHbs and highly conserved in group | trHbs,
in the heme-binding site and other key locatiofy (The according to available primary structures. Tyr B10 is also
functions of trHbs have not been completely elucidated, but present in numerous invertebrate globin sequences. Most
it is known that in the Fe(ll) state, these proteins are generally trHbs display cavities and tunnels that are thought to facilitate
exogenous ligand concentration and access to the heme iron
T Supported by National Science Foundation Grants MCB-091182 (5—9). The hydrogen-bonding networks and dynamic hol-

and MCB-0349409. lows of trHbs constitute functionally important features that
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(814) 863-1153; fax (814) 863-8403; e-mail jtll@psu.edul. can be systematically explored with appropriate mutations
I Abbreviations: Ce, Chlamydomonas eugametoBQF-COSY, and across species to improve the description of the relation-

double-quantum-filtered correlated spectroscopy; Eq, equine; GIbN, ship between structure and functiat0( 11).

cyanoglobin; Hb, hemoglobin; HMQC, heteronuclear multiple-quantum . .. .
coherence; HSQC, heteronuclear single-quantum coherence; Mb, myo- 1he genomes of the non-nitrogen-fixing cyanobacteria
globin; metMb, ferric myoglobin; NOE, nuclear Overhauser effect; Synechococcusp. PCC 7002 (S7002) ai®@ynechocystisp.
NOESY, nuclear Overhauser effect spectroscopy; PPIX, protoporphyrin pcC 6803 (S6803) each contain a copy of a gene coding

IX; rHb, recombinant hemoglobin; rHb-A, recombinant hemoglobin
with covalently linked heme; rHbCN, recombinant ferric hemoglobin fora group | trHb ﬂ.2, 13)' AIthOUgh S7002 and S6803 Hbs

with cyanide bound; rHb-R, recombinant heme-reconstituted hemo- exhibit a fold readily recognizable as that of a globirg(
globin; S6803,Synechocystisp. PCC 6803; S700Bynechococcus  14), these proteins have two peculiar structural features. In

sp. PCC 7002; TOCSY, totally correlated spectroscopy; TPPI, time- o «geoxy” state their heme iron adopts an endogenous
proportional phase incrementation; trHb, truncated hemoglobin; WA- . . A
TERGATE, water suppression by gradient-tailored excitation; WEFT, hexacoordination scheme using two histidinéts46 (E10)

water elimination Fourier transform. and His70 (F&—as axial ligandsi3, 15, 16). In the ferric
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state, this species is a stable hemichrome with no detectablenheme orientational isomers. This provided a demonstration
amount of pentacoordinate species at the millimolar con- of the exquisite control that a single peripheral residue can
centrations used for NMR experiments. Spectroscopically, have on hemoglobin properties.

S7002 and S6803 Hbs resemble the electron transport protein

cytochromebs, although, unlike this protein, they are capable MATERIALS AND METHODS

of binding exogenous ligands through the release of one of  pgtein Preparation All reagents were from Sigma (St.
the axial histidjnes. Perhaps_more striking tha_m the ability Louis, MO) unless otherwise specified. Horse heart myo-
to form reversible hexacoordinate complexes is S6803 andgopin was obtained from this source and used without further
S7002 Hbs’ propensity to attach the heme covalently to the purification. Synechocystisp. PCC 6803 (wild-type and
polypeptide via a histidine of the H-helix (His117) and a H117A) andSynechococcusp. PCC 7002 hemoglobins were
heme vinyl substituentl@, 17, 18). As functional information prepared as described previouslyg(18, 19) by reconstitu-
is not yet available for non-nitrogen-fixing cyanobacterial g of the apoprotein with heme. The genes for H117F
Hbs, the significance and necessity of cross-linking and gsggo3 Hb and H117A S7002 Hb were generated by the
hexacoordination are open for speculation. Among possible gyatagene Site Directed Mutagenesis protocol (La Jolla, CA)
roles, these two features may serve to alter the conformatlonusing oligomers obtained from Integrated DNA Technologies
of the protein, modulate the reactivity of the heme iron, or (coraville, 1A). The apo- and holoproteins were expressed
retain the heme within the globin. in BL21(DE3) cells and purified as reported for the corre-
The solution structure of recombinant S6803 Hb prepared sponding wild-type proteinsl@, 19). Uniformly >N labeled
by reconstitution of the heme with apoprotein (rHb-R, in H117A S6803 rHb was obtained according to established
which the cross-link is not formed) illustrates the fold protocols (6) using M9 minimal medium enriched with
adopted by a hexacoordinate trHb. The conformational 1>NH,CI (Cambridge Isotopes, Andover, MA). The cyanide
change that occurs upon replacement of one of the axialcomplex of the various proteins was prepared by adding an
ligands with an exogenous ligand cannot be predicted onexcess of KCN (or KEN, Cambridge Isotopes), adjusting
the basis of this structure alone; however, in the case ofthe pH to the value of interest, and incubating at room
S6803 rHb-R, it is expected that the resulting species temperature as necessary. Samples containing imidazole were
resembles pentacoordinate relatives such as group | trHbprepared by addition of aliquots of 0.8 M imidazole (20 mM
from Chlamydomonas eugamet@ with bound cyanide.  phosphate, pH 7.2) to 1 mM protein samples (20 mM
If so, then the protein structure readjusts significantly upon phosphate buffer, pH 7) followed by incubation. Coarse
exogenous ligand bindindLg). imidazole titrations were carried out by stepwise addition
The goal of the present work was to inspect the changes©f imidazole to final concentrations of +200 mM.
brought about in the heme cavity by the binding of a diatomic ~ NMR SpectroscopyNMR samples were prepared in 20
molecule and explore whether H-bonding to the exogenous MM phosphate buffer (95:84,0H;0 or “100%” °H;0).
ligand can be detected in the new conformation. Cyanide Protein concentrations were determined on a per-heme basis
was selected because it binds tightly to Fe(lll) Hbs (metHbs), using the reported Soret extinction coefficierit8, (L9). The
exerts a trans effect stabilizing the bond between axial concentration was-1 mM, except for the collection of

histidine and Fe(lll), and conveys convenient low-spin natural abundanc€C data (2-4 mM). All NMR spectra
characteristics to the Comp|ex_ A choice was made to carry were collected at 14.1 T on a Bruker DRX-600 spectrometer.

out the characterization first of the non-cross-linked form *H chemical shifts were referenced to DSS through the water

of the protein in order to facilitate comparison with the line with correction for pH and temperaturgdj; **C and
structure of the hemichrome and {&s eugametoselative. N were referenced indirectly to the proton frequen2g)(
Covalent attachment is known to occur spontaneously in the A summary of the procedures is presented below. Detailed
ferric state 13), and this uncontrolled reaction poses a Parameters (acquisition and processing) have been reported
problem for physical measurements), in particular those ~ €lsewhere 13, 16, 18) and are given in the Supporting
extending over long periods of time. In studies aimed at Information.

probing the properties of site 117 and the mechanism of heme Variable-temperature data were collected on H117A S6803
attachment, the reactive histidine was replaced by an alanineHPCN (9:1*H,0/”H,0, 20 mM phosphate) in the range from

in S6803 Hb. H117A S6803 rHb is incapable of covalent 7 t041°C at pH 7.25. The chemical shift was plotted versus
heme attachmentL{, 18) and, as will be shown here, this inverse absolute temperature to determine the Curie intercept.
protein provided a useful background for further structural NonselectiveT; values were obtained by inversion recovery
studies of the non-cross-linked rHb. By using this variant in With recovery times varying between 1 ms and 3 s. Peak
the metcyano state, it was possible to determine the fate ofintensities were analyzed with a single-exponential return
the decoordinated axial histidine, identified as His46 (E10), to equilibrium. The data used in a three-parameter fit
and to observe directly the presence of a hydrogen-bonding(intensity att = 0, att = co, and time constant) were limited
network involving the bound cyanide. The influence of the to recovery times below 1 to 0, for which they adhered
H117A replacement extended to the dynamics of the hemeto a single-exponential function. The relaxation times were
cavity, the rate of cyanide binding, and the distribution of converted into distance to the iron using the relationsh (

6
2The sequences of trHbs bear little homology to the vertebrate Tl" = RFGF'
sequences on which the Perutz topological notation was based. Both T1 Me RE
sequence number and topology are provided where meaningful; in ' e-Me
S6803 Hb, the following equivalences hold: Tyr22 (B10), Phe35 (CD1), ) )
GIn43 (E7), His46 (E10), GIn47 (E11), Phe50 (E14), and His70 (F8). wherei represents the proton of interest, Me a heme methyl

(1)
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Table 1: SelectedH NMR Chemical Shifts for H117A S6803
rHbCN

intercept
assignment  signdl  6°  T.¢(ms) (ppm)
heme 1-methyl f 12.60 190 7.7
3-methyl c 15.06 290 5.2
5-methyl d 13.76 237 8.2
8-methyl 8.28
2-a-vinyl b 15.44 12.5
trans-2-5-vinyl X —2.70 6.2
cis-2-f-vinyl y —3.99 8.9
4-a-vinyl 8.59
trans-4-3-vinyl 1.07
cis-4--vinyl 1.80
6-o-propionate g 12.44 4.6
6-a'-propionate h 12.57 4.5
6-f-propionate 1.11
6-p'-propionate 0.61
7-a-propionate e 13.33 233
7-a'-propionate 6.79
7-f-propionate 0.49
7-p'-propionate -0.20
o-meso % —1.23 20.3
f-meso 3.72
y-meso 0.74
0-meso 4.21
His70 (F8) NH 8.30
CaH 6.24
ChH 6.57
CpH' 6.36
NoH i 12.18 90 10.6
CeH z —7.6 —-0.5
CoH z 5.3
Tyr22 (B10) O;H a 214 52 3.6
CeH k 8.41
CoH 7.32
Q-2 Ne2H w —-1.92 60 12.1

@ Refer to Figures 8 and S7 for peak labeling and to Figure 3 for the
heme nomenclaturé.In 95:5'H,0/”H,0, at 35°C and pH 7.3, from
WEFT, WEFT-NOESY, TOCSY, and 1D NOE dafaVleasured in
95:5 'H,0/2H,0, pH 7.3, 25°C.

group, and R the distance between the indicated proton(s)

and the iron center. The magnitude of heme methylalues
and the trend they exhibit with chemical shift (Table 1)

suggest that relaxation processes other than dipolar metal
centered (obeying eq 1) contribute significantly. The heme

methyl T; value chosen for scaling (240 ms, 5-6Ree—me
= 6.1 A) therefore returns an upper limit B ;.

One-dimensional steady-state NOE difference spectra wer
obtained with presaturation of the line of interest (or a signal-
free reference frequency) with a 75-ms low-power pulse.

One-dimensional WEFT dat23) utilized a 200-ms relax-

Vu et al.

were collected on uniformly®N-labeled protein with a 15-
ms delayH—N HSQC spectra antiN-separated NOESY
and TOCSY data sets for assignment purposes were collected
on uniformly'>N-labeled samples of H117A S6803 rHbCN
as described for wild-type S6803 rHb-RE( 32).

15N spectra were collected at 50.68 MHz on a Bruker
AMX2 —500 instrument equipped with a 5-mm broad-band
probe. Sample temperature was maintained at 17 iC32
or was varied up to 37C. Data were collected either with
a standard pulseobserve sequence (where the pulse was
45° or 9C?) or a Hahn-echo sequence38) to eliminate
acoustic ringing. A total of 10 068100 000 transients were
accumulated per spectrum with a recycling time~a800
ms to allow for the simultaneous detection of the free and
bound G5N~ signals.

NMR data were processed using NMRpi@a)( XWIN-
NMR (Bruker BioSpin, Rheinstetten, Germany), or FELIX
(Accelrys, San Diego, CA). The program DmFI35 was
used when spectral simulations were necessary.

Diamagnetic Chemical Shift Calculation§he structure
of CetrHbCN [1dly, ()] served as a model to estimate the
diamagnetic chemical shifts of residues near the bound
cyanide ion. Hydrogen atoms were added toGedrHbCN
structure using XPLOR3), with an adjustment placing the
OnH atom of Tyr20 (B10) betweenfand the N atom of
the bound cyanide. The observed chemical shift can be
expressed as

obs

0 6dia + 6con + 6dip (2)
The first term on the right duia) is the diamagnetic
component, which includes primary through tertiary structure
effects and ring current effects. The program SHIFBX)(
and an in-house ring current shift program were used to
calculatedqi, for a few protons of interest in the distal pocket.
The paramagnetic contributiofign + daip) to protein shifts
was not evaluated because of the absence of information on
the magnetic susceptibility tensor and experimental diamag-
netic shifts.

Heme Electronic Structurédeme methyl chemical shifts
in H117A rHbCN were used to determine the orientation of
the axial histidine plane with respect to the plane of the
porphyrin macrocycle38). For this calculation, the shifts
were corrected for diamagnetic contribution (3.3 ppm). The

efollowing heuristic equation was applied:

d=asi(0—¢)+bcof(@+¢)+c  (3)
6 represents the angle defined by the-&C vector and

ation delay, a 175-ms recovery period, and a 114-ms the Fe-CHjs vector, andp is the angle defined by the Fe

acquisition. WEFT-NOESY data were collected with 50-ms

solvent presaturation, 150-ms inversion recovery time, 20-

NC vector and the projection of the axial histidine plane onto
the porphyrin plane. The lower limits of the reportadb,

ms mixing time, and 68-ms acquisition time. The standard andc constantsd = 18.4+ 2.4,b=—-0.8+ 2.0,c=6.1
complement of 2D data for heme and protein assignment+ 1.9 (38)] were used.

was collected as described elsewhel8);(these included
NOESY @4), WEFT-NOESY 22), TOCSY @5), and DQF-

Thermal DenaturationThermal denaturation experiments
were performed as described previoudlg)(using an AVIV

COSY (26) data. Quadrature detection was achieved in the Instruments (Lakewood, NJ) model 14D spectrophotometer

indirect dimension with either the TPP27) or the States

equipped with a Pelletier device for rapid temperature

(28) method. Water suppression was achieved either with aadjustment. In the case of H117A S6803 hemichrome8a

WATERGATE schemeZ9) or with presaturation.
Natural abundancéH—3C HMQC spectra 30) were

collected at 25 or 35C in 2H,O with a 1/(2cy) 3-ms delay

as described elsewher&gj. *H—*N HMQC spectra 1)

uM holoprotein solution (on a per-heme basis) in 20 mM
phosphate buffer (pH 7.2) was heated from 25 t0°@5n

2 °C steps, and spectra were collected between 260 and 700
nm after a 5-min equilibration period. Reversibility was
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inspected by refolding the protein from 95 to 2€&, a cd v
collecting spectra at 3C intervals with 7-min equilibration p 1%
period. The absorbance at 412 nm was used for data fitting A b| e Xy
z

according to a two-state Gibbslelmholtz equation adapted

for the dependence of the fully folded and fully unfolded
signals on temperaturg9). In the case of H117A S6803
rHbCN, the concentration of protein was9 uM on a per
heme basis, and the cyanide concentration was set to a 10-

B M
or 1000-fold excess. The same heating and cooling protocol
was used. The cyanide data were not fit because of obvious
deviations from a simple two-state model. In a control c ,
experiment, a solution of bis-cyano hemin (with hemin

concentration of 8.84M and a 1000-fold excess of cyanide)
was subjected to the same heatimgoling protocol as the
protein. D

Kinetics of Cyanide BindingCyanide binding was moni-
tored by NMR and absorbance spectroscopy. For samples S 20 1% 12 'pplm 4 8 12
monitored by NMR spectroscopy, a 2- or 10-fold excess of pgyge 1: 1H NMR spectrum of (A) wild-type S6803 rHb-R, (B)
potassium cyanide was addeda 1 mMsample of H117A  wild-type S6803 rHb-A, (C) H117A S6803 rHb, and (D) H117F
rHb and the pH quickly adjusted to 7.3. Successive spectraS6803 rHb. All samples were in 20 mM phosphate, pH 7.2, 95:5
were obtained as a function of time over several hours. Data H20/H-0, and at 25C. The chemical shifts of resolved lines in
obtained by absorbance spectroscopy were collected With‘lgvggﬁgﬁégbéﬁaa;sdiLHr%'g have been reported elsewn6e18).
protein concentrations e¥10uM and a 200-, 500-, or 1000- '
fold excess of cyanide. Spectra were recorded before
addition, and the absorbance at 423 nm was monitoredclosely that of S6803 rHb-R. A series of homonuclear
throughout the reaction at 30-s intervals up to times allowing experiments were performed to examine the geometry of the
for an estimate of the infinity value. A sum of exponential heme pocket in H117A S6803 rHb. Assignments were
decays was necessary to simulate the concentration dat#@btained for the heme group and a large portion of the protein
versus time collected under pseudo-first-order conditions. by comparison of NOE and correlation patterns to those of
Apparent rate constants were estimated for the major kineticthe wild-type protein. There were few chemical shift devia-

phase. tions between wild-type and H117A S680-3 rHb (Figure S1).
The largest differences were observed for the heme 2-vinyl
RESULTS group, for the axial histidines His46 (E10) and His70 (F8),

and for the C-terminal portion of the H-helix.

Characterization of H117A S6803 rHb in the Hemichrome  The H-helix of S6803 Hb extends from residue 102 to
State. Comparative studies have revealed some of the residue 122 and exhibits a kink near Prol118)( Sequence
differences between the non-cross-linked (rHb-R) and cross-analyses reveal a C-cap element before Pro115 and nearly
linked (rHb-A) forms of the protein in solution1§). zero helical propensity beyond this residd€<42). These
According to chemical shift information, the structural propensities are practica”y unchanged by the H117A re-
perturbations are mostly confined to the H-helix and are placement. The NMR data supported identical secondary
limited in magnitude. NMR data collected on wild-type structure in both proteins; however, NOEs unique to the
rHb-A show that the imidazole ring of the reacted His117 is yariant placed Alal17 H; in the proximity of the 2-vinyl
located in the heme pocket and in dipolar contact obviously CfH; and the ring of Tyr53. This suggested that, on average,
with the heme, but also with Phe84. In contrast, the Unreactedthe backbone of the H-helix at the level of residue 117 was
His117 or rHb-R does not exhibit systematically these closer to the heme group than in the wild-type protein and
proximity relationships, which indicates that the side chain that the replacement of His117 with a small side chain did
can reorient, perhaps simply with a change in the rotameric not open a large cavity near the heme group as originally
state and a minor shift of the H-helix. To prevent the anticipated.
formation of the cross-link [whose existence has been Aside from contact with Ala117, the environment of the
detected in preparations of the soluble holoprotein from 2.vinyl group consisted of the same residues as in the wild-
Escherichia CO”(].?, 19), but whose role in vivo has not type protein, with @H toward the distal Side' pointing to
been established], two mutants were considered: H117Fphes50 (E14), and £H, toward the proximal side, pointing
S6803 rHb and H117A S6803 rHb. The first was intended to Tyr53, Ph984’ and Val121 (Figure 2A) The remainder
as an isosteric mimic and the second to open a cavity neargf the heme pocket appeared to be remarkably similar as
the reactive heme vinyl. well. For example, the ring of Phe35 (CD1) exhibited three

Figure 1 presents the one-dimensional spectra of the wild- broad lines at-6.6, ~7.6, and~8.6 ppm, as in the wild-
type and variant proteins in their hemichrome state. The type spectrum. The large spread of the shifts, NOEs to the
spectrum of H117F S6803 rHb yielded broad signals and 5-CHs, and line width suggested a location on average close
was distinct from the spectrum of wild-type S6803 rHb in to the heme. Also as in the wild-type protein, the adjacent
the absence of the cross-link. The Phe replacement wasPhe34 displayed contrastingly sharper lines. Tyr22 (B10) had
therefore found to be unsuitable as a wild-type mimic. In NOEs to the backbone of GIn43 (E7) (Figure 2B) and Arg44
contrast, the spectrum of H117A S6803 rHb resembled (E8) as well as the side chain of Leu26. Val121, which is
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Ficure 3: Structure of the heme group and the nomenclature used
in this work. The projection of the axial histidine imidazole plane
is indicated as a gray bar. The orientation of this projection is

defined by the angler formed with the axis going through the
5 e ng nitrogen atoms of pyrroles A and C. The “major” orientation of
Lo Lo the heme group (A) and the “minor” orientation (B) of the heme
& & in the protein are distinguished by a £8@tation about thet—y
C meso axis. Phe34 is a fixed protein reference point. In wild-type

S803 rHb-R, the ratio of the two isomers is 95:5 at neutral pH and
room temperaturel().

the heme group), showing the environment of the heme 2-vinyl 0.5
and the heme axial ligands His70 (F8) and His46 (E10); the 2-vinyl
group should appear front and right. (B) Stereoview of the same
structure, showing residues on the distal side of the heme: Tyr22 80 40 50 TGSC 70 80 90
(B10), GIn43 (E7), and GIn47 (E11). (C) Stereoview of the X-ray )
structure of Chlamydomonas eugametdgHbN (1dly) in the FiIGURE 4: Thermal denaturation of H117 S6803 rHb at pH 7.2.
metcyano complex, showing the heme axial ligand His68 (F8) and The absorbance at 412 nm is followed as a function of temperature.
the distal side of the heme, including Tyr20 (B10), GIn41 (E7), The solid line (a) represents the fit to the hemichrome data. Also
Lys44 (E10), and GIn45 (E11). shown are the data points for H117 S6803 rHbCN, with a 10-fold
excess of KCN (bd) and a 1000-fold excess of the same @y,
The signals were scaled to the same heme concentration in each
one helical turn from position 117, had wild-type interactions sample.

with His70 (F8) and th¢g protons of the heme 2-vinyl group.
Furthermore, the proportions of the two isomeric forms, the point of view of structure and stability, H117A S6803
which contained the heme in either of the orientations shown rHb was therefore an acceptable candidate for exogenous
in Figure 3, were unaffected by the replacement. Overall, ligand-binding studies.
the H117A substitution appeared to leave the structure of Imidazole Binding to Ferric H117A S6803 rHbo
S6803 rHb largely intact. examine the reactivity of the protein, an equivalent amount
In an additional control experiment, H117A S6803 rHb of imidazole was added to S6803 H117A rHb in the absence
was studied for its resistance to thermal denaturation. As of dithionite, and NMR data were recorded on the mixture.
the temperature of a buffered solution was increased, theA second set of hyperfine-shifted lines became apparent
optical spectrum changed from that of a low-spin bis-histidyl (Figure 5), but the initial spectrum was recovered after gel
compound to that of free, high-spin heme. The set of spectrafiltration, which demonstrated that no covalent chemistry had
exhibited nearly perfect isosbestic points at 392 and 589 nm,taken place. Increasing the imidazole concentration shifted
supporting a two-state process. Figure 4 (trace a) displaysthe equilibrium to the bound form as expected of an
the transition observed for absorbance values at 412 nm asquilibrium process. With knowledge of protein and imida-
a function of temperature. The apparent midpoint for heme zole concentrations, integration of the resolved lines corre-
loss obtained from two-state fitting of the data was 748 sponding to free and bound protein forms afforded a
within error of the wild-type value [74C (16)]. Throughout dissociation constant of 20 mM. NOESY data collected on
the transition, there was no evidence for the formation of a a solution approximately at the midpoint of the titration
pentacoordinate species. The optical spectrum of suchallowed for the assignment of a few of the resonances in
complex would be expected to resemble that of the Fe(lll) slow exchange on the chemical shift time scale (not shown).
H46A mutant reported by Guertin and co-worketS)( From Shifts in the heme methyl positions revealed a change in
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FIGURE 5: Hyperfine-shifted resonances in thé NMR spectrum
of H117A S6803 rHb (20 mM phosphate, pH 7.2, 95:60/2H,0,
25°C) with (A) 0 mM, (B) 50 mM, and (C) 200 mM imidazole.
Peaks labeled x and y correspond to the heme 2-\irgttotons.
In (B) and (C), two sets of such lines are detected. The fraction of
imidazole-bound species was determined by spectral simulation. g re 6: Hyperfine-shifted resonances in thé NMR spectrum
of (A) wild-type S6803 rHb-R, (B) wild type S6803 rHb-A, and
(C) H117A S6803 rHb and (D) uniformly®N-labeled H117A
electronic structure suggestive of binding directly at the iron S6803 rHb, all after incubation with a 10-fold excess of KCN.
ion. Conditions were 20 mM phosphate, pH 7.2, 98:60/2H,0, 25
u N . . °C. In spectrum DXJwy coupling is clearly visible for an upfield
Attempts at a “trans rescue,” that is, the formation of a resonance at2.3 ppm (Q-2 in Table 1). Spectra A, B, and D were
cross-link between heme and imidazole filling in for the scaled using the intensity of the signal at 22 ppm. The * indicates
His117 ring in H117A S6803 rHb, were made with the an increase in the minor heme isomer concentration.

dithionite treatment known to work on the wild-type protein.
These efforts were unsuccessful even in the presence of a Cyanide binding to H117A S6803 rHb was followed
large excess of imidazole (200:1). Remarkably, addition of o yically to access a lower protein concentration regime than
a 10-fold excess of imidazole to wild-type S6803 rHb-R nssible with NMR spectroscopy. In this experiment, the
resulted in low-intensity broad lines that did not parallel the wavelength of maximum difference between the spectra of
effect on the variant protein. Thus, the H117A replacement 3117A S6803 rHb and H117A S6803 rHbCN was used.
in S6803 rHb, although not affecting the structure to a great Tree traces are shown in Figure 7B, which were collected
extent, led to distinct interactions with this ligand. This 4t the same protein concentration (@) and with 1000-
property was explored further with cyanide, as it generally (trace c), 500- (trace d), and 200-fold (trace e) excesses of
has a high affinity for Fe(lll)PPIX and generates a para- cyanide to achieve pseudo-first-order conditions. Unlike the
magnetic complex with favorable spectral properti2g).( NMR data, which report on the concentration of individual
Cyanide Binding by Ferric H117A S6803 rHBigure 6 species if the signals are resolved, the absorbance reading
contains the one-dimensional spectra of the metcyanohas contributions from both heme isomers in both free and
complex of various S6803 rHbs. Although metcyano wild- pound states at all times. Satisfactory fits of the optical data
type S6803 rHb-R exhibited broad lines, the appearance ofrequired multiple exponential terms, as apparent in Figure
H117A S6803 rHbCN was comparable to that of wild-type 7B, which shows a rapid phase and deviation from linearity
S6803 rHb-R in the hemichrome state (Figure 1). However, and longer times. Using the slope of the log plots at the three

the spectra illustrated that cyanide binding was accompaniedconcentrations, an apparent second-order rate constant of 3.0
with an increase in the percentage of minor heme orienta- x 102 M~! s was obtained for the major phase. Wild-

tional isomer from~5% in the hexacoordinate H117A S6803 type data (Figure S2) indicated an apparent rate faster by a
rHb-R (Figure 1) to>10% in H117A S6803 rHbCN. This  factor of ~8. Pertinent kinetic studies on S6803 rHb in the
was also observed in the related H117A S7002 rHbCN, in ferrous state estimate the rate of His46 (E10) decoordination
which the proportion of minor form reached 30%. at 930 s and a recoordination rate of 4200'¢43) (pH 7,
Interestingly, it was necessary to incubate H117A S6803 20 °C). The apparent second-order rate constant derived
rHb with cyanide ions for hours to achieve complete above assumes a simple bimolecular mechanism that does
conversion of the hemichrome to the metcyano complex. This not include any such prior or concurrent equilibrium.
is shown in Figure 7A, where the intensity of NMR signals ~ Thermal Denaturation of H117A S6803 rHbCNermal
from H117A S6803 rHbCN (trace a) and H117A S6803 rHb denaturation of H117A S6803 rHbCN was performed at low
(trace b) is plotted as a function of time. No intermediate (10-fold excess) and high (1000-fold excess) concentrations
species was detected through the reaction, but extrapolatiorof cyanide. Trace b in Figure 4 illustrates the lower
of the intensity profile back to the time of addition concentration transition, and its nonsigmoidal shape provides
demonstrated the existence of a fast phase accounting for @vidence of departure from two-state behavior. These data
significant population of the sample. The NMR experiment could be interpreted with cyanide release and regeneration
also revealed a comparatively rapid appearance of the minorof the hemichrome at intermediate temperatures. Upon
isomer (not shown). further heating, the absorbance followed the hemichrome
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1.2

returned a value ofv —35° for the projection of the axial
imidazole ring on the heme plane with respect to the-NA
NC axis, aligning it close to thé—j meso axis (lying at
—45°, Figure 3). This axial histidine orientation is consistent
with that of His70 (F8) in wild-type rHb-R14, 18) and
rHb-A (9, 18) and of His F8 in other trHbs6( 44). Heme
assignments were also obtained for H117A S7002 rHbCN.
In this case, the methyl order was 5—3—8 (Table S1) and
the fitted angle was- —30°.

Identification of the Axial Histidine in H117A S6803
Y T e rHbCN. The signals of the axial histidine were assigned with
0 100 200 300 400 several homo- and heteronuclear experiments. As a starting
t (min) point, the'H—3C HMQC data mentioned above contained
a conspicuously shifted CH({*C) ~66; 6(*H) ~6.3] and

1 CH, group P(*3C) ~23; 6(*H) ~6.4 and 6.6]. These shifts
B were in the range expected of thgd moieties of axial
histidines 22). TOCSY data demonstrated that these were
part of the same spin system and connected to a peptide NH
at 8.30 ppm. One of thg protons and the NH were in contact
with an exchangeable proton at 12.2 ppm, a good candidate
for the NOH of the ring because of its 90-n1g, placing it
5.2 A from the iron center (eq 1). The 12.2 ppm proton was
connected via one-dimensional steady-state NOEs to the fast
N relaxing and broad peak at —8 ppm (peak z, Figure 8),
6.0, 200 400 500 800 assigned as the adjacentHC

t (min) Uniformly **N-labeled protein confirmed the His70 (F8)

Ficure 7: Kinetics of cyanide binding to H117A S6803 rHb (pH NH ass!gnme.nt and therelf;)re the rest of the Sl.de chain.
7.3, 25°C). (A) Data for (a) Tyr22 @H (peak a in Figure 8) and Three-dimensional datdH{—*N HSQC-based experiments)
(b) heme 5-CHwere obtained by following the intensity of NMR  provided the"N shift of the backbone NH (110.3 ppm), and
signals (peak d in Figure 8) as a function of time. The protein dipolar connectivities typical of helices were identified to

concentration was 1.1 mM in 9:H,0/”H,0, and KCN was added  Aa69 and Lys71 and their neighbors in the sequence. The

in a 10-fold excess. The solid lines are shown to guide the eye. . ; hali
The intensities were scaled to approximate the concentration of thedata were in agreement with the F-helix patternJadnd

sample in mM unit. (B) Absorbance at 423 nm is presented as a NOE connectivities reported for the wild-type protelv(
log plot under the assumption of pseudo-first-order behavior when 32) and the H117A hemichrome (this workH—N HSQC
a (c) 1000-fold, (d) 500-fold, or (e) 200-fold excess of KCN was data correlated the 12.2 ppthl signal to a'®N signal at
added to a 1@M solurfion of protein. ngiatiqns frr]om sér;ight Iir;es fN148 ppm, a plausible shift for thed¥ moiety of an axial
B B s Yo e TICEIe BOTLen ostcine (Figure S4). The OH proton cid not experience
104 and 6.2x 1075 s* are obtained for curves c, d, and e, Saturation transfer from the water line at neutral pH. This is
respectively. normal for axial histidines4b, 46), which are generally not
exposed to solvent, and, being committed to iron coordination
trace as this species underwent the transition described aboveia their Ne atom, experience only base-catalyzed exchange.
(trace a). At high cyanide concentration (Figure 4, trace c), His70 (F8) NyH is also poised for the formation of a
the transition to the hemichrome was abolished, and hemehydrogen bond to the backbone CO of Met66.
loss occurred through a shallow transition with a midpoint  Other Histidines in H117A S6803 rHbCM117A rHb
temperature above 73C. No clear isosbestic point was contains histidines at positions 33, 46 (E10), 70 (F8), 77,
obtained in this case. At high temperatures, the spectrumand 83. An important aspect of exogenous ligand binding to
was not identical to that of bis-cyano hemin, although both the heme is the location of His46 (E10) once it is replaced
exhibited a broad shoulder at 610 nm. It is noteworthy that by cyanide. In the TOCSY data of the cyanide complex, four
the thermal denaturation of H117A S6803 rHbCN was sharp pairs of 8H—CeH connectivities were observed (not
reversible at this high cyanide concentration, in contrast to shown), which corresponded to the nonaxial histidines. The
the behavior of bis-cyano hemin and the other examined line width and shift were characteristic of residues remote
protein solutions. This suggested that the prosthetic group(>6 A) from the paramagnetic center rather than closely
escaped damage and remained nonspecifically associatedssociated with the exogenous liga®®)( In the cyanide-
with the protein matrix at high temperatures. bound state, His46 (E10) therefore swings out of the heme
Heme Resonances in H117A S6803 rHbE&é¢me as- pocket. Assignment to specific residues could be obtained
signments in H117A S6803 rHbCN were obtained as using the hemichrome information. For example, His@81C
previously described by combining homonuclear NOE and had a strong NOE to Asn80 NH (peak j, Figure 8), reflecting
correlated datal@, 22) and'H—'3C HMQC spectra (Figure  the presence of a hydrogen bond involving thé& mitrogen
S3). The order of théH heme methyl signals was-%— and N-capping the G helix. The H-bond stabilizes thaiN
1-8, as listed in Table 1. Application of the heuristic tautomer of the histidine, and His83 displayed a one-bond
equation proposed by Bertini and co-workers (eq 3) to NeH connectivity in thetH—N HSQC data collected with
account for heme methyl shifts in His/CNomplexes §8) a WATERGATE solvent suppression (Figure S4). The His83
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Ficure 8: Steady-state NOE effects observed in H117A S6803 rHbCN ($5:6/2H,0, pH 7.3, 25°C): (A) reference spectrum with
peaks labeled as per Table 1; difference spectrum obtained after saturation (75 ms) of (B) peak a and (C) peak z.

NeH proton, at 11.6 ppm, underwent complete saturation
transfer upon irradiation of the water line. Other NOEs
matching those in the wild-type or H117A hemichrome were
His33 to His83 and Phe34 and His77 to Leu73. The
remaining histidine was, by default, His46 (E10).

The *H—'N HMQC spectrum collected to obtain long-
range'H—N J-coupling information for the imidazole rings
(31) returned patterns typical of theeN tautomeric state
for His33 and His83 (Figure S5). At neutral pH, the signals
from His77 and His46 (E10) were not detected, likely

agreement with the 22 ppm signal originating from Tyr22
(B10) OyH involved in a hydrogen bond. NOEs between
the ring of Tyr22 (B10) and a phenylalanine ring (Phe21)
were consistent with th€e trHbCN geometry. Only one
signal was detected per pair ofb8’s and GH'’s, which
implied that the ring of Tyr22 (B10) was freely rotating on
the chemical shift time scale. This is unlike Tyr B10 in
Ascaris suunHbCN, where rotational averaging was im-
perfect and contributed to the broad line width of the ring

protons 47).

because of exchange between the protonated and unproto- The 14—15\ HSQC data collected on uniformi§N-

nated states on a time scale resulting in broadening of the

15N signals. Broad®N signals were indeed observed in the
15N spectrum of the labeled protein (Figure S6). The
similarity of the HMQC data to those collected on wild-
type S6803 rHb-R18) suggested His83, His33, and His77
had unchangediy, values.

Heme Pocket Residues in H117A S6803 rHbTie Ce

labeled H117A S6803 rHbCN contained two NHroups
with shifts out of the ordinary (Figure S4). The first pair
(Q-1) resonated at 99°\N), 9.17, and 4.14 ppm, the former
proton exhibiting a strong NOE to Tyr22 (B10yy8. The
second pair (Q-2) occurred at 108N), 6.27, and—2.35
ppm, the latter proton relaxing with a nonselectiyeof ~60

ms, corresponding to a 4.8-A distance to the iron (eq 1).

HbCN model predicted that further structural changes should \y;aak NOEs between both protons of this Nahd Tyr22

be observed upon cyanide binding. In this protein (Figure
2), Tyr20 (B10) points directly to the bound cyanide, with
Oy within 5.5 A of the iron ion and within 2.4 A of the
cyanide nitrogen. The cyanide N atom is 2.9 A frade
GIn41 (E7) N2 and forms a second H-bond to it. Also part
of this network is GIn45 (E11), with & within 3.0 A of
Tyr20 (B10) Q;. In H117A S6803 rHbCN, these three

(B10) OyH confirmed the distal location of the side chain.
According to the structure aetrHbCN, the amide proton
closest to Tyr22 (B10) @H belonged to GIn43 (E7) and
matched the first NElpair, Q-1. The second Ntpair, Q-2,
would arise from GIn47 (E11).

The side-chain amide protons of GIn41l (E7) and GIn45

residues (Tyr22, GIn43, and GIn47) were also expected in (E11) inCetrHbCN, by virtue of their location with respect
the direct environment of the bound cyanide, and under the to the porphyrin macrocycle, are expected to experience large

influence of the paramagnetic center.

upfield ring-current shifts (estimated to range fron2 to

The assignments described above accounted for all down-—3-2 PPmM). Combining these values with those calculated

field hyperfine shifted signals observedlid,O, except an

with SHIFTX returned diamagnetic shifts between 3.5 and

exchangeable peak at 22 ppm (peak a, Figure 8). This protorP-5 PPM. This suggested that the same four protons in H117A
did not experience saturation transfer from the bulk water, S6803 HbCN exhibited positive and negative dipolar con-
had a large temperature coefficient (shift at infinite temper- tributions to the paramagnetic shift, a feature that will be
ature, or Curie intercept, of 3.6 ppm; Table 1), arifi salue useful when the orientation of the magnetic susceptibility
of 52 ms, shorter than observed for théMlof His70 (F8). tensor is determined. The geometrical parameters of interest
These parameters placed the 22 ppm proton4 A to are the plane of the proximal imidazole and the tilt of the
the Fe(lll) ion and in a position such that the dipolar axial ligands 47, 48). The imidazole plane itCe trHbCN
contribution to the hyperfine shift was large. The 22 ppm and S6803 rHbCN (see above) is nearly aligned with the
signal remained a singlet in theN-labeled protein spectrum  0—p axis; the tilt of the bound CNion, which is large in
(Figure 6) and exhibited a strong NOE to a signal (8.53 ppm, the Ce trHbCN structure £51°), is not known in H117A
peak k in Figure 8) belonging to an AX system and S6803 rHb, but with additional information could be
J-correlated to a3C signal (117 ppm) in the tyrosineeC  determined on the basis of paramagnetic shitg).(In
region (Figure S3). Each of these observations was in H117A S6803 rHb, this is rendered difficult by the absence
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Ficure 9: Downfield hyperfine-shifted portion of thtH NMR
spectrum of H117A S6803 rHb-CN in (A) 95%1,0/2H,0 and
(B) 1:1H,02H,0 and of H117A S7002 rHb-CN in (C) 11H,0/
?H,0 and (D) in 7:3'H,0OPH,0. Other conditions were 20 mM
phosphate, pH 7.3, 25C, and 10-fold excess of cyanide. Heme
methyl assignments are listed in Tables 1 and S1.

of suitable diamagnetic reference and will be considered

elsewhere.

Vu et al.

15N Chemical Shift of Bound Cyanid®N spectra were
recorded with'>N-labeled cyanide to gain further insight into
the electronic structure of the compléd). Horse myoglobin
was used as a control sample. In our hand&Cbound to
horse metMb resonated at 1352 ppm (in 95:60/°H.0,
pH 8.3, 17°C, with respect to liquid Nk). The difference
in shift between bound and frééN-labeled cyanide was
1102 ppm (see Table S2 for additional values). In contrast,
the downfield shifts observed for the cyanide bound to
cyanobacterial globins were not as pronounced. H117A
S6803 rHbCN displayed a value of 939 ppm (in 95:9,0/
H,0, pH 7.3, 32°C) and H117A S7002 rHbEN a value
of 951 ppm (in*H,O, pH 8.4, 17°C; 698 ppm from free
cyanide). Variable-temperature data were collected on H117A
S7002 rHbCEN; over the narrow range of temperatures that
was tested, the signal shifted upfield linearly witd".1The
intercept at infinite temperature was 332 ppm, lower than
the value reported for the parent diamagnetic compound [263
ppm G1)]; the limited range of temperature and undetected
deviations from linearity could readily explain the discrep-
ancy. The bound €N~ chemical shifts are to be compared
with the values reported by others for hemoglobins, myo-
globins, and cytochrome(50, 52) and also with peroxidases
(52). Among these, H117A S6803 and S7002 rHbCN
compare best with horseradish peroxidase.

DISCUSSION

Several other residues were assigned in the heme pocket.

On the proximal side, the same network of dipolar contacts

Replacement of His117 by an alanine or a phenylalanine

as in the hemichrome state is observed: His83 to Leu79: €licited different NMR spectral responses in S6803 rHb. The

Leu79 to 4-vinyl; Leu73 to 5-Ckj Leu79, and His77; Phe34
to 4-vinyl; Phe50 (E14) to 1-CHand 8-CH; Vall21 to

bulky Phe117 changed the proportions of heme orientational
isomers, shifting and broadening several hyperfine signals.

Phe84 and His70 (F8): Ala117 to 2-vinyl. Among the side These manifestations were not observed in the His117Ala

chains affected by cyanide binding was Phe50 (E14), which variant, but in this protein, the H-helix moyed toward 'ghe
in the hemichrome had NOESs to the 2-vinyl group but in heme group at the level of the.new alanine. The residue
HDbCN shifted toward the hememeso position. Ala117 also ~ 0CCupying position 117 therefore |anL_|enced the structure Qnd
appeared to be farther from the 2-vinyl. The lines from Phe34 dynamics of the heme pocket. This was confirmed with
remained sharp and those from Phe35 (CD1), broad. Phe3glifferences in the way the wild-type and mutant proteins
(CD1) was in contact with Tyr22 (B10), and, along with boun.d small exogenous I.|gands_ s.uch as imidazole gnd
Phe21 (B9) and Val25 (B13), defined a hydrophobic niche cyanide. That a single amino acid is capable of affecting

for this residue.
Hydrogen-Bonding Network in H117A rHbCM favor-

multiple holoprotein properties has been documented exten-
sively in hemoglobinsX1) and cytochromés, a bis-histidyl

able circumstances, hydrogen bonds to the heme ligand car hemoprotein (see, for example, r&8 and54). Position

be identified through'H/?H isotope effects 49). When

spectra of H117A S6803 rHbCN were recorded in mixtures

of *H,O and?H,0, two resolved heme methyl signals were
found to split into two components, weighted in proportion
of the isotopic composition of the solvent. This was
particularly obvious in H117A S7002 HbCN and is illustrated
in Figure 9. In this spectrum, the lines from the resolved 5-,
1-, and 3-CH (major isomer) and 3-CHminor isomer) are

clearly doubled. The two transitions could be attributed to

117 appeared to be a sensitive location in S6803 rHb even
though it is at the edge of the heme cavity on the proximal
side.

The NMR spectra collected on the metcyano complex of
H117A S6803 rHb provided evidence for the replacement
of the distal-side histidine by the exogenous ligand. This
behavior was consistent with that of other hexacoordinate
hemoglobins 3, 55) and published data on His46 (E10)
mutants of S6803 rHbl1E). Furthermore, the reorientation

distinct electronic structures of the heme caused by hydrogenof His46 (B10) outside the influence of the paramagnetic

bonding to eitheH or H. As observed in sperm whale

center was in agreement with structural featuresCef

metMbCN, the downfield component was associated with trHbCN, which has Lys44 (E10) pointing to the solveb (

the presence oH and the upfield component with that of
2H. Also as in metMbCN, the chemical shift difference
between the two lines<30 Hz) indicated a time scale for
the'H/?H exchange process slower than4§™. The isotope
splitting confirmed hydrogen bonding to the ligand, but it is

The reason for the disparity in the behavior of His70
(kinetically stable) and His46 (replaceable) in S6803 rHb is
not clear and is in contrast with hexacoordinate systems such
as cytochromdss, which does not bind cyanide ions. X-ray
data on S6803 rHb-A, unlike NMR datd4), can provide

noteworthy that only two sets of lines were observed, each precise information on the geometry of the axial histidines

corresponding to the pure isotope shifts.

and support a difference due to increased bond length and
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tilt angle ). It is possible that the conformation attained contribution and therefore that the imidazolate character of
when His46 (E10) is displaced by an exogenous ligand is His70 (F8) is not particularly high6@).

comparatively strain-free and energetically favored. In another unusual manifestation, the ratio of heme
A recent study of the kinetics of cyanide association with orientational isomers was seen to depend on the bound
pentacoordinate trHbs reporks, = 4.6 x 10° M~! st at ligand, with cyanide decreasing the ability of the protein

pH 7.0 and 2C0C for CetrHbN (56). Binding was found to matrix to discriminate between the two states. A similar
be slower by decades in H117A S6803 rHb. The kinetics of observation has been reported for neuroglol®f).( For
the reaction involving mammalian metMb (Hist®l axial vertebrate globins, it is generally assumed that the rate of
ligands) have been extensively studied by lkeda-Saito andassociation of heme and apoprotein to form the holoprotein
co-workers, who identified the major factors controlling the is independent of the proteif4) and heme orientatior6f).
association rate: acid dissociation constant of HCN in the This implies that the affinity for the heme group, and
heme pocket, steric hindrance and electrostatic interactionstherefore the equilibrium ratio of isomer concentrations, is
at the distal site, and strength of water coordinatibm).( dictated by the rate of heme release from the protein matrix.
For hexacoordinate hemoglobins such as S6803 rHb, theVertebrate globins tend to experience a relatively modest
latter effect is replaced by the kinetic lability of the distal conformational change upon small exogenous ligand binding.
histidine; a large-scale conformational change coupled to The structural rearrangement following cyanide binding in
binding may also play a role. Cyanide binding as slow as S6803 rHb is significant, leading to the repositioning of
reported here is rar&8); in the hexacoordinate neuroglobin  Phe50 (E14) and other pocket residues; these altered interac-
(59), it was linked to the rupture of the Fédis(E7) bond. tions may well dictate a different rate of heme loss and
This was not the case for (H117A) S6803 rHb because atherefore a different equilibrium ratio. In addition, there are
first-order dependence on cyanide concentration was ob-intrinsic distal differences between the hemichrome and the
served at high cyanide concentrations. As mentioned undermetcyano complex. Thus, the ligation of His46 (E10) may
Results, the rate constants for ligation and deligation of His46 impose steric constraints that are partially relaxed when the
(E10) are fast compared to the observed rate. Assuming thesdigating moiety is converted into a cyanide ion forming a
constants are not affected to an extreme extent by oxidationH-bond with Tyr22 (B10).
to Fe(lll) and the H117A replacement (and possibly the  The large structural changes triggered by the binding of
cross-link in the wild-type protein), they also support a rate- cyanide result in a stable H-bonding network as reported for
limiting step distinct from decoordination. The barrier could other trHbs. However, solutions of H117A S6803 rHbCN
arise from a cyanide-dependent heme pocket rearrangemenin mixtures of'H,O and?H,0 established the predominance
leading to the final state, which contains displaced and rotatedof one hydrogen bond to the cyanide ligand, likely with
E and B helices. This rearrangement would be conditioned Tyr22 (B10) Q;H as the donor because of the unusually
by the nature of the residue at position 117, perhaps throughslow exchange exhibited by this hydroxyl proton and its
a repositioning of the heme group in its site. Alternative chemical shift strongly affected by the paramagnetic center.
interpretations for the slower rate exhibited by H117A S6803 The distance between the H-bonded phenolic OH and the
rHb call for a decrease in the efficiency of HCN dissociation Fe atom inCe trHbCN was calculated to be 4.4 A on the
caused by a modified electrostatic environment, as for other basis of the X-ray structure, shorter than that obtained;by
Hbs (66—58), and possibly hindered access to the heme measurements in H117A S6803 rHbCNA4(7 A). This could
pocket. The structural and dynamic properties of the H117F be due to an overestimation of the distance but could also
and H117A variants and a recent study of cavities in trHbN reflect that the tilt of the cyanide is not as pronounced in
identifying a Xe-binding site near the 2-vinyl group (site 2) the latter protein. Evidence was found for a close interaction
(8) lend support to this view. The observation that the minor between Tyr22 (B10) and the amide group of a glutamine,
heme orientational isomer, which has the 3sQidplace of tentatively GIn43 (E7); Tyr22 (B10) is also near a second
the 2-vinyl, reacts more quickly than the major isomer also amide group, from GIn47 (E11).
suggests that the conformation near position 117 is critical. ~ The role of H-bonding networks involving the ligand, Tyr
Finally, heme reorientation is likely to involve large-scale B10, GIn E7, and GIn E11, in tuning the oxygen affinity
motions of the heme pocket, altering channels and cavities.has been extensively studied in invertebrate globigs1).
In S6803 rHb-R, it is only marginally slowefl§) than the It is now possible to anticipate some of the properties
rate of cyanide binding under large excess conditions. conveyed by protein composition near the exogenous ligand,
The NMR data, although partial, were useful to describe as illustrated by the minihemoglobin fro@erebratulus
structural details of the S6803 rHb pocket in solution. For lacteus (containing Thr E11, low @ affinity) and the
example, His70 (F8) adopted an orientation comparable to hemoglobin fromAscaris suungcontaining lle E11, high @
that in certain heme oxygenasd®,61) and presumed to  affinity) (66). A recent study of NO-bountlycobacterium
strengthen the Fe(H)His bond by relieving steric strain with  tuberculosigrHbN, a protein that contains Tyr B10 and GIn
the pyrrole nitrogens6R). Also distinct from typical holo- E11, establishes a role for Tyr B10 in positioning the
globin properties was th&N shift of the bound cyanide;  exogenous ligand4j through H-bonding interactions. In-
the closest match was with some peroxidasg$), (the terestingly, the NO binding appears to have long-range
reduced shifts of which have been attributed to H-bonding, structural effects extending to the loop leading into the F
the imidazolate character of the histidine in trans, and the helix. A similar effect may be propagated from site 117 in
tilt of the cyanide ion from the heme normal, all factors that the cyanobacterial Hb to the CN-B10—E7—E11 network.
are thought to modulate function. The observedHGhift Even though the His117Ala mutation in S6803 rHb caused
and average gH shift of His70 (F8) are small (Table 1) slight changes in the resting hexacoordinate state, it exerted
compared to those in peroxidases, suggesting a small contaca remarkable influence on ligand binding. An extension of
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this observation proposes that the cross-link of rHb-A also
modifies the properties of the protein, a hypothesis that is
currently being tested. Furthermore, bis-histidyl hexacoor-
dination appeared to have little impact with respect to heme
reorientation, protein stability, and cyanide binding. In this
case, ligand switching from exogenous to endogenous may
serve a structural role, providing a mechanism for a large
conformational change.
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