Biochemistry2004,43, 5213-5221 5213

Cyanide Binding to Truncated Hemoglobins: A Crystallographic and Kinetic
Study*

Mario Milani,% Yannick Ouelle€ Hugues Ouellet,Michel Guertiné Alberto Boffi,” Giovanni Antonini#/
Alessio Bocedi/'* Marco Mattu#/! Martino Bolognes#® and Paolo AscenZz'

Istituto Giannina Gaslini, Largo G. Gaslini, 5. 16147 Geio Italy, Departement de Biochimie et de Microbiologie,
Pavillon Marchand, Unversite Laval, Facultedes Sciences et de"@e, Quebec G1K 7P4, Canada, CNR, Centro di Biologia
Molecolare, Dipartimento di Scienze Biochimiche ‘Alessandro Rossi Fanelliyaysita di Roma ‘La Sapienza’, Piazzale Aldo
Moro 5, 1-00185 Roma, Italy, Dipartimento di Biologia, Ueisita‘Roma Tre’, Viale Guglielmo Marconi 446, 1-00146 Roma,
Italy, Laboratorio Interdipartimentale di Microscopia Elettronica, Wersita‘Roma Tre’, Via della Vasca Nale 79, 1-00146
Roma, Italy, Dipartimento di Chimica, Ingegneria Chimica e Materiali, &msita di L’Aquila, Via Vetoio, Coppito, 1-67100

L’Aquila, Italy, and Dipartimento di Fisica-INFM, Centro d’Eccellenza per la Ricerca Biomedica, and Istituto Nazionale
Ricerca sul Cancro, Unkrsitadi Genasa, Via Dodecaneso 33, 1-16146 Geuo Italy

Receied January 16, 2004; Réesed Manuscript Recegéd February 26, 2004

ABSTRACT: Cyanide is one of the few diatomic ligands able to interact with the ferric and ferrous heme-
Fe atom. Here, the X-ray crystal structure of the cyanide derivative of felyeobacterium tuberculosis
truncated hemoglobin-NM. tuberculosigrHbN) has been determined at 2.0 B-¢general= 17.8% and
R-free = 23.5%), and analyzed in parallel with those Mf tuberculosistruncated hemoglobin-OM.
tuberculosigrHbO), Chlamydomonas eugametiveancated hemoglobinQ. eugametogrHb), and sperm

whale myoglobin, generally taken as a molecular model. Cyanide bindiiy toberculosistrHbN is
stabilized directly by residue TyrB10(33), which may assist the deprotonation of the incoming ligand and
the protonation of the outcoming cyanide.Nh tuberculosigrHbO and inC. eugametogHb the ligand

is stabilized by the distal pocket residues TyrCD1(36) and TrpG8(88), and by the TyrB1O@D)E7-

(41) — GInE11(45) triad, respectively. Moreover, kinetics for cyanide binding to féiricuberculosis

trHbN and trHbO andC. eugametosrHb, for ligand dissociation from the ferrous trHbs, and for the
reduction of the heme-Fe(lll)-cyanide complex have been determined, at pH 7.0 aft€2D@&spite the
different heme distal site structures and ligand interactions, values of the rate constant for cyanide binding
to ferric (non)vertebrate heme proteins are similar, being influenced mainly by the presence in the heme
pocket of proton acceptor group(s), whose function is to assist the deprotonation of the incoming ligand
(i.e., HCN). On the other hand, values of the rate constant for the reduction of the heme-Fe(lll)-cyanide
(non)vertebrate globins span over several orders of magnitude, reflecting the different ability of the heme
proteins considered to give productive complex(es) with dithionite or its reducing specigs SO
Furthermore, values of the rate constant for ligand dissociation from heme-Fe(ll)-cyanide (non)vertebrate
heme proteins are very different, reflecting the different nature and geometry of the heme distal residue-
(s) hydrogen-bonded to the heme-bound cyanide.

Cyanide is one of the few ligands that is able to interact different thermodynamic and kinetic parameters, representing
with both ferric and ferrous heme-Fe atom, albeit with very a valuable diatomic ligand model system. Notably, cyanide
is isosteric and isoelectronic with the diatomic carbon
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Ficure 1: (A) Stereoview of the heme pocket region in cyano-ietuberculosisrHbN (PDB entry: 1RTE) Z4), displaying part of the
surrounding protein structure (green ribbons), the heme group (black), the cyanide ligand (cyan), and key residues (grey) stabilizing the
heme-Fe-bound cyanide. In addition, the figure displays part ofMhéuberculosistrHbN specific tunnel/cavity system (grey mesh),
proposed to support ligand diffusion to the heme. The black arrows underline the two entrance pathway of the molecular tunnel. The two
observed conformations of PheE15 are also displayed (colored in red and gray). (B) Stereoview of the heme pocket region in cyano-met
sperm whale Mb (PDB entry: 1EBCL38, 62), drawn in an orientation comparable to that of panel A; the protein backbone is drawn as

red ribbons. Key interacting residues and the heme-Fe-bound cyanide are also displayed, together with the protein matrix sites identified
in sperm whale Mb by binding of Xe atoms (numbered yellow spheres). Hydrogen bonds are represented by thin red lines in panel A and
by a thin green line in panel Bx-Helical regions and key residues have been labeled according to the globin fold top@to 89, (40).

Both pictures have been drawn with Molscrip8).

usually range between & 1? and 1x 1* M1 st (1— and plants, forming a distinct group within the Hb super-
15). family. Although trHbs are held to be of very ancient origin,

The reaction of cyanide with ferrous Mbs and Hbs has none have been detected in the genomes of archaea or
received little attention due to the very low stability of the metazoa. TrHbs display amino acid sequences-4D
ensuing heme-Fe(ll)-ligand complexes (the values of the residues shorter than (non)vertebrate Hbs and Mbs, to which
association equilibrium constant are lower thar 10> M~2). they are scarcely related by sequence similarity. The trHb
Therefore, in most heme proteins, only values of the first- tertiary structure is based on a 2-orezhelical sandwich,
order ligand dissociation rate constant (ilgs) have been which represents a specific, and family conserved, editing
determined, through experiments in which the ferrous of the well-known globin fold. The recent crystallographic
cyanide complex is formed as a transient species following analyses have identified an almost continuous hydrophobic
reduction of the ferric cyanide adduct. In turn, the transient tunnel, traversing the protein matrix, from the molecular
heme-Fe(ll)-cyanide complex dissociates into the reducedsurface to the heme distal site. Such a structural feature may
heme protein and HCNL(3, 9—13, 16—22). provide a path for ligand diffusion to/from the heme (Figure

The reactivity of ferric and ferrous (non)vertebrate heme 1) (23—26).
proteins toward cyanide is influenced mainly by the presence
in the heme distal pocket of proton acceptor and donor group- (ATERIALS
(s), whose function is to assist the deprotonation of the
incoming ligand and the protonation of the outgoing cyanide  Recombinant wild-type oxygenatedycobacterium tu-
(1-3, 6, 7, 9—-22). berculosistruncated hemoglobin-N\. tuberculosigrHbN)

The present study reports both structural and functional was expressed and purified as described elsewt&fe (
aspects of cyanide binding to truncated hemoglobins (trHbs). Recombinant wild-type oxygenatétl tuberculosidruncated
TrHbs constitute a family of small oxygen-binding heme hemoglobin-O . tuberculosisrHbO) was expressed and
proteins distributed in eubacteria, cyanobacteria, protozoa,purified according to Mukai and co-worker28). Recom-
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Table 1: Data Collection and Crystallographic Refinement Statistics
for the Cyanide Derivative of Ferrisl. tuberculosistrHbN

resolution range (A) 262.0
completeness (%) 99.5
R-merge (%) 13.7
unique reflections 17605
averagd/o(l) (outer shell) 11 (4)
redundancy 4.2
no. of active protein and heme atoms 2056
no. of solvent, cyanide, and other nonprotein atoms 251
R-factorR-free (%} 17.8/23.5
rmsd from ideal geometry

bond lengths (A) 0.012

bond angles) 1.23
Ramachandran plbt

most favored region (%) 97.2

additional allowed regions (%) 2.8
averageB-factors (&)

main chain 23

side chain 24

solvent 33

2 Calculated using 5% of the reflectiorfsData produced with the
program PROCHECK®&]).

binant wild-type oxygenatedChlamydomonas eugametos
truncated hemoglobinQ. eugametosrHb) was expressed
as the sequence segment Ser&tul42, deleting theN-
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To minimize any structural bias, the crystal structure of
the cyanide derivative of ferribl. tuberculosisrHbN was
solved by molecular replacement using the refined structure
of C. eugametosrHb (40% identity) as search mod&l3),
divided in eight zones (residues:—8, 9—24, 25-37, 38~
52, 53-69, 80-97, 98-121, and heme), later refined as
independent rigid bodies after the molecular replacement
solution was found. The search model corresponded to 82%
of the full molecule of the cyanide derivative of feriig.
tuberculosigrHbN, i.e., 49% of the scattering matter present
in the asymmetric unit. The molecular replacement program
EPMR (1) was employed, using data in the 15.0 to 4.0 A
resolution range. After locating the first molecule of the
cyanide derivative of ferridM. tuberculosistrHbN in the
asymmetric unit the correlation coefficient was 27.4%,
R-factor = 58.5%. Location of the second independent
molecule of the cyanide derivative of fertid¢. tuberculosis
trHbN brought the correlation coefficient to 47.58factor
= 51.3%. Crystallographic refinement of the derived model
allowed the building of the missing portions within the two
molecules of the cyanide derivative of ferht tuberculosis
trHbN, using the programs Refmac (version 5.29)(CNS
(33), and O 84). The 2.0 A resolution refined model contains
1970 protein atoms (residues 229 in each chain), 2 cyanide

terminal chloroplast import sequence, and purified as reportedanions, 207 water molecules, and 6 sulfate idRg¢neral
elsewhereZ9). The oxygenated heme protein concentration = 17 8%, R-free = 23.5%) (Table 1), with close to ideal

was determined using the following values of the molar
absorptivity in the Soret regionM. tuberculosigrHbN, e,
m=1.07x 1P M~tcm (at pH 7.5, and 20.0C) (27); M.
tuberculosigrHbO, €414 nm= 1.13 x 1® M~t cm™* (at pH
7.5, and 23.0°C) (28); and C. eugametosrHb, €412 nm =
1.02x 1° Mt cm™ (at pH 7.5, and 23.0C) (29). The

stereochemical parametei35).

Cyanide Binding to Ferric trHbsThe ferric derivative of
M. tuberculosigrHbN and trHbO as well as &. eugametos
trHb was prepared by oxidation of the oxygenated form with
a 10-fold excess of potassium ferricyanide. After the reaction
was allowed to proceed to completion, the protein was

HiTrap desalting column prepacked with Sephadex G-25 pyrified from ferri/ferrocyanide by desalting over a HiTrap
Superfine was provided by Amersham Pharmacia Biotech gesalting column prepacked with Sephadex G-25 Superfine

Italia (Cologno Monzese, Ml, Italy). All the other products
were from Merck AG (Darmstadt, Germany). All chemicals

were of analytical or reagent grade and were used without

further purification.

METHODS

Crystallographic Analysis of the Cyanide Deative of
Ferric M. tuberculosis trHbN.The cyanide derivative of
ferric M. tuberculosistrHbN was crystallized by vapor
diffusion against a 0.5-mL reservoir solution containing 2.25
M ammonium sulfate, 5.& 10~2 M phosphate buffer, pH
7.0. The 2ulL droplet contained 15 mg/mL protein, 10
103 M potassium cyanide, and 1.0 1072 M potassium

equilibrated with 5.0x 102 M phosphate buffer (pH 7.0)
(29).

Kinetics for cyanide binding to ferridM. tuberculosis
trHbN and trHbO as well a€. eugametogHb was followed
spectrophotometrically between 380 and 460 nm. Experi-
ments were carried out by mixing the ferric trHb (i.e.,
trHb(111)) (final concentration, 2.0< 10°%t0 5.0 x 1078 M)
with different amounts of cyanide (i.e., HCN; final concen-
tration, 5.0x 10°°to 1.0 x 1073 M).

Kinetics was analyzed within the framework of the
minimum reaction mechanism 1 in which the dissociation
rate of the ferric cyanide derivative of trHb (i.e., trHb(Ill)-
CN~) can be ignored due to its very low value in comparison

ferricyanide; the crystallization experiments were run at 4 to cyanide binding rate to ferric heme proteins (Scheme 1)

°C.
Diffraction data were collected from one crystal (for

@.

Values ofky, for cyanide binding to ferrid/. tuberculosis

cryoprotection, the crystal was soaked for about 20 s in atrHbN and trHbO as well as to ferri€. eugametosrHb

solution containing 20% (v/v) glycerol, 3.0 M ammonium
sulfate, 1.0x 1073 M potassium cyanide, 5.& 102 M

have been determined from the linear dependence of the
apparent combination first-order rate constant (k&%) on

phosphate buffer, pH 7.0, before flash-freezing at 100 K in the ligand concentration (i.e., [HCN]), under pseudo-first-
a liquid nitrogen stream) at the ESRF synchrotron source order conditions (i.e., [HCN} [trHb(lI1)]), according to
(Grenoble, France). Data were indexed and processed withegs 1 and 21):

the DENZO program suite30). A total of 142 217 reflec-
tions were collected in the 20 to 2.0 A resolution range, with

an overall completeness of 99.5% (Table 1). The crystal

belongs to the orthorhombic space grd@fa2,2;, with unit
cell dimensions:a = 44.57 A,b = 61.44 A,c = 91.29 A,
two M. tuberculosigrHbN molecules per asymmetric unit.

(1)

K= K, [HCN] @)

The kinetic absorption spectra of the cyanide derivative
of ferric M. tuberculosisrHbN and trHbO as well as df.

[trHb(II)CN ], = [trHb(I11)] ;& e
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Scheme 1
kon
trHb(IIT) + HCN — trHb(IIN)-CN™ + H*
Scheme 2
h kotr
trHb(IIT)-CN"~ + dithionite — trHb(I)-CN~ + H" — trHb(IT) + HCN

Milani et al.

calculated values of the optical density changes at each
wavelength measured in the rapid-mixing experiments (see
egs 3-5). The static absorption spectra of the cyanide
derivative of ferroudM. tuberculosistrHbN and trHbO as
well as of ferrousC. eugametosrHb were obtained in the
presence of 2.0 M potassium cyanide and .02 M
sodium dithionite. The static absorption spectra of the
deoxygenated derivative of ferroh4. tuberculosistrHbN

eugametosrHb were reconstructed from the static absorption and trHbO as well as of ferrous. eugametosrHb were
spectra of trHb(lll), plus the total optical density change at obtained in the presence of 10102 M sodium dithionite.
each wavelength measured in the rapid-mixing experiments.All the experiments were carried out at pH 7.0 (kQ0*

The static absorption spectra of trHb(lI1)-CNf M. tuber-
culosistrHbN and trHbO as well as of. eugametosrHb

M phosphate buffer) and 20.

were obtained by adding potassium cyanide (final concentra-RESULTS AND DISCUSSION

tion, 1.0x 1073 M) to the trHb(lll) solution (final concentra-
tion, 5.0x 1076 M). All the experiments were carried out at
pH 7.0 (1.0x 10°* M phosphate buffer) and 20<C.
Transient Formation of trHb(II)-CN and Cyanide Dis-
sociation.Kinetics of cyanide dissociation from ferroi.
tuberculosigrHbN and trHbO as well a€. eugametogHb
was measured by mixing the ferric trHb(l11)-CNouffered
solution (2.0x 10%t0 5.0x 106 M trHb and 1.0x 103
M cyanide) with a dithionite buffered solution (10 103
to 1.0 x 1072 M). The cyanide concentration (1.0 1073
M) exceeded the value of the dissociation equilibrium
constant for cyanide binding to ferric globins (26-10°6
M) (1, 3, 9), but was lower than that estimated for ligand
saturation of the ferrous form<(L02 M) (1, 3, 9). The
reaction was followed spectrophotometrically between 38
and 460 nm.

The time courses were fitted to two consecutive expo-

Three-Dimensional Structure of the Cyanide Dative
of Ferric M. tuberculosis trHbNIn the heme distal site of
ferric M. tuberculosistrHbN the cyanide ligand is coordi-
nated to the heme-Fe(lll) atom, at 1.84 and 1.70 A for
subunits A/B, respectively, with an F&€—N angle of 172
(for both subunits). The heme-Fe(lll) atom is contained in
the heme plane<0.03/~0.04 A from the plane in subunits
A/B, respectively), with a mean distance from the heme
pyrrole N atoms of 2.03 and 2.04 A in subunits A/B,
respectively (Figure 1 and Table 2). The heme-Fe(lll)-bound
cyanide is stabilized by a tight hydrogen bond to the TyrB10-
(33) OH group (2.56/2.77 A, in A/B subunits, respectively).
The positioning of the TyrB10(33) side chain is dictated

o Primarily by van der Waals contacts to neighboring residues,

but also by a hydrogen bond to GINE11(58) (3.02 A, in both
subunits). The latter residue, in turn, is at 3.47 A from the

nential processes according to the minimum reaction mech-néme-Fe(lll)-bound cyanide in subunit A (3.41 A in subunit

anism (Scheme 20( 17—22), whereh is the rate constant
(of order lower than two; see below) for the reduction of
trHb(II1)-CN~ by dithionite to the transient species trHb-
(IN-CN~. Values of the dithionite-dependent apparent first-
order rate constant for the reduction of trHb(III)-CNo
transient trHb(I1)-CN (h°*9 and ofk have been determined
from data analysis, according to eqs-3 treating both
reactions as irreversible first-order processz®:(

[trHb(I11)-CN 7], = [trHb(I1)-CN ]; x g Novd ©)

[trHb(I1)-CN ], = [trHb(111)-CN ~1,(h**X (e ™*¥/(k ¢ —
h*2)) + (€710~ kyr)))) (4)

[trHb(11)], = [trHb(111)-CN 7], — ([trHb(111)-CN ], +
[trtHb(I)-CN 1) (5)

Since the trHb(I11)-CN reducing species is SO (a
dissociation product of dithionite87), the value ofh has
been determined from the linear dependence®fon the
square root of dithionite concentration (i.e., §Sz04]*?),
under pseudo-first-order conditions (i.e., iSzD4] > [trHb-
(1)), according to eq 6 19):

h"*= h{Na,S,0,]"* (6)

B) (Figure 1). Thus, as previously observed for the heme-
Fe(ll)-bound Q in oxygenated trHbN Z4), the cyanide
ligand is stabilized by a network of distal site hydrogen
bonds, which may compensate for the absence of a polar
residue at the E7 site, where trHbN hosts LeuE7(54).
Moreover, residues ThrCD4(49), ArgE6(53), LeuE7(54), and
LysE10(57) face the heme distal cavity rendering the cyanide
(or biatomic ligand, in general) binding site fully inaccessible
to solvent through the so-called “E7 gate”.

The analysis of the coordination distance for the heme-
Fe(lll)-CN~ bond in ferricM. tuberculosigrHbN is indica-
tive of a tightly bound cyanide, likely representing a fully
oxidized heme-Fe(lll) atom, as opposed to selected cases
reported in the literature for Hbs, Mbs, or unrelated heme
proteins, for which heme-Fe(ll) reduction occurs (at various
levels) during X-ray irradiation of the crystalline samples
(13). This finding might reflect the different mechanisms
occurring in the Hbs or Mbs to achieve ligand stabilization
in the heme distal cavityl@). On the proximal heme side,
the HisF8(81)-Fe coordination bond is 2.11/1.99 A (subunits
A/B, respectively), and the proximal HisF8(81) azimuthal
orientation is staggered relative to the heme pyrrole N-atoms
(Figure 1 and Table 1), and almost unchanged relative to
the oxygenated trHbN structur@4).

Such a binding mode of cyanide to ferit tuberculosis
trHbN is reminiscent of the binding geometry observed for
O, in oxygenated. tuberculosigrHbN (24). However, the

The kinetic absorption spectra of the transient species trHb- orientation of the anionic ligand in the ferric cyanide
(IN-CN~ and of the deoxygenated end-species trHb(ll) were derivative ofM. tuberculosigrHbN is almost perpendicular

built from the static spectrum of trHb(lIl)-CN plus the

to the heme plane, whereas B oxygenatedV. tuberculosis
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Table 2: Heme-Fe(lll) Atom and Cyanide Coordination Geometry Observed in the Cyanide Derivatives oiVreuiierculosisrHbN and
trHbO, as well as of Ferri€. eugametosrHb

M. tuberculosigrHbN? M. tuberculosigrHbCP C. eugametogHbe sperm whale Mb
(present study) (25 (23 (13
PDB entry: 1RTE PDB entry: INGH PDB entry: 1DLY PDB entry: 1EBC
resolution (A) 2.6 2.1 1.8 1.8
R-factor (%) 17.8 18.6 17.6 18.1
average FeN (heme) distance (A) 2.03/2.04 2.04 1.98 2.03
Fe—HisF8 (NE2) distance (A) 2.11/1.99 2.05 2.18 2.02
Fe—CN (C) distance (A) 1.84/1.70 1.87/1.84 2.65 2.02
Fe—CN (N) distance X&) 3.01/2.87 2.99/2.97 3.48 3.06
C—N (CN) distance ( 1.19 1.16 1.13 1.06
E7—CN (N) distance (AJ 4.03/4.2% 6.00/6.8% 2.92 2.68
Fe—C—N angle () 171 162/168 130 166

2Values for the stereochemical parameters of the A and B independent subuditsubierculosigrHbN are reported® Average values for the
12 M. tuberculosistrHbO subunits hosted in the crystal asymmetric un@wing to X-ray induced partial reduction of the heme Fe center, the
cyanide coordination geometry reflects an average between a regularly Fe(lll) coordinated ligand and a (Fe(ll)) partly unbound species, trapped in
the distal site cavity. The B-factors for cyanide C and N atoms are 15 and,2&gbectively 23). @ Residue E7 is Leu iM. tuberculosigrHbN,
Ala in M. tuberculosigrHbO, GIn inC. eugametogrHb, and His in sperm whale Mb (see text and Figure® Data concerning A and B subunits
are identical/ Data concerning A and B subunits, respectivélywo distinct molecular populations, each composed of six subunits, can be
distinguished in the trHbO dodecameric assemBB).(

trHbN displays a tilted orientation, with an F©—0 angle Fe—C—N angle is 166, the Fe atom being in plane with
of about 118, pointing toward the rear end of the heme respect to the porphyrin pyrrole N atom (Table 2). Such a
crevice @4). Such an orientation is geometrically compatible binding mode is indicative of a tightly bound cyanide to ferric
with hydrogen bonds between both O atoms of the dioxygen sperm whale Mb, likely representing a fully oxidized heme-
molecule and the TyrB10(33) OH group4). Fe(lll) atom. The heme-Fe(lll)-bound cyanide is in contact
TrHbO is an homologoub!. tuberculosigrotein belong- with PheCD1(43) (3.63 A) and ValE11(68) (3.35 A),
ing to a separate trHb group (19.7% sequence identity to essentially through the N atom, which in turn is hydrogen
trHbN) (25, 26). Sequence analysis and the trHbO crystal bonded to the heme distal HiSE7(64) NE2 atom (2.68 A).
structure have shown that the heme distal site is markedly Note that the HisE7(64) residue locks the heme-Fe(lll)-bound
affected by unusual residue substitutions relativeMo cyanide in the heme distal site and makes it fully inaccessible
tuberculosistrHbN. In particular, trHbO displays a Tyr to solvent (3).
residue at the CD1(36) site, an Ala residue at the E7(44) Cyanide Binding to Ferric trHbsValues ofke*sfor cyanide
site, whereas a Trp residue at site G8(88) (substituting for binding to ferricM. tuberculosisrHbN and trHbO as well
ValG8(94) in trHbN) protrudes into the distal site cavity, asC.eugametogHb conform to a single-exponential decay
limiting its size. Moreover, half of the subunits in the and are independent of the observation wavelength, at fixed
crystallized dodecameric trHbO display a covalent link HCN concentration. Note that cyanide binding to both
between TyrB10(23) and TyrCD1(36), expected to affect monomeric and multimeric ferric heme proteins follows
significantly the dynamical behavior of the heme distal site. monophasic kinetics, indicating that the quaternary state does
The crystal structure of the cyanide derivative of feivic not affect ligand bindingd—7, 9—11, 13—15). Unusually,
tuberculosis trHbO shows that the heme-Fe(lll)-bound Vitreoscillasp. homodimeric ferric Hb has been reported to
cyanide is roughly perpendicular to the heme plane (the display anticooperative cyanide binding properti&®)(
average FeC—N angle is 164), with an Fe-cyanide Values ofky, for cyanide binding to ferric heme proteins
coordination distance ranging between 1.77 and 2.34 A in (Table 3) are essentially unaffected by the heme-Fe(lll)
the 12 subunits. The cyanide ion is stabilized by hydrogen geometry. In fact, sperm whale Mb, horse heart Mb,
bonds to TyrCD1(36) and to TrpG8(88) side chains (2.7  Parascaris equorumHb, Scapharca inaequalvis Hbl,
0.1 and 3.2+ 0.1 A, respectively) (Table 226). human Hb, and trout Hbl and HbIV bind a water molecule
In ferric C. eugametoHb, the Fe-cyanide coordination  at the sixth coordination position of the heme-Fe(lll) atom,
bond distance is 2.01 A, and the FE—N angle is 130 around neutrality 4, 39—44). On the other handZ. euga-
(Table 2). The hydrogen bond distance between cyanide andmetostrHbN is in the low-spin hexacoordinate form, between
the TyrB10(20) residue is 2.57 A. Residues GInE7(41) and pH 7 and 8 29). By contrast,M. tuberculosistrHbN and
GInE11(45) may also provide cyanide stabilization through trHbO, Aplysia limacinaMb, and Glycera dibranchiata
hydrogen bonds. However, the nature and cyanide stabiliza-monomeric Hb (component C) are high-spin pentacoordinate
tion capability of this hydrogen bond network may vary with systems, around neutralit2?, 28, 43, 45—47).
the dynamics of the heme-distal site. The cyanide electron The reactivity of cyanide toward ferric heme proteins has
density and the observed coordination geometry (Table 2) been postulated to be influenced mainly by the presence in
suggest that the ligand may be present in more than onethe heme pocket of proton acceptor group(s), whose function
binding mode 23), reflecting X-ray-induced (partial) heme- is to assist the deprotonation of the incoming ligand (i.e.,
Fe reduction 13). HCN). This interpretation is in agreement with (i) the very
Figure 1 shows the cyanide binding geometry to ferric slow kinetics of cyanide binding t&lycera dibranchiata
sperm whaleRhyseter catodgnMb, generally taken as the  monomeric Hb (component G, = 4.9 x 10t M1 s
prototype of monomeric oxygen carrief® 88). The heme- pH 7.0 and 20.0C) (see Table 3 for comparison), which
Fe(Ill)-C(cyanide) coordination distance is 2.02 A, and the lacks both the heme-Fe(lll)-bound water molecule and the
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Table 3: Values of Kinetic Parameters for Cyanide Binding to and
Dissociation from (Non)Vertebrate Globins as Well as for the
Reduction of Heme-Fe(lll)-cyanide Complexes

Table 4: Values oflmax ande of the Absorption Spectra in the
Soret Region of Some Derivatives of Ferric and Ferrblus
tuberculosistrHbN and trHbO as well as of. eugametosgrHb?

Kon h Koft

(non)vertebrate globin (M~ts™) (M~12s71) (s
C. eugametorHb? 46x 1% 35 1.6x 1072
M. tuberculosigrHbN? 3.8 x 1(* 3.1 1.2x 1072
M. tuberculosigrHbC? 3.2x 10* 2.8 1.3x 1072
A. limacinaMb 20x 107 =1 x 10%° 22x10%
sperm whale Mb 1.4 10%° 4.4 2.1x 10
horse heart Mb 1.% 10 8.0x 10 1.5x 107
P. equoruntHb n.d! 8.0x10% 1.1x 104
S. inaequialvis HblY 2.3 x 1? 0.60 1.9x 1072
human Hb tetramer 1.4 10" 2.0x 10Y 1.2x 10! (R-state)

1.5 (T-staté)
human Hbo-chain 1.7x 10 2.0x102% 1.7x 104
human Hb3-chain 16x 1% 1.8 15x 107"
trout Hb | tetramer n.d. 5.% 10% 5.65
trout Hb IV tetramer  n.d. 5.4 10% 6.0¢

5.5x 107 %

apH 7.0, 20.0°C. Present study’.pH 7.0, 20.C°C. From ref8. ¢ pH
7.0, 20.0°C. Recalculated from ref9. ¢ pH 7.0, 22.0°C. From refl.
epH 8.2, 25.0°C. Recalculated from refl8. fpH 7.1, 20.0°C.
Recalculated from re2l 9pH 9.2, 20.0°C. From ref9. "pH 6.05,
20.0°C. From ref4. ' pH 7.0, 20.0°C. From ref20. 1 pH 7.0, 20.C°C.
From ref4. XpH 7.2, 20.0°C. From ref22. ' n.d., not determined.

150

100

€ (mM! cm!)

50f 2

390
Wavelength (nm)

420 450

Ficure 2: Static and kinetic absorption spectra (lines and symbols,
respectively) in the Soret region of ferric and ferrous derivatives
of M. tuberculosigrHbO. trHb(lll), continuous line; trHb(l1)-CN,
continuous line and squares; trHb(Il)-CNcontinuous line and open
circles; and trHb(ll), continuous line and filled circles. The kinetic
spectra of trHb(Il1)-CN (squares), trHb(I1)-CN (circles), and trHb-

(I (filled circles) were reconstructed from the static absorption
spectra of trHb(IIl) or trHb(II)-CN- plus the total optical density

heme protein trHb(II1) trHb(I11)-CN trHb(I1)-CN~  trHb(II)

M. tuberculosis 400 418 435 432
trHbN

141 102 142 103

M. tuberculosis 409 419 436 429
trHbO

104 105 144 92

C. eugametogHb 409 416 434 426

114 97.6 149 108

aValues of Amax (NM) are in italic; values o (MmM~1 cm™?) are in
bold. All absorption spectra were obtained at pH 7.0 (1.0 M
phosphate buffer) and 20°C. ® High spin hexacoordinate heme. From
ref 27. ©High spin hexacoordinate heme. From 28. ¢ Low-spin
hexacoordinate heme. From r29.

cyanide binding reaction. Values dfihax and ¢ of the
absorption spectra in the Soret region of the cyanide
derivative of ferricM. tuberculosigrHbN and trHbO as well
asC. eugametosHb are given in Table 4. Around neutrality,
the ferric derivative oM. tuberculosigrHbN and trHbO is

a high-spin hexacoordinate specie®7,(28), the ferric
derivative of C. eugametodrHb being a low-spin hexa-
coordinate specie29) (Table 4). The absorption spectra of
the cyanide derivative of ferriv. tuberculosistrHbN and
trHbO as well asC. eugametodrHb in the Soret region
(Table 4) are similar to those reported for (non)vertebrate
heme proteinsl(—15), despite the different residues building
up the heme distal pockeB,(13, 23—25, 27—29, 3941,
45-51).

Transient Formation of trHb(I)CN and Cyanide Dis-
sociation.The overall reaction of the cyanide derivative of
ferric M. tuberculosistrHbN and trHbO as well as of.
eugametostrHb (i.e., trHb-Fe(lll)-CN) with dithionite
conforms to the minimum two-step sequential reaction
Scheme 2 (Figure 3, panel A), in good agreement with
previous resultsy, 17—22). The first reaction is the reduction
of trHb-Fe(l11)-CN~ to trHb-Fe(ll)-CN- driven by dithionite.

In agreement with Lambeth and Palme7) SO, (a
dissociation product of N&,O,) is the reducing species, as
demonstrated by the linear dependence of the apparent
reduction first-order rate constahf®s on the square root of
NaS;0, concentration (Figure 3B). The second reaction
conforms to a irreversible monomolecular decay (Figure 3A)
of the trHb-Fe(I)-CN reaction intermediate into trHb-Fe-
(II) and HCN. Under all the experimental conditions, cyanide

change at each wavelength measured in the rapid-mixing experi-dissociation from trHb-Fe(ll)-CNis much slower than the

ments. Values ofymax (NM) ande (MM~1 cm™1) of the absorption
spectra in the Soret region of ferric and ferrous derivativel!of
tuberculosigrHbO are shown in Table 4. Absorption spectra were
obtained at pH 7.0 (0.1 M phosphate buffer) and 2Q.0For further
experimental details, see text.

reduction of the heme-Fe(lll) atom (Table 3).
Simultaneous fit of the experimental data at each wave-
length to Scheme 2 shows that the intermediate trHb-
Fe(Il)-CN~ is a unique and well-identified species and
allowed calculation of the fully populated trHb-Fe(I)-CN

residue(s) catalyzing proton exchange, and (ii) the effect of and of trHb(ll) absorption spectra (Figure 2). The intermedi-
changes in the polarity of the heme distal pocket of human ate and final spectroscopic species given in Scheme 2

Mb, pig Mb, and sperm whale Mb by site-directed mutagen-
esis @, 6, 7).

As shown in Figure 2, the static and kinetic absorption
spectra of the cyanide derivative of ferfi¢. tuberculosis
trHbO are in excellent agreement. This occurs alsoMor
tuberculosigrHbN andC. eugametosHb (data not shown),

correspond to trHb-Fe(ll)-CNand trHb-Fe(ll), respectively,
on the basis of the following experimental evidence: (i) the
Na&,S,0,4 concentration dependence of the rate condtéft
for the buildup of the intermediate (Figure 3A,B); (ii) the
simple irreversible monomolecular decay of trHb-Fe(Il)-CN
into trHb-Fe(ll) and HCN (Figure 3A); and (iii) the excellent

excluding the occurrence of detectable intermediates in theagreement between the static and kinetic absorption spectra
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100 102 and 6.0 s* (Table 3), possibly reflecting the different
nature and geometry of the heme distal residue(s) hydrogen
bonded to the heme-bound cyanide (Figure2B~25, 27—
29, 3941, 45, 46, 48—51) which would assist protonation
of the outgoing cyanide9( 17—22). Unusually, biphasic
kinetics indicates subunit heterogeneity in cyanide dissocia-
tion from ferrous tetrameric trout HbIV2@). On the other
1 hand, cyanide cooperative dissociation from ferrous human
01 1 1o 100 1000 Hb has been reported, valueskgf reflecting the quaternary
Time (s) state (i.e., the R- or T-form) of the tetramer, as observed for
oxygen, carbon monoxide, nitric oxide, and isocyanic@}. (
Interestingly,G. dibranchiatamonomeric Hb (component
C) displays very fast kinetics for both dithionite-induced
o reduction and cyanide dissociation. In fact, upon mixing the
2 Hb-Fe(l11)-CN- complex with dithionite, the deoxygenated
= 05f ferrous derivative (i.e., Hb-Fe(ll)) is obtained within 10 ms,
without detection of the Hb-Fe(ll)-CNintermediate 19).

75

50

Ae (mM-! em?l)

25

0gZe . . CONCLUSIONS
.0 0.1 0.2 0.3 0.4

[dithionite] (M!2) Ligand diffusion to the trHb heme distal site is a peculiar
Ficure 3: Kinetics for the dithionite-dependent reduction of the Caﬁe(’j ?II;?CE t?e,, act;ci‘esstt_o the dlsl\tfltl lig\”ty throught tgeTso-
cyanide derivative of ferridl. tuberculosigrHbO and for cyanide calle ga e_' at least in group N IrHps, 1S prevented. 10
dissociation from the ferrous species.)(Rime course of trHb- ~ compensate thiyl. tuberculosistrHbN andC. eugametos
(I)-CN~ reduction and cyanide dissociation. The dithionite trHb display a protein matrix tunnel/cavity system, of apolar
gﬁgcle%traggngvl\\lﬂastl-@ 107 1T|\r/1| (trace_z), 1.0x 10; th\_/l (trace t;()yo nature, which connects the solvent space to the heme distal

: race c). The cyanide concentration was %. ; ; : ;

1073 M.>fl'he ferriéM. tub)erculosi)s/IerN concentration was 5.0 Slt‘.e' Aless (_:(_Jntmuous, bUt.tOpObglcally (_equwalent, system
x 106 M. The continuous lines were calculated according to eqs ©f iNner cavities is present iM. tuberculosigrHbO, where
3—5 (36) with the following values oh°ts 9.2 x 1071 s (trace the small size of the distal AlaE7(44) residue may allow
a), 3.1x 10t s ! (trace b), 1.0x 101 s7%, and (trace c); and the  ligand diffusion through the “E7 gate’28—26).

dithionite concentration-independent valuekgf = 1.3 x 1072 i
s1, (B) Dependence of the pseudo first-order rate congt@®ffor Within the N and O trHb groups2(), Oz, NO, and CO

the reduction of trHb(111)-CN on the dithionite concentration. The a.II pomblne with the _ferrou_s deoxygenated dgnvanve at
continuous line was calculated according to ed® (vith h = 2.8 similar rates. These ligand-independent combination rates
M~12s-1, All data were obtained at pH 7.0 (0.1 M phosphate buffer) indicate that the electronic factors that give rise to the large
and 20.0°C. For further experimental details, see text. ligand-specific differences in most (non)vertebrate Mbs and

Hbs are not operative in trHbs. In fact, ligand binding to
rHbs appears to be limited by intraprotein ligand diffusion
54). However, similar ligand entry rate values have been
reported forM. tuberculosistrHbN and sperm whale Mb
(~ 2 x 10° M~t s71). On the other hand, the ligand entry
rate forM. tuberculosigrHbO ranges betweent 10° and

1 x 10° M1 s1 (54, 55). Preliminary molecular dynamics
simulation experiments on Qliffusion in M. tuberculosis
trHbN indicate that, once the ligand enters the tunnel/cavity
system, it can diffuse to the heme distal site within 400 ps.

Fe(Il) are similar to those reported for (non)vertebrate globins M&chanisms involving ligand accumulation in the trHb

(9, 17—22), despite the different heme-distal residu@&sl{— matrix sho_uld be also (_:onsidere66][. In fact, the trHb
25, 27—29, 39—41, 45-51). tunnel/cavity systems (Figure 1) can accommodate as many

Values ofh for the reduction of the cyanide derivative of &S Six CO molecules, as judged from volume analysis and
ferrous heme proteins range between 2.0072 M2 and kinetic experiments5g). A similar situation may hold also
> 1 x 10 M2 51 (Table 3), possibly reflecting the for cyanide accumulation in trHb’s since cyanide is isosteric

different ability of (non)vertebrate globins considered to bind @nd isoelectronic with CO2J. Moreover, at least four Xe
atoms are present in the tunnel/cavity systenMoftuber-

dithionite or its dissociation product $O Note that dithion- ) :

ite binding to human deoxygenated Hb occurs at the interfaceCUl0SiS IrHbN crystals, following treatment at 25 bar Xe
of two tetramers in the crystal lattice by hydrogen bonds or Pressuré.Similar experimental procedures have shown that
salt interactions with HisG16(116) and HisG17(117) of the SPerm whale Mb may trap a maximum of two ligand
$, subunit and LysA13(16) of the; subunit of the adjacent molecules in the protein matrix at Xel and Xe4 sites (Figure
Hb molecule §2). Indeed, electron transfer within a protein 1) (55, 57, 58).

matrix should occur in the millisecond time rand), not Despite the observed structural differences, values of the
limiting the reaction investigated here. second-order kinetic rate constant for cyanide binding to

Values ofkq for cyanide dissociation from both mono-
meric and multimeric heme proteins range betweenxl.1 2 M. Milani, personal communication.

of trHb-Fe(Il)-CN~ and trHb-Fe(ll) (Figure 2). The excellent
agreement between the static and kinetic absorption spectr
of trHb-Fe(II)-CN- and trHb-Fe(ll) (Figure 2) excludes the
occurrence of further detectable intermediates in the cyanide
dissociation process from trHb-Fe(l11)-CNia the transient
formation of trHb-Fe(ll)-CN. Values ofimax and e of the
absorption spectra in the Soret region of the deoxygenated
and ferrous cyanide derivatives M. tuberculosistrHbN

and trHbO as well as of. eugametosrHb are given in
Table 4. The absorption spectra of trHb-Fe(Il)-Cahd trHb-
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ferric (non)vertebrate globins (characterized by the so-called

(lE?
(59,

gate”, such ad\. limacina Mband sperm whale Mb)
60), and to trHbs (characterized by the protein matrix

tunnel/cavity system)23—26) are similar and quite low
(Table 3). Such an observation suggests that cyanide binding
is primarily unaffected by the protein structural properties
defining the overall diffusion mechanism to the heme distal
pocket. Indeed, kinetics of cyanide binding have been shown
to be primarily and comparably limited in ferric (non)-
vertebrate globins by proton transfer to the solvé@n6( 7),
despite the involvement of entirely different cyanide-heme-
distal residue(s) (e.g., His, Tyr, and/or GIn) hydrogen bond
networks (Figure 1) 3, 13, 23—25, 27—29, 39—41, 45—

51).

The rate constants for the reduction of the heme-Fe(lll)-
cyanide complexes here considered, on the contrary, span 4
orders of magnitude (Table 3). This may reflect the different
ability of (non)vertebrate globins considered to yield produc-

tive

complex(es) with dithionite, or with its byproduct $0O

(18). As reported for the cyanide derivative of ferric (non)-
vertebrate globins3| 6, 7), values of the rate constant for
ligand dissociation from heme-Fe(ll)-cyanide of (non)-
vertebrate heme proteins are very different (Table 3), possibly
reflecting the nature and stereochemistry of the heme distal
residue(s) assisting protonation of the outgoing cyan®le (
17—-22). However, values of the rate constant for heme-
Fe(ll)-cyanide dissociation in trHbs and in sperm whale Mb

are

similar (Table 3), possibly reflecting a striking case of

convergent evolution.
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