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ABSTRACT. When nitric oxide (NO) binds to heme proteins, it exerts a repulbsares effect on the proximal

ligand, resulting in weakening or rupture of the proximal ligand-iron bond. The general question of
whether NO binding generates a five-coordinate complex with proximal ligand release is important for
the function of enzymes such as guanylate cyclase. This question can be addressed by studying NO
binding to the myoglobin cavity mutant H93G, where the proximal histidine has been replaced by glycine.
When this protein is expressed in the presence of imidazole (Im), an imidazole molecule occupies the
proximal cavity and serves as a ligand to the iron [Barrick, D. (1Bidrhemistry 336546-6554].

This proximal imidazole can be exchanged for a variety of exogenous ligands [DePillis, G. D., Decatur,
S. M., Barrick, D., & Boxer, S. G. (1994). Am. Chem. Soc. 116981-6982]. While CO binds to
H93G(Im) to form a stable six-coordinate complex similar to that of the wild type and NO binds to
wild-type myoglobin to form a six-coordinate complex, we find that the binding of NO to H93G(Im)
under similar conditions results in the cleavage of the exogenous imidaratebond at neutral pH,
leaving a five-coordinate hemdNO complex, H93G-NO, inside the protein. When a large excess of
imidazole is added to this five-coordinate NO complex, a six-coordinate complex can be formed; thus,
the binding constant of a sixth ligand to the five-coordinate H9B® complex can be measured. This

is found to be several orders of magnitude smaller than the binding constant of Im to the carbonmonoxy,
deoxy, or the metcyano forms of the protein. By replacement of Im with methyl-substituted imidazoles
which have hindered or strained binding conformations, this binding constant can be reduced further and
some of the factors responsible for favoring the five-coordinate form can be elucidated. Thus, the cavity
mutant H93G provides a novel model system for studying the factors that control the coordination state
of NO complexes of heme proteins and serves as a bridge between synthetic heme model complexes in
simple solvents and site-directed mutants in the structured environment found in proteins.

Nitric oxide (NO)} has been shown to play a central role retaining the proximal His93Fe bond, the ligand from the

in many biological processes such as signal transduction, forprotein trans to NO is broken in guanylate cyclase and a
example, serving as an intercellular messenger in vasodilationnumber of other proteins (De Sanctis et al., 1994; Ascenzi
and neurotransmission (Gelperin, 1994; Snyder, 1992; Stam-et al., 1985, 1992; Coletta et al., 1990; Adachi et al., 1993;
ler et al., 1992). Heme proteins play important roles in both Morishima et al., 1989) and at low pH upon protonation of
nitric-oxide generation (e.g., NO synthase, which produces the proximal histidine in native Mb (Duprat et al., 1995). In
NO fromL-arginine) and as receptors for NO (e.g., guanylate the case of guanylate cyclase, this bond rupture may be
cyclase, which catalyzes the production of cGMP from GTP important for initiation of a structural change which turns
during signal transduction). A key issue in these systems is ON enzymatic activity (Stone & Marletta, 1994; Burstyn et
whether the proximal fifth ligand to the heme iron in the al, 1995; Stone et al., 1995; Yu et al., 1994).

resting state, often histidine, is broken upon binding of NO  Simple chemical models of NO and CO bonding in ferrous
on the opposite (distal) side of the heme. Whereas native N€éme complexes have provided considerable information on

Mb forms a stable six-coordinate complex upon NO binding, the factors that control five versus Six coordinatio_n. While
both NO and CO are strong ligands to synthetic ferrous

: : . hemes, NO heme complexes have a large repulsases
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monoxide; MbCO, carbonomoxymyoglobin; MbNO, nitrosylmyoglobin; its ability to readily form stable five-coordinate heme
Im, imidazole; Melm, methylimidazole; L, ligand; H93G(L), myoglobin  complexes (Wayland & Olson, 1974; Sharma & Traylor,
cavity mutant H93G with L incorporated as a proximal ligand; H93G . ; o

NO, five-coordinate complex of NO bound to HO3G Mb; H93G(L)- 292 11aylor etal., 1993). While the binding constant for
NO, six-coordinate complex of NO bound to H93G(L); EPR, electron imidazole to five-coordinate hemeNO has been estimated

paramagnetic resonance. (Traylor & Sharma, 1992), this constant has not been
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determined experimentally. Furthermore, it would be desir- 0.7 R Aaaaasca oot
able to obtain information on the factors which govern ligand 0.6 E
binding in the context of a protein environment where o \' ]
additional interactions such as hydrogen bonding may be “F <——Wild Type MbNO
important.

In the myoglobin cavity mutant H93G (Barrick, 1994),
the functionally critical proximal histidine residue can be
replaced by many exogenous organic ligands (DePillis et al.,
1994). When mimics of the histidine side chain, such as
imidazole (Im) or methyl-substituted imidazoles (Melm), are Ob
introduced into the cavity, these proteins form six-coordinate 350400 450300 350 600 650 700
ferrous CO complexes which are very similar to that of wild-

i ; Ficure 1: Absorption spectra of wild-type MbNOL (.« = 421
type Mb, as probed by UVivis absorpticit] NMR, and IR nm) and H93G-NO (Amax = 400 nm). The samples v?/Xere in 100

spectroscopies, as well as ligand recombination kinetics 1 phosphate (pH= 7.0): the H93G sample contained 01
(DePillis et al., 1994; Decatur & Boxer, 1995; Decatur et excess imidazole. ’

al., 1996a). We have discovered that under similar condi-
tions NO binding to these complexes results in electronic
absorption spectra which are quite different from those of
native MbNO. As shown in the following, these spectral
changes are consistent with release of the proximal imidazole
ligand and formation of a five-coordinate Neme, in
contrast to the hexacoordinate complexes of the wild-type
(WT) protein. Thus, this system provides a novel model
for studying the factors that control the coordination state
of heme-NO complexes and a bridge between simple
synthetic heme complexes and the structured environmen
found in proteins.

Absorbance

Wavelength (nm)

Resonance Raman Spectré&kesonance Raman spectra
were obtained with an Ar ion laser (Coherent Innova 400)
pumping a dye laser (Coherent CR-559) using the laser dye
Stilbene 420 to exicte the sample at 423 nm. The dye laser
output was spectrally filtered using a grating and pinhole
apparatus to remove small satellite laser lines. Spectra were
obtained using a 13%ack-scattering geometry. The scat-
tered light was collected and analyzed with a Photometrics
CCD detector. Spectral slit widths were set for a resolution
tof 2.4 cntl, Sample concentrations ranged from 50 to 100
uM for WT MbNO and from 100 to 30M for H93G—

NO.

MATERIALS AND METHODS RESULTS

Protein Preparation and Purification The sperm whale Coordination State of HI36NO. The electronic absorp-
myoglobin mutant H93G was expressed and purified as tion spectra of WT MbNO and H93ENO, prepared by
described previously (Barrick, 1994; DePiIIi§ et al., 1994,; dilution of a concentrated stock of H93®O into 100 mM
Decatur & Boxer, 1995). When this mutant is expressed in phosphate buffer (pH 7.0), are compared in Figure 1. The

Escherich_ia_coliin the presence of imi_dazole, an imidazole  gqat band of H936NO is broad and blue-shifted by22
molecule is incorporated into the proximal cavity and serves nm relative to that of WT MbNO. Its spectrum is similar to

as a ligand to the iron (Barrick, 1994).' This imi.dazole_can that of five-coordinate NO-heme complexes, which also
be exchanged for other heterocyclic ligands using a simple oy it hroadened, blue-shifted Soret bands (Coletta et al.
diafiltration technique (DePillis et al., 1994), generating a 1990). Identical ai:)sorption spectra are observed when NO
diverse set of proteins with widely variable properties. binds to H93G(L), where = methylimidazoles or pyridine,
_ Preparation of the Ferrous NO ComplexProtein solu-  and in the NO complexes of the human myoglobin mutants
tions were purged under a stream of 8bs in a vial or  H93C and HI3Y (Adachi et al., 1993).
cuvette sealed with a rubber septum. A minimal amount of  Ferrgus MbNO is a low-spin paramagnetic complex with
sodium dithionite was added to the samples from a freshly 5 — 1/, and the hyperfine splitting observed in the low-
prepared 1 M stock solution. The protein solution was then temperature EPR spectrum is indicative of the coordination
placed under a stream of NO gas to produce the NO complex.state of the heme iron (Stone et al., 1995; Mun et al., 1979;
EPR SpectroscopyX-band EPR spectra were measured Hille et al., 1979). In WT MbNO at pH= 6.5, hyperfine
at 77 K on a Varian E112 EPR spectrometer equipped with splitting from24NO and'“N of the proximal histidine results
a quartz dewar. Samples werel mM protein in 60% in a poorly resolved nine-line pattern, a signature of the six-
glycerol/water and 100 mM phosphate (pH7.0). coordinate complex (Figure 2A). By contrast, the EPR
NO Dissociation Rates The rate of dissociation of NO  spectrum of HO3GNO at pH= 6.5 (Figure 2B) exhibits
from Mb was measured using the CO replacement techniquethe three-line pattern characteristic of the five-coordinate
(Moore & Gibson, 1976; Sharma & Ranney, 1978). Three heme-NO complex and quite similar to the spectrum
milliliters of buffer (100 mM phosphate, pkE 7.0) was reported recently for guanylate cyclase upon NO binding
added to a quartz cuvette, sealed with a septum, purged with(Stone et al., 1995).
N, and then equilibrated with CO. Freshly prepared sodium Resonance Raman spectroscopy is also a useful probe of
dithionite solution was added to a total concentration of 1 the coordination state of the heme iron. In the six-coordinate
mM. A concentrated stock solution of MbNO was prepared complex, the iron lies almost in the plane of the heme, while
by addition of 1 atm of NO to a sealed vial of concentrated in the five-coordinate species, the iron is displaced from the
deoxymyoglobin £1 mM). An aliquot of the MbNO heme plane toward the NO ligand (Scheidt & Frisse, 1975;
solution was added to the cuvette to give a Soret band Scheidt & Piculo, 1976; Scheidt et al., 1977). The core-
absorbance of1. The UV/vis absorption spectra were then size marker modes of the heme are sensitive to the position
measured every 30 s for3 h. of the iron and are therefore sensitive to its oxidation and
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FiGUrRE 4: kot measurements for HO3GNO and wild type MbNO.
Samples were prepared as described in Materials and Methods. [Mb]
in both samples was-2 uM; the H93G-NO sample contained
<10 uM Im in solution.
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Ficure 2: X-band EPR spectra at 77 K of (A) wild-type MbNO 0.5 § i ]
and (B) H93G-NO. In both samples, [Mb}» 1 mM and pH= o St
6.5. For H93G-NO, the [Im] in solution was~ 1 mM. g 0.4 2. ]
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Ficure 5: Titration of H93G-NO with imidazole. The concentra-
tion of H93G was~2 uM in 0.1 M phosphate buffer (pH= 7.0)
at 295 K. The inset is a plot of [Im] versus [H93G(Im)NO]/[H93G
NQ]. The slope of this plot givek, according to eqs 1 and 2. Im

concentrations were corrected for the fraction of protonated
imidazole (ImH") present at pH 7.

1376 cm’ ¥ 1651 cm™
~—

. - NO Dissociation RatesThe dissociation rates for NO in
Raman Shift (cm™) WT MbNO and H93G-NO complexes were measured by
FicuRe 3: High-frequency region of the resonance Raman spectra the CO replacement technique; the change in absorbance (cf.
of (A) wild-type MbNO and (B) H93G-NO. Spectra were recorded ~ Figure 2) at 421 nm (WT) or 400 nm (H93G) follows the
at room temperature in 0.1 M phosphate buffer (gH7.0). The disappearance of MbNO (Figure 4). The kinetics for both
Concentt_fatlo? t(?f H|9:3G was 100 uM with N?aotﬂ'\kfl eXCGfSS Im  WT and H93G-NO can be fit well by a single exponential.
present in solution. Frequencies are compared to known frequencie _ Zel)ic 2
of five- and six-coordinate hemeéNO complexes in Table 1. The rate constant for HO3Gkr = 1.1 x 1@ s7) is 3-fold
smaller than that of WTki¢ = 3.4 x 1074s™1). The slower
Table 1: Comparison of Core-Size Marker Modes in Five- and d!ssoma_t|or_1 rate in H93G mlght re_ﬂeCt the presence of a
Six-Coordinate HemeNO Compounds higher binding constant for NO in a five-coordinate complex
(Traylor & Sharma, 1992).

1300 00

- - e o Equilibrium between Rie- and Six-Coordinate Forms
fnvigg%@;\r:gte complexes 1509 1651 The six-coordinate complex H93G(Im)NO is formed when
iron(ll) protoporphyrin [X-NO? 1508 1648 a high concentration of Im is present in solutions of H93G
guanylate cyclage 1508 1646 NO. The transition from the five- to six-coordinate complex
Six&ﬁgﬁgg”me complexes 1501 1638 can be readily observed in the visible absorption spectrum

HONO: 1500 1636 as shown in Figure 5. Upon addition of excess imidazole,

the Soret band maximum shifts from 400 to 420 nm, with
an isobestic point at 408 nm. The observed spectral changes
occur immediately upon addition of Im, much faster than
the observed NO dissociation rates shown in Figure 4. These
spectral changes can be used to calculate an equilibrium
constant for the binding of Im to H93&ENO.

aTsubaki and Yu (1982) Yu et al. (1994).

coordination states (Spiro & Li, 1988). Five-coordinate
heme-NO complexes can be distinguished by small shifts
in the v3 and v, modes relative to those of six-coordinate
heme-NO, increased intensity in the;; mode, and de-

creased intensity in they oxidation state marker mode (Yu H93G—NO + Im = H93G(Im)NO (1)
et al.,, 1994; Yu & Kerr, 1988; Benko & Yu, 1983). The

resonance Raman spectra of the core-size marker region in [H93G(Im)NO]

WT MbNO and H93G-NO are presented in Figure 3; the = [H93G—NOJ[Im] )

data are summarized and compared to literature values in

Table 1. Significantly, the frequencies of these modes in Absorbance spectra were measured over a range of Im
H93G—NO are similar to those observed in NO-bound concentrations, and the [H93G(Im)NO]/[H93®IO] ratio
guanylate cyclase (Yu et al., 1994) and five-coordinate hemewas determined. A plot of [H93G(Im)NO]/[H93&NQO]
model compounds. versus [Im] gives a line with slopK [Figure 5, inset; Im
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Table 2: K and AG® for Binding Different Exogenous Ligands to

the Five-Coordinate H936NO Complex at 295 K

Decatur et al.

of H93G(Im), in which the Im remains bonded to the iron
(DePillis et al., 1994; Franzen et al., 1995; Decatur et al.,
1996).

ligand? K AG® (kJ/mol) o . -
dazole (15 01) x 10° =TS Contributions to the Imidazole Binding to H93®IO.
imidaz PED. The lack of a covalent bond between the Im ligand and the
3 polypeptide chain in H93G enables the measurement of a
<’N] binding constant and free energy for the proximal ligand to
H o H93G—NO via a simple titration. There are several factors
4-methylimidazole ~ (2.0+0.1) x 1C° —19 which can contribute to the binding energy of imidazole to
% H93G—-NO, including the energy of the covalent bond with
¢ ]\ the iron, noncovalent interactions with the protein (such as
N o hydrogen bonds or van der Waals contacts), and entropic
N-methylimidazole ~ (0.7+ 0.04)x 10° —16 contributions from both the displacement of water from the
kS binding cavity and the sequestration of the ligand from the
</] aqueous solution. The temperature dependence of the
B equilibrium constant suggests thaG® is dominated by a
2-methylimidazole  (0.025- 0.005)x 10° -7 large negative enthalpic term. The important factors in

;)
—~ ]

acf. eqs 1 and 2.

8

7.6 |

In K

7.2 F

6.8 |

6.4

stabilization of the Im in the proximal cavity are likely the
covalent bond between the Im and the heme iron and
noncovalent bonding interactions between the Im and the
proximal cavity. The data presented here can not quantita-
tively further separate these different contributions. For
example, we do not know whether Im occupies the proximal
cavity even when not bonded to the iron (a state analogous
to geminate binding for diatomic ligands on the distal side).
The identification of such an intermediate would permit the
direct measurement of Im bonding to heme independent of
Im binding to the protein cavity.

We have shown elsewhere that methyl-substituted imid-
azoles bind to the metcyano complex of H93G with unique

affinities and conformations, depending on the interactions
between the ligand and the amino acids of the protein cavity
(Decatur & Boxer, 1995; Decatur et al., 1996b; Decatur,
1995). According to the measured binding affinities listed
in Table 2, the series of methyl-substituted imidazoles bind
) , with decreasing affinity in the order 4-Melm Im >
concentrations were corrected for the fraction of protonated N_velm > 2-Melm. The same trend is observed in the
imidazole (ImH) present at pH= 7]. K and AG® for carbonmoxy complex (Decatur et al., 1996b) and in the
imidazole and several other exogenous ligands are listed iNdeoxy form (Franzen, Decatur, and Boxer, to be published).
Table 2. TheK for 4-Melm is slightly larger than that for 4 \eim forms a slightly more stable six-coordinate complex
Im, while N-Melm has a smaller binding constant. This han |m; this observation is consistent with the fact that
order of binding preference is the same as that observed ing_pelm has a higher i, than Im and is a better electron
the metcyano complexgs c_Jf H93G (Decatur & Boxer, 1995; donor, producing a stronger liganthetal bond. N-Melm,
Decatur, 1995). The binding constant of Im to H93BO however, has a significantly weaker binding than Im or
was measured over the temperature rang8%5’C. A van't 4-Melm, although in free solution, theg of N-Melm is
Hoff plot of In K versus 1T is given in Figure 6; the  gimilar to that of 4-Melm. Unlike Im or 4-Melm\-Melm
significant temperature dependence tofreflects a large g not capable of hydrogen bonding with potential hydrogen
enthalpic term AH° ~ —33 kJ/mol) and a relatively small  ong acceptors such as Ser92 or the backbone carbonyl of
entropic contributionAS’ ~ =55 J/(mol K)]. Leu89. The lack of a hydrogen bond can affé&Melm
DISCUSSION binding in two different mechanismg. As suggested by NM.R
spectroscopy, there are modest differences in conformation
Binding of NO to H93G(Im) Promotes Im Dissociation between 4-Melm antl-Melm in the metcyano complex of
As shown by absorption, EPR, and resonance Raman spectr&;193G (Decatur & Boxer, 1995), and this change in confor-
the Mb mutant H93G(Im) forms a five-coordinate heme  mation and the absence of a hydrogen bond to Ser92 may
NO complex, H93G-NO, displacing the proximal exogenous combine to destabilizeN-Melm binding. Alternatively,
Im, unless a large excess concentration of Im is present.donation of a hydrogen bond by 4-Melm increases its
Anticipating this conclusion, we have used H938O to effective (Ka. Therefore, while 4-Melm antl-Melm may
denote the five-coordinate species and H93G(Im)NO to have comparable basicities in free solution, the presence or
denote the six-coordinate species. Thus, as with modelabsence of a hydrogen bond can modulate the basicity of
heme-NO complexes, the Imiron bond in H93G(Im) is the proximal imidazole and therefore the strength of the iron-
weakened by the binding of NO. This contrasts with the imidazole bond (Decatur et al., 1996b). 2-Melm binds about
wild-type protein, in which NO binding does not displace 2 orders of magnitude more weakly than Im; this is likely
the proximal His93 and the carbonmoxy- and deoxy- forms due to unfavorable steric interactions between the 2-Me

0.0032 0.0034 0.0036

T (1/K)

Ficure 6: van't Hoff plot of the binding constant of Im to H93G
NO. On the basis of a least squares £iti° = —34 kJ/mol and
AS = —55 J/mol.
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group and the heme plane. Thus, removal of a hydrogendo not yet have a high-resolution structure of H93G(L)CO
bond or introduction of steric strain in the proximal ligand or H93G(L)NO at a high ligand concentration, it is premature
binding can greatly destabilize the formation of a six- to speculate further on structure-based changes in electronic
coordinate complex. This suggests an obvious series ofproperties.
experiments involving further site-directed changes on the The observation that the binding constant for proximal
proximal side, which are in progress. ligands L to H93G-NO varies with its chemical and
Relevance to NO Binding in Heme Proteing he binding structural properties demonstrates a tremendous sensitivity
of substituted imidazoles to H936NO provides interesting  of proximal ligand binding in six-coordinate hemBlO to
insight into NO binding to other heme proteins. Direct environmental factors within the protein. Thus, in a native
comparisons between the binding constants for a sixth ligandprotein, the conformation of the proximal ligand as con-
to H93G-NO and the effects of NO binding on native heme strained by its covalent linkage to the the polypetide chain
proteins are not possible because the proximal ligands areand its interactions with the surrounding protein environment
covalently bound in the native proteins. Nonetheless, thesewill determine whether the bond to iron is broken or
studies of H93G-NO provide some information on factors maintained upon binding of NO. Thus, H93G(L) can provide
which can stabilize the six-coordinate species. In other hemea bridge between traditional model systems involving
proteins, such as wild-type myoglobin and guanylate cyclase, synthetic heme complexes and proteins which are only poorly
the covalent attachment of the proximal histidine to the understood such as guanylate cyclase. It will also be most
polypeptide backbone imposes constraints favoring the interesting to apply the cavity mutant strategy to guanylate
formation of either six- or five-coordinate NO complexes. cyclase itself to further understand these interactions in their
Constraints and strain imposed upon the proximal histidine native context.
can either stabilize the irerhistidine bond or facilitate its
release upon binding of NO. In the six-coordinate limit, suich REFERENCES
as in wild-type MbNO, either there s little strain in the  agachi, S., Nagano, S., Ishimori, K., Watanabe, Y., & Morishima,
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