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ABSTRACT: Two heme propionate side chains, which are attached at the 6 and 7 positions of the heme
framework, are linked with Arg45 and Ser92, respectively, in sperm whale myoglobin. To evaluate the
role of each propionate, two kinds of one-legged hemins, 6-depropionated and 7-depropionated protohemins,
were prepared and inserted into the apomyoglobin to yield two reconstituted proteins. Structural data of
the reconstituted myoglobins were obtained via an X-ray crystallographic analysis at a resolution of 1.1
1.4 A and resonance Raman spectroscopy. It was found that the lack of the 6-propionate reduces the
number of hydrogen bonds in the distal site and clearly changes the position of the Arg45 residue with
the disrupting Arg45 Asp60 interaction. In contrast, the removal of the 7-propionate does not cause a
significant structural change in the residues of the distal and proximal sites. However, the resonance
Raman studies suggested that the coordination bond strength of the-tfis3#®nd for the protein with

the 7-depropionated protoheme slightly increases compared to that for the protein with the native heme.
The & and CO ligand binding studies for the reconstituted proteins with the one-legged hemes provide
an important insight into the functional role of each propionate. The lack of the 6-propionate accelerates
the & dissociation by ca. 3-fold compared to those of the other reconstituted and native proteins. The
lack of the 7-propionate enhances the CO affinity by 2-fold compared to that of the protein with the
native heme. These results indicate that the 6-propionate clearly contributes to the stabilization of the
bound Q, whereas the 7-propionate plays an important role in the regulation of theliéond.

Protoheme IX (heme b), one of the prosthetic groups in a amino acid residues, and the formatiohaoa salt bridge
series of hemoproteins, is tightly bound in the protein matrix between the heme propionate side chains and polar amino
by multiple noncovalent interactions. For the-kinding acid residues near the entrance of the heme pocKet (
hemoproteins, such as myoglobin and hemoglobin, the heme Structures of the proteins determined by an X-ray crystal-
is stabilized by FeHis coordination, hydrophobic contact |ographic analysis and a NMR spectroscopic study of the
of the heme with several nonpolar aliphatic and aromatic myoglobin clearly showed the hemglobin interaction. In
addition, the kinetic and thermodynamic studies of the heme
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sites of sperm whale oxymyoglobin (IMBO). 3, and mesoheme.

chains linked at the 6 and 7 positions of the heme framework However, it is still not clear that the real role of the
interact with Arg45 and Ser92/His97, respectively. According interaction between the 7-propionate and Ser92 has an
to the crystal structure of oxymyoglobin as shown in Figure influence on ligand binding.
1, it displays two unique network$,(6). One is the distal Another strategy for evaluating the role of the two heme
site network of the 6-propionate-Arg45,8-His64-bound propionate side chains in ligand binding in myoglobin will
O,. The other is the proximal site network of 7-propionate- be the removal of one of the propionates by chemical
Ser92-His93. These hydrogen bonding networks seem to bemodification. Although a simple idea is the esterification of
essential to regulation of the myoglobin function, because one of the heme propionate side chains to disrupt the
the former network stabilizes the bound @nd the latter hydrogen bonding network, it is difficult to selectively
may control the position of the imidazole ring as an axial prepare the hemin monoester at the position 6 or 7 side chain
ligand of His93. Although it is unambiguous that each heme by organic synthesis’(12). To overcome this problem, we
propionate side chain is a part of the hydrogen bonding first prepared two “one-legged” mesohemin derivatives in
networks, their contribution to the myoglobin function has which the 6- or 7-propionate side chain was replaced with a
not been completely determined. methyl group and then inserted them into the apomyoglobin
Several groups have devoted their efforts to evaluating (13). The two proteins reconstituted with each mesoheme
the role of the propionateglobin interaction in protein  derivative produced kinetic parameters for ligand binding
function by a mutagenetic approach, in which the propionate- events different from those observed by the native protein.
bound amino acid residues, such as Arg45 and Ser92, wereHowever, these reconstituted myoglobins were not appropri-
replaced with a different type residue. For example, residue ate for the exact evaluation of the role of each propionate
45 was substituted with noncharged residues, such as Ser oside chain on the basis of the kinetic studies, because there
Gly (7, 8). The 3D structure of the aquomet K45S mutant are two heme orientations, forward and backward, in the
for pig myoglobin revealed that the mutation produces only asymmetric heme pocket with a ratio of-8. In contrast,
a small deviation in thex-carbon main chain from that of La Mar, Smith, and their co-workers reported that two
the native protein, but a more open pocket structure comparedmyoglobins, rMb{) and rMb@), reconstituted with the
to that of the native myoglobin, although a significant change prototype one-legged protohemirsand2, respectively, as
in the kinetic parameters for LQor CO binding was not  shown in Figure 2, mainly give the forward hemin plane
observed for these mutants. On the other hand, the replaceeonformation in the heme pockei4, 15). According to their
ment of Ser92 with Val or Leu for the pig myoglobin studies, the ratios of the forward and backward hemin
increased the ligand binding affinities, indicating that the planes in the sperm whale myoglobin were determined to
removal of the Ser92His93 hydrogen bond activates the be 20:1 and 18:1 for rMHi] and rMb@), respectively, by a
heme iron for the ligand binding9), whereas the S92A  'H NMR technique. Therefore, rMi) and rMb) will be
mutants for human and pig myoglobin show approximately suitable for understanding how each heme propionate
the same kinetic parameters with the corresponding nativeinfluences the myoglobin function, although, to the best of
myoglobin @, 10). Furthermore, several groups have reported our knowledge, the © binding properties for rMHL)
the structural data of position 92 mutants to elucidate the and rMb@) have never been reported in previous repdrés (
contribution of Ser92 to the myoglobin functio—<{11). 17).
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Recently, we prepared and 2 by Smith’s modified After being shaken for 1.5 h at 4C, the solution was
synthetic method1@8). The structures of the reconstituted dialyzed agairsl L of 1700 mMpotassium phosphate buffer
proteins, rMb() and rMbg), were evaluated by a Raman (pH 7.0) for 12 h at #C. After the mixture was centrifuged
spectroscopic method and an X-ray crystallographic analysis.(3000 rpm for 20 min at £C) and concentrated (ca. 0.5
Moreover, the kinetic parameters of @rd CO binding for mL), the solution was passed through a Sephadex G-25
the two reconstituted myoglobins were compared to those column (1.5 cmx 30 cm) equilibrated in 100 mM potassium
of the myoglobin rMbB) with the native protoheme 1X3j. phosphate buffer (pH 7.0). The solution of a purified
On the basis of these results, it was found that the reconstituted myoglobin was concentrated (ca. 1 mM) and
6-propionate side chain is crucial for stabilization of the O maintained at £C.
complex, whereas the CO binding is affected by the removal Determination of F&/Fe*" Redox PotentialsThe spec-
of the 7-propionate side chain. In this paper, we summarize troelectrochemical measurements were carried out 4C25
the structure and physicochemical properties of the myo- under a N atmosphere using an optically transparent thin-
globins reconstituted with the one-legged hemes and discusdayer electrode cell (optical path length of 0.6 mm). A
the role of each heme propionate side chain in ligand binding working electrode and a counter electrode made of Pt mesh

events. were used along with a Ag/AgCI reference electrode. The
potentials of these electrodes were controlled and measured
EXPERIMENTAL PROCEDURES with a Hokuto Denko HA-305 potentiostat/galvanostat. A

solution of metmyoglobin (52M) was prepared in 2100 mM
Ipotassium phosphate buffer (pH 7.0) containing RugiH

Cl; (100uM, E =51 mV vs NHE) as an electron mediator.

A typical increment of 25 mV was applied to the system,
CaHY B X and at each applied potential, the electronic absorption spectra
an Amersham BiosciencesTA FPLC system with a Frac- \yare monitored until no change was detected due to the

920 fraction collector at 4C. The mass analysis of the  ggiapiishment of equilibrium. The spectra of the fully reduced
myoglobins was carried out using a TOF mass spectrometeryg 1)y oxidized myoglobins were obtained by applying
equipped W|t_h electrospray ionization on an Applied Bio- o potentials of-500 and+200 mV versus Ag/AgCl. The
systems Mariner API-TOF workstation. The spectroe]ectro- data were fitted to the Nernst equation, and the resulting
chemical measurement was performed by regulating the iqngint of the redox potential was referenced to the normal
potentials using a Hokuto Denko HA-305 potentiostat/ hydrogen electrode (NHE).

galvanostat. _The IR spectra of the CO-ligated Mbs were Resonance Raman Spectroscob25 L solution of 0.4
recqrded u?mg a JASCO FT/IR-620 spectromete(;. The v metmyoglobin in 100 mM potassium phosphate buffer
equipment for resonance Raman spectroscopy an X-ray(pH 7.0) was transferred to an airtight spinning cell. The
crystallographic analysis is described below. Kinetic mea-

f q bindi ed 4 solution was diluted with 65%L of 100 mM potassium
surements of @and CO binding were carried out using a posnhate buffer (pH 7.0), and three repeated evacuations
stopped-flow/laser-flash photolysis system constructed by

! of the gas inside the cell were followed by the introduction
Unisoku, Co., Ltd. (Osaka, Japan). A Xe arc lamp was of N2. A small amount of a Msaturated dithionite solution
employed as the source of the probe light to follow the (10 mM, 10uL) was added to prepare the deoxymyoglobin.
speptral c_hanges. For laser-flash photolysis, a _sample wasrn e Cd adduct of the myoglobin (CO-myoglobin) was
excited with 5 ns pulses (532 nm) from a Q-switched Nd: ¢, 110 through two repeated evacuations of the gas inside
YAG laser (Surelite I, Continuum). The pH values were he ¢l followed by the introduction of Nand finally the
monitored with a Beckma®71 pH meter. incorporation of*2C160 (or 3C!80) before a small amount

Materials The native sperm whale myoglobin was pur- (10 mM, 10uL) of a Ny-saturated dithionite solution was
chased from Biozyme Laboratories, Ltd. All reagents of the added. The Raman scattering was excited at 441.6 nm (12
highest guaranteed available grade were obtained frommw) by a He/Cd laser for the deoxymyoglobin and at 413.1
commercial sources and were used as received unless\m (10 mW) by a Kt laser for the CO-myoglobin. The
otherwise indicated. Distilled water was demineralized with Raman shifts were calibrated with toluene and,Chl
a MlIIlpore MI”I-Q Academic A10 apparatus. The proteins IR SpectroscopyThe IR Spectra of the Co_myogk)bins
were purified by column chromatography through a CM-52 \yere recorded with a JASCO FT/IR-620 spectrometer with
(Whatman), Sephadex G-25 (Amersham Biosciences),a 1.0 cm? resolution for the frequency shift at room
Hi-Trap Desalting (Amersham Biosciences), and/or SUperdeXtemperature_ A cell using CaRvindows with a 0.1 mm
75 (Amersham Biosciences) column. The one-legged heminspptical path length was used. The background spectrum was
1 and 2 were synthesized by the method described in a collected for the corresponding deoxymyoglobins. The
previous paper 18). The native protohemin IX3) was  observed spectra were deconvoluted into two components
purchased from Tokyo Chemical Industry Co., Ltd. with a half-width of 6 cntt.

Protein Reconstitution with One-Legged Hendihe sperm Crystallization and Structure Determinatiohhe purified
whale apomyoglobin was prepared from the native metmyo- protein in 10 mM phosphate buffer (pH 7.0) was concentrated
globin by Teale’s 2-butanone methodl9. A solution of by centrifugation to 36 and 18 mg/mL for the met-rMJp(
the apomyoglobin was prepared by dissolving lyophilized and met-rMb®) crystallizations, respectively. Crystals of
powder (8.6 mg) in chilled 100 mM potassium phosphate the ferric form were grown using the sitting-drop vapor-
buffer (pH 7.0). A 1.2 equiv amount of the one-legged hemin diffusion method. A JuL protein solution was added to a 1
was dissolved in pyridine (400L), and the mixture was  uL reservoir solution and equilibrated against a 100
added dropwise to the solution of apomyoglobin (ca. 40 mL). reservoir solution. A crystal of met-rMib( was obtained in

InstrumentsThe UV—visible experiments were conducted
using a Shimadzu UV-3150 double-beam spectrophotomete
equipped with a thermostated cell holder with a 0
deviation. Purification of the proteins was performed with
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Table 1: Data Collection and Refinement Statistics

rMb(1)

Mb(2)

Data Collection
X-ray source
detector

SPring-8 BL44B2
ADSC Quantum 210

SPring-8 BL45XU
RIGAKU R-axis V

wavelength (A) 0.78 1.0
resolution (A) 56-1.10 50—1.40
(1.14-1.10) (1.45-1.40)
space group P6 P2;
unit cell parameters a=b=90.2A, a=63.8Ab=305A,
c=45.3A c=34.4A,5=1055
no. of observations 2005844 167220
no. of unique reflections 85421 25369
completeness (%) 100 (100) 100 (99.7)
Rsym (%) 6.2 (34.9) 5.2 (32.0)
Ilo(l) 38.7 (6.8) 25.6 (6.8)
Refinement
resolution (A) 16-1.1 10-1.4
total no. of reflections 81016 24010
no. of non-H atoms
protein 1264 1246
water 303 204
other 59 54
Reryst (%) 13.3 12.7
Riree (%) 15.8 19.5
rmsd from target
bond lengths (A) 0.014 0.014
angle distances (A) 0.030 0.030
mean isotropic equivalent
B-factor (A%
all protein atoms 12.8 14.6
main chain atoms 10.3 11.7
side chain atoms 154 17.4
water molecules 26.9 27.6
protoheme 8.6 10.0
sulfate ions 29.0 17.6

3.0 M ammonium sulfate and 0.1 M Bis-Tris-propane at pH refinement restrained only the bond length and bond angles
6.4 and 4°C. The crystal of met-rMI&) was obtained in of the propionate as previously describéil The root-mean-
3.1 M ammonium sulfate and 0.1 M Bis-Tris-propane at pH square deviations in the superposition were calculated for
6.4 and 17°C. The crystals were soaked in cryoprotectant 140 pairs of @ atoms of residues-2116 and 124148 using
solution (10% glucose and 10% xylitol in reservoir solution) LSQKAB (24), because the structures of the N- and
and flash-frozen in liquid nitrogen. The X-ray diffraction data C-terminal residues are flexible and the structure of residues
were collected at BL44B2 or BL45XU in SPring-8, Hyogo, 117—123 (GH corner) has a high pH dependency, as reported
Japan. The data were integrated and merged using HKL200(by Yanget al. (25). The figures were created with Pymol,
(20). The data collection and refinement statistics are listed Molscript, and Raster3D26—28).

in Table 1. The initial phases of the rMb(and rMb@) O, Binding of Myoglobins The oxymyoglobins were
crystals were obtained by the molecular replacement methodprepared by exposure of the deoxy form to air. The formation
using the native myoglobin (PDB entry 1JW8 or 1A6K) as of the oxygenated form was confirmed by the YMs

a search model. The 5% randomly selected reflections werespectral changes. The association gfMas observed by the
selected as test reflections for use in the fiRecross- absorbance change at 435 nm after flash photolysis of the
validation method throughout the refinemeat), The initial oxy form under 1 atm of @at 25°C. The time course of
model was refined by simulated annealing using CR3.( the absorbance was analyzed by single-phase kinetics to give
The multiple rounds of manual model rebuilding and the pseudo-first-order rate constant. By dividing this value
positional and individuaB-factor refinements allowed place- by the Q concentration (2.64 10* M), we obtained the
ment of the water molecules and assignment of some association rate constant. The dissociation pi@s assessed
alternate side chain conformations. The solvent moleculesby following the UV—vis spectral changes after rapidly
were included, if they had a good stereochemistry and mixing the oxygenated form with excesg[Re(CN)] using
reasonable density in the, — F. and &, — F. map. a stopped-flow apparatus. The, @ffinity was calculated
Subsequent refinement was performed with SHELZB)( from the ratio of the association and dissociation rates.

All the hydrogen atoms were added according to the CO Binding of MyoglobinsThe CO-myoglobins were
geometrical criteria. After introduction of anisotropi: obtained by reduction with a slight excess of sodium
factors, further alternate conformations and water moleculesdithionite under a CO atmosphere. The formation of the CO-
could be modeled. The initial run of SHELX was performed bound form was confirmed by the UWis spectral changes.
using the parameter of the heme group of 1A6K for the The associations of CO were observed by the absorbance
protoheme of rMhl) or rMb(2). The restraints on the change at 423 nm after flash photolysis of the CO form under
protoheme were gradually removed, and the final stages of1 atm of CO at 25°C. The time course of the absorbance
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Table 2: Absorption Maxima for Myoglobias

Abs. A E 7
Amax (NM) k= gi"':.'.

protein met-Mb deoxy-Mb oxy-Mb CO-Mb +400 mv é 100 __A-.'-i' '.
rMb(1) 408,503,630 432,557 417,543,581 422,541,577 A = gl W
rMb(2) 407,504,630 431,557 417,542,580 421,541,576 ' prord
rMb(3) 408,504,630 432,557 417,543,581 422,541,577 1 i 0;__,_.'_';"‘.'-' .

apH 7.0 (100 mM phosphate buffer) and 26. 50 L = I

-1.5 -1 0.5 Q 1 15

log{(A_- f\i)f(A -im}}
was analyzed by single-phase kinetics to give the pseudo-
first-order rate constant. By dividing this value by the CO
concentration (9.8% 10# M), we obtained the association
rate constant. The extents of dissociation of CO from the
CO-bound myoglobins were measured by displacement with , i —
NO. A solution of the CO-bound myoglobins was mixed 300 400 500 600 700
with the NO-saturated buffer by a stopped-flow apparatus, Wavelength (nm)
and the decrease in absorbance at 423 nm was monitored gk re 3: UV-—vis spectra of rMK{) at various applied potentials
25°C. (vs NHE) during the spectroelectrochemical titration in 200 mM
Autoxidation for Oxygenated Myoglobinsutoxidations ~ Potassium phosphate buffer (pH 7.0) at"Z5under N. The inset
for the oxygenated myoglobins were monitored by absor- 'r?\/lz('l‘)ea?f ﬁ\'/?g(g?tgr)‘,eg nf(;orrpﬂgg (sg)e_Ctral changes at 433 nm of
bance changes in the range of 500 nm every 8 min for
oxygenated rMHL) and every 40 min for the oxygenated
rMb(2) and rMb@) at 37°C under aerobic conditions. The

Table 3: Physicochemical Parameters for Metmyoglobins

time course of the absorbance at 580 nm was analyzed by___Protein Ka Evz (MV, vs NHEY

first-order kinetics to afford the autoxidation rate. rMb(1) 8.67+0.03 91.7+1.0
rMb(2) 8.73+ 0.03 84.6+ 1.0

RESULTS rMb(3) 8.95+ 0.03 70.0+ 0.4

a Acid—alkaline equilibrium constants of a heme-bound water

Preparation and Characterization of Reconstituted Myo- molecule, in 100 mM KCl at 28C. ® Redox potentials, Fe(lll)/Fe(ll).
globins Insertion of heminsl—3 into the sperm whale AtPH 7.0 and 25°C.
apomyoglobin was carried out by a conventional method.
In a series of our studies except for the X-ray crystallographic as shown in the inset of Figure 3. On the basis of the results,
analysis, we used the myoglobin r\8(reconstituted with it is clear that the removal of the propionates positively shifts
the native prosthetic group, protohemin D8)( as the the values. One of the main reasons is due to the removal of
reference protein instead of the native myoglobin, becauseone negative charge at the terminus of the propionate side
of the reducing experimental artifacts. The ESI-TOF mass chain (L2). In particular, the redox potential of rMby is
spectroscopy measurement of the reconstituted ferric proteingpositively shifted by 22 mV compared to that of rVa(
showed the corresponding desired mass numbers of 17 760.8ndicating that the lack of the 6-propionate side chain
and 17 760.3 for rME) and rMb@), respectively. The  enhances the electron acceptability of the heme iron.
reconstituted ferrous myoglobins were obtained by dithionite  Resonance Raman Spectra of DeoxymyogloBims heme
reduction. The reversibility of the £and CO bindings for  in myoglobin is attached to the polypeptide chain only
the deoxymyoglobins is similar to those observed in the through the coordination between His93 and the heme iron.
native myoglobin and rMI). The spectra of a series of rMb-  Thus, the nature of the FeHis93 bond provides valuable
(s are exactly the same as those for the native myoglobininformation about the reactivity of the heme. In particular,
and rMb@). In contrast, the Soret bands of met-rip( it is well-known that the resonance Raman (RR) spectroscopy
deoxy-rMb@), and CO-rMbg) were always shifted by 1 nm  is a useful technique for evaluating the coordination property
compared to those of the native myoglobin and r8)iw(ith of the heme iron29). Figure 4 displays the RR spectra in
a good reproducibility, suggesting that the removal of the the 186-330 cnt? region for the reconstituted deoxymyo-
7-propionate side chain slightly perturbs the electronic globins with a 0.25 cmt resolution for the frequency shift
structure of the heme plane. The absorption maxima for the at room temperature2, 30). The RR spectrum of rMij
various species of the myoglobins are summarized in is definitely close to that of the reference protein rig(
Table 2. whereas the/(Fe—His) Raman band at 221 crhfor rMb-

Fe?*/Fe** Redox PotentialsFigure 3 shows the results  (2) is slightly shifted to a higher wavenumber by 1 ©m
of the spectroelectrochemical measurements using the thincompared to that of rMI3]. This finding suggests that the
layer cell with Pt mesh in the presence of Ru@§€l; as lack of the 7-propionate side chain has a slight influence on
an electron mediator. The potentiometric titrations for rMb- strengthening the coordination between the heme iron and
(1) and rMb@) gave similar spectral changes from the ferrous the imidazole ring of His93.
to ferric states to the reference protein ridb(All proteins Crystal Structure of Reconstituted Myoglobiiihe X-ray
exhibited an electrochemically reversible behavior as ob- crystal structures of the hexagonal form of met-rijlbgnd
served for the native protein betweemd22 and—278 mV the monoclinic form of met-rMi®) have been determined
(vs NHE). Table 3 summarizes the Fe(ll)/Fe(lll) redox at resolutions of 1.1 and 1.4 A, respectively. They were
potentials which were determined by the linear Nernst plots crystallized in the aquomet form. The coordinate errors of
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220 Therefore, in Figure 6, the hydrogen bonding network around
the protohemin derivatives of rMib( and rMb@) is com-
pared to that of the native protein (1A6K).

The distal hydrogen bonding network of rMB(has a
significant change, since the 6-propionate side chain of the
native protein is directed to the distal site to create the salt
bridge with the side chains of Arg45 (Figure 6a). Lack of
the 6-propionate side chain cagse 2 Ashift in Arg45 so
that it is close to the protohemin plane and disrupts the bridge
between Arg45 and Asp6(Figure 6b. Furthermore, the
hydrogen bonding network of the 6-propionate side chain
and four waters (1024, 1058, 1102, and 1149), which have
been detected in the native protein (Figure 6a), are replaced
by a row of three waters (16, 239, and 165) in ri)o(These
changes might affect the water-mediated interaction between

(a)
‘ 221

Intensity

(b) 220

()

250 300

Raman Shift (cm™)

200

Ficure 4: Resonance Raman spectra of deoxymyoglobins in the
180-330 cnt? region in 100 mM potassium phosphate buffer (pH
7.0) at room temperature: (a) rMB( (b) rMb(2), and (c) rMbg).

The excitation wavelength was 441.6 nm with a laser power of 12

the hemin and main chain of the CD loop (Arg45 N, Asp44
N, and Lys42 O). On the other hand, the structure of the
remaining 7-propionate and the hydrogen bonding network

of the surrounding waters and protein residues are well-
conserved in rMhL).

the structure of rMHL) and rMb@) are estimated from the The crystals of rMb?) and native myoglobin (PDB entry
Luzzati plot to be 0.06 and 0.08 A, respectived), Figure 1A6K) are monoclinic and have very similar unit cell
5 shows that the imidazole of His93 is linked to the Fe(lll) dimensions. These polypeptide structures can be superim-
atom of protohemin as a fifth ligand, and the water molecule posed well with a rmsd of 0.14 A. The deviation of iron
is bound as a sixth ligand, as observed in the aquomet formatoms after the superposition is as little as 0.04Fgure

of the native myoglobin. The electron density maps for the 5b). They have very similar side chain torsion angles and
protohemin derivatives did not display an expanded shapepositions in the distal His64 and the proximal His93. The
of the methyl groups at the 1 and 3 positions of pyrrolic 7-propionate side chain of the native protein is directed to
B-carbons. The density of the vinyl groups is very clear to the proximal site and interacts with Ser92, His97, and three
show the peaks for the hydrogen atom in fhe— F. map waters (1033, 1059, and 1118) (Figure 6a). Comparison of
(not shown). These findings suggest the homogeneity of thethe distal site of the heme pocket between the native
protohemin orientation. The orientation and position of the myoglobin and rMb2) (panels a and c of Figure 6) shows
protohemin derivatives and the torsion angles of the remain- no significant structural change in the remaining 6-propionate

mwW.

ing propionate side chain are also conserved.

In a detailed comparison, when the structure of rijib(
was superimposed on that of the native myoglobin (1A6K)
of the monoclinic crystal using the 14@Gtoms, the root-
mean-square deviation (rmsd) is 0.38 @\.(Because rMb-

and hydrogen bonding network. The hydrogen bonding
network of the proximal site of rMI2) also exhibits a similar
hydrogen bonding network, since the room generated by the
lack of the 7-propionate side chain is filled by the two waters

which mimic the O atoms of the propionate side chain that

(1) was crystallized in a hexagonal system, the rmsd value maintains the hydrogen bonds with His97, Ser92, and
falls to 0.25 A in the superposition onto the hexagonal Wat1033 [Wat58 of rMt?)]. The only difference is that the
(recombinant) native myoglobin (2MBW)32). After the proximal side of rMb®) cannot order four waters, including
structure superposition, the plane of the 6-depropionatedWat1118 and Wat1059 that have been bound to Ser92 in
protohemin of rMb{) and hemin of the native myoglobin the native protein.

(1A6K) is nearly parallel, and the deviation of the coordinate O, and CO Binding As one can clearly see in Table 5,
of the iron atom is 0.23 A (Figure 5a). The other geometric the rate constants of the;@ssociation for rMiL) and rMb-
parameters ofl are summarized in Table 4. It should be (2) are close to that observed for the reference protein rMb-
noted that, among the number of sperm whale myoglobin (3), whereas the dissociation of the, G@gand from oxy-
structures in the Protein Data Bank, the hexagonal crystalsrMb(1) is approximately 3 times faster than those for ri)b(
have been obtained only for the recombinant myoglobin and rMb@). Furthermore, the autoxidation for oxy-riMi)(
which was expressed Bscherichia coliSince the hexagonal is also accelerated, suggesting that the oxygenated1)Mb(
crystal has a large solvent fraction of 59%, the structure of is less stable rather than those for rigpbénd rMb@). The

the polypeptide seems to be sensitive to the changes in theCO binding behavior of the reconstituted myoglobins is
pH or temperature of the solver2g). On the other hand, different with the Q binding as shown in Table 6. The CO
the monoclinic crystal, which is commonly obtained for the dissociation for rMbY) is 1.3-fold faster than that for rMb-
native protein form of the sperm whale, has a small solvent (3). In contrast, rMb2) shows a slightly higher rate constant
fraction of 33% and its polypeptide structure seems to be for CO association and a lower constant for CO dissociation,
affected by the contact of the neighboring molecules. indicating that the affinity of rMKg) for CO is approximately
However, even though they have different crystal packings 2-fold higher than that of rMIg). For the CO binding, the
and different pHs, the structures of the native myoglobins 7-propionate side chain may regulate the binding kinetics.
in both crystal forms have a conserved structure of a CO Binding StructureTo obtain further insight into the
hydrogen bonding network involving the heme propionate CO binding mechanism, the infrared (IR) and RR spectra of
side chains, surrounding residues, and water molecules.CO complexes were recorde83). The Fe-C stretching
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(a) -

»
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Ficure 5: Crystal structure of two reconstituted myoglobins. TH&p2— Fcac €lectron density (18 contours) around the one-legged

hemin is also shown. (a) Superposition of rNlp(brown) and native protein (white; 1A6K) structures. (b) Superposition of 2/ifgreen)
and native protein (white; 1A6K) structures.

have highly conserved hydrogen bonding networks formed

Table 4: Geometry of One-Legged Hemins - ’ ) ) ’
by several amino acid residues and two heme propionate side

rMb(1) Mb(2) V\Qié}%e chains. Much work has been done in understanding the

po— Bp—— Bp—— aquomet structural and functional role of these networks by a variety
Spacpe group Pequ lequ P2, au of myoglobin mutants. In our previous study, we found that
resolution (A) 1.1 1.4 1.1 the one-legged hemirisand2 were slightly unstable in the
progllr(am | SHELXL SHELXL SHELXL protein matrix under acidic condition86). The dissociation
PH of crysta 6.4 6.4 7.0 of hemin for rMb(l) and rMb@) from the protein matrix
g’{;f;’n%fem atoms (A) 0-38 (1ABK)  0.15 (1ABK) occurs at pH 4.34.4, which is 0.2 pH unit higher than that

His64 Ne—Fe (A) 4.38 4.37 4.30 observed for the native protein. The small differences in the

Wat O-Fe (A) 2.06 2.12 2.13 pKy2 values between the native and reconstituted proteins

His93 Ne—Fe (A) 2.03 2.05 2.14 may be derived from the lack of one propionate side chain.

Ser92 @—His93 Ne (A) 2.94 2.96 2.90 X o .

Leu89 O-His93 (A) 3.05 3.08 297 It is well-known that the stabilization of the heme in the

protein matrix is mainly due to the F&His93 coordination
modes for rMbg) and the reference protein rVB)(were anq the h.ydrop.hobic contacts between the hemin gnd apqlar
exhibited at 511 cmt, which is 2 cn1? higher than that of ~ @mino acid reS|_dues, whereas the two heme proplona_te side
rMb(1), suggesting that the Fe&C bond for rMb() is chains are not tightly bound to the polar amino acid residues.
weakened compared to that of the reference protein. The IR The structural data for the mutants with an unnatural
spectra in the region of the CO band for the myoglobins are residue at position 45 or 92 have been presented for
shown in Figure 7. It is known that the IR spectrum of the evaluation of the physiological significance of the propi-
CO-bound native protein exhibits two major peaks at 1945 onate-protein interaction. For example, the 3D structure of
cm* (A; conformer; 70%) and 1932 crth(As conformer;  the K45S mutant of the pig myoglobin reveals that the
30%) under physiological conditions, although there are at mutation produces a more accessible ligand-binding pocket,
least four peaks in the region of 1968000 cnt? (34, 35). whereas the overall structure of the mutant shows only small
All proteins, rMb(l) —rMb(3), exhibit the similar main band  deviations from that observed for the wild-type protein. The
(A1) with the shoulder band @)\ while the peak populations  high-resolution X-ray structure of rM( demonstrates that
for the A; and As conformers for CO-rMb(1) and CO- the Arg45 residue swings away from the heme pocket to
rMb(2) species are clearly different from those found for the bulk due to the removal of the 6-propionate side chain
the reference protein, C&Mb(3). Table 7 demonstrates that  Arg45 interaction. Additionally, the terminal carboxylate
the population of the Aconformer band in rMH( is slightly group in the Asp60 residue, which tightly interacts with
smaller than that of rMIg), whereas the population of the Arg45 in the wild-type myoglobin, is also shifted to the
As conformer band in rM) is 2-fold larger than that  outside because of the lack of a salt bridge with Arg45.
observed for rMbg). These findings suggest that each heme Fyrthermore, the distal hydrogen bonding networks of rMb-
propionate side chain has an influence on the@bond (1) cannot order the waters which have been mediated by
strength for CO-myoglobin. the interaction between the CD loop and the heme in the
native myoglobin. The finding suggests that a part of the

DISCUSSION CD loop and D helix regions may partially be loosened by

Role of Each Propionate Side Chain in Myoglobin the lack of the 6-propionate side chain with the disruption
Structure The distal and proximal sites in the myoglobin of the Arg45(CD3)-Asp60(E3) salt bridge.
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FiGure 6: Stereoview of the heme pocket region in myoglobins: (a) native protein (1A6K), (b)l)Mdntd (c) rMbe).

Table 5: Q Binding Parameters for Myoglobifs

Table 6: CO Binding Parameters for Myoglobins

protein  Ko%n (uM 1570 K% (571 K2 (MY Kayo (7Y)°

protein = K, (uM™1sHP KO (s7H)° KSO(M-1)d  Mre

rMb(1) 19+ 0.8 59+19 3.2x10° 0.58+0.01
rMb(2) 19+ 0.7 18+ 0.6 1.1x 1(f 0.13+0.01
rMb(3) 18+1.1 21+ 06 8.6x 10° 0.10+0.01

rMb(1) 0.58+0.01 0.070+ 0.002 8.3x 10° 26
rMb(2) 0.86+ 0.01 0.044+ 0.004  2.0x 107 18
rMb(3) 0.63+0.01 0.056+ 0.003 1.1x 10 13

apH 7.0 (100 mM phosphate buffer) and 25. ® Rate constants of
O, association® Rate constants of Qlissociation® O, binding affini-
ties are determined by the ratio kff2,, to k®. € Rate constants for
autoxidation from oxymyoglobin to metmyoglobin, at pH 7.0 (100 mM
phosphate buffer) and 3.

The X-ray crystallographic analyses of rMb@nd rMb-

apH 7.0 (100 mM phosphate buffer) and 26.° Rate constants
of CO association®Rate constants of CO dissociatisiCO
binding affinities are determined by the ratio k¥ to KCC. € KCO/
KO: ratio.

(metcyanomyoglobin). La Mar and his co-workers suggested
that the heme-5-Citesonance for metcyano-rv)(clearly

(2) at high resolution revealed no remarkable differences in shifted upfield at 23.8 ppm, whereas the 5Qirbton signals
the length of the hydrogen bonds of Ser92-His93 or Leu89- of metcyano-rMb{) and the corresponding native protein
His93 (Table 4) which have been proposed to have a role in appeared at 26.9 and 26.1 ppm, respectiv@R.(Since it is

regulating the coordination geometry of the His93 imidazole.

In general, the rotation of the imidazole ring in His93 is
sensitive for théH NMR spectroscopic measurement of the
low-spin ferric state of myoglobin in the presence of KCN

well-known that a clear relationship exists between the angle
of the His imidazole ring on the heme plane and the heme
methyl chemical shift, it can be proposed that the removal
of the 7-propionate side chain induces a slight deviation in
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Abs. was not seen. Olson and his co-workers reported that the
replacement of Arg45 with Ser45 or Gly45 accelerated the
O, dissociation 2.6- or 2.0-fold, respectively, compared to
the native myoglobin®). Both results clearly support the
(a) fact that the 6-propionate side chain and residue 45 are crucial
units for fixing the imidazole ring of His64 in the best
position to stabilize the bound,O
On the other hand, the Qlissociation of oxy-rM¥) is
slightly slower than that of rMKg), and consequently, the
(b) affinity of rMb(2) for O, is the highest among three
myoglobins. This result could be derived from the increase
in the level of 7-back-donation from the heme iron to
dioxygen due to the increase in the strength of the His93
Fe coordination. The CO dissociation of CO-ripéand CO-
©) rMb(3) shows a similar behavior, and the stronger-Ee
bond and the weaker CO bond for CO-r®p¢ompared to
| , . ) the corresponding bonds of the CO complex of rB)b(

1900 1920 1940 1960 1980 support an increase in the levelmoback-donation from the
wavenumber (cm™") heme iron to the ligand (vide infra).
FIGURE 7: IR spectra of CO-bound myoglobins in the 190980 _ Inaddition, the 6-propionateArg45 interaction seems to
cm! region in 100 mM potassium phosphate buffer (pH 7.0) at inhibit the unfavorable autoxidation from the oxygenated
room temperature: (a) rMiy, (b) rMb(2), and (c) rMbg). protein to the inert aquomet species, because the oxidation
of oxy-rMb(1) is 4.5- and 5.8-fold faster than that for oxy-
Table 7: IR Stretching Bands for CO-Myoglobins at Room rMb(2) and oxy-rMb@), respectively, as shown in Table 5.
Temperature and pH 7.0 Although the autoxidation mechanism is generally compli-
protein A (em) Az (cm™)? cated #0—-42), the findings suggest that the 6-propionate
rMb(1) 1945 (83%) 1934 (17%) side chain clearly contributes to the stabilization of the
rMb(2) 1943 (57%) 1933 (43%) oxygenated protein species.
rMb(3) 1944 (74%) 1933 (26%) The O association rate constants for the reconstituted
2 The populations of Aand A bands in parentheses. These values myoglobins, rMbl) and rMb@), are the same as that
were obtained by the deconvolution of each spectrum. observed for rMbg), indicating that the removal of the 6-
or 7-propionate side chain has no drastic effect on the O
the His imidazole ring with a clockwise rotation ef5— association. It has been reported that the changes in the O
10° on the porphyrin plane3@). Similar arguments may  association rate constants for the position 45 mutants are
apply to the S92 mutants such as S92A and SAAD 1). relatively small. These results suggest that the “wall” formed

Furthermore, the RR spectra for deoxymyoglobin in the by the 6-propionate side chain and Arg45 via hydrogen
lower-frequency region are indicative of the feature of the bonding interaction may play a role in the inhibition of the
Fe—His stretching mode. Friedman, Sligar, and their co- entry of water molecules but does not act as a kinetic barrier
workers reported that the replacements of Leu89 and Ser92to the entry of Q into the heme pocket@).
with lle and Ala, respectively, shifted the frequency of the  Role of Each Propionate Side Chain in CO Bindifigpe
v(Fe—His) mode to a higher value by3 cn* (39). The 1 kinetic parameters of the CO association and dissociation
cm™! higher wavenumber shift of the corresponding fre- rate constants for rMBj are slightly different from those
quency mode by removal of the 7-propionate side chain in observed for rMkl) and the reference protein rM8)( These
rMb(2) is similar to those observed with the L89 and S92 results indicate that the removal of the 7-propionate side
mutants. This finding suggests that the 7-propionate sidechain enhances the CO affinity by 2-fold due to a small
chain also plays an important role in the formation of the increase in the association rate constant and a small decrease
hydrogen bonding network to regulate the conformation and in the dissociation rate constant for rhN#( Although the
coordination property of the histidine imidazole ring. changes in these parameters are not significant, these results
Role of Each Propionate Side Chain in 8inding It is show the same pattern that was observed for the S92A
worth noting in the @binding parameters that the dissocia- myoglobin mutant, in which the hydrogen bonding network
tion of O, for oxy-rMb() is approximately 3-fold faster than in the proximal site is partially eliminated. It is known that

that observed for rMI&) and the reference protein rivi8)( the replacement of Ser92 with a nonpolar residue such as
This finding supports the fact that the lack of the 6-propionate Ala allows flexibility of the proximal histidine, His93,
side chain remarkably accelerated the dissociation,dfdin because the S92A mutant lacks the characteristic hydrogen

oxy-rMb(1). As described above, there is a unique hydrogen bonding network formed by the 7-propionate side chain and
bonding network, including the 6-propionate side chain and Ser92 and His939 10). As a result, the imidazole ring of
Arg45 and His64 residues, whereas the 3D structure of met-His93 in the S92A mutant can be rotated clockwise onto
rMb(1) displays the deviation of the Arg45 residue. Thus, the porphyrin plane to reduce the steric hindrance between
the lack of the 6-propionate side chain may have an influencethe pyrrole nitrogens, N2 and N4, and the axial imidazole
on the conformation of the distal His64 which stabilizes the carbons, @ and G, and then the affinity of S92A for CO
bound Q, although a clear difference in the geometry of is slightly increased. In the case of the CO binding for rMb-
His64 imidazole rings between rMb(and the native protein  (2), the enhanced affinity with the fakg, and slowkg in
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rMb(2) may also be derived from the increase in the is dedicated to the memory of late professor Yoshihiko Ito
structural flexibility of the proximal histidine because of the (Emeritus Professor of Kyoto University, Japan).

disruption of the characteristic hydrogen bonding network

in the absence of the 7-propionate side chain. In addition, REFERENCES
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