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ABSTRACT: We replaced protoheme-1X in native myoglobin with the symmetric protohemes-Ill and -XIlI,

in order to investigate the role of heme vimglobin contacts on Mb function. The UWisible spectra

and the resonance Raman spectra in the high-frequency region (containing oxidation, spin, and coordination
state marker lines) of the two reconstituted Mbs were very similar. However, the signal intensity of the
Soret band in the CD spectra and the resonance Raman lines for vinyl bending modes in the low-frequency
region notably differed, thereby reflecting altered heme peripheral contacts. The redox potentials, formal
heterogeneous electron-transfer rates, and thermal denaturation temperatures of the two reconstituted Mbs
were also indistinguishable. In addition, the oxygen binding properties of the ferrous deoxy Mbs were
comparable. These results demonstrate that altered heme-giopin interactions only slightly affect

the physical properties of Mb. It is therefore likely that the orientation of protoheme-IX about,the

axis in the heme pocket is not necessarily a crucial factor for oxygen binding to native Mb.

Protoheme-IX (Figure 1) is an essential cofactor for
hemoproteins, such as hemoglobin and myoglobin (Mb).
An X-ray analysis of Mb revealed that protoheme adopts a
unique orientation in the heme pocket. However, NMR has
revealed that the asymmetric protoheme-1X in Mb could
assume normal and inverted orientations by rotating about
the a,y-meso carbon axis by 18@Figure 1) (, 2). One of
the or%/entational isomers has a higher stability than the other, Hooc COOH  HOOC COOH
and it dominates over time, after the reconstitution of Mb prosohieme IX PR X
(1, 2). There are two opinions regarding the heme disorder
in Mb. One opinion is that the Mb containing the inverted S
protoheme-IX has a 10-fold greater, @ffinity than the
normal Mb, thereby emphasizing the importance of local
heme-globin contacts J). Another viewpoint is that the
heme orientation does not significantly affect&¥finity (4).
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and -XIII can mimic the situations produced on reorientation The electrode was cleaned by ultrasonication in 1% aqueous
of protoheme-IX (Figure 1). A comparison of the two Mbs New-Vista (anionic surfactant, AIC Corp.), followed by
containing protohemes-Ill and -XIlIl, however, has not yet ultrasonic washing in distilled water until the electrode
been reported because of the difficulties in preparing thesesurface became fully hydrophilid4). A Pt plate and Ag/
symmetric protohemes. We have recently devised a methodAgCl/saturated KCI were used as the counter and reference
to synthesize protohemes-Ill and -XIII from common starting electrodes, respectively. The formal redox potenEl, was
pyrroles €). This improved method allows for the easy evaluated as the midpoint of the anodic and cathodic peak
preparation of symmetric protohemes in large amounts. In potentials of the quasi-reversible redox wave. The formal
this study, we report the first characterization of the two Mbs heterogeneous electron-transfer rate const@htand the
reconstituted with protoheme-Ill and -XIIl. This provides dissociation rate constant of cyanide ions for Mb in the
an insight into the orientation problem of protoheme-IX in reduced formk:, were evaluated by CV simulation using
native Mb and the effects of heme vinydjlobin contacts BAS DigiSim software.
on the function.

Among the various physical methods, functional electrodes RESULTS
are especially useful to direct electron transfer of metallo- Spectral PropertiesThe coupling of apoMb with the
proteins 7—9), and electrochemical studies of semiartificial Symmetric protohemins successfully proceeded wig9%
metalloproteins have investigated their electron-transfer reconstitution yield owing to their high affinity. The elec-
reactions and biological functiond@-12). The electron-  tronic spectra of ferric proto-lll and proto-XIll Mbs are
transfer reaction of Mb can be observed at an indium oxide closely similar to those of native Ml 9); this suggests that
electrode with a highly hydrophilic surface, and the biological they are aquomet proteins with an iron-bound water molecule
functions and properties of Mbs reconstituted with heme and at neutrality. The water molecule of aquomet Mb dissociates
modified amino acid residues have been electrochemicallyinto OH™ with an increase in pH. We examined the

studied (2—16). spectrophotometric pH titration of aguomet Mb to obtain
structural information regarding the heme distal site. The
MATERIALS AND METHODS acid—alkaline transition occurred at pH 8.8 (+0.2) for

. . proto-lll Mb and pH= 8.9 (£0.2) for proto-XIll Mb (data
Preparation of Reconstituted Mblorse heart Mb pur- - ¢ shown). These pH values indicate that the distal

chased from Sigma was purified by ion exchange chroma- gy ironments in the reconstituted Mbs are quite similar to
tography {7, 18). The concentration of aquomet Mb was  ose in the native Mb, since the aeidlkaline transition is
estimated usingse = 188 mM™* cm (19). Protoporphyrin-  ¢|qsely affected by the distal histidine in Mb. This residue
Il and -XIIl dimethyl esters were synthesized as previously s essential for the stable accommodation of an exogenous
described §). Iron was inserted20) ar_1d ester side chains oxygen molecule, implying that the reconstituted Mbs are
were subsequently hydrolyze@) to yield protohemes-Ill  -5hahe of binding oxygen with an affinity similar to that of
and -XIIl. ApoMb was prepared using acid methyl ethyl 5tiye Mb. The Mbs were stable at room temperature. The
ketone @2, 23). Protohemes-lil and -XIlI were dissolved in  tpormg| stability was quantitatively monitored by DSC.
aminimum volume of 0.1 M NaOH, diluted with water, and  penaturation temperatures were 8G:D(2) and 79.740.2)
mixed with apoMb at a molar ratio to apoMb of 1.5. The o ¢or proto-Ill Mb and proto-XIIl Mb, respectively.

mixture was dialyzed against 10 mM bis-Tris buffer at pH v recorded the resonance Raman spectra of the recon-
6.3. The reconstituted aquomet Mb was purified by cation it ted Mbs in order to investigate the effect of heme

exchange chromatography using CM-52 (Whatman) as repacements. The resonance Raman spectra of proto-lll,
described 14, 16). The value of the ratio of the Soret band 5 410_x|i1, and native Mbs are shown in Figure 2. Resonance
to the absorbance at 280 nm, above 5.4, was obtained forg 3 man spectroscopy is a powerful tool to reveal the
all the samples. Deoxy Mb was obtained by adding an eXCeSSyyidation, spin, and coordination states of heme iP5
of dithionite to aquomet Mb solution. Oxy Mb was prepared 27). The v, Raman line, an oxidation marker, appeared at
by passing deoxy Mb through an air saturated G-25 (Phar-4nnroximately 1372 and 1356 cinfor ferric and ferrous
macia Biotech) colun_1n e_:quilibrated with Tris-_HCI buffer (p_H hemes, respectively, as shown in Figure 2. Both proto-lI
7.0). The oxygen binding curve was obtained by adding gnq proto-XIIl Mbs in the ferric form exhibited thes and
buffer saturated with oxygen to the deoxy Mb prepared by ,,, odes, which are the marker bands for coordination and
photoirradiation 24). spin states, at 1482 and 1564 dnrespectively. In the deoxy
SpectroscopyThe UV—visible and circular dichroism forms, vz = 1475 cntt and vy = 1565 cnt! were observed
(CD) spectra were obtained using a Shimadzu UV-2100 in proto-lll Mb and the corresponding bands were observed
spectrophotometer and a Jasco J-720 spectropolarimeterat 1472 and 1563 cm in proto-XIIl Mb. These positions
respectively. The resonance Raman spectra were recorde@yre similar tovs = 1474 cn! andv, = 1564 cn1? of native
using a double monochromator (Jasco R-800), following the Mmb. The iron-histidine stretching mode(Fe—His) of deoxy
excitation by a Krypton ion laser (406.7 nm line, Coherent heme was at 222 and 221 chrfor proto-lIl and proto-XIi|
1-302) with a laser power of 30 mW at the sample. Mbs, respectively, identical to that for native Mb (222 ¢n
Differential scanning calorimetry (DSC) was performed using (28). Thus, reconstituted hemes are revealed to have es-
a VP-DSC (MicroCal) calorimeter. sentially the same coordination structure as that in native
ElectrochemistryCyclic voltammograms (CV) were ob-  Mb. The stretching and bending modes for vinyl groups are
tained at 25°C using a BAS CV-50W electrochemical also included in the resonance Raman spectra, and the
analyzer at an hDs electrode (approximately & 5 mn?, frequencies of those modes for ferric hemes have been
Kinoene Optics Corp., Japan) under an atmosphere,of N assigned by Hu et al2@). According to their paper, the line
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Ficure 3: CD spectra of 25uM proto-lll (—), proto-XIll
(= — —), and native (- - -) Mbs in both oxidized (A) and reduced
(B) forms, in 100 mM bis-Tris buffer (pH 6.5) using a 0.2 cm cell.

1600 1400 1200 1000 800 600 400 200 CD results were essentially the same as theirs. Thus it is
Wavenumber (cm ) Wavenumber (cm1) now clear that the reconstituted hemes have a similar
FIGURE 2: Resonance Raman spectra of 10 proto-Ill, proto- structure in the heme pocket, although the peripheral

XIll, and native Mbs in both oxidized (upper) and reduced (lower) interactions with the surrounding protein matrix differ
forms in a 100 mM phosphate buffer (pH 6.5) at room temperature. markedly.
Laser excitation line, 406.7 nm (krypton ion laser); laser power, Kinetic Study for Heme OrientationSince CD and
30 mW at sample. .
resonance Raman spectroscopy are able to detect the differ-
that appeared at 1621 ctnin the spectrum of native Mb  ence in hemeglobin contacts, we carried out the spectral
was assigned to the vinyl(C=C) stretching mode. Both  measurements (including UWisible spectroscopy) follow-
proto-IIl and proto-XIIl Mbs also showed lines at 1621¢m  ing the insertion of the protoheme into apoMb as a function
(Figure 2). In the low-frequency region, the out-of-plgne of time. These measurements may reveal the existence of a
(CH=) wagging, the symmetrig(=CyH,)s wagging, and metastable orientational isomer in Mb. No significant spectral
the in-planed(CsC.Cp) bending modes for vinyl chains change was observed in the YVisible spectra of all the
appeared at 990, 923, and 439 ¢émrespectively (and  Mbs (proto-Ill, -IX, and -XlII) after 5 min mixing of each
anotherd(CsC.Cy) signal also appeared at 409 ¢ty for protoheme with apoMb. This indicated that under the present
native Mb. These modes shifted or disappeared in the spectraonditions the heme insertion was almost complete within
of proto-Ill and proto-Xlll Mbs and were clearly differenti- this time. In the CD spectra, proto-lll and -XIlI Mbs
ated among the three Mbs. demonstrated no change in the spectrum with time; however,
We further recorded the CD spectra of the ferric and the signal intensity in the Soret region of the proto-IX Mb
ferrous forms of native and reconstituted Mbs in order to increased with time, indicating a heme orientational change
monitor the difference in the heme peripheral contadts ( after its incorporation into Mb. Afte3 h of mixing with
30). Figure 3 shows that although their positions are almost apoMb, the spectrum of protoheme-IX was close to that of
the same, the Soret CD peak intensities increased in thenative Mb under the present conditions. In order to obtain a
following order: proto-lll Mb (5.8x 10* and 8.6 x 10 clearer understanding of this heme orientational change,
deg cni dmol™ for ferric and ferrous forms, respectively) kinetic measurements of the resonance Raman spectra were
< proto-XIll Mb (8.5 x 10* and 10x 10* deg cn dmol™?* examined. Proto-Ill and -XIlII Mbs exhibited no spectral
for ferric and ferrous forms, respectively) native Mb (11 change with time; however, proto-IX Mb displayed a
x 10* and 13x 10* deg cn? dmol for ferric and ferrous significant change, especially in the vinyl in-plane bending
forms, respectively). The intensity change is not surprising, frequencies around 409 and 439 émas shown in Figure
since the Soret CD band mainly reflects the interaction 4. These frequencies gradually converted to those of native
between the heme and the aromatic side chains in the heméVib, thus revealing the existence of a metastable orientational
pocket B0). Santucci et al. have previously measured the isomer and a change in heme vimglobin contacts with
CD spectrum of proto-XIll Mb and reported that the Soret time.
signal intensities of proto-XIll Mb derivatives are signifi- Electrochemical PropertieDirect electrochemistry is a
cantly less than those of native Mb derivativéd)( Our powerful tool to evaluate redox potential, electron-transfer
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Ficure 6: Background-subtracted cyclic voltammograms of cyano-

j Mbs for (A) proto-XIll and (B) proto-1ll at an IgO; electrode and
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Ficure 4: Time dependence of resonance Raman spectrum of

protoheme-IX reconstituted myoglobin at pH 5.6 (0.1 M bis-Tris 50 mV s!, indicating that the electrode reaction was

buffer solution). A 2-fold excess of apoMb was mixed with ferric ity sjon-controlled. At 25°C, the diffusion coefficients of

heme. The final heme concentration was 100. Laser excitation ’ - .

line, 406.7 nm; laser power, 30 mW at sample. proto-lll and proto-XIlI Mbs, estimated by both cyclic
voltammetry and potential-step chronocoulometry, were

approximately 1.0£ 0.2) x 1078 cn? s These values

closely agree with 1. 107 cn? s~ for sperm whale Mb

(32). TheE®' values, estimated from the midpoint of anodic

and cathodic peak potentials of quasi-reversible redox waves,

were —145 and—160 mV for proto-lll Mb and proto-XIll

Mb, respectively. We estimated the formal heterogeneous

electron-transfer rate constark®, using digital simulations

of the observed voltammograms. Tk values were about

5.7 (£0.5) x 10%4and 7.0 £0.5) x 104 cm s! for proto-

Il Mb and proto-XIll Mb, respectively.

Figure 6 shows the ligand dissociation properties of the
reconstituted Mbs as determined by cyclic voltammetry. The
coordinated water molecule of aquomet Mb is easily replaced
with cyanide to give cyanomet Mb. The redox potentials of
Mbs largely shifted to the negative direction on cyanide
F 5 Back d-subtracted cvelic volt f (A addition because CNdonates a negative charge to the heme
o o o siacen ot volammegrams 1, iron (Figures 5 and o). Afer th reduction of cyanomet b,
bis-Tris buffer (pH 6.5) and a scan rate of 20 m\: &t 25°C, cyanide ions are released from the ferrous iron because CN

together with simulated data (shown in circles) for indicakéd has only a weak affinity X3, 16, 33):
values.E®' and D values used for simulation: (A)0.145 V vs

| !
1600 1400

10.1 HA

E/V vs. AglAgCl
-0.5 0 0.3

Ag/AgCI, 0.9 x 106 cn? s™%, and (B)—0.160 V vs Ag/AgCl, 0.9 Mb(Fe(lll))-CN™ + e= Mb(Fe(I))-CN~ (1)
x 1076 cn? s7, respectively, and 0.52 fax (transfer coefficient)
in all situations. Mb(Fe(ll))-CN~ — Mb(Fe(ll)) + CN~ (2)

kinetics, and chemical reaction(s) in proteins upon electron-  Figure 6 shows two reoxidation peaks in the voltammo-
transfer reaction 9, 12, 16). We measured the direct grams of cyano-Mbs at approximateh0.6 and 0 V for the
electrochemical activities of Mbs in the presence and absencepxidation of Mb(Fe(I)-CN~ and Mb(Fe(ll)), respectively.
of an exogenous ligand. The ratio of these oxidation currents depended on the
Figure 5 shows the redox waves in proto-lll and proto- potential sweep rate. At a slow scan rate, the peak around
Xl Mbs at a highly hydrophilic InO; electrode surface. —0.6 V decreased and that arau® V increased. We
The waves were as well-defined as those of native M. ( estimated the dissociation rate constagt ¢f cyanide ions
The peak currents were linear with Mb concentrations over for eq 2, using a digital simulation of the observed voltam-
25-100uM and with the square root of the scan rate up to mograms of cyano-Mbs. The calculatedralues were 0.07
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T signal of Mb, which was freshly reconstituted with asym-
e 10 metric protoheme-I1X, is less intense than that of native Mb
S because the protoheme-IX is equally distributed in the normal
z 08 and inverted orientations. Our results also confirmed this fact
é 06 (described in the Results section). Our observations for proto-
g oa [Il and -XIII Mbs with altered locations of the vinyl groups
g ' are consistent with the results, which demonstrated that
<02 inverted protoheme-IX exhibits a less intense Soret CD band.
;S The resonance Raman spectra provided us with more detailed
0 information regarding the heme vinyprotein interactions.
e " The vinyl stretchingy(C=C) frequencies of the three Mbs
9 8 7 6 -5 4 3 : o : :
log[0,] (M) were exactly the same, and the intensities did not differ
FIGURE7: Oxygen titration profiles for proto-XIIi, — — —) and significantly among the Mbs. Marozocchi and Smulevich

have reported34) that the v(C=C) stretching frequency
depends on the torsion angle between the vinyl and pyrrole
double bonds, which is induced by specific protein interac-

proto-lll (®, —) Mbs in 0.1 M phosphate buffer (pH 7.0) at 26.

Table 1: Functional Parameters Obtained in This Study for

Proto-lIl, Proto-XIll, and Native Mbs tions. The same(C=C) stretching frequency (1621 cH)
5 kd Kd of the three Mbs indicates that the torsion angle of the vinyl
EY  x10¢ x10F k(CN)c x 107 T group in Mb is negligibly affected by the substitution. This
Mb (mVv) (cms?h (s (s) (MY pKe (°C) in turn indicates that the globin matrix does not significantly
native —140 65 3.0 0.10 79 8.7 815 constrain the vinyl chains. Further support is provided by
proto-lll —160 5.7 8.1 0.08 12 8.8 80.2 the fact that the three Mbs exhibited similar redox potential

proto-Xlll —145 7.0 65 007 10 89 79.7  values. This is because the orientation of vinyl groups, with
aThe formal heterogeneous electron-transfer rate constant at pH 6.5respect to the plane of the heme, significantly affects the
and 25°C. ® The dissociation rate constant of Clitom Mb(Fe(ll)) at redox potential 5). On the other hand, the frequencies of

pH 7.5 and 25°C. ¢ The autoxidation rate constant of oxy Mb at pH ; ; ; _ ;
7.0 and 35°C. ¢ The equilibrium constant for oxygen binding at pH tTe Vllnylffbepdclnbg rt?]Ode ;Jn tTet' low frequetrlcyt;]egl(_)n We_ret
7.0 and 25°C. ¢ The [K value for Mb(Fe-H,0) = Mb(Fe—OH") at Clearly aliecied by the substiiution, supporing the viewpoin

25 °C. f Denaturation temperature measured at pH 7.0. of different heme vinyi-globin contacts among the Mbs.
The visible and resonance Raman spectra for the ferric
Mbs reveal that a water molecule is coordinated to the ferric
iron. Similar K, values for the aciealkaline transition
indicate that the hydrogen bond between the distal histidine
and the iron-bound water is least perturbed after substitution
with the protohemin isomers. Resonance Raman spectros-
copy further demonstrates that the magnitude of the proximal
His—Fe bonds in the deoxy Mbs containing protohemes-IlI
and -XIII is also unperturbed. This is fully consistent with
the observation that no significant difference in the iron redox
potentials was observed. The conserved axial coordination
structure of the two reconstituted Mbs is supported by the
results of the electron-transfer kinetics. Since the electron-
transfer rates of Mbs mainly depend on the reorganization
energy around the active sit&2 15), the similark” values
for the two Mbs imply that the same structural changes were
generated during the redox reaction. We conclude that the
' altered hemeglobin contacts resulting from the positional

(£0.03) and 0.0840.03) s for proto-lll and proto-XIll
Mbs, respectively.

Functional AnalysisThe Mbs reconstituted with sym-
metric protohemes reversibly bind oxygen; Figure 7 shows
the oxygen binding profiles. Each titration fitted the theoreti-
cal curves with a Hill coefficient of 1.0. The oxygen affinities
were 1.2 £0.3) x 10° and 1.0 §0.3) x 10° M1 for proto-

Il Mb and proto-XIIl Mb, respectively. We also examined
the stability of oxy Mb against autoxidation. At pH 7.0 and
35 °C, the oxy Mb was gradually oxidized into aguomet
protein, and the Soret peak shifted from 417 to 409 nm
through a clear isosbestic point at 415 nm. The first-order
plots monitored at 417 nm resulted in straight lines and rate
constants for autoxidation, which were 84Q.5) x 10°°
and 6.5 £0.5) x 10°° s for proto-1Il and proto-XIll Mbs,
respectively. All the above spectroscopic, electrochemical
and functional results are complied in Table 1, together with

th ¢ tive Mb shift of the vinyl groups in protohemes-Ill, -1X, and -XIlI
ose for native MDb. negligibly affect the heme axial coordination structure of Mb.
DISCUSSION Role of the Vinyl Side Chainghe role of the vinyl groups

of protoheme-1X in hemoprotein has been a subject of

Heme Emironmental StructureThe visible absorption  continued interest. The interaction of the heme vinyl group
spectra and the resonance Raman spectra in the highwith a nearby amino acid residue in hemoglobin was
frequency region of the two Mbs containing the symmetric proposed to play an important role in its cooperative ligand
protoheme isomers are almost indistinguishable. In addition, binding process3p). The orientation of the vinyl substituents
they are thermally as stable as native Mb. However, the CD with respect to the heme plane was found to modulate their
spectroscopy clearly differentiates between them. This is electron-withdrawing ability in cytochromés (35 and
because the Soret CD band of Mb is a measure of thecytochromee peroxidase 37), thereby resulting in the
interaction between the heme and the aromatic side chainsalteration of their redox potentials.
in the heme pocket3Q). The position of the heme vinyl An analysis of oxygen binding of Mb with inverted
group is an essential contributor to the CD spectrum. The protoheme-IX, in order to understand the effect of altered
Soret CD signals of proto-Ill and -XIIl Mbs are significantly heme vinyl-globin contacts on the Mb function, is difficult.
less intense (Figure 3). Light et al. reportédl that the CD This is because the inverted protoheme rapidly turns into
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the

normal orientation during oxygen binding. The problem

associated with the protoheme-IX inversion can be avoided

by

using the symmetric protohemes-Ill and -XIIl. We

deduced the influence of the altered heme virglbbin

contacts by comparing the structural and biological properties 12.

of the Mbs reconstituted with symmetric protohemes. Table

1 summarizes our findings, and the most remarkable of these

was that the properties of proto-lll and -XIll Mbs are similar

to one another. This suggests that the translocation of heme

vinyl chains only moderately affects oxygen binding. This

result is explained on the basis of the close resemblance of |

the

axial coordination structures of the Mbs containing

protoheme-lll, -1X, or -XIll. Consequently, this indicates that

the

orientation of protoheme-IX, irrespective of whether it

is normal or inverted in the heme pocket, does not signifi-
cantly affect Mb function. The similarity among the three
Mbs supports the original view proposed by Light et ). (
that the functional differences between the Mbs with pro-
toheme in normal and inverted orientations are insignificant.
Neya et al. 88) reported that the total disruption of the heme
peripheral contacts by rapid heme rotation about the proximal
His—iron bond in Mb negligibly affects oxygen binding. This
indicates that fine structural recognition of globin for heme
is not always necessary for Mb function. The present results
for proto-1ll and proto-XIll Mbs are in agreement with the
ideas proposed by Light et ak)(and Neya et al.38).

In summary, we were able to evaluate the role of the vinyl
groups of protoheme-IX in Mb by utilizing protohemes-Iii
and -XIII, which are readily available at present. These are
symmetric molecules and are promising tools that allow for
the translocation of the vinyl groups, without heme disorder,
in various hemoproteins.
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