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Resonance Raman spectra are reported for manganese-substituted myoglobin (Mb) and hemoglobin (Hb) and analogous complexes. 
The porphyrin skeletal mode frequencies for 5- and 6-coordinated Mn"' protoporphyrin (PP) complexes are in good accord with 
the expected core size expansion for the 6-coordinate species. In aqueous solution, Mn"'PP gives evidence for being weakly 
6-coordinated, as it does in MnII'Mb and Mn"'Hb. MnI'Mb and Mn"Hb, as well as the 2-methylimidazole adduct of Mn"PP, 
show the expected core size marker frequencies for 5-coordinate Mn", but in the absence of added ligand, aqueous Mn"PP shows 
much lower frequencies, indicating a large core expansion. This is attributed to a 6-coordinate species with the large Mn" ion 
in the porphyrin plane; the protein spectra show a minority population of 6-coordinate Mn" heme. The Mn"-imidazole stretching 
band is readily identified in the low-frequency R R  spectra. The frequency is 219 and 195 cm-I for the 2-methylimidazole and 
1,2-dimethylimidazole adducts of Mn"PP. For Mn"Hb, a broad band is seen, with a central frequency of 216 cm-l, just as in 
Fe"Hb, and the breadth is attributed to chain heterogeneity. The Mn"Mb frequency, 215 cm-', is lower than that in Fe'IMb, 
220 cm-l, indicating a weakening of the Mn-imidazole bond by protein forces. 

Introduction 

Metal  substitution is a useful method of exploring t h e  active 
sites of metalloproteins via t h e  al tered electronic a n d  steric re- 
quirements of different metal ions. Manganese substitution in  
hemoglobin has  been shown to produce a protein that  is functional 
in the sense t h a t  its binding of NO ligands is cooperative.' T h e  
MnNO adduct  is isoelectronic with t h e  FeCO adduct of native 
hemoglobin. Nevertheless, t h e  M n - N O  bond is appreciably 
s t ronger  t h a n  t h e  Fe-CO bond, as demonstrated recently by 
resonance R a m a n  (RR) spectroscopy, which provided a useful 
probe of t h e  interactions of t h e  Mn-NO h e m e  adduct  in t h e  
binding pocket.* 

The crystal s t ructure  of Mn111Hb3 is similar to  tha t  of Fe"'Hb4 
b u t  shows slight differences. A point of some interest is t h a t  the  
electron density indicates a water  molecule bound t o  t h e  Mn in  
t h e  a-chains ,  b u t  not in the @-chains, in contrast  t o  FeII'Hb, in 
which water  is firmly bound t o  all Fe ions. For Fe"' (d5) a l l  of 
t h e  d orbitals are half-filled, while for Mn"' (d4) t h e  most  anti- 
bonding d orbital, d,z-,,>, is vacant .  Consequent ly  t h e  M-N- 
(pyrrole) bonds a r e  shorter  for Mn"' t h a n  for FelI1, a n d  t h e  Mn 
a tom is closer to being in the  heme plane.5 The axial ligand bonds, 
on the other hand, are longer for Mn"', partly because its half-filled 
dzz orbital is more extended t h a n  that of Fe"', t h e  Mn"' nuclear 
charge being lower, and partly because the shorter Mn-N(pyrro1e) 
bonds lead to larger  nonbonded repulsions between t h e  pyrrole 
N a toms a n d  t h e  axial ligand(s). No crystal  s t ructure  has  been 
reported for Mn"Hb,  b u t  there  m a y  aga in  be subt le  differences 
relative to Fe"Hb, since Mn" is larger, and Mn" porphyrins have 
more  expanded cores.5 

In this s tudy we examine RR spectra  of Mn"'/"Mb(Hb) a n d  
analogous complexes with respect to  the  frequency of porphyrin 
skeletal modes, which a r e  known t o  be  markers  of t h e  porphyrin 
core size. We find evidence that  Mn"' does indeed interact weakly 
with water ,  both in t h e  proteins a n d  in  aqueous solution. In t h e  
case of manganese(I1) protoporphyrin, the RR spectra suggest 
t h e  formation of a 6-coordinate in-plane species with a great ly  
expanded porphyrin core  in t h e  absence of a s t rong fifth ligand; 
the  proteins may contain a minority population of a species of this 
character .  I n  t h e  low-frequency region, t h e  Mn"-imidazole 
stretching band is readily observed, a t  a frequency similar to tha t  
shown by Fe". I t  is lower for Mn"Mb (215 cm-') t h a n  Fe"Mb 
(220 cm-l) suggesting a protein-induced weakening of t h e  Mn-  
imidazole bond.  RR spectra  of Mn"Mb, Mn"'Mb, a n d  (N3)- 
Mn'I'Mb have previously been reported by Yu and Tsubaki: who 
paid special a t tent ion t o  t h e  modes of bound N,- a n d  t h e  
charge-t ransfer  character  of t h e  electronic transitions. 

*To whom correspondence should be addressed. 

Experimental Section 
(C1)MnPP (PP = protoporphyrin IX) was prepared from free base PP 

(Mid Century) as described in ref 8, while (Ac)MnPP was obtained from 
Mid Century Chemicals and used without further purification. Lyo- 
philized myoglobin was obtained from Sigma Chemicals and purified by 
isoelectroph~resis.~ Apomyoglobin was prepared by the 2-butanone 
method6 and reconstituted within 2-3 days after the apoprotein prepa- 
ration. Reconstitution was carried out as described by Yonetani and 
A ~ a k u r a , ~ "  with a slight modification. The Mn heme was dissolved in 
a mixture of dimethyl sulfoxide (DMSO) and water (the volume of 
DMSO not exceeding 30% of the total apoprotein-heme solution mix- 
ture), and the pH was adjusted to 8.0.9b The reconstituted protein was 
purifiedga on a CM-52 ion exchange column at pH 7.0 at 4 OC, by elution 
with 10 mM phosphate buffer, pH 7.0, to wash off excess hemes. Then 
the Mn"'Mb was eluted off the column with 0.5 M phosphate buffer, pH 
7.0, and stored in liquid nitrogen. Hemoglobin was purified from packed 
cells as described by Scholler et a1.I0 The apoglobin was prepared from 
the purified hemoglobin by the acid-acetone technique.I0 The recon- 
stitution and purification of the protein were carried out as described in 
ref 1 1. The Mn" forms of both proteins were prepared by adding 1-2 
mg of sodium dithionite anaerobically to 150 pL of a 1-2 mM solution 
of the protein in the appropriate buffer. All protein manipulations were 
carried out at 0-5 "C, to prevent denaturation, although the spectra were 
taken at room temperature. 

Mn"PP complexes were prepared by adding a 2-3-fold excess of the 
ligand to (Ac)Mn"'PP dissolved in a few drops of 0.1 N NaOH and 
diluted with distilled water. The solution was flushed with nitrogen for 
a few minutes and a few milligrams of sodium dithionite was added 
anaerobically. Formation of the complex was confirmed by a change in 
the UV-visible absorption spectrum from a split (A N 465 nm and 370 
nm) to a single Soret band (A  = 428 nm for (2-MeImH)Mn'IPP). 

Resonance Raman spectra were obtained with excitation at 476.5 nm 
(Art laser) for MnlI1 species and 413.1 nm (Kr+ laser) for Mn" species; 
Q-band excitation for both species was carried out at 568.2 nm (Kr+) or 
520.8 nm (Kr'). The samples were spun in an NMR tube positioned in 
a back-scattering geometry, and spectra were obtained with a Spex 1401 
double monochromator equipped with a cooled photomultiplier and 
photon-counting electronics. The data were collected digitally with a 
MINC(DEC) computer. Spectral slit widths were 5 cm", and the laser 
power at the source was between 50 and 100 mW, unless otherwise 
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Figure 1. High-frequency Raman spectra excited at 476.5 nm, near 
resonance with the lower component of the Mn"' split Soret band, for 
[Mn"'PP] in H20/dimethylformamide (1 : 1) solution, for Mn%econ- 
stituted Mb and Hb, and for Mn"'PP dimethylester in CH2C12 with 
acetate or (bis) pyridine ligands. 

mentioned. UV-visible absorption spectra were recorded in I-mm quartz 
cells, with a Hewlett-Packard 8450 diode array spectrophotometer. 
Results and Discussion 

A. MnlI1 and Mntl Heme Spectra Suggest Weak H20 Coor- 
dination. 1. Manganese(III) 5- and dCoordinate Hemes. Figure 
1 shows RR spectra in the high-frequency porphyrin skeletal mode 
region for Mn'I'Mb and Mn'I'Hb, as well as manganese(II1) 
protoporphyrin complexes, obtained with 476.5-nm excitation. 
This wavelength is in resonance with the lower energy component 
of the split Soret absorption band, characteristic of manganese(II1) 
porphyrins.12 The RR spectra are dominated by totally symmetric 
ring breathing  mode^,'^,'^ v2, v3, and v4 at - 1580, - 1500, and 
-1370 cm-I. The vinyl model4 vC4 at  -1625 cm-l can also 
be seen. There is variable activation of the non totally symmetric 
(Big) ring mode vl0 a t  - 1634 cm-', probably via a Jahn-Teller 
effect in the resonant excited state.I5 Overlap with the v M  mode 
produces an apparent variation in the band frequency. Excitation 
a t  568.2 nm (Figure 2), in resonance with the Q absorption 
bands,'* which yield selective enhancement of non totally sym- 
metric modes,16 gives a more accurate value for vl0, and also reveals 
v l l  (B1J at  -1555 cm-I, and vi9 (Azg) at  -1575 cm-I, which is 
identifiable via its anomalous polarization (data not shown). 

All of the skeletal mode frequencies (but not the vinyl mode 
frequencies) are sensitive to the core size of the porphyrin ring 
(measured by C,-N, the porphyrin center to pyrrole N distance), 
as it adjusts to the steric requirements of the central metal ion 
and the axial l igand(~) . '~J~  The complex (Ac)Mn"'PPDME (Ac 
= acetate, PPDME = protoporphyrin IX dimethyl ester), dissolved 

(12) Boucher, L. J. J.  Am. Chem. SOC. 1968, 90,6640. 
(13) Abe, M.; Kitagawa, T.; Kyogoku, Y .  J.  Chem. Phys. 1978,69, 4516. 
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1982, 104,4337. 
(15) Cheung, L. D.; Yu, N.-T.; Felton, R. H. Chem. Phys. Lett. 1978, 55, 

527. 
(16) Spiro, T. G. In Iron Porphyrins, Part II; Lever, A. B. P., Gray, H. B., 

Eds.; Addison-Wesley: Reading, MA, 1983; pp 89-160. 
(17) Choi, S.; Spiro, T. G.; Langry, K. C.; Smith, K. M.; Budd, L. D.; 
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Chem. SOC. 1987, 109, 3865. 
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Figure 2. As for Figure 1, but with 568.2-nm excitation near resonance 
with the Q absorption bands. 

Table I. Mn"' Heme Core Size Marker Freauencies (cm-') 
IJ [ ( W -  v H(PY)2- 

Mn"'PPDME] Mn"'PP] '1 Aa Acaldb u(Mn"'Mb) A' 

V I 0  1634 1627 7 8  1631 3 
V I 9  1580 1574 6 7  1577 3 
v2 1580. 1573 7 5  1573 7 
VI 1 1559 1554 5 5  1554 5 
y3 1500 1494 6 6  1498 2 

1371 2 v4 1370 1369 

a Frequency shift v[(Ac)Mn"'PPDME] - v[[(py)2Mn"'PPDME]t]. 
Calculated difference for 5- vs. 6-coordinate Mn"' hemes, usingI6 Av 

= -KAd with Ad = 0.015 A (see text) and the following values1* of K 
for vl0,  v19, v2,  v I 1 ,  vjr and v4: 564.9, 452.0, 329.6, 353.1, 423.7, and 
136.7. eFrequency shift v[(Ac)Mn"'PPDME] - MnII'Mb). 

in methylene chloride, is 5-coordinate, and its skeletal mode 
frequencies are known1s to be in good agreement with the expected 
frequencies for a core size of 1.99 A, the measured value for the 
5-coordinate (Cl)Mn'11TPP.20 The  complex 
[ (py),MnlIIPPDME]+ (py = pyridine) gives noticeably lower core 
size marker frequencies, consistent with a slight expansion of the 
core in this 6-coordinate high-spin complex.12 A core size of 2.005 
8, has been determined for the 6-coordinate (py)(C1)MnlllTPP.lg 
If the expansion relative to (C1)Mn"'TPP (0.015 A) is used to 
calculate'* the expected frequency shifts relative to those of 
(Ac)Mn"'PPDME, excellent agreement is obtained with the 
observed frequencies for [(PY)~M~"'PP]+, as shown in Table I. 
Thus, the skeletal mode frequencies for these two complexes are 
well behaved with respect to the expected core size expansion 
between 5- and 6-coordinate Mn"' hemes. 

The situation is less clear cut when Mn"'Mb is compared with 
(Ac)Mn"'PPDME, as shown in Table I. The modes u2 and v I I  
show downshifts fully as large as those observed for 
[(PY)~M~"'PP]+, but the shifts for vIo,  ~ 1 9 ,  and v 3  are less than 
half as large. The same results are obtained for Mn"'Hb. The 
crystal structure of the latter protein has been determh~ed,~ and 
a water molecule has been located within binding distance of the 
Mn ion in the a-chains but not in the @-chains, whose Mn heme 
appears to be 5-coordinate. The RR spectra do not support the 
existence of a 5-/6-coordinate mixture, at least in solution, since 

1 2  

(20) Spiro, T. G.; Stong, J. D.; Stein, P. J. J .  Am. Chem. SOC. 1979, 101, 
2648. 

(21) Terner, J.; Reed, D. Eiochim. Eiophys. Acta 1984, 789, 80. 
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Figure 3. Raman spectra excited at 413.1 nm (Soret band resonance) 
for Mn"PP in water and in the presence of excess 2-MeImH ligand. 

a superposition of 5 -  and 6-coordinate bands would then be ex- 
pected. In particular the vz band, which shifts from 1580 to 1573 
cm-' between (Ac)Mn"'PPDME and [ ( ~ Y ) ~ M ~ " ' P P D M E ] +  
should show a doublet character. However, the MnrlIHb vz band, 
at  1572 cm-l, is at least as sharp as those of the model complexes. 
Nevertheless, it is apparent that the binding of HzO is significantly 
weaker for Mn"'Hb than for FeII'Hb, for which both hemes show 
bound Hz0? whose RR frequencies are fully consistent with the 
expected values for 6-coordinate high-spin Felll.zz We infer that 
the RR frequency differences between Mn"'Mb(Hb) and (Ac)- 
Mn'I'PPDME on the one hand and [(py)zMnlllPPDME]+ on the 
other are attributable to a relatively weak axial interaction with 
a water molecule in the heme pocket that pulls the Mn ion part 
way toward the heme plane, producing a slight core expansion. 
It is curious, however, that the character of the frequency shifts 
are not uniform for all the core size markers, the vz and v l l  shifts 
being appreciably larger than the others. We have no explanation 
for this effect. 

When dissolved in water, (Ac)Mn"'PP gives essentially the same 
frequencies as does MnlIIMb. Especially notable is the vz lowering 
relative to (Ac)Mn"'PPDME (see Figure 1). We infer that the 
complex is at  least weakly 6-coordinate when dissolved in water. 
Water is expected to replace the acetate ion in the Mn"' coor- 
dination sphere, but symmetrical binding by two water molecules 
appears to be exluded by the frequency differences in vIo, vI9, and 
v 1  relative to (py)zMnlllPP, a symmetrical 6-coordinate complex. 
Perhaps the Mn ion is displaced slightly from the heme plane in 
the aquo complex. 

2. Aquo-Mn" Heme and Core Expansion. Figure 3 shows RR 
spectra in the high-frequency skeletal mode region for Mn"PP, 
produced by dithionite reduction of (Ac)Mn"'PP in aqueous 
solution, to which successively larger amounts of 2-methyl- 
imidazole (2-MeImH) are added. The spectra were obtained with 
413.1-nm excitation near resonance with the Soret band. Marked 
spectral changes are seen upon adding 2-MeImH. A limiting 
spectrum is obtained in saturated 2-MeImH solution, and is at- 
tributed to the 5-coordinate complex with 2-MeImH as axial 
ligand. The absorption spectrum in the presence of a large excess 
of 2-MeImH is very similar to those of Mn"Mb and Mn"Hb, 
although the peaks are red-shifted in the proteins (A,,, = 438, 
560, and 598 nm for Mn"Mb, and 444, 557, and 600 nm for 

1500 1600 
AF/cni 

Figure 4. Raman spectra, near Q-band resonance, for Mn"Hb, MnIIMb, 
and aqueous (2-Me1mH)Mn"PP. The 1550-cm-' band in Mn"Hb is 
attributed to a minority 6-coordinate (6c) component. 

Mn"Hb vs. 428, 556, and 588 nm for (2-MeImH)MnIIPP). 
The skeletal mode frequencies of the 2-MeImH complex have 

been shownI8 to be consistent with the expected values for a core 
size of 2.065 A, as observed in the complex ( l-MeIm)MnllTPP,S 
although significant low-frequency deviations are observed for v4 
and v19 (the latter band seen with Q-band excitation, Figure 4). 
Electronic explanations have been offered for these deviations.I8 
The spectrum of (2-Me1mH)Mn"PP (top of Figure 3) appears 
more complex than those seen for the Mn"' hemes, because several 
skeletal modes are comparably activated. For example vz at 1569 
cm-' is anomalously weak and has intensity similar to that of the 
non totally symmetric modes vl0 and v I 1 .  In addition, the E,- 
derived modes, v38 and v37, which are activated by virtue of the 
asymmetric displacement of the peripheral vinyl substituents in 
protoheme,I4 are seen with comparable intensity (1 513 and 1575 
cm-'); usually these bands are much weaker than vz and appear 
only as shoulders. The vinyl 6+H2 (1 4 18 cm-I) and vc+ modes 
are likewise comparably activated, and two vc+ modes are ob- 
served, at 16 16 and 162 1 cm-l. The existence of two v M  modes, 
corresponding to in-phase and out-of-phase stretching of the two 
vinyl C=C bonds, was detected in NiPP by the noncoincidence 
of the infrared and Raman bands attributable to these modes via 
vinyl deuterium isotope shifts.I4 Usually only one mode appears 
with significant intensity in the RR spectrum, but occasionally 
two v- bands are seen. A particularly clear example has been 
reported by Terner and co-workers in RR spectra of horseradish 
peroxidase.z1 

The crystal structure of 4-coordinate Mn"TPP (toluene solvate) 
has been determined,z2 and the core size is 2.082,0.017 A larger 
than in the 5-coordinate (1-Me1m)Mn"TPP. This expansion is 
in contrast to the slight contraction seen when 4-coordinate 
Znl*TPP (2.036 A)z3 is compared with 5-coordinate zinc porphyrin 
complexes (2.045 A on a~e rage )?~  This contraction is attributable 
to the elimination of nonbonded interactions between the axial 
ligand and the pyrrole N atoms. The contrasting expansion for 
4-coordinate Mn"TPP reflects the large size of the high-spin Mn" 
ion. When the bond to a fifth ligand is absent, the Mn" ion sinks 
into the heme plane (but a large amplitude motion relative to the 
plane is seen in the X-ray data22) in order to maximize the bonding 
interactions with the pyrrole atoms, but this is at  the expense of 
strain in the porphyrin ring, which is forced to expand. We note 
that the situation is quite different for 4-coordinate FeI1 porphyrins, 
which are intermediate spin, with a contracted corez4 and up- 
shifted core size marker f r e q u e n c i e ~ . ~ ~  

(22) Kirner, J. F.; Reed, C. A,; Scheidt, W. R. J .  Am. Chem. SOC. 1977, 99, 
1093. 

~ ~~ 

(23) Scheidt, W. R.; Kastner, M. E.; Hatano, K. Inorg. Chem. 1978,17,706. 
(24) Collman, J. P.; Hoard, J. L.; Lang, G. J.; Radonovich, L. J.; Reed, C. 

A. J .  Am. Chem. SOC. 1975, 97, 2616. 
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X e r =  413.lnm Table 11. Assigned Core Size Frequencies for (2-Me1mH)Mn"PP 
and Aqueous Mn"PP 

u[(Z-MeImH)Mn"PP] u(Mn"PP) A0 Amidb 

y10 1595 1555 40 40 
u31 1575 1548 27 26 
y2 1569 1540 29 23 
1 1  I 1536 1506 30 25 
u38 1513 1478 35 32 
"3 1464 1438 26 30 

size expansion of 0.070 A from the K values" given in Table I. 
a Frequency difference. Frequency difference calculated for a core 

If the RR spectral changes in Figure 3 were attributable to a 
transition from a 5-coordinate 2-MeImH complex (top) to a 
4-coordinate complex (bottom) in the absence of added ligand, 
then 5-10-cm-' downshifts in the core size marker frequencies 
would be expected on the basis of a 0.017-A core expansion. 
However, the spectrum in the absence of added 2-MeImH can 
only be assigned (see Figure 3 and Table 11) in a consistent fashion 
if much larger core size marker downshifts are assumed. Par- 
ticularly striking are the bands at 1478 and 1506 cm-l, for which 
no other skeletal mode assignments appear possible than u38 and 
vI1. These assignments, however, imply 32- and 25-cm-I down- 
shifts relative to the 2-MeImH adduct spectrum. In Table I1 the 
downshifts are shown to be calculated remarkably well, if a 0.07-A 
core size expansion is assumed. Adding this to the 2.065-A core 
size appropriate for the 5-coordinate adduct would produce a 
2.135-A core size, which is unprecedentedly large.5 The calculation 
must be viewed as rather uncertain, in view of the fact that this 
core size is well beyond the range for which the RR frequency 
correlations have been established via known structures, and there 
is some indication of deviant values at  the high end of this range.18 
Nevertheless, it seems apparent that there is a substantial core 
expansion, which is significantly larger than the 0.017-A expansion 
expected for a 4-coordinate Mn" species. 

A possible explanation is that for aqueous Mn"PP there is a 
symmetric interaction with two axial water molecules, which keeps 
the Mn" anchored in the center of the ring. These water molecules 
would limit the Mn out-of-plane excursions (which are reflected 
in the high X-ray thermal parameter of the 4-coordinate 
Mn"TPPZ2), thereby maximizing the tendency to expand the 
porphyrin ring; this tendency would also be assisted by the non- 
bonded interactions with the axial water molecules. In this view, 
the RR spectrum of aquo MnIIPP should be seen as arising from 
a 6-coordinate high-spin species, although the bonds to the axial 
water molecules are expected to be quite weak. The core size 
expansion is analogous to, although much larger than, that ob- 
served between the 5-coordinate (2-Me1mH)Fe"TPP ((2,-N = 
2.044 A30) and the 6-coordinate high-spin (THF)2Fe11TPP (C,-N 
= 2.057 A35). There also appears to be a minority 5-coordinate 
aquo species since weak bands can be seen at  the positions of the 
(2-Me1mH)Mn"PP RR features in the spectrum with no ligand 
added (see especially u3 in Figure 3). 

3. Mn"Mb (-Hb). Figures 4 and 5 compare RR spectra with 
Q and Soret band excitation for Mn"Mb and MnIIHb with (2- 
Me1mH)MnIIPP. Very similar band frequencies and intensities 
are seen, confirming the expectation that Mn" is 5-coordinate in 
the proteins, by virtue of binding to the proximal histidine. The 
protein spectra, however, contain extra bands at  1506 and 1556 
cm-'. These are the frequencies for prominent bands in the 
aquc-Mn"PP spectrum, assigned to u l l  and vl0, respectively; they 
are definitely not attributable to any 5-coordinate Mn" heme band. 
We infer that these bands arise from a population of heme groups 
whose core is expanded by virtue of the Mn being in the plane. 
This could happen if the Mn-histidine bonds were weakened 
and/or there were distal ligand (or water) binding for this pop- 
ulation of hemes. It cannot be excluded that these heme groups 
are actually nonspecifically bound to the exterior of the protein 
although precautions were taken to remove exogeneous heme in 

(25)  Spiro, T. G.; Burke, J. M. J .  Am. Chem. SOC. 1976, 98, 5482. 
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Figure 5. As for Figure 4, but with 413.1-nm excitation, in resonance 
with the Soret band. Bands labeled 6c are attributed to a minority 
6-coordinate component. 
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Figure 6. Low-frequency fragment of the Soret band-resonant Raman 
spectra of the indicated Mn"PP species, showing the variable Mn"-axial 
ligand stretching band. 

the purification step via ion exchange chromatography (see Ex- 
perimental Section). 

B. The Mn"-Imidazole Bond Is Similar to the Fe"-Imidazole 
Bond in Strength. 1. Mn" Heme. Figure 6 shows the 150- 
300-cm-' region of the RR spectra of Mn"Hb and Mn"Mb and 
several Mn" heme complexes. The prominent band near 220 cm-I 
is entirely analogous to the band near this frequency seen for 
Fe"Mbt6 and Fe1'Hbz7 and for model c o m p l e x e ~ . ~ ~ - ~ ~  It has been 

( 2 6 )  Kitagawa, T.; Nagai, K.; Tsubaki, M. FEBS Let?. 1979, 104, 376. 
(27) Kincaid, J.; Stein, P.; Spiro, T. G. Proc. Natl. Acad. Sci. U.S.A. 1979, 

76, 549, 4156. 
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P-chain and a-chain frequencies being -220 and - 207 cm-l in 
the normal T state of deoxyHb. There may well be similar chain 
heterogeneity in Mn"Hb. 

Surprisingly, the M-imidazole frequency in Mn"Mb, 215 cm-', 
is lower than that in Fe"Mb, 220 cm-'.26 Thus there appears to 
be a protein-induced weakening of the Mn-imidazole bond. A 
more marked instance of the same effect in myoglobin has recently 
been reported for Zn-substituted protein;33 the Zn-imidazole 
frequency is 146 cm-', much lower than that in (2-Me1mH)- 
ZnPPDME, 177 cm-' (in methylene chloride). It was suggested33 
that the proximal imidazole group in myoglobin is not optimally 
oriented for binding to Zn, in contrast to Fe. The same argument 
may hold for the Mn-reconstituted protein. While the intrinsic 
M-imidazole bond strength may be quite similar for Fe" and Mn", 
the latter ion is significantly larger and may not bind quite as well 
to the proximal imidazole due to geometric constraints in the 
myoglobin heme pocket. 

2. Mn"' Heme. Yu and Tsubaki6 suggested that a 267-cm-I 
band of MnlIIMb be assigned to Mn-imidazole stretching, cor- 
responding to the 215-cm-I band of Mn"Mb. Figure 7 shows the 
relevant portion of the RR spectra, excited at 476.5 nm, for 
Mnt*'Mb, Mn"'Hb, and several Mn"' heme complexes. All of 
these show a band very close to 267 cm-I, despite the fact that 
(Ac)Mn"'PPDME and [ (~Y)~M~" 'PPDME]+  do not contain an 
imidazole ligand. The Mn-Ac stretch should be at a distinctly 
different frequency from the Mn-imidazole stretch, and in the 
case of [(py)zMnlllPPDME]+, the symmetric M-(py), stretch is 
expected below 200 cm-'; it is found a t  185 cm-' for (py)2Fe11- 
mesop~rphyrin,~~ the low frequency being attributable to the large 
effective mass of the symmetrically disposed ligands. The bond 
length is expected to be greater, and the force constant lower, for 
high-spin Mn"' than for low-spin Fe"; a frequency lower than 185 
cm-' is therefore expected. 

Thus the MnII'PPDME complexes show that there is a -265 
cm-' RR band, probably the porphyrin mode ~ 9 , ' ~ ~ ' ~  which is not 
assignable to Mn"%nidazole stretching. We cannot rule out that 
Mn-imidazole stretching contributes to the RR bands of the 
Mn%ubstituted proteins, but the presence of an interfering 
porphyrin band will have to be taken into account in efforts to 
pin down this assignment. 
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Figure 7. Low-frequency fragment of the Soret band-resonant Raman 
spectra of the indicated MnlIIPP species, showing the insensitivity of the 
-265-cm-' band to the nature of the axial ligands. 

assigned to Felt-imidazole stretching vibration via isotope shifts 
seen on perdeuteriation of 2-MeImH ligandz7*29 and 54Fe sub- 
s t i t u t i ~ n . ~ ~  Yu and TsubakP suggested a similar assignment for 
the 215-cm-I MnIIMb band. As with FelI heme complexes,z7-29 
the Mn-ligand stretching frequency is seen to depend on the nature 
of the fifth ligand (Figure 6, lower spectra). ImH, 2-MeImH, 
and 2-EtImH give nearly the same frequency, -219 cm-', but 
1,2-MeJm shows a large downshift to 201 cm-I. This is again 
analogous to the Fe" heme behavior, for which 1 ,2-MeJm gives 
195 cm-1.28 The frequency for (2-MeImH)FetlPP is variable, 
depending on the H-bonding state of the N 3  pro tor^;^^,^^ it is at 
207 cm-I in benzene but 220 cm-' in water, a good H-bond 
acceptor. Deprotonation of the 2-MeImH ligand in dimethyl- 
formamide was found to increase the frequency to 239 cm-1.28 
Hydrogen bonding to water can likewise account for the elevated 
frequencies for the ImH, 2-MeImH, and 2-EtImH ligands, relative 
to 1,2-Me21m in which the opportunity for such bonding is absent 
due to the methylation of the N 3  atom. The frequency is even 
lower, 187 cm-', for the aliphatic cyclic amine ligand piperidine. 

These data establish that the Mn-imidazole stretching band 
can be observed for Mn-substituted heme proteins, and is in the 
same frequency region as observed for Fe" heme proteins. The 
frequency match for the 2-MeImH adducts of FelI and Mn" heme 
indicates that the M-imidazole bond strength is very similar for 
the two metal ions. We note that the axial ligand bond lengths 
are nearly the same for ( l-MeIm)Mn"TPPzZ and (2-Me1mH)- 
Fe11TPP,30 2.192 vs. 2.161 A. 

Likewise in MntlHb the M-imidazole stretching band (Figure 
6) shows the same characteristics as in FeIIHb, namely a large 
width with a central frequency of -215 cm-'. For Fe"Hb this 
large width has been demonstrated via valency hybrid" and Co 
and Fe hybrid32 studies to result from chain heterogeneity, the 
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