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Resonance Raman Spectra of Met:h.etooglobin Derivatives 

Selective Enhancement of Axial Ligand Vibrations 

and 

Lack of an Effect of Inositol Hexapbosphate t 

. ** § Sanford A. Asher , Larry E. Vickecy ., Todd M. SdlUster and Kenneth Sauer. 

Running Title: Resonance Raman of ~therroglabin 
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. , Abstract 

Resonance Raman spectra have been obtained for the OH-, N; and F­

derivatives of nethsroglabin by excitaticn in the 550-650 nm region. A 

selective enhancement with excitation in the chal:ge transfer baOOs is ob­

. served for peaks at 413 an -l, 497 an -l and a doublet at 4 71 and 443 an -l 

in theN;, aC and F- CXXIplexes, respectively. These peaks are assigned 

to Fe-axial ligand stretches on the basis of: 1. A 20 an -
1 

shift of the 

. 497 an-
1 

peak of the hydroxide <Xllplex to lower energy on isotopic substi­

tuticn of 
18aC for 

16
oH-; 2. The p:rox:i.mi ty of the 413 an -l Raman peak to 

. the 421 an -
1 

IR peak previously assigned to the Fe-N; stretch in a IOOdel 

helle azide cx:nplex (Ogoshi, H., Watenabe, E., Yoshida, Z., Kincaid, J., and 

Nakanoto, K., (1973), J .Am.Chem.Soc. 95, 2845) • 3. The selective appearan~ 
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of the 471 and 443 an-
1 

peaks in the RaiPan spectra of the F- CXX!plex. The 

doublet obse-rved at 471 and 443 an-
1 

in the F- derivative may reflect a hetero­

geneity in the heme cavity due to hydrogen bonding of H
2
o to the F- ligand in 

both the a and a subtmits, as has been previously suggested based on x-ray dif­

fraction results (Deatherage, J.F., IDe, R.S., and M:>ffat, K., (1976), J. Mol. 

Biol. 104, 723) • It is suggested that the frequency of the Fe-F- vibraticn 

reflects the out-of-plane distortion of the Fe fran the here ·plane. The lack of 

a shift in the frequency of the Fe-F- stretch suggests that a less than 0.02 jl. 

displacement of the Fe cx:x::urs upon the addition of inositol hexaphosphate, which 

is thought to alter the allosteric equilibriun between the Rand T-forms of rretherro­

globin. Excitation profile neasurenents. suggest that the dlarge transfer band in 

methem:>globin OH- like that in metherroglchin N) is .. ~.-polarized, while in methem::xJlabin 

F- the charge transfer transition is mixed with a n -+- Iftransition. 



Resonance Raman spectroscopy can serve as a structural probe for 

biological nolecules such as herogloo±n and myoglooin (Spiro, 1975 cmd ref- · 

exenc:es therein; Yamanoto, et al, 1973; Kitagawa et al, 1975; Ozaki, et al, 
' ' 

1976). Upon excitation within the absorption bands of the here c:hra;ophore a 

selective enhanc:errent oa:urs in the intensity of the Ram:m peaks resulting fran 

bene vibra~ons (Spiro, 1975) •. In previous reports the daninant Raman bands 

which have been ooserved appear to result fran in-plane porphyrin macrocyclic 

m:x3es and occur at energies be'bAeen 600-1700 em -l. This is because excitation 

* occu.rmd within II .. II electronic transitions of t."'le J?Orphyrin rnacrocycle sue., 

as in t.~ a, B and Soret bands • The energies of sate of these Raman peaks have 

been shcMn to be sensitive to the oxidation state, spin-state and/or planarity 

of the nEtal with respect to the J?Orphyrin plane (Spiro, 1975; Spaulding et al, 
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1975). HcMevei, vibraticnal rrodes of the ircn in herre c:;acplexes, sue., as Fe-arial 

ligand nodes, are rarely observed (Drurmer, 1974; Spiro and Burke, 19i6) because 

the II orbitals involved in the a, B and Soret bands are p:x>rly conjugated with the 

.aetal orbitals (Asher and Sauer, 1976) • Unfortunately, these vibrational rrodes 

are precisely the ones that rontain t.~ greatest infornation on ligand binding in 

heme proteins. In addition, these rrodes would be expected to be sensitive to ron­

straints i.rrposed by the protein such as the proposed tension on the herre iron by 

the proxllna.l. histidine during the transition between t.~e R and T allosteric fonr:S 

(Perutz, 1972) • 

Recently, Asher and Sauer (1976) deronstrated the specific enhancerrent of vi­

brational nodes involvi."lg t.l)e netal ...men excitation occurred within the charge tra."1sfs:- "' 

hands of Mn (III) etioporphyrin and suggested that a similar enhance.rrent of vl_braticr.22 ,. 

n-odes which involve the rretal shoold occur upon excitation into charge transfer b<mds 

of l'ls're. The ~ in rretherroglooin, like Hn (III) porphyrins, has electronic transi­

tions between 600 and 640 n."U which have been assigned to charge transfer bands 
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(see Smith and Willians, 1970). Excitation within these bands should en.hanoo 

vibrational rrodes such as aJd.al ligand stretdles. We have utilized a tunable 

5 

dye laser wldch can excite within these charge transfer bands and report here a 

st:udy of ligatim properties of rrethetroglooin (Asher, et al., 1977; Asher, 1976). 
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E?cperinental Pro<:Edure 

Human heroglobin Aa was pln"ified by the method of Williams and Tsay (1973). 

' 
Methelroglabin was prepared by oxidation of hem:>globin with excess potassiun terri-

cyanide, follCMed by extensive dialysis against 0.1 M HEPd-, containing l.rrM EDI'A , 

PI 7.0. Azide and fluoride cx:rcplexes were follted by the addition of buffered solu­

tions of the sodium salts directly to the capillary tubes to be used for Raman 

excitation. 

The absorption spectra of diluted sanples were measured on a Cary 118 reoord-

~ spectrophot:clooter to confinn CX'!1l'lete ligation. In addition, absorption spectra "*-'~-:E 

measured for sane of the Ranan illuminated sarcples to detenni.ne if sanple degradation 

had occurred; these were measured with thin films of the material spread on a micro-

-
soope slide and held in place by a cover slip. No degradaticn was detected. 

The 
18ar and 

16oa- derivatives of MetHb used for the Raman spectra in Fig. 7 

were prepared by freeze dJ::ying a buffered solution of MetHb:H
2
o at about -60°C. 

The freeze dried material wa~ redissolved in H
2 

16o or ~ 18o (95% enriched in 
18o, 

Bio Rad Lab., Richnond, CA) • Each of the resulting solutions was slc:Mly titrated 

to the alkaline til value at 0°C with small aliquots of a 30% solutioo of Na 
16oo in 

H
2

16
o with rapid stirring. Heme ex>J1oentrations for the resonance Rarran neasurerrents 

were typically~ 0.6 nM. Spectra were neasured with and without 0.2 M N~so 4 as an 

internal standard. No changes were observed in the Raman spectra on the addition of 

N~S0 4 • The SO~ line at 983 an-l is labeled in the spectra. 

The Raman spectra were rreasured on an instrurient constructed in the Chenistry 

Depa.rt:Irent of the University of Califcmia, Berkeley. The laser used to excite the 

Raman spectra is a CMX-4 Xenon flashlanp-purtped dye laser (Chromatix Corp., MJuntain 

... 

View, CA) • The laser produces 1 lJ5eC pulses at a repetition rate ben~ 5 and · 30 Hz o • 

The output of the laser was fOOJ.Ssed onto 1.5 nm I.D. rrelting point capillaries which 

contained 10-50 lJl volurres of the sanples. The scattered light was collected by an 
. . 

ellipsoidal mirror and· imaged into a Spex 1400 noncx::hrana:tor equipped with an E!"-1! 

9558QB phot:anultiplier. A polarization scrarrbler was placed in front of the entrance 

slit of the ronochromat.or to avoid intensity artifacts :resulting fran the polarization 
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bias of the I'IOlOCiu:alator gratings. A quartz Wollaston prism was used to analyze 

the polarizaticn of the scattered light. 

'Ibe outp.lt of the Raman scattered light was detected and nomali.zed to the 

intensity of the incident laser light by a dual channel box car integrator. Prior 

to the sanple, part of the incident laser beam was split off and was nari.tored by 

a seoond photanul tiplier. 'I1le output of each electrorreter was ~tegrated with a 

2 sec time cxmstant, and the integrated output of the sanple photatul.tip1ier was 

divided by that of the reference pootooultiplier. Further details of the spectre-

mater are given elsewhere (Asher, 1976). 

'1he spect:rareter was calibrated with an Eppley Laboratories' standard incan­

descent intensity lanp. The excitation profiles were calculated fran peak height 

ueasurenents of the Raman spectra and then normalized to the spectrareter efficiency 

curve and to the intemal standard so~ line at 983 an -l. The Raman spectra themselves 

have not been nornalized to the spect.rc~Mter efficiency profile, however. 

lesul ts and Discussion 

Methenoglobin-Azide 

Figures 1 and 2 show the resmance Raman spectra of the azide o:xrplex of 

M'!tHb excited at 5590.8 and 6383.2 .R, respectively. As the absorption spectrum 

of Metlfu N'j in Fig. 3 sht::Ms, excitation at 5590.8 .R occurs between two absorption 

bands which have been assigned to the a and B ba..,_ds of netalloporphyrins (Smith 

and Williams, 1970). Excitaticn at 6383.2 .Roccurs within a weak absorption band 

at~ 6400 .it, which has been assigned to a charge transfer transition (Smith and 

Williams, 1970; Eaton and Hochstrasser, 1968). 

The Raman spectrum s.~ in Fig. 1 is similar to previously reported 

spectra of the azide o:xrplex of r-Et.Hb excited at· 5682 R betweE>.n the a and B 

bands, (Strekas and Spiro, 1972} and at 4416 R in the Soret band (Yamarroto et al, 

1973), an~ to the azide cxxrplex of netmyog1obin, excited at 4880 ~.between the 
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s and Soret band, (Kitagawa, et als, 1976) • The daninant features in the :resonance 

Raman spectrum excited at 5590.8 _R, bebleen the a and B bands (Fig. 1) appear at 

energies greater than 600 an -l. '1'h:! bands occurring at 1640, 1586, 1308, 1132, 

and 755 tm-l are due to porphyrin macz:ocyclic vibrational I'i'Odes (Spiro, 1975). A 

oonparisan between the Raman spectrum of an aqtEOus solution of NaN
3

, and a solu­

tion of ~tUb N; with lower concentrations of N; (not shCMil) indicates that the 

feature at 1344 an -l in Fi~. 1 and 2 is due to uncc::nplexed azide because the 

1344 an -l peak does not appear at l.cMer oonrentrations of Na.~; (0 .04 M), while 

the spectrum of the MetHb solution is still characteristic of the ~t:Hb N; a::rrplex. 

The resonance Ranan spectrum of ~t:Hb N; excited at 6383.2 R in the d1arge 

transfer band (Fig. 2) shcMs a ~ Raman peak appearing at 413 an -l. A depolari­

zatian ratio ueasurezrent of the 413 an-l peak indicates that the peak is polarized, 

as is expected for an axial ligand stretch (Asher and Sauer, 1976), while an 

exa:m:ination of the excitation profiles in Fig. 3 sh<:7Ns ~at the 413 ern -l peak is 

in rescnance with only the c::ha.Ige transfer band at 6400 R. All of the other Ram:m 

peaks which appear upon 6383.2 R excitation are rrore intense U[Xll'l excitation at 

shorter wavelength and appear to be in resonance with the a and S bands. 

The 413 crn-l peak enhanced by excitation in the charge transfer band of 

~tHb N; is close in energy to a vibration at 421 c:m-l cbserved in the IR spectrum 

of Fe 3+ octaethylporphin-N;, which was assigned to the Fe-azide stretching vibration 

(Ogcshi, et al., 1973) • The uniqm enhancerrent of the 413 an -l peak by the charge 

transfer band of Met-lib N; , the close oonrespondence beb.'een the· energies of the 

413 crn-l peak and the Fe-N; stretch obse:rved in Fe(III) octaet'l)ylporphin-N;, t_'l)e 

fact that the peak is polarized and the selective appeara11ce of the 413 cm-l peak 

in the resonance Raman spectrum of ~t:Hb N; in contrast to its absence in MetHb 0H­

and MetHb F- (vide infr~, all, suggest that the 413 on-l peak results from a vibra­

tion of the azide ni t..."'"Ogen against the he.-re iron. 

In rontrast to the Hanan spec'-I.Ia obtained from ~·!nETP excited in the charge 

transfer band (Asher and Sauer, 1976; SheL'1utt et al, 1976; (':aughan et al1 1975 
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the p:>rphyrin macrocyclic vibrational nodes do not show an e..v.ci tation profile 

maximJm within the charge transfer band of r-~tHb Nj. In l·~t:Hb N'j the peaks res-
•.. . . 

ult.ing fran pol:phyrin macrocyclic m:xles ~ar to derive their intensity fran the 

a and B bands. Even the pyrrole-nitrogen-Fe vibrations are not visibly enhanced, 

SU]gesting that the electronic transition whidl is respcnsible for the absorption 

band at 6400 ~ in M3t:Hb N 'j is different fran the electrc:nic transition whidl is 

responsible for the dlarge transfer band in MnETP. This cx:mclusion is supported 

by polarization studies of the abso.rptian spectra of single ccystals of .r-~t:Hb N; 
(Kabat, 1967) , and MetMb N'j (Eaton and Hoc.luitrasser, 1968) , which indicate that 

a z-polarized electronic transition is respcnsible for the absorption band at 

6400 ~, and the Ml> spec-b:un of ~t.Mb N'j which 500ws a negative extretrum due to 

the 6400 ~ absorption band (Vickery, et al., .1976) • In oontrast, the M:D spect....""Un 

of the charge transfer band of M1ETP exhibits a Faraday A term, indicating a 

de9enerate, x, y-polarized electronic transition (Boucher, 1972; Asher, 1976). 

Eaton and Hochstrasser assigned the "' 6400 1t absorption band of ~t.~ N'j to 

either a porphyrin a. (II) + d 2 or an azide (II) + iron (d) dlarge transfer band • 
.l\1 z 

It is less likely that the band results fran a d + d transition, because its 

nolar absorptivity (E "' 10
3
} is an order of magnitude higher than the rrolar 

( 
abso.rptivity ~cted ford+ d transitions (Smith and Williams, 1970). 

The Raman data do not distinguish the ~(II) + dz2 fran the azide (II) + iroo (d) 

dlarge transfer transition. In-plar.e porphyrin and pyrrole-nitrogen - Fe3+ 

vibrations may not couple -well to a e.-polarized electronic transition. Ha.vever, 

enhancerrent of out-of-plane vibratic:ns involving the Fe3+ pyr:role linkages \rould 

be expected. Unfortunately, the magnitude of this enhancerrent is difficult to 

p~ct. No ret~ features which might be due to out-of-plane vibrations of the 

heme are observed in the Farnan spectrum of ~tHb N;. The vibration of the 

Fe-s~.j linkage is expected to be the major vibration enhanced in an a
1

u or 

~ + dz2transition since the azide is bound by the ~2 orbital of the iron 

(Kitagawa, et al, 1976) • 
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• 
A charge transfer transitioo fran the azide II o.tbitals to the d o.tbitals 

of the iron would be expected to enhance the Raman peak due to the vibration 

of the Fe-N 3 linkage. HaYever, internal vibrations of the N 3 might also be 

enhanood, since an analogous enhanClE!Irent of pyridine vibrations ocx:urs upon 

excitation in a Fe
2+ +pyridine charge transfer band ··at 4765 .R in pyridine 

cxmplexes of Fe
2+ rresoporphyrin IX (Spiro and Burke, 1976). Raman spectra of 

Metlili N; with l~r ooncentrations of N; (0 .04 M) shav spectra similar to Fig. 2. 

The only difference is the disappearance of 1344 an -l peak, due to free N;. 

There is no obvious enhanoerrent of intemal azide vibraticns upon excitation 

in the charge transfer band at 6400 .R. 

The lack of enhan~t of internal azide vibrations may be due to t.'le 

gearetry of herre-azide axcplex. It is k.n<:Mn f:ro:n X-ray crystallographic studies 

of l~b.\fu N3 that azide binds at an 111° angle to the nonnal of the herre plane 

(Stryer, et al, 1964), .Fig. 4. Both the symretric and anti-syrnrretric v.ibra.tions 

of the N3 are at 111° to the ~-polarized electronic transition. Thus, these 

azide vibrations may not couple well with the ~-polarized charge transfer 

transition. It is difficult to predict the enhancerrent expected for the doubly 

degererate azide deforrraticn rrode. Another possibility is that the charge transfer 
) 

transition occurs frcm a nonbonding orbital of t.l-le azide to a ~2 orbital of the 

iron. This transition, which is ~-polarized, would enhance the vibration be'b-~ 

the Fe and azide nitrogen, but neither the pyrrole-nitrogen-Fe. nor internal azide 

vibrations would be appreciably enhanced. 

Met Herroglobin Hydroxide 

Fig. 5 shCMS the resonan~ lbrra, spectrum of rvietHb OH- at pH = 11.06 excited 

at 6000.9 R. D::xrJnant features in the sr:-cctrum occur at 497, 755, 1555, 1587, 

-1 
and 1634 an • A nurrber of differences appear between the resonance P.ar.an spcC"--nt:l 
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of MetHb ar and M3t.Hb N;. The 413 an -l peak seen for the azide catplex is absent 

in the hydrpxide fom but a new peak is found at 497 cm-
1

• An examination of ~ 

absorpticn spectl:um and the excitaticn profiles presented. itl Fig. 6 indicates that 

the 497 cm-l peak is in resonance with the shoulder near 6000 }\in the absorption 

spectnml. The other RanEn bands increase dramatically in intensity as the excita-

tion wavelength decreases, indicating that they are resonance enhanood by the 5 700 and/or 

* . 
5400 .R n-.n absorption bands. 

The unique enhancerrent of the 497 an -l band by the shoulder at 6000 .R is 

similar to the selective enhancement shcMn by the 413 cm-l Raman peak i11 the 

charge transfer band of M3tHb N; at 6400 .R. To detennine whether the 497 an-l 

peak results fran the Fe-D stretch Raman spectra were ootained for MetHb 18oo. 

F,i.g. 7 shcMs the resonance RarJan spectra of 119tllli 
18oa and r~tHb 16oo excited 

at 6004.7 .R. The 497 c:rn-l peak which appears in the spectrum of HetHb 
16oH­

shifts 20 an-l to lcMer energy following substitution by 
18

0H-. The increased 

background in both of the spectra in Fig. 7 over that in Fig. 5 pres\.li'Pably is 

due to sate denaturation of the Metflli during the freeze drying process. 

Using a hantonic oscillator Irodel, the energy shift for the 497 cm-l 

peak is only 2 an -l less than the 22 an -l shift predicted if this vibration were 

due to a pure Fe-0 stretch, indicating little mixing with other vibraticnal 

llDdes. The enhanoeirent of the Fe-0 stretch at 6000 .R a.rx1 the lack of observable 

excitation profile maxima for the other porphyrin macrocyclic rrodes in this region 

suggests that the shoulder of the absorption ba"ld at ~ 6000 .R is a pure dlarge 

* transfer transition whidl is not mixed with the n -+- n transitions of the por-

phyrin rnacrocycle. The similarity bebleen the excitation profiles in Met:.Hb N; 
and l>Et:.Hb OH- suggests that the electronic transitions a..-e similar charge transfer 

transitions, and that the shoulder at~ 6000 .R ;n MetHb OH- is ~-polarized. 

Other differences betwee.11 the resonance P..arn:ln spectrum of Mat.Hb 00- and 

l"etMb N3 occur in the spin-state se..nsitive regions of the Ra."na.."'l spectrum between 

-1 -
1550 and 1640 an (Spiro, 1975; Spiro and Burke, 1976). In contrast to P.etRb N3' 
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which is predcminantly low-spin, MetHb OH- exists in a spin-state equilibrium wit.;, 

~le cancentraticns of the high and 1~-spin forms (George, et al, 1961). 

Thus, .insteadof the low-spin peaks at ~ 1640 and 1586 ern -
1 

in the Ranan spectrum 

of MetHb N'j (Fig. 1) a conplex spectrum of overlapping peaks occurs between 

1550- 1640 cm-1 
for MetHb OH-. 

In oontrast to Met:Hl: N'j and MetMb NJ \vhi.ch show alm::>st identical Raman 

spectra when excited in the Sam:! spectral region (Strekas and Spiro, 1973) and 

MetHb F- and MetMb F- (vide infra) whic.l-J. also show alrrost identical spectra, 

Raman spectra of the hydroxide cxxrplex of MetlD:> differ from those of Hetllb in 

the 1550-1640 crn-
1 

region when excited at 4416 il. (Yanarroto et al, 1973), and 

~ excited between 5800-6100 Jl. (S .Asher, L. Vickery, T. Schuster and K. Sauer, 

unpublished observations). The differences in the Rartan spectra presunably 

reflect a change in the spin-state equilibrium of Het:Hb OIC 

from that of r-ietMb OH- (Yamanoto et al., 1973; Ozaki et al., 1976). Differences 

between the hei'oo electronic structure of MetHb GH- and MetM:> OH- are also observed 

by magnetic susceptibility r.easure;·rents (George et al, 1961). The concentration 

of the high-spin fm:m appears to be higher in Met\11:> OH- than in MetHb OH-. In 

addition, absbrpticn measurerrents shc:M a decrease in absorption for Met:Hb 00-

between 5000-5800 .R, and an increase in absorption above 5800 il. with a peak apr:ear­

ing at ~ 6000 .R (George, et al, 1961). P.anan spectra of Metl1b ar, excited in 

the 6000 i absorption band shCM a drana tic enhancerent of the peak rorresponding 

to the Fe-0 stretch, which beex>rres the daninant feature in the Raman spectrwn, 

(S .Asher, L. Vidcery, T. Schuster and K. Sauer, mptb1 ished observations) , suggesting 

an increased charge transfer rontribution to the absorption spectr..1m at ~ 6000 .R 

in MetMb OlC over that of MetHb OII-.. Additionally, the FeO stretch appears to be 

shifted to slightly l~r frequency, indicating a weaker Fe-0 bond in f"etr1b OH-

than in P~t..'-lb OH-. 

.. 

• 
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Methem?globin fluoride 

In oontrast to M3tm:> Na which is pl:edaninantly low-spin and !1etHb aC 

which is in a thennal spin-state equilibrium, M3t.Hb F- is alttost purely high 

spin (Beetlestane and George, 1964). Fig. 8 shcMs the resonance R.anan spectrum 

of Met:Inl F- excited at 6175.1 iL The daninant features. in the Raman spectrun 

occur at 1610, 1550, 1217, 760, 471 and 443 an -l. The higher f:requency·region 

of the Raman spectrum shown in Fig. 8 (> 700 em -l) is qualitatively si.mi.lar to 

previously reported spectra of Met.Hb F- excited at 6328 .R and between 4579 and 

5145 i (Strekas, et al., 1973). In oontrast to the Rarran spectra of Met:Hb N; 
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and Metlfu aC, which shcM peaks at 413 and 497 an-l, respectively, intense low 

frequency peaks in MetHb F- appear at 443 and 471 an-1
• An examination of the 

excitation profiles and the absorption spectrum of MetHb F- shown in Fig. 9 reveals 

a n'lll'l'ber of excitation profile maxima. The two peaks at 443 and 4 71 em ~l 1 which 

are polarized, appear to be in resonance with the absorption peak at "' 6000 R. 

HCMever, it should be ooted that the 443 an-l peak s~ an intensity rnaxi.rmJm 

at a sooewhat higher wavelength than does the 4 71 em -l peak; and at excitation 

wavelengths lc::FNer than 6080 i, the 471 an -l peak is nore intense than the 443 c:m-1 

peak. The appearance of the 443 and 471 an-l doublet does not arise from subunit 

differences in MetHb F- because a very similar Raman spectrum is observed when 

MetMb F- is excited in this spectral region LS. Asher_, L. Vickery 1 T. Schuster 

and K. Sauer, l.Ulpublished observations) • 

In view of the enhancenent of Fe-axial ligand vibrations by the dl.al:ge transfer 

bands of Met:Hb Nj and Metlfu OIC, the fact that the peaks are polarized, as is expected 

for . axial ligand vibratici'lS (Asher and Sauer, 1976), and the fact that. intense 

vibrations between 400-500 em -l have .not been observed for any rretalloporphyrins 

other than MnETP F- (495 an-l I Asher and Sauer, 1976) ,M:!tHb N; and MetHb ar I 
it is t.enpting to assign the 443 and/or 471 en "'"

1 
peaks to the Fe-F stretch. Ho:·~ver, 

Ogoshi et al, (1973), in their IR studies of metalloporphyrins, assigned an. Fe.-F 



stretch in ferric octaethylporphin F- to a band at· 602 an -l, while Kincaid and 

Nakc.m::>to (1976), assigned the Fe-F stretdl to a 600 en -l peak in the resonance 

Raman spectrum of the F- cc:nplex of ferric octaethylporphin and Spiro and Burke 

(1976) ooserved the selective appearance of a 580 an -l peak in the resonance 

Raman spectrum of the fluoride cx:rrplex of ferric nesopol:phyrin IX d:irrethyl ester. 

'!be envirall'reilt of 1:he ircn in MetHb F-, haolever, is much different fran 

14 

that in fluoride carplexes of non-protein botmd netallqx>rphyrins. In 5-roordinate, 

high-spin CClll?lexeS of ferric porphyrins the iron lies "' 0.45 g out of the plane 

tcMards the 5th axial ligand (Hoard, 1975). Hc:Mever, in Y.et:Hb F- the iron lies 

0.3 Rout of the plane displaced toward the proxirra.l histidine on the ~ite 

side fran which the F- IlU.lSt bind (Deatherage, et al., 1976a; Perutz, et al., 1974b). 

Th'us, the iron is displaced about 0. 75 R in MetHb F- a:r:pared to ferric porphyrin 

fluoride. The "' 120 an-l decrease in the frequency of the Fe-F- stretch in Metiib F­

fran that in ncn-protein bound F- carplexes of ferric metallcporphyrins rray thus 

result fran non-ronding interactions between the c."large cloud of the F- and b'1e 

n orbitals of the pyrrole nitrogens. This is represented diagranmatically in Fig. 10. 

Assuming a."l. equilibrium bond length of 1.97 R for Fe-F, i.e., the sum of their ionic 

radii, little steric interaction would be expected to cccur bet.veen the Van der ~\'aals 

radii of the pyrrole nitrogen; (1. 70 R, Hoard, 1975) and t.'1e ionic radius of the F-

in Feiii porphyrins in which the Fe is out-of-plane tONarrls the F- atan. In !1etBb F­

and Metr•lb F-, however, the steric constraints imposed by the nitrogen n orbitals 

would be expected to cause an elongation of the oond and a decrease in the freqw"..nC'J 

of the vibration. If the orbitals were hard spheres the bond would elongate by 30% 

to "' 2. 6 ~. The Fe-F- bond appears to be like a stretdled spring. The "' 120 au-l 

decrease for the 0. 75 ~ m:werrent of the Fe atan through the h.erce plane suggests 

• 
that this vibration shculd provide a sensitive rreasure of arr:1 IIDveiT'eJ.it of the iron 

with respect to the pJrphyrin plane. Assurr.i.ng a linear decrease in the freq'.le..'1cy 

t 



.. 
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of the Fe-F vibration with increasing bond length a 1. 7 an-
1 

shift is expected for a 

change of 0.01 i in the out-of-plane distance of the iron atom. 

The existence of the two polarized, adjacent peaks at 471 and 443 cm.-1, 

which have similar excitation profiles suggests a oorrelati.on between them. '!be 

c:bservation by Deatherage et al. (1976a), using x-ray difference Fourier diffrac­

tion, that the environm;mt of the F- ion in MetHb F- is heterogeneous may aca:runt 

for the presence of two peaks assignable to the Fe-F- stretch. Deatherage et alo 

(1976a) observed the presence of a previously unnotioed feature within the heme 

cavity which was proposed to be a water nolecule stabilized by hydrogen bonding 

to the fluoride ion in the heme cavities of both the a and 8 subl.D'lits. The magni­

tude of the feature suggested that the water IOOlecule is stabilized in the here 

pocket only part of the tine, leading to a heterogeneity in the flooride em.d.ronrrent. 

Hydrogen bonding of water with the fluoride ion should decrease the frequency of t."'"le 

Fe-F- vibration.· Thus, the 471 an -l peak nay oorrespond to an unperturbed Fe-F-

. stretch while the 443 an-l peak nay correspond to the Fe-F- stretch shifted to 

lower energy due to hydrogen bonding of water to fluoride. 

The excitation profiles of the resonance Raman peaks of r~tHb F-, (Fig. 9) 

show a m:>re o:::~Tplicated pattem than those of !•ietlib OH- and Met:Hl:N), presumably 

because of the a:xrplexi ty of the visible absorption spectruni, which oonsists of 

at least four overlapping bands (Eaton and Hochstrasser, 1968) • In their rreasure­

~ts of the single crystal polarized absorption spectrum of l-iet:M> F-, Eaton and· 

Hochstrasser observed that in oontrast to ?-ietl-11:> Nj, whidl. shCMS a ~-polarized 

transition at ~ 6400 j{, the entire visible absorption spectrum of ?-ietMb F- \ola.S 

x, y polarized. Ha-Jever, they noted that ari inequivalency of x andy polarized 

electronic transitions occurred at~ 6250 j{, indicating a splitting of the degen­

eracy of the x and y directions. It has been proposed that the CXIl"pl.exi ty of the 

viSible absorption spectl:um of HetHb F- results from tr.e mix:i.ng of charge transfer 

* bands with JX>rphyrin n-+ n transitions to the extent that none of the absorption 
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bands in the visible region can be oonside.z:ed as pure tran.Sitions (Zemer et al., 

1966; Eaton and Hochstrasser, 1968; Smith arx:1 Hilliarns, 1970). 

In addition to the 443 and 471 cn-l peaks a weak, polarized Rairan peak 

at 347 en -l appears to be in resonance with the 6000 ~ absol:ption band l'IBX.im.lm. 

1he vibrations which show t.l-teir maxirmJm intensity at 6250 ~ occur at 1610 (dp) 

and 1550 (dp) an-l (Fig. 9). Since these peaks are depolarized they are either 

of Blg or B
2
g symret:J:y in the D 4h point group. Hosever, both the 760 an -l (dp) 

and the 1217 em -l pe.W...s show broad excitation profiles, suggesting that the exci­

tation profiles (Fig. 9) may result from the overlap of o.-.x:> maxi.rra at 6000 and 

6250 .R. Weaker, ananal.ously polarized peaks at 1345 and 1431 an-l appear uoon 

excitatioo at~ 6000 and 6250 ~. However, these peaks are not observed \'lith 

excitation between 6080.8 and 6150.0 .R. The 1217 an-l peak shCMS a depolarization 

ratio, p, of 0.62 when excited at 6147.1 R. However, with excitation at 6328 ~ 

the 1217 an-l peak is found to be depolarized (Strekas, et al., 1973). For 

in-plane electronic transitions in the D 4h point group, theory predicts that 

vibrations of ~g syrmetry have p = 0 .125, those of ~g syr:tretl:y have p = "", and 

those of Blg or B
2
g have p = 0.75 (Pezolet, et al., 1973). A depolarization ratio 

intenrediate between 0 .125 and 0. 75 suggests an overlap of an ~g vibration with a 

vibration of Blg' B
2
g or ~g syrmetl:y. -Thus, it appears that only depolarized or 

inversely polarized peaks show an intensity naxirrum at 6250 R. 

Since an inequivalency of the x andy directions occurs at 6250 R, a des-

:eription of the electronic transitions in the D2h point group is appropriate. In 

the o
211 

point group the syrcrretry of the vibrations which would mix x andy 

electronic transitions is: 

n ~-f:' xf-, =1~ 
..Lx )(.l't - t3J..U ..._ B3v B,} 

',Thus, vibrations of Blg syrmetry are expected to be ~1..'f)anced at 6250 ~~ 

.. 

• 
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However, a
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vibratioos in the o
211 

point group oorrel.c:lte to B2g 

and ~g vibrations in the o
4
h po.int group (Kitagawa, et al, 1975), 

and depolarized and inversely polarized vibrations are expected 

to be enhanced at 6250 K, in agreenent with the excitation profile 

data. None of the polarized vibrations shcMs an excitation profile 

max:irm.m at 6250 K. Instead, the polarized 347, 443 and 471 an-l 

peaks shcM excitation profile maxbna at "' 6000 K. The 471 an-l peak 

is the IOOSt intense feature in the Raman spectra with excitation at 

6000 i. 

Eaton and Hochstrasser suggested that the inequi. valency of the 

X cmd y directions results from the splitting of t.~e dxz 1 dyz omi­

tals of the iron. However, the exclusive enhancetrent at 6250 i 

of poqnyrin macrocylic rrodes suggests that the origin of the deqen-:­

eracy splitting ·lies mainly in the porphyrin macrocyle and is not a 

J:eSUlt of an axial ligand-induced inequivalency of the d or d xz· yz 

ol.'bitals. If the inequivalency resulted fran the netal orbitals, 

vibrations of ~g and a
2
g syrrr.Etl:y about t.~ metal~ be enhanced 

by teJ:ms such as < d •. ,. lH. J n .. ) in the polarizability ex-
)(Z. J-Q,._ d:y ... 

pression (Albrecht, 1961; Asher and Sauer, 1976). Thus, the inequiv-

alency in the x and y directions may result fran an interaction not 

through the iron but directly on the porphyrin plane by the hane en-

vironmant. This oould result fran a steric influence of the proxi.rral 

histidine 1 which might bind to the iron in one particular orientation 

with re~ to the x andy directions of the porphyrin macrocycle. 

Altematively 1 the splitting might result fran the interaction of the 

here with another species in the hane cavity. 

Table I surrmarizes the Fe-ligand paaks assigned in this report. 
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Effect of Inositol Hexaphosphate 

Ioositol hexaphosphate (IHP), which shifts the spin-state 

. equi~rium of ~tlib OH- and MetHb N; to favor the· high spin fonn 

appears to oonvert HetHb F- from the R to the T-fo.rm (Perutz et al. , 

l974b and c). For the hydroxide and azide derivatives this spin 

change should be reflected in an increase in the t.ilre-averaged dis-

tance of the i:ron from the herre plane; a similar relative rro~...l'rent 

of the iron is expected in the flooride derivative since Perutz 

et a1, (1974c) propose that in the T-fonn the. iron lies further out 

of the porphyrin plane than in the R-fonn. The steric interactions 

of the sixth ligand with the hene plane suggest that the frequency 

of the vibration of the sixth ligand to the iral s."lould be a sei"'.Si­

tive function of the out-of-plane distance of the rretal. 

IHP was added to solutions of MetHb X (X = F-, ar, N;) and 

resonance Raman spectra 'W"em excited at wavelengths whidl rrax:i.r.lall.y 

enhanced the Fe-X vibrations. The addition of IHP to solutions of 

MetHb X- had no effect on the entire resonance Raman spectra within 

the signal-to-noise ratio of the spectra. Frequency shifts of 3 an -l 

or changes in peak intensity of 10% should have been readilydetected. 

This lack of an effect of IHP on .the porphyrin rracrocyclic I'l'Odes of 

MetHb F- was previoU.sly noted by Szabo and Barron (1975) • The fact 

that IHP has no effect on the energy of the Fe-0 vibration in MetHb 01r 

18 
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may siJtl>ly reflect the fact that IHP cb3s not bind ~11 to MetHb 

at· pH greater than 7, and the lade of a detectable effect on 

M!tHb N; nay be due to the fact t:Mt the IHP-induoed spin-state dlanges in 

19 

.. M!tHb N; ~quite snail (Perutz, et al., 1974c). H~ver, the lack of a 

shift in the energy of the vibratioos which are assigned to Fe-F- stretdting, .. 

• 

suggests that little, if any, novement of the iral occurs on the addition of 

IHP. Based an the discussion given in the preceding section suggesting a 

1-2 an-l shift for a change of 0.01 .R in the iron-ligand bond distance in 

Met:Hb F-, ~ can o:>nclude that the iron atan noves' no rrore than 0.02 .R. A 

cx:rtparison of the extended x-ray absorption fine structure spectrum (EXAFS) 

of deoxym> A with that of DeoxyHb Kempsey also led Eisenberger, et al. to 

c:x:mclude that there was no substantial rroverrent (<0.02 fu of the iron between 

the high (R) and the lc:M affinity (T) quarterna1y fo:crrs (Eisenberger, et al, 1976). 

It has been stl;gested that a steric effect of the protein an the helre 

~decreases the accessibility of the 'l1eroo binding site. in the T-fom (Perutz, et al., 

1976; Deatherage, et al., 1976b). It has also been proposed t:'1at a change 

•occurs in the 11' interactions between the porphyrin maCJ:OCycle and the surrounding 

1

protein matrix (Maxwell and Caughey, 1976) , upon t.~ R to T transition.)leading 

to changes in the electronic structure of the pol:phyrin, 



cxmconi tant changes in the iran d orbitals and changes in the ligand 

affinities of the 1lelre. The energy of the Fe-axial ligand vibrations 

reported here may not be a good rronitor of these effects. However, 

it is· possible that the excitation profiles rra.y oontain sare infonra­

tioo on steric and II non-bonding interactions between the protein and 

the :heln3 or both. Polarized single crystal absorption spectra and 

the excitation profile data both indicate an inequivalency of ~'le x 

and y directions of 1-et:Hb F- at 6250 ft. If ·the inequivalency of the 

x and y directions results fran non-bonding interactions between the 

Ilene and the protein, changes in the excitation profiles upon the 

addition of IHP may rronitor differenoos in the interactions between 

the R and T quarternary foimS. 

20 
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TABLE I 

Raman vibratioos assigned to Fe-X- stretdl in Met:Hb (X ~ Nj, aC, F-) 

Derivative !v an-1 

.413 

497 

477 

471 
443 

Fe-F 
Fe-F Fluoride anioo hydrogen 

bonded to water 



• 

li 

Fig. 1. Iescnan~ Raman spectrum of rretherroglobin N; {0. 76 rrM he!roo) 

cxmtaininq 0.25 M Na
2
so 

4 
as an internal standard. ~ex = 

5590.8 JL Erergy = 10-
3 

joule/pulse. Pulse repetition rate = 

30 Hz. Scan speed = 23 iV'min. Slitwidt."l = 3 JL Position 

of. Raman lines due to so~ and \.D'lc::mplexed azide are shown in 

the figure •. 

Fig. 2. Iesonance Raman spectrum of rrethe-roglobin N;. >.ex = 6383.2 1\, 

c:xmdi ticns as in Fig. 1. 

25 

Fig. 3. Absorption spectrum and excitation profiles of rret:heroglobin N;. 

The intensities of the Ranan lines -were corrected for the spectro­

l'Ieter response and then nonna.lized against t."le so~ line at 983 em -l. 

Fig. 4. a) Geatetcy of the heme-azide cxxnplex of ~tHb N; (Str.yer, et al., 1964) 

b) Vibrational rrcdes of N; 

Fig. 5. Iesonance Ram:m spectrum of rretherroglobin ar (0. 76 nt1 ~). 

pi = 11.06. Contains 0 .2 !1 Na
2
so 

4 
as an internal standard. 

~ = 6000.9 .R. Energy= 4 X 10-
3 

jcule/pulse. ex . 

Pulse repetition rate • 30 Hz. Scan speed= 23 JVrrin. 

Slitwidth = 2.5 .R 

Fig. 6. Absorption spectra and excitation profiles of rretheringlobin arC. 

Conditions sarre as in Fig. 3 

Fig. 7. Resonance Rana."l spectra of rret.hertoglobin 
16aC and methenoglobin 

18
oH-

o -3 
(~. 0.9 rnM heroo) pH = 10.2 >.ex = 6004.7 A. Energy = 2 X 10 

joule/pulse. Pulse repetition rate = 30 Hz. S.Ca"l speed = 16 R/rnin. 

Slitwidth = 4.5 .R. 



Fig. 8. Iesooance Raman spectrum of rreth€m:x]lobin F- (0. 76 rrM helm) 

cx>ntaining 0.25 M N~so 4 as an intemal standard. ).ex= 6175.1 .R. 

Energy = 2 X 10-
3 

joule/pulse. Pulse repetition rate = 30 Hz. 

Scan speed = 23 R;min. Slitwidth = 3. 7 jL p, polarized; 

dp, depolarized; and ip, inversely :polarized. 

Fig. 9. Absorption spectrum and excitation profiles of net:henoglobin F-. 

Conditions as in Fig. 3. The points at wavelengths below 5200 R 

were obtained from p:reVi.Ol.lSly reported spectra 

(Strekas, et al., 1973) • 

Fig .10. Structure of the her1e oore 

a) non protein botmd hene: Fe is ;v 0.45 i out-of-plane ta-Tard 

the" F- ligand. The Fe - F- borrl is not strained. 

b) Hene in ~thenoglobin F-: Fe is 0.3 }tout-Of-plane away fran 

the F- ligand. 

The steric interaction betw~ the ionic radius of the F-

and the Van der Waals radii of the pyrrole ni trogens cause an · 

elongation of the Fe-F bond. 

26 
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