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The Fe?*-His™ Raman Band Shape of Deoxymyoglobin Reveals
Taxonomic Conformational Substates of the Proximal Linkage
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Puerto Rico, San Juan, Puerto Rico 00931 USA

ABSTRACT The band shape of the Raman line attributed to the Fe?*-N_(His"™®) stretching mode in deoxymyoglobin contains
significant information on the nature of the Fe-His proximal linkage. Raman lines appearing close to it, however, obscure the
true line profile. To isolate this from its accompanying lines we use its isotopic shift of ~1 cm™"' when ®°Fe in natural-
abundance deoxymyoglobin is substituted by ®*Fe. This enables us to isolate the true line shape. We have measured this line
shape in sperm whale myoglobin dissolved in a 66% vol/vol glycerol/water solution for nine temperatures from 10 K to 300
K. The v(Fe-His) band shows a complex temperature-dependent profile, with a shoulder on its high-frequency wing, which
becomes more prominent with increasing temperature. Detailed analysis reveals that the band is composed of five distinct
lines attributable to taxonomic conformational substates of the y(Fe-His) linkage. These are in thermodynamic equilibrium
above the glass transition temperature T; but freeze in into the thermodynamic distribution at T; for lower temperatures.
Alternative models that try to explain the v(Fe-His) band shape by either an anharmonic coupling of the »(Fe-His) to a
low-frequency heme doming mode or by conformational substates related to a Gaussian distribution of iron out-of-plane
displacements are at variance with the distinct features observed experimentally.

INTRODUCTION

It is well recognized that the proximal FeN_(His™) link-  sociation of ligands to and from the heme iron depends on
age in heme proteins plays a pivotal role in communicatinghe metal displacement and the orientation of the proximal
protein structural changes to the functional heme groupimidazole ring (Friedman, 1985)
thus affecting its biological properties (Gellin et al., 1983). This interpretation was recently challenged by Bitler and
Twenty years ago, Kitagawa and co-workers (Kitagawa eStavrov (1999). They rationalized the temperature depen-
al., 1979, Hori and Kitagawa, 1980; Kitagawa, 1988)dence of they(Fe-His) band of horse heart myoglobin by
showed that resonance Raman scattering of deoxyhenievoking anharmonic coupling betweeriFe-His) and the
proteins contains a band in the region between 200'cm heme doming mode at 60 ¢m The main effect of this
and 250 cm? assignable to the B&-N_(His™) stretching  mechanism is that it causes the energy difference between
mode v(Fe-His). The intensity and frequency of this band subsequent vibrational levels offFe-His) to depend on the
was found to strongly depend on the tertiary and quaternaryibrational quantum number of the heme doming mode and
structure of the respective heme protein (Rousseau anthus on temperature. This is illustrated by Eq. 6 in Bitler and
Friedman, 1988). Hence, it became a prominent markeStavrov (1999). It represents the energies of these vibra-
band in the investigation of the relationship between structional levels {, n):
ture and function of this class of proteins.

A number of studies in our laboratory have shown that for
some heme-proteins, th&Fe-His) band profile is asym-
metric depending on solvent conditions such as pH and

1 1 ¢ 1)2
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temperature (Bosenbeck et al. 1992, Gilch et al., 1993, 1

1995, 1996). For myoglobin, the band profile is less asym- n+ 2

metric but also exhibits a significant dependence on tem- X1+ 2771 , 1
perature. All these findings were interpreted by Gilch et al. <N + 2)

(1995, 1996) as resulting from taxonomic conformational
substates (Frauenfelder et al., 1991) with different confor
mations of the heme-Hi& complex. These substates could
be of functional relevance because the association and dis- h Qg0 w0

=——_- and y=290(1—62>- (2)
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quency of a Raman transition frofN5N + 1, n—n) is  This enabled us to isolate th€Fe-His) band profile from

therefore the overlapping lines. By carefully preparing our samples to
achieve an extremely low fluorescence background and by
N B } use of a CQD camera we were able to obtain an excellent

Ao = 7llo{ 1 — £ 1+ N+ y\n+ 2/ 1) @) signal-to-noise ratio of-46. By these means we succeeded

to isolate thev(Fe-His) band shape. Its analysis unequivo-

Becausg is positive andy had been neglected in the further cally reveals the existence of conformational heterogeneity
calculations by Bitler and Stavrov (1999), the energy dif-of the »(Fe-His) linkage
ference betweeN andN + 1 levels of thev(Fe-His) modes
decreases with increasing. As a consequence, at high
temperatures, Raman lines of th@e-His) resulting from MATERIALS AND METHODS
transitions from populated higher vibrational states, for ex- o

le N =1,n>N=2n), (N =2 n>N = 3,n), etc In the past, Raman spectroscopy at low temperatures on heme proteins in
amp ! v ! 1 : glycerol/water mixtures was rendered difficult due to a disturbing fluores-
appear at lower frequencies as that of tNe< 0, n—>N = cence background. It generally is caused by unpolar fragments of myoglo-
1, n) transition. Therefore the(Fe-His) band exhibits an bin itself. Even small amounts can spoil Raman spectra. The fragments
asymmetric broadening at its low-frequency wing. Uponresult from the lyophilized protein, microbiological activity, destruction by
lowering the temperature, the higher vibrational levels ofthe freezing process, and microbubbles of gas in the solution. Especially

. . oxygen has destructive forces.
the v(Fe-His) and the heme doming mode become less For the preparation of our samples, we carried out the following

populated, and as a consequence, the. asymmetry'is reduc§fcedure. Al glass equipment used was autoclaved at 140°C. The glove
and the peak frequency of thgFe-His) band shifts to  box with all its equipment was cleaned with 70% alcohol and illuminated

higher values. AT = 0 K only one line due to theN = 0, by an ultraviolet lamp mounted inside before preparation. It was filled with
n—N = 1 n) transitions survives pure nitrogen of 5.9 quality. The buffer was freshly prepared as a mixture

. . . of 0.1 M potassium dihydrogen phosphate (pH 4.1) and 0.1 M potassium
By employing this model, Bitler and Stavrov (1999) were hyhdrogen phosphate (pH 9.1) to adjust the desired pH of 6.6. The buffer

able to fit sixy(Fe-His) profiles measured at different tem- \yas degassed and autoclaved at temperatures1dD°C. Glycerol was
peratures between 10 K and 300 K for horse heart myoglodegassed for several hours because of its high viscosity. Native lyophilized
bin in an aqueous/ice solvent by Gilch et al. (1995). Tosperm whale (sw) Mb was purchased from Sigma Chemical Co. (St. Louis,
obtain satisfactory fits to all these data, however, they had t&'©): and the swMb wittv*Fe-labeled heme (lyophilized) was produced by

that th | i it f th | t ch ta method described by Teale (1959) and obtained as a kind gift from Dr.
assume tha € glass transition 0 € solvent changes 'A Ostermann. (Physics Department, Technical University Munich, Mu-

vibronic coupling S‘frength and the intensity Of_ ﬂ’(ge.'.HiS) nich, Germany). Four micromolar myoglobin (69 mg) was filled into a tube
band and also the intensity of another yet unidentified banebr centrifugation and was transferred into a glove box. In all following

at 202 cmt. The success of their fitting led Bitler and stepsitwas keptin a 1-bartmosphere. Myoglobin was dissolved in 1.8
Stavrov (1999) to conclude that the anharmonic Couplind“' of 0.1 M buffer at pH 6.6. The metmyoglobin/buffer solution was

del i i ¢ lain the t t d centrifuged at 590 g for 20 min. An aliquot of 0.9 ml was taken from
model generally sultces 10 explain the temperature epen['he top of the sample and transferred into a second tube. Metmyoglobin

dence and the high-temperat-ure asymmEtryV@e'His) was then reduced to deoxymyoglobin by addingM dithionite (0.696g)
band, so that they consider it superfluous to invoke thealissolved in a 0.1-ml buffer solution. After an additional centrifugation, the

presence of conformational substates. upper 0.5 ml was transferred into a third tube, and 1 ml glycerol was added
Fitting this subtle line shape to the experimental datato obtain a 66% vol/vol glycerol/buffer solution, with a final concentration

. . . . . . . of 0.67 mM myoglobin. The sample was stirred very gently until it was
however, is not without pitfalls. First, the(Fe-His) line is homogeneous and clear. No additional chemicals were added. The state of

accompanied by two strong lines, one at 202 Crat its e sample was checked for concentration and oxygenation by absorption
low-frequency wing and another one at 241 ¢non the  spectroscopy. The pH of all samples was found between 6.7 and 6.9. The
other side. They both overlap théFe-His) band consider- part of the sample not used for the subsequent measurement was stored at
ably. Moreover, the signal-to-noise ratio was jus®. —20°C in a refrigerator, and 1_WI of the Mb solution was filled !nto the
Therefore, the true(Fe-His) line shape shows up only in a sample holder shown schematically by Fig. 1. It cens!sts of an inner vessel
T . . P p Xl made of acryl with a V-shaped space of 3@ which is covered by an
narrow region close to its maximum, betwee®15 cm acryl window. This inner vessel was thermally coupled to an outside vessel
and 230 cm®. To discriminate between the correctness ofconsisting of oxygen-free copper. The entire unit was screwed to the
the fits to taxonomic sublines as suggested by Gilch et alcooling finger of the cryostat. The V-shaped space was filled half with the
(1993, 1995) or the anharmonic coupling model of Bitler narrow part pointing downward. This setup was used to avoid |n_terna|
train in the frozen sample. Its status was checked by measuring the
_and ,Stavrov (1999) Or,]e theremr? neec_is more eceurete da olarization ratio of the,,-Raman line at 1355 cnt. At 10 K, the
i.e., improvement of signal-to-noise ratio and elimination of opserved depolarization ratio was= 0.20 with A = 442-nm excitation.
overlapping Raman lines obscuring th€Fe-His) band Because this compares reasonably well with the room temperature value of
shape. p = 0.16, we concluded that the sample is nearly free of strain. With an
In the present study we remeasured Raman spectra a*most completely filled vessel, however, we observed a depolarization
. . ratio of p = 0.5 at 10 K, indicating large depolarization due to internal
sperm whale deoxymyoglobin (deoxyMb) in a glycerol/ .-
water solution. Moreover, we recorded Raman spectra of 1o measure Raman spectra as a function of temperature we used a
deoxyMb with an isotopically labeled*Fe heme group. refrigerator cryostat RDK10-320 from Leybold (Cologne, Germany). This
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FIGURE 1 Sample holder: inner vessé) vith O-ring (2), myoglobin ) )
solution @), and lid @) FIGURE 2 Raman spectrum in the low-frequency region for n.a. deoxy-

myoglobin. The separately drawn lines do not show frequency shifts
compared with®*Fe-substituted myoglobin. The lines that compose the
cryostat has a programmable and computer-controlled temperature unif(Fe-His)-band are identified by their frequency shifts inffee spectrum
which allows regulation of temperatures between 10 K and 320 K. In ourand are not shown here but are depicted in Fig. 6
standard protocol the sample was cooled down from 300 K to 10 K at a rate
of 4 K/min. After thermal equilibration for 2 h, the first spectrum was
measured. To control the quality of the sample we first measureg, firee
at 1355 cm* and subsequently thgFe-His) region. These two measure RESULTS AND DISCUSSION
ments were then repeated at various temperatures, which were adjusted by i A )
heating the sample at 4 K/min and by allowing a 1-h equilibration of the ISOlation of the »(Fe-His) band profile

sample after the desired temperature was reached. In a second protocol,
measured a series of Raman spectra by cooling down from room tempe\ﬁg' 2 shows the Raman spectrum of sw deOXyMb between

ature. Again, the system was allowed to equilibrate for a perfaitoat 160 €M tand 320 cm*. The very intense central band is
each desired temperature. The two protocols yielded almost identicahssighable to(Fe-His) and is overlapped on both sides by
spectra at each of the adjusted temperatures. Spectra were obtained at variety of Raman lines resulting from other heme vibra-
50, 70, 100, 130, 165, 190, 230, and 270 K. ; _Hi

The Raman spectra of thg(Fe-His) band region were recorded by tions. They obscure Fhe band shape .Of tﬂée HIS) mode
employing a conventional Raman spectrometer (Spex-1401, Spex Induénd render an exact line shape ,analySIS difficult. It canqot be
tries, Edison, NJ) with a resolution of 2.5 ¢ The exciting laser light of ~ €Xcluded that the success of different approaches (Gilch et
\ = 441.6 nm from a 30-mW He-Cd laser (Laser 2000, Munich, Germany)al., 1995, Bitler and Stavrov, 1999) in fitting th¢Fe-His)
was polarized vertically and focused onto the sample by a 10-cm cylindrihand shape heavily depended on how the authors separated

cal lens. The scattered light was imaged onto the entrance slit of the doublﬁ from the overlapping lines by their curve-fitting proce-
monochromator. A polarization scrambler was located close to the entrant;g

slit. The light dispersed was detected by a CCD-camera (Photometrics; . . .

SDS9000, Tucson, AZ) with a back-lluminated chip from SITE 10 unambiguously identify the true band shape/¥e-
(TK512CB). To calibrate the pixels versus wavenumber after each meaHis) we measured and compared the Raman spectra of the
sured spectrum, a second spectrum was recorded by focusing stray light gfatural-abundance (n.a.) and of isotopically labetéige
xenon, krypton, or argon spectral lamps onto the entrance slit. A thirdar.leme of sw deoxyMb. It is well known that®FeP*Fe
spectrum was measured to determine the position of the laser frequencg,ubStitution causes an upshift of tb(eFe-His) frequency b

which was stable within 0.1 cit during the time the spectra was taken, "1 e p aq y y.
but on a time scale of hours showed variations of several'cBy virtue ~1 cm - (Kitagawa et al. 1979; Argade et al., 1984). This
of this procedure, a reproducibility ef+0.1 cm * was achieved for the behavior was used to isolate th@e-His) band shape from
frequency positions between 160 ciand 330 cm™. Finally, a complete  jts overlapping lines as follows. We first analyzed the spec-
heme spectrum between 160 cfrand 1700 cm” was recorded to check  r;m shown in Fig. 2 to resolve a variety of lines close to the

the status of the sample and to secure the critical issue of an individual- . f thewv(Fe-His) band. All li lting f =
adapted, but consistent, determination of the baseline for all spectra meé{ymgs 0 EV( e- IS) and. IN€s resuiting rom( e-

sured. The baselines were subtracted before the analysis of the spectfdiS) €xhibit a frequency shift due to substitution witte,
which were then calculated by means of our program MULTIFIT as awhereas all overlapping lines remain unaffected. Thus, by
composition of single Gaussian lines (Unger et al., 1997). The Gaussiaﬁtting the spectra of n.a. and*Fe-labeled deoxyMb all
lines were convoluted with the slit function of the spectrometer and haohon-v(Fe-His) lines were identified. By subtracting them
fixed frequency positions and half-widths. The fit was performed simulta- . .

neously for the entire set of spectra obtained at nine different temperaturegom_the observed speptra th}'e:e-HIS) ba_nd, was ISOIated_'
only the intensities of the composing lines were used as free fitting ! N€ isolated band profile of n.a. myoglobin is shown in Fig.
parameters. Such a self-consistent global fitting procedure secures db for various temperatures. It exhibits a significant asym-
unambiguous fit to all spectra. metry and a temperature-dependent shift of its shape and

We like to emphasize that as stated earlier (Gilch et al., 1995) it is alsq:requency position This was also observed for the isolated
possible to obtain satisfactory fits by use of Lorentzian sublines. For the )

higher-temperature region (270 K), however, the fits with Lorentzian IinesV(Fe'Hls) -bgnd °F4Fe'my°9'°b'”- . . .
proved to be inferior to those with Gaussian line shape. We therefore 1 he validity of ther(Fe-His) band isolation was verified

preferred the fits with Gaussians. after appropriate intensity scaling by shifting the profiles
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FIGURE 3 The band shape of thgFe-His) for n.a. deoxymyoglobin at

various temperatures.
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average value of the frequency shift from f&e-heme to
the n.a. spectra was determined to b&.1 = 0.2 cm %,
somewhat lower than observed earlier (Kitagawa et al.,
1979; Argade et al., 1984).

Application of the anharmonic coupling theory by
Bitler and Stavrov

Both sets of profiles were now subjected to analyses by
employing first the Bitler-Stavrov model (1999) and then
the subline model proposed by Gilch et al. (1995). The
anharmonic coupling approach of Bitler and Stavrov pre-
dicts a single Lorentzian line at 10 K, which results from a
(N = 0; n—N = 1; n) transition. When the temperature
increases theN = 1, 2, .. .;n) states become more popu-
lated, and consequently, Raman lines dueNie=(1, 2, . . .;

obtained for*“Fe-labeled deoxyMb onto the correspondingn—N = 2, 3, . . .:n) transitions arise (cf. Eq. 3 with = 0).
profile of the n.a. protein until their difference became Their frequency is lower because of the anharmonic cou-
minimal. Fig. 4 displays the overlaid spectra and theirpling, so that a skew asymmetry appears at the low-fre-
respective difference spectra for eight temperatures. Thquency side (cf. Fig. 3 in Bitler and Stavrov, 1999). As a
differences are within the noise of the measurement. Theonsequence, the band maximum shifts to lower frequen-

Intensity (a.u.) Intensity (a.u.) Intensity (a.u.)

Intensity (a.u.)

200 240

-1.3cm’

1
NS + N

1
200 240
Frequency (cm™)

1
200 240
Frequency (cm'l)

FIGURE 4 Isolatedy(Fe-His) of **Fe-myoglobin (—) shifted to overlay the isolate¢Fe-His) of n.a. myoglobin[{J). The lower line depicts the
difference of these spectra. The frequency shift is given in the right corner.
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contributions by overlapping side lines in their spectral
analysis.

Application of the substates model by Gilch et al.

The model of Gilch et al. (1995, 1996) assumed that the
v(Fe-His) linkage exists in multiple but distinguishable tax-
onomic conformational substates that are in thermodynamic
equilibrium. They give rise to sublines that constitute the
v(Fe-His) band profile. This model resembles an approach
commonly used for the analyses of thes-IR band of
MbCO and other heme proteins with the same ligand (An-
sari et al., 1987; Iben et al., 1989; Braunstein et al., 1993).
By using this model we self-consistently fitted the isolated
band profiles by a common set of five sublines with fixed
line positions and half-widths. The only free fitting param-
eters used were the line intensities. Fig. 6 shows four
representative fits of the(Fe-His). Their residuals dis-
played in the lower part of the panels are within the limits
of noise. Fits of this quality were obtained independently for
both n.a. and®Fe-myoglobin at all temperatures measured.
The frequencies of the sublines and their half-widths are
listed in Table 1. According to the model of Gilch et al.
(1995) the intensity ratios of sublinésandj, respectively,
are described as function of temperature by

FIGURE 5 Best fit to they(Fe-His) obtaingd with the model of Bitler I AH;, b Te AS

and Stavrov (1999). The lower panels depict the difference between the Rij _ exp( ij T ij le )exil), (4)

measured datd () an the fit (——). The dotted lines represent the single |j B RTes 2R R
transitions adding up to the band profile.

Intensity (a.u.)

Intensity (a.u.)
S N

200 240
Frequency (cm™)

where AH; and AS; are the difference in enthalpy and
entropy between the corresponding substates, respectively.
. . Lo , b; reflects differences in the first temperature derivative of
cies. This pehawor is in contrast to the observations Showﬂ\eir specific heatT,q is an effective temperature that
n Fig. 3 in that' the asymmetry clearly appears on thedescribes freezing into a glass-like state at temperdture
high-frequency side of the band at all temperatures inves-
tigated. This observation already qualitatively leads to the T T;
conclusion that the observed band profiles cannot be de- Terr = T-T + T-T\" (5)
scribed by the Bitler and Stavrov theory. 1+ exD(AT) 1+ eXp( AT )

This notion is confirmed by a direct, quantitative com-
parison. We first utilized their approach to fit tkée-His)  Above T; the substates are in thermodynamic equilibrium,
band measured at 10 K. As expected, this yields a singleut belowT; their motion freezes and their thermodynamic
line. We used the frequendy,, the half-widthI'y, and the  distribution is close to that af;.
intensity of the Lorentzian line as free parameters and In Fig. 7, In[R;) is plotted versus the reciprocal of the
inserted the coupling constaat = —0.9 and the heme temperaturd. The full lines represent a fit of Eqs. 4 and 5
doming vibratiornw, = 70 cm * to fit the »(Fe-His) band at  to the experimental data. The fitting parameters are listed in
10 K. The best fit due to thg? test is shown in Fig. 5 Table 2. The temperature parameters obtained Were
Although a moderate agreement is achieved close to th€l50 = 8) K andAT = (98 = 8) K. The values of all fitting
maximum, we find large deviations in the wings of the parametersAH;, AS;, andb;, are close but not identical to
band. Using the same parameters for fitting ilfEe-His)  those reported by Gilch et al. (1995). They fit well into the
profile measured at 130 K we obtained a second sublineange expected for taxonomic conformational substates (cf.
due to anharmonicity with an intensity ef15% (Fig. 5), the detailed discussion in Gilch et al., 1995). The minor
which, however, does by no means account for the experidifferences are not surprising because different solvents and
mentally observed shift of the peak frequency. Bitler andproteins (sw Mb and horse heart Mb) were used. The
Stavrov (1999) obtained a much better agreement by fittingransition temperatur&; obtained is slightly lower than the
their model to the experimental data of Gilch et al. (1995).glass temperature of the solvent, which~485 K for the
We believe that this stems from an overestimation of theglycerol/water mixture, but lies well within the broad tran-

Biophysical Journal 81(3) 1624-1631
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FIGURE 6 Fits obtained by assuming that all spectra, obtained at nine different temperatures (only four are shown here) consist of five distthct lines
varying intensities, which are used as fitting parameters. The lower panels depict the difference between experimeritd) apthfts (——). The dashed
lines represent the five sublines.

sition region observed in other experiments e.g., infraredines remains constant, completely independent of temper-

(Iben et al., 1989), neutron scattering (Doster et al., 1989)ature. This is not in agreement with substates in thermody-

and Messbauer experiments (Parak et al., 1982) on myonamic equilibrium. Therefore, the restriction to five sublines

globin. This indicates that the(Fe-His) stretch probes a is confirmed.

subset of conformational substates with a barrier distribu- We have also performed experiments on isolate@nd

tion comparable to that of the A-substates detected by-subunits of HbA in a 66% vol/vol glycerol/water mixture

infrared spectroscopy (Iben et al., 1989). and found similar results. In the-subunit we found four
One comment with respect to the number of sublines used

in the fitting procedure to the band shapes should be given

here. Although the choice of five sublines gives good qual-

1
ity fits to the band shapes and supplies a physical interpre- 0.4
tation of substates in thermodynamic equilibrium, we can- o2 b
not exclude that a higher number of substates may exist. We ’
have therefore tried to obtain good quality fits to the band s 0.0F
shapes by use of six or seven sublines. Indeed, one obtains ®02F
excellent fits of the band shapes. The thermodynamic inter- = 04 F
pretation, however, fails. The rati®; (Eqg. 4) of at least two 0.6 F

08} F—E—E—

1 1 1 J1 1 1
TABLE 1 Peak frequencies and half-widths of the separate 0,00 0,01 0_02" 0,08 0,09 0,10
lines of different substates UT

SL1 SL2 SL3 SL4 SL5

19‘ Ccr:]: 11 2183 1 2zg 2286 23705'35 226'2 theG Eelz:;rc7)ca:Dtlce):ncgetrg?ulr'nﬁfepsletyscr)éllitcliolibirflezs’ Iribe?ﬁét lilitnsdcl:‘;::?ie\zlc(ie erLJJtS by

employing Eq. 4.
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TABLE 2 Fitted values for the parameters of the CONCLUSION
van 't Hoff plots )
AH AS b The v(Fe-His) band shows a complex temperature-depen-

(J/mol) (3l(mol K)) @imol k)  dent profile, .With a shoulder at its high-frequency wing.
With increasing temperature, this shoulder becomes more

I/l 1610 10.0 0 . . )
|1/|2 842 55 0 prominent and shifts to lower frequencies. Moreover, the
213 . . . .
I, 570 10.0 0 peak frequency decreases upon increasing temperature. This
I/s 982 13.8 —-0.05 band shape was decomposed into five sublines with a com-

mon set of temperature-independent frequency positions
and half-widths consistently for a set of nine band shapes at
measured temperatures between 10 K and 300 K, using the
sublines for thein(Fe-His) profile and five sublines for the line intensities as fitting parameters only. A plot of the
B-subunit. Their intensity ratios also show a van’'t Hoff intensity ratiosl;/I; for all sublines versus reciprocal tem
behavior with enthalpy differences on the order of 1 kJ/mol.perature reveals a van't Hoff behavior for> 150 K, with
It should be noted here that the interpretation of the banenthalpy differences on the order of 1 kJ/mol. From this
shape of these subunits is more complex, because monbehavior we conclude that each subline has to be assigned to
mers and dimers of-chains as well as monomers and a conformational substate of théFe-His) linkage, as al-
tetramers of3-chains coexist in solution (Valdes and Ack- ready suggested by Gilch et al. (1995). Above 150 K, these
ers, 1977). This will be reported later. It seems highlysubstates are in thermodynamic equilibrium. Below 70 K
unlikely that this behavior of so many substances is accithe intensity ratios of the sublines remain temperature in-
dental. Although one might argue that accompanying Radependent, because the conformational substates are frozen
man bands that obscure the region of the of #{fée-His)  below the glass transition temperature of the glycerol/water
band could give fortuitous results, this is no longer the cassolution. Such a behavior has already been observed by
for the isolated band shape of sperm whale myoglobirGilch et al. (1993, 1995) for horse heart deoxyMb and
reported here. The attempt to fit théFe-His) band shapes human deoxyhemoglobin in aqueous solutions. A similar
of a- andB-chains by the model of Bitler and Stavrov again transition temperature for the dynamics of the central iron
was without success. atom was obtained from optical absorption measurements
Taken together, the present analysis strongly confirms théCupane et al., 1995).
notion that thev(Fe-His) band profile is determined by  Other arguments to explain the substates offf@-His)
conformational heterogeneity. This result is in full accor-can be derived from the results of Franzen et al. (2000) and
dance with a recent study by Peterson et al. (1998). Thed€ozlowski et al. (2000), who provided computational evi-
authors investigated thg(Fe-His) band of a variety of sw dence that the Fe-Nstretch is vibrationally mixed with
Mb mutants in which proximal amino acids such as #eu out-of-plane modes of the heme macrocycle. The work of
Sef? and His” were substituted by other amino acids. Kozlowski et al. (2000) is particularly compelling because it
They showed that a consistent analysis of the varigiie-  is based on high-level density functional theory calculations
His) bands observed requires the consideration of multipléhat reproduced the spin state of the pentacoordinated heme-
sublines and argued that the differences in frequency valuémidazole complex. Their results strongly suggest i{ge-
and the intensity distribution of the sublines between dif-His) is in fact a mixture of the Fe-imidazole stretch and the
ferent mutants are not consistent with the predictions and, -type out-of-plane modey. It is conceivable that the
the basic principles of an anharmonic coupling model (thedegree of this mixing depends on the doming distortion of
authors made reference to an earlier paper by Rosenfeld anide heme group, which is likely to cause additional mixing
Stavrov, 1994). They provided some evidence that in conwith in-plane modesif) of the heme group (Unger et al.,
trast to earlier considerations the heterogeneity ofifi@-  1999). Thus, one can invoke a mapping of different
His) band reflects distributions in the azimuth anglef the ~ conformational substates of the doming distortions onto
y(Fe-His) linkage. the v(Fe-His) frequency within the framework of the
The earliest models of proximal linkage heterogeneity in-harmonicapproximation, in contrast to the basic assump-
voked a Gaussian distribution of iron out-of-plane displacetion of Bitler and Stavrov (1999).
ment conformational substates#f@r et al., 1986, 1988; Stein-  Our results clearly exclude the conclusion drawn by
bach et al., 1991), which can be mapped in principle onto th@&itler and Stavrov (1999) that th€Fe-His) band shape can
distribution of enthalpy barrier heights determining ligandbe accounted for exclusively by anharmonic coupling of the
binding. Assuming a monotonic relationship between ironvibration of a uniquely defined(Fe-His) linkage with a
displacement and(Fe-His) frequency suggests a skew-shapedow-frequency out-of-plane vibration of Fe in the porphyrin
line profile for the »(Fe-His) band. Distinct structures, like skeleton. For sw deoxyMb, it turns out that it is practically
shoulders, such as observed in our experiment, are in contrampossible to fit the band shape by the anharmonic coupling
diction to such a model. model.
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It should be finally mentioned that the anharmonic cou-Gilch, H., R. Schweitzer-Stenner, and W. Dreybrodt. 1993. Structural

pling mechanism cannot be refused entirely. If it exists, it neterogeneity of the Fé-N(His™) bond in various hemoglobin and
. . myoglobin derivatives probed by the Raman active iron histidin stretch-
would change the line shape of each subline as suggested bying mode Biophys. J65:1470-1485.

Bitler and Stavrov. A fit combining both models, however, Gilch, H., R. Schweitzer-Stenner, W. Dreybrodt, M. Leone, A. Cupane,

might be possible but needs many more parameters andand L. Cordone. 1996. Conformational substates of the s F8

. T . linkage in deoxymyoglobin and hemoglobin probed in parallel by the
therefore WI”_ not be CO”V'”C_'”Q a”q unique. . Raman band of the Fe-His stretching vibration and the near-infrared
In conclusion, we contradict the final statement of Bitler apsorption band Illint. J. Quant. Chem59:301-313.

and Stavrov (1999) for an exclusion of substates. Our resultSori, H., and T. Kitagawa. 1980. Iron-ligand stretching band in the reso-

clearly prove the existence of taxonomic substates in the nance Raman spectra of ferrous iron porphyrin derivati'ves. Importance
+ . F8\ I . . as a probe band for quarternary structure of hemoglabiAm. Chem.
Fe#"-N(His™) linkage in heme-proteins. Soc.102:3608—3613.
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