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We report the complete vibrational spectrum of the probe nucleus >’Fe at the oxygen-binding site of
the protein myoglobin. The Fe-pyrrole nitrogen stretching modes of the heme group, identified here,
probe asymmetric interactions with the protein environment. Collective oscillations of the polypeptide,
rather than localized heme vibrations, dominate the low frequency region. We conclude that the heme
“doming” mode is significantly delocalized, so that distant sites respond to oxygen binding on vibrational
time scales. This has ramifications for understanding long-range interactions in biomolecules, such as
those that mediate cooperativity in allosteric proteins.
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Heme proteins are exemplary systems for investigating
the influence of protein dynamics on physiological func-
tion [1,2]. Although the Fe atom at the center of the planar
heme group is ordinarily the site of reaction, the dynam-
ics of the surrounding protein matrix control access to and
reactivity of the heme. In the case of the oxygen-binding
protein myoglobin (Mb), low frequency vibrations directly
couple to the binding of diatomic ligands to Fe [3,4]. A
recent report of far infrared emission following visible ex-
citation of Mb [5] may be a related phenomenon.

However, the character of these reactive low frequency
modes remains elusive. The most apparent structural
change upon ligand release from Mb is a localized
“doming” of the heme at the oxygen-binding site, which
involves Fe motion out of the mean heme plane and an
associated distortion of the heme from planarity [6]. On
the other hand, transient grating experiments [7] indicate
a prompt collective response of the entire protein to ligand
dissociation. This issue has crucial implications for under-
standing the nature and time scale of interactions among
spatially separated sites, as exemplified by cooperative
O, binding to multiple heme sites in hemoglobin [8].

In this Letter, we employ nuclear resonance vibra-
tional spectroscopy (NRVS) to determine the complete
vibrational frequency spectrum of the probe nucleus °Fe,
located at the active site of Mb. Exploiting the recoil en-
ergy associated with absorption of an x-ray photon, NRVS
detects vibrational sidebands at energies above (below)
a nuclear resonance, which correspond to the creation
(annihilation) of a vibrational quantum coincident with the
excitation of the nucleus. In contrast with conventional
Mossbauer spectroscopy, where measurements of the
recoilless nuclear resonant absorption yield the total mean
square fluctuations {xf.) of the heme Fe [2,9,10], NRVS
provides a direct measure of the mean square displacement
of the ’Fe nucleus at each frequency [11]. Quantitative
analysis of these spectra allows us to identify the previ-
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ously unobserved Fe-pyrrole stretching frequencies and
establish their sensitivity to the local environment of the
heme. Heme doming does not contribute the spectral
intensity predicted for an isolated heme, demonstrating
that this mode is delocalized in the protein environment.

Techniques for high-resolution NRVS have been de-
scribed [12,13]. Perfect crystal optics produce an x-ray
beam tunable through the Ey = 14.413 keV ’Fe nuclear
resonance energy with 0.85 meV resolution [14]. The
x-ray energy is scanned so that E — Ej covers the relevant
range of vibrational energies. Atomic Fe K fluorescence,
which follows deexcitation of the nucleus, is monitored
to determine the excitation probability at each energy.
Measurements were performed at sector 3-ID of SRI-CAT
at the Advanced Photon Source, Argonne National
Laboratory. Spectra were recorded from samples mounted
in a cryostat and exposed to a 0.7 GHz photon flux in a
0.5 X 2 mm? beam.

Established methods [15] were used to remove the heme
from horse heart Mb and replace it with heme enriched to
93.6% in °’Fe. Buffered Mb solutions were concentrated
to 13 mM, reduced with sodium dithionite to produce the
deoxygenated protein (deoxyMb), and exposed to CO gas
to produce the CO complex (MbCO). For photolysis mea-
surements, 9 mM MbCO in 75% glycerol was loaded into
a channel milled in a sapphire block. Spectra of photolyzed
MbCO were recorded under continuous illumination with
a 15 mW HeNe laser beam (A = 632.8 nm) directed onto
the sample through a fiber optic cable.

NRVS data recorded on frozen solutions of deoxyMb
and MbCO (Fig. 1) reveal numerous vibrational features.
A broad feature near 250 cm™!, previously observed at
4.4 meV resolution [13], dominates the high frequency re-
gion of the deoxyMb spectrum. In deoxyMb, the oxygen-
binding site is vacant and the remaining Fe neighbors
are the four pyrrole nitrogen atoms of the heme and the
nitrogen of histidine-93. The Fe-His bond is the only

© 2001 The American Physical Society
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FIG. 1. NRVS data recorded from frozen solutions of >’Fe- 20 25 30 35 40
enriched MbCO (solid circles) at 110 = 5 K and deoxyMb E-E, (meV)

(open circles) at 35-70 K. Temperatures were estimated from
the relative intensity of phonon creation and annihilation peaks.
The MbCO (deoxyMb) spectrum is the sum of 20(16) inde-
pendent scans sampled every 0.2 meV over an energy range
extending from —15 meV to 80(55) meV with a total accumu-
lation time of 189(160) sec/channel. The high frequency region
of the MbCO spectrum is scaled up by an additional factor of 4,
subjected to an 11-point smooth, and displayed as a solid curve.
The solid curve at the top of the figure is the resonance Raman
spectrum of deoxyMb at 100 K.

covalent bond between the heme and the protein. The
Fe-His stretching frequency has been identified in low tem-
perature resonance Raman spectra [16] at 227 cm™!, and
is clearly only a minor component of the 250 cm™! fea-
ture. CO binding to Fe significantly reduces the NRVS
intensity in the 250 cm™! region, but the MbCO spectrum
includes features at 502 and 572 cm™!, corresponding to
Fe-C stretching and Fe-C-O bending frequencies previ-
ously identified using resonance Raman spectroscopy [17].
Additional features of the MbCO spectrum appear at 254
and 320 cm™ !

Illumination of MbCO efficiently photolyzes the Fe-CO
bond. Spectra of photolyzed MbCO (Mb™*) resemble
deoxyMb, but improved statistics allow individual com-
ponents of the 250 cm™! feature to be clearly resolved
(Fig. 2). The lowest energy component resulting from a
least-squares fit to a series of Lorentzians (Table I) appears
at234 cm™ ! in Mb*, consistent with previous low tempera-
ture observations of the Fe-His frequency [16]. The domi-
nant components in Mb* appear at 251 and 267 cm ™.

A more detailed characterization of the modes contribut-
ing to the 250 cm ™! cluster results from quantitative analy-
sis. The delayed 6.4 keV fluorescence signal emitted from
a given excitation volume is proportional to the absorp-
tion cross section [18] o(E) = 5T,00S(E — Eo), where

FIG. 2. Comparison of the 250 cm™! mode clusters of deoxy-
Mb and Mb*. The Mb* data were recorded under continuous
illumination. The temperature of a sensor mounted in the sap-
phire sample block was 15 K.

o is the nuclear cross section and I', is the linewidth
of the recoilless resonance. The excitation probability per
unit energy

S(E) = pill fle® )P LIE — (E; — ED] (1)
if

includes vibrational features displaced from the recoilless
(E; = Ey) nuclear resonance at Ey by the energy differ-
ence between initial and final vibrational states |i) and
| £). Fluctuations in the position 7. of the Fe atom de-
termine the strength of the vibrational features through the
matrix element { f|e’*7=|i). In Eq. (1), k is the incident
photon wave vector and p; is the population of the initial
vibrational state. Since the line-shape function L [E] has
unit area, [S(E)dE = 1 by closure, and the integrated
cross section is a constant independent of the Fe environ-
ment [19].

TABLE I. Frequencies, mode composition, and assignments
for observed vibrational features.

Frequency Mode
(em™) ez, assignment

MbCO 502 0.45 Fe-CO stretch
572 0.16 Fe-C-O bend
234 0.25 Fe-His stretch
Mb* 251 0.48 Fe-N,,, stretch
267 0.48 Fe-Npy, stretch

285 0.13
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For a normal mode Q of frequency w expressed in terms
of mass-weighted atomic coordinates as Q = > N Fj
¢;, the feature due to one-phonon transitions |n) — |n +
1) appearing at energy Ey + fiw constitutes a fraction [20]

& = (Gre - )25 (1 + 1)f ®)

of the integrated cross section that depends on the av-
erage vibrational excitation 7 = [exp(fiw/kpT) — 1]
of the mode at temperature 7. Equation (2) is valid in
the limit fiw/\/i(ii + 1) > ef.Eg, where Ex = li*k*/
2mp. = 1.96 meV is the >'Fe recoil energy. For a ran-
domly oriented sample such as the solutions studied here,
the angular average yields ((épe - k)2) = %(312:6. The re-
coilless fraction f = exp(—k2<x%e>) reflects the decreased
area of the central resonance due to the total rms Fe
fluctuations along the beam direction and ensures spectral
normalization.

The Fe mode composition factor et is equal to the frac-
tion of kinetic energy invested in Fe motion, and provides
direct information on mode character. For selected discrete
NRVS peaks, we determined area fractions ¢, normalized
according to Ref. [12]. Inversion of Eq. (2), using reported
recoilless fractions [21], then yields e%e values listed in
Table T for Mb* and MbCO. Since the Fe-C-O bend-
ing mode is expected to have two nearly degenerate com-
ponents, the value reported in Table I for the 572 cm™!
feature is half the value determined from the spectral area.
The values reported for Mb* assume complete photoly-
sis of the sample. The 1.7 cm™!' 3*Fe/3’Fe frequency
shift reported [22] for the Fe-His mode in deoxyMb yields
et = —2d(Inw)/d(Inmg.) = 0.29 for the Fe-His mode,
in reasonable agreement with the value (0.25) determined
here for Mb*.

Straightforward reasoning based on the results listed in
Table I yields strong conclusions about the geometry of Fe
motion contributing to the mode cluster in Fig. 2. Summa-
tion over all normal modes yields 2(ég. - it)> = 1 for any
direction it. Since Eelzse > 1 for the Mb* modes listed
in Table I, Fe motion cannot occur in the same direc-
tion for all these modes. Moreover, placement of the Fe
on an axis of near fourfold symmetry restricts observed
features either to modes involving out-of-plane Fe motion
or to quasidegenerate pairs of modes involving orthogo-
nal in-plane Fe motion. As a result, we must attribute the
pair of Mb* bands observed at 251 and 267 cm ™! to a
quasidegenerate pair of in-plane Fe modes. This conclu-
sion agrees well with recent calculations on heme model
systems [23], which predict that a pair of Fe-pyrrole nitro-
gen (Fe-N,,y;) stretching modes (vs3) at 251 and 266 cm™!
dominate in-plane Fe motion.

The protein perturbs the approximately fourfold sym-
metric environment of the heme Fe and lifts the nominal
x-y degeneracy of the Fe-Np,, frequencies. Specific struc-
tural features likely to contribute to the Fe-N,, frequency
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separation include the binding of His-93 to the heme Fe
and the 9°-12° tilt of pyrrole ring C from the mean heme
plane, visible in crystal structures of Mb [6,24].

In addition to discrete peaks, Fig. 1 reveals an under-
lying vibrational continuum, visible to nearly 400 cm™!
in MbCO. This component of the NRVS signal increases
below 100 cm™!, culminating in a shoulder on the recoil-
less resonance (Fig. 3). As the temperature increases, the
shoulder resolves into a broad peak near 25 cm™ !, similar
to features observed in inelastic neutron scattering from
hydrated protein films [5,25] and in site-selected fluores-
cence spectra of Zn-substituted Mb [26]. Calculated nor-
mal modes of the protein in this frequency region involve
torsional oscillations of the polypeptide backbone and side
chains [27]. Translation of the entire heme in response
to these collective oscillations dominates the observed fre-
quency spectrum of Fe fluctuations (Fig. 1), as predicted
for Mb [28].

Although NRVS provides site-selective access to the low
frequency regime, additional sharp features attributable
to localized heme vibrations are not apparent in Fig. 3.
This is unexpected, since the doming frequency of an
isolated heme is predicted [23] to appear at 50—70 cm ™!,
Moreover, structural changes upon CO binding to Mb [6]
implicate heme doming as a significant component of
oscillations coupled to ligand dissociation from MbNO
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FIG. 3. Low frequency spectra of MbCO, deoxyMb, and Mb*.

Filled circles overlaid on the Mb* spectrum represent the spec-
trum of unphotolyzed MbCO at 15 K, and the Mb*-MbCO dif-
ference signal appears at the bottom of the figure. Solid curves
represent predictions described in the text.
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and MbCO observed [4] at 40 and 80 cm™!. Differences
between the MbCO and deoxyMb NRVS signals in this
frequency region are negligible (Fig. 3, bottom), under-
scoring the absence of the expected ligation-sensitive
doming resonance and suggesting that the doming mode
acquires a nonlocal character in the protein through
vibrational mixing with the collective oscillations (i.e.,
involvement of many atoms reduces e;zse).

Quantitative analysis of two simple limiting cases
supports this conclusion. To estimate the expected contri-
bution of local heme doming analogous to the model calcu-
lation [23], we consider motion of the Fe and the imidazole
ring of the histidine (m; = 122) as a rigid body against the
porphyrin skeleton (m; = 300) of the heme group. The
spectral contribution predicted for such a local oscillation
at 40 cm™!, using the value ef. = (mpe/m1)ma/(my +
my) = 0.33 in Eq. (2), would be clearly evident above
the collective mode background, as indicated by the solid
curve in Fig. 3.

To illustrate the opposite extreme, we increase the
masses in the effective two-body oscillator to include the
entire F-helix (m; = 1002, including the heme Fe and
residues 86-94) and the E-helix (m, = 2374, including
the porphyrin skeleton and residues 58-77), motivated by
the “scissoring” motion of the E- and F-helices upon CO
binding recently identified in ultrahigh resolution x-ray
structures [24]. In this limit, the predicted Fe fluctuations
decrease by nearly an order of magnitude and are too small
to resolve from the collective mode background (Fig. 3).
This global motion thus accounts for the absence of a
clearly resolved doming resonance in the NRVS signal.

NRVS provides insights into active site structure and dy-
namics that are not available from other methods. Quan-
titative analysis, coupled with the absence of selection
rules, enables identification of the Fe-N,y frequencies,
which monitor asymmetric interactions with the protein
environment. Moreover, site-selective access to the low
frequency regime quantifies the extent to which reactive
dynamics are localized at the Fe. The delocalization of
heme doming deduced from NRVS has important ramifica-
tions: (1) in this new experimental regime, realistic mod-
els for vibrational dynamics must include the polypeptide
and (2) the active site communicates with distant sites on
vibrational time scales (e.g., 8.0 ps for a 40 cm ™! mode).
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