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Abstract. Myoglobin, a small globular heme protein that binds gaseous ligands such as Oy, CO
and NO reversibly at the heme iron, provides an excellent model system for studying structural and
dynamic aspects of protein reactions. Flash photolysis experiments, performed over wide ranges in
time and temperature, reveal a complex ligand binding reaction with multiple kinetic intermediates,
resulting from protein relaxation and movements of the ligand within the protein. Our recent studies
of carbonmonoxy-myoglobin (MbCO) mutant L29W, using time-resolved infrared spectroscopy in
combination with x-ray crystallography, have correlated kinetic intermediates with photoproduct
structures that are characterized by the CO residing in different internal protein cavities, so-called
xenon holes. Here we have used Fourier transform infrared temperature derivative spectroscopy
(FTIR-TDS) to further examine the role of internal cavities in the dynamics. Different cavities can be
accessed by the CO ligands at different temperatures, and characteristic infrared absorption spectra
have been obtained for the different locations of the CO ligand within the protein, enabling us to
monitor ligand migration through the protein as well as conformational changes of the protein.
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1. Introduction

Proteins are complex macromolecules that perform an impressive variety of func-
tional tasks in living systems. Within their native folds, they can assume a large
number of different conformations that are frequently represented by local minima
in a rugged energy landscape. For a quantitative, predictive understanding of pro-
tein function, elucidation of the energy landscape, with its functionally important
intermediate states and the barriers separating them, is a prerequisite. Detailed
investigations of this kind are only feasible for a few well selected model systems.
Among these, myoglobin (Mb), a small monomeric heme protein of about 18 kD,
has been particularly popular. Its polypeptide chain consists of 153 amino acids,
folded into eight a-helices. They are connected by loops and wrapped around a
heme prosthetic group, which is covalently linked to the proximal histidine (H93)
through its central Fe?* ion [1-3]. Small ligands such as O,, NO or CO bind revers-
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ibly to the heme iron from an internal cavity, the distal heme pocket. Experimental
studies as well as computer simulations have revealed an enormous complexity in
this comparatively simple biological process [4, 5].

Flash photolysis experiments on carbonmonoxymyoglobin (MbCO) and oxymyo-
globin (MbO;) over wide time and temperature ranges have shown that ligand
binding involves multiple intermediate states [4]. In recent years, evidence has
mounted that these correspond to transient binding sites of ligands in internal
protein cavities [6], the so-called ‘xenon’ holes [7]. The clearest insights have been
provided by x-ray structure analyses of photolyzed MbCO at cryogenic temper-
atures with selective trapping of photoproduct intermediates [8—13]. From these
studies, a picture has emerged for physiological ligand binding in which the lig-
and, after entering the protein from the solvent, shuttles among the various cavities
many times before either binding to the heme iron or exiting again into the solvent.

Figure 1 shows essential features of the L29W MbCO crystal structure at 105
K, including the heme group and the sidechains of H64 and W29 as well as the
CO ligand in the bound and the various photoproduct states [10, 12]. The bound
ligand is labelled A;. The sidechains of the distal histidine (H64) and tryptophan
B10 (W29) in MbCO are depicted in dark grey. Also shown are the CO locations
in the photoproduct states B on top of heme pyrrol C and C’ in the so-called Xe4
cavity. Both these photoproduct states can be populated upon photolysis below
~180 K. Apart from the movement of the central iron by 0.3 A out of the mean
heme plane, no other significant structural changes occur. After photodissociation
above ~180 K, the ligand occupies state D on the proximal side (Xel cavity),
and the sidechains of H64 and W29 rearrange markedly (shown in light grey) so
that the W29 indole ring adopts the same conformation as in the room temperature
bound-state structure [14].

Knowledge of these intermediate states is a prerequisite for understanding the
dynamic aspects of the binding reaction, i.e. the temporal sequence of ligand trans-
itions among the various sites as well as the accompanying protein fluctuations
and relaxations. While it is, in principle, possible to observe protein motions and
CO transitions among the different cavities by time-resolved x-ray crystallography
[15], such experiments are, in practice, very difficult and limited in their dynamic
range. Spectroscopic experiments are often easier to perform, provided that a suit-
able marker exists to study the dynamics. Here we show that the infrared absorption
of the photodissociated CO is sensitively dependent on its local environment and
can be used to track CO migration among the different protein cavities.

2. Methods and Materials

Sperm whale myoglobin mutant L29W was expressed in E. coli and purified as de-
scribed previously [16]. For the experiments, lyophilized protein powder was dis-
solved at a concentration of ~15 mM in cryosolvent (75% glycerol/25% potassium
phosphate buffer (v/v), pH 7.5), stirred under a CO atmosphere and reduced with
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Figure 1. Model of the L29W mutant MbCO from x-ray structure analyses at 105 K [12],
including the heme group and two different conformations of the sidechains of H64 and W29.
They are shown in dark grey after ligand photolysis at 7 < 180 K and in light grey after
ligand photolysis at 7 > 180 K. Besides the bound CO ligand (labelled A), the locations
of the ligand in the 36 K photoproduct of native MbCO (B) [10], and in the photoproduct
structure of L29W MbCO with photolysis at T < 180 K (C’) and at T > 180 K (D) are
shown.

sodium dithionite solution. For the spectroscopic experiments, a few microliters
of the sample solution were sandwiched between two CaF, windows, separated
by a 75 pum thick mylar washer, and mounted inside a block of oxygen-free high-
conductivity copper on the cold-finger of a closed-cycle helium refrigerator (model
SRDK-205AW, Sumitomo, Tokyo, Japan). The temperature was adjustable in the
range between 3 and 320 K by means of a digital temperature controller (model
330, Lake Shore Cryotronics, Westerville, OH). The sample was photolyzed with
a continuous wave, frequency doubled Nd-YAG laser (model Forte 530-300, Laser
Quantum, Manchester, UK), operated at 300 mW output at 532 nm. Transmission



166 G.U. NIENHAUS AND K. NIENHAUS

i
4

L29W MbCO, 12 K

0.10

0.08f A
O 0.06
0.04 |
0.02}
0.00
-0.02
-0.04
-0.06
-0.08

B states

A states

x 10

Absorption [OD

1920-1940 1960 1980”2100 2120 2140
Wavenumber [cm]

Figure 2. FTIR difference spectrum of L29W MbCO, calculated from transmittance spec-
tra taken before and after photolysis for 1 s at 12 K. In the region of the heme-bound CO,
two A substates can be distinguished, denoted by A; and A;;. In the spectral region of the
photodissociated CO, a dominant peak occurs at 2123 em~ L,

spectra were collected in the mid-IR between 1800 cm™' and 2400 cm™! with a
resolution of 2 cm™', using a Fourier transform infrared (FTIR) spectrometer (IFS
66v/S, Bruker, Karlsruhe, Germany).

Figure 2 shows an infrared difference spectrum of L29W MbCO in the region
of the infrared stretch bands of the heme-bound and photodissociated CO at 12
K, calculated from two absorbance spectra taken before and after photolysis. Two
bands are present for the heme-bound CO (near 1950 cm™!); they arise from dif-
ferent interactions of the CO dipole with the local electric field in the distal heme
pocket [17, 18], as shown experimentally by studies of many distal pocket mutants
of myoglobin [19-21]. Therefore, those two bands give evidence of two so-called
taxonomic substates [22] with clearly different heme pocket structures.

In L29W MbCO, we call these states A; (v ~ 1945 cm™!') and A;; (v =
1958 cm™!). Below the dynamical transition temperature at ~180 K [12, 23, 24],
each molecule is frozen into one or the other substate, and thus, their relative pop-
ulations are fixed, with A; being the dominant species. Electrostatic interactions
also give rise to multiple bands in the region of the photodissociated CO (above
2100 cm™"), which will be discussed in detail below.

Rebinding properties of different photoproduct species were determined using
temperature-derivative spectroscopy (TDS), an experimental protocol designed to
investigate thermally activated rate processes with distributed barriers. The method
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Figure 3. TDS maps of L29W MbCO following photolysis for 15,000 s at 3 K (panels a and
b) and 160 K (panels ¢ and d). Contours are spaced logarithmically, solid lines: absorbance
increase, dashed lines: absorbance decrease. Top panels (a and c): absorbance changes in the
Ay and Ay IR stretch bands of heme-bound CO; bottom panels (b and d): absorbance changes
in the IR stretch bands of photodissociated CO.

has been described previously [25-27], and we give only a short summary here.
The TDS measurement is started at the lowest temperature desired after preparation
of the sample by laser illumination. Subsequently, FTIR transmittance spectra are
taken continuously while increasing the sample temperature 7" at a rate of 5 mK/s.
Consequently, one spectrum is collected in 200 s during which the temperature
increases by 1 K. FTIR absorbance difference spectra, AA(v, T), are calculated
from transmittance spectra, I (v, T'), at successive temperatures,

AA(, T) =logl (v, T — 1K) — logI (v, t + 1K). (1)

For a particular band, the change in spectral area, AA(v, T), that occurs during ac-
quisition of two successive spectra is proportional to the change in the population,
AN, contributing to the band. Absorption changes can arise from ligand rebinding,
CO diffusion among different docking sites and conformational changes of the
protein. The temperature ramp protocol ensures that rebinding occurs sequentially
with respect to the height of the activation enthalpy barriers controlling the dy-
namics. The barrier height is approximately proportional to the ramp temperature,
so that the temperature axis can be converted into an enthalpy axis. TDS data are
conveniently displayed as contour plots of the absorbance change on a surface
spanned by the wavenumber and temperature axes.
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3. Results and Discussion

Figure 3 presents TDS contour maps from two different experiments. The first
experiment (Figure 3a and b) was performed such that the sample was kept at 3
K under illumination by the photolysis laser for 15,000 s. Subsequently, spectra
were acquired while ramping the temperature to 160 K in the dark. In the TDS
contour map in Figure 3a, the two taxonomic substates, A; (1945 cm~ ') and A,
(1958 cm™!), are plotted with solid contours representing the absorbance increase
between successive temperatures because of rebinding. In the dominant species,
Ay, two discrete rebinding processes are easily distinguished (maxima at 35 and
110 K), which correspond to the two photoproduct states B and C’ (see Figure 1).
We note that after illumination for 1 s C’ is only populated to about 1%. With
15,000 s illumination at 3 K, however, about 50% of the CO ligands in the A;
substate escape to this photoproduct state from where they cannot return. This
process can be observed directly in the CO bands during illumination (data not
shown). For the minority conformation, A;;, two separately rebinding species are
not observed. The channel to the C’ site is apparently blocked, most likely by the
W29 indole sidechain (see Figure 1). Rebinding in A;; is broadly distributed from
the lowest temperatures up to ~140 K, suggesting that it does not occur from a
single, well-defined CO location.

In the spectral region of the photodissociated CO, Figure 3b, there are mainly
dashed contours, representing loss of absorbance due to rebinding. Compared with
other myoglobin mutants [28, 29], there is comparatively little spectral dispersion
among the various photoproduct states in L29W MbCO. Nevertheless, it is clear
from the contour plots that, at 35 and 110 K, where the B and C’ photoproducts
dominate rebinding, the spectra of the photodissociated states contain two separate
bands. We assign them to the CO located in the photoproduct site in two opposite
orientations that are energetically not equivalent, as seen from the different popu-
lations. By calculating difference spectra across the rebinding features (instead of
1 K intervals), these spectra can be obtained; they are shown in Figure 4. There
are also a few positive contours visible below ~30 K; they can be assigned to
reorientation of a small fraction of CO molecules within the C’ (xenon 4) cavity.
After photodissociation at 3 K, the two possible orientations of CO in the C’ cavity
are not in thermal equilibrium. Initially, however, thermal energy is insufficient to
overcome the barrier opposing rotation. The temperature of 20 K appears to be
typical for CO movement within myoglobin, as seen in several other examples [27,
28, 30].

A second TDS experiment was performed after illuminating the sample again
for 15,000 s, but this time at 160 K. Contour maps are shown in Figure 3¢ and d.
Whereas upon photolysis at 3 K, no rebinding is observed between 160 and 230
K, substantial rebinding takes place after illumination at 160 K, suggesting that the
ligand migrates to different sites with even higher barriers to recombination. Three
different features can be distinguished in the A substate map in Figure 3c. From
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Figure 4. FTIR difference spectra associated with the different photoproduct intermediates
of the A substate, determined from the TDS data in Figure 3 by taking differences between
30 and 40 K (B), 110 and 120 K (C’), 165 and 175 K (C”) and 190 and 200 K (D). The
contribution of the A;; substate has been subtracted from the B spectrum. We also note that
the spectra of C” and D are identical for A; and Aj;.

160 to 180 K, there is recombination from an intermediate state, which we denote
with C”. Tt clearly differs from C’ because the two photoproducts rebind at dif-
ferent temperatures and their IR spectra of the photodissociated CO are distinctly
different (Figure 4). Again, a doublet of IR bands appears, and close inspection
of the contour map, Figure 3d, shows that the two peaks merge with increasing
temperature. This suggests very fast CO dynamics in the C” location, making the
two orientations spectroscopically indistinguishable at 77 ~ 180 K. Another in-
teresting observation can be made when observing the evolution of the CO spectra
during the illumination period. Unlike the C’ photoproduct state, C” is significantly
populated by molecules in the A;; bound-state structure; these, however, do not
rebind between 160 and 180 K in the subsequent TDS measurement.

Between 180 and 195 K, the A substate map shows both positive and negative
contours, the latter representing a decrease in absorption from a net transfer of
population from the A; to the A;; substate. This is a clear indication of the dynam-
ical transition at ~180 K, above which global conformational changes can occur.
The population transfer occurs because, at 180 K, a large fraction of molecules
from the A;; substate are still photolyzed, and thus A; and A;; are not populated
according to equilibrium. Concomitant with the A substate exchange, a marked
spectral change is observed in the map of the photodissociated CO (Figure 3d).
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This is evidence that the CO, which had been accumulated in the C” state upon
illumination, migrates to a different location as protein motions set in. We note that
very little rebinding occurs between 180 and 190 K. Above 190 K, Figure 3c shows
a pronounced peak, which represents mainly rebinding from photoproduct state D
(Figure 1) [12]. The spectrum of this intermediate (Figure 4) is rather broad, which
reflects the presence of significant fluctuations within the Xel cavity above the
dynamical transition temperature. Furthermore, we know that not all free ligands
reside in D, but some escape to other sites on the protein surface or in the solvent,
from where they may contribute with broad components to the CO spectra.

4. Conclusions

In this work, migration of CO through myoglobin has been investigated using FTIR
spectroscopy in the CO infrared stretch bands in combination with temperature
derivative spectroscopy. By extended illumination at different temperatures, we
were able to accumulate populations in four photoproduct states, B, C’, C”, and D
associated with the A; substate of L29W MbCO. Except for C”, the CO locations
have been determined by x-ray crystallography [10, 12]. It is currently not clear
how the different photoproduct sites are connected. For example, we do not know
if state D is a trap state from which the ligand has to return to the distal side before
exiting the protein. At physiological temperatures, there will be ligand movements
among the various cavities, and in addition, fluctuations between the global A; and
A conformations, making the kinetic scheme quite complicated. These problems
will be addressed in future studies using flash photolysis with infrared monitoring
[31].
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