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Abstract

Infrared (IR) spectroscopy is a useful technique in the study of protein conformation and dynamics.
The possibilities of the technique become apparent specially when applied to large proteins in turbid
suspensions, as is often the case with membrane proteins. The present review describes the applications
of IR spectroscopy to the study of membrane proteins, with an emphasis on recent work and on spectra
recorded in the transmission mode, rather than using reflectance techniques. Data treatment procedures
are discussed, including band analysis and difference spectroscopy methods. A technique for the analysis
of protein secondary and tertiary structures that combines band analysis by curve-fitting of original
spectra with protein thermal denaturation is described in detail. The assignment of IR protein bands in
H,O and in D,O, one of the more difficult points in protein IR spectroscopy, is also reviewed, including
some cases of unclear assignments such as loops, f-hairpins, or 3j¢-helices. The review includes
monographic studies of some membrane proteins whose structure and function have been analysed in
detail by IR spectroscopy. Special emphasis has been made on the role of subunit III in cytochrome ¢
oxidase structure, and the proton pathways across this molecule, on the topology and functional cycle
of sarcoplasmic reticulum Ca®"-ATPase, and on the role of lipids in determining the structure of the
nicotinic acetylcholine receptor. In addition, shorter descriptions of retinal proteins and references to
other membrane proteins that have been studied less extensively are also included. © 1999 Elsevier
Science Ltd. All rights reserved.
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1. Introduction

An understanding of cell membranes implies the study of biological structures of great
complexity and important functions. Chief among them are the proteins. Membrane proteins
exist in a variety of sizes and shapes. Some of the so-called intrinsic or integral proteins span
the lipid bilayer and, while being stabilised mainly by hydrophobic interactions within the
hydrocarbon lipid matrix, they keep contact with the aqueous medium at both sides. Extrinsic
membrane proteins bind to the polar region of a single phospholipid leaflet and establish
mainly electrostatic interactions with the lipid component and/or with other proteins. In this
review, only the intrinsic proteins will be considered because, from the structural point of view,
little if any difference can be found between extrinsic and soluble proteins. The structural
differences between membrane and soluble globular proteins are not only a consequence of
their different environments, but they reflect as well the varying mechanisms responsible for
their folding and assembly.

The properties of membrane proteins make difficult the use of structural techniques to study
their conformation. Thus, even if X-ray crystallography is the method of choice for detailed
protein structure analysis, obtaining three-dimensional crystals of membrane proteins is not
easy. To date, the number of different membrane proteins that have been crystallised is no
bigger than fifteen. Two-dimensional crystals can also be used to produce a three-dimensional
picture of the protein, but to a lower resolution. Nuclear magnetic resonance (NMR)
spectroscopy offers an appropriate alternative to X-ray crystallography for obtaining detailed
three-dimensional structures, but at least in its present state it is limited to proteins of
molecular weight lower than those usually found in membranes.

It should also be noted that obtention of a protein structure does not immediately make
clear its molecular mechanism. For example, in a protein with an enzymatic activity, this
would imply the knowledge of the interactions of substrate, intermediate(s) and product with
amino acid side chains in the ‘active centre’, that sometimes cannot be solved in a unique way
within a given structure. In many aspects of protein structure and function, therefore, there is a
need for complementary, lower resolution techniques that can provide useful information, even
in proteins with known three-dimensional structures.

Infrared spectroscopy is useful, either as an alternative option or as a complement to the
high-resolution techniques in membrane protein studies, because of the wealth of information
provided. Furthermore, the lipid environment does not perturb the resolution or sensitivity of
the spectra and can also be the object of simultaneous study, thus providing information on
the lipid-protein interactions. Although infrared spectroscopy was first applied to proteins as
early as in 1952 (Sutherland, 1952) before any detailed X-ray results were available, its use in
membrane proteins or in proteins in physiological environments in general has only been
possible after the revolution in instrumentation produced by instruments based on the
Michelson interferometer and the fast Fourier transform. The increase in signal-to-noise ratio
obtained with these instruments allows the subtraction of the aqueous buffer, thus obtaining
spectra whose bands contain information on the protein in its native environment, and are free
from spectral interference by the solvent. In principle, a structure as large as a protein would
give rise to an enormous number of overlapping vibrational modes obscuring the information
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that could be obtained in practice, but because of the repeating patterns of the biological
molecules, e.g. the secondary structure of the protein backbone, the spectra are much simpler
and useful structural information can be obtained.

Structural analysis usually implies a mathematical approach used to extract information
contained in the composite bands, designated in IR spectroscopy as ‘amide bands’, obtained
from proteins. Commonly used methods of analysis imply narrowing the intrinsic bandwidths
to visualise the overlapping band components and then decomposing the original band contour
into these components by means of an iterative process. The various components are finally
assigned to protein or subunit structural features. A different approach consists of the use of
infrared spectroscopy to examine ligand-induced changes produced in proteins during their
functional cycles. The strategy used is called ‘difference infrared spectroscopy’ and consists of
looking closely at the bands corresponding to protein or ligand groups that undergo changes
during the transition from one state to another. By these means it is possible to detect changes
in a single amino acid residue. In order to perform the assignment correctly it is necessary to
obtain spectra with a signal-to-noise ratio better than 10*. In addition, a proper assignment
may require the preparation of specific mutant proteins. Also, for the study of some protein
functions, the functional substates must be long enough to be measured, and time-resolved
difference spectroscopy techniques have been developed to this aim.

The increased sensitivity of modern infrared spectrometers has also allowed the use of
sampling techniques other than transmission. Thus reflection techniques, and particularly
attenuated total reflectance (ATR), have been applied to study structural aspects of membrane
proteins and to measure the orientation of membrane components trough the use of polarized
IR radiation. This sampling technique was developed by Harrick (1967) and later applied to
membranes by Fringeli (Fringeli and Giinthard, 1981). Various recent reviews have been
published on the use of ATR in studying membrane protein structure and orientation
(Goormaghtigh and Ruysschaert, 1990; Axelsen and Citra, 1996; Tamm and Tatulian, 1997).
Other sampling techniques with potential application to biomembranes, such as infrared
microscopy, have not yet succeeded in providing useful data on membrane protein structure
and function. Infrared imaging visualizes the lipid and protein content of the cells and can be
of great interest in the future (Lewis et al., 1997; Colarusso et al., 1998).

The present review deals with the study of membrane protein structure and function using
either IR band analysis or difference IR spectroscopy. We have focussed our attention specially
on proteins, e.g. cytochrome coxidase, Ca”>"-ATPase or the nicotinic acetylcholine receptor, for
which a significant collection of TR data exists. Conversely, less attention is being paid to
extensively studied proteins, e.g. retinal proteins, but about whom there are yet many
unanswered questions even after different structures at 2-3 A resolution have been published.
Also, publications devoted to the prosthetic groups of proteins, rather than to the peptide
chain components will not be included in our study; the interested reader may refer to Section
II of the book edited by Carmona et al. (1997). Recently, several reviews dealing with IR
studies on different aspects of membrane protein structure/function or on protein orientation
have been published (Goormaghtigh et al., 1994b; Siebert, 1995; Axelsen and Citra, 1996;
Haris et al., 1996; Tamm and Tatulian, 1997). Our former review in this journal (Arrondo et
al., 1993) can be consulted for the more basic aspects, or for the less recent, yet relevant
literature.
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2. Data treatment

The structural information contained in the infrared bands of a protein spectrum can be
retrieved from the so-called amide bands, and particularly from the amide I band.
Alternatively, the difference spectrum between two states of the protein can be studied.

2.1. Band analysis

Most methods concentrate on the analysis of the amide I band, located between 1700 and
1600 cm™' and composed mainly (~80%) by the C=O stretching vibration of the peptidic
bond. The band can be analysed by comparison with a ‘calibration set’ of spectra of proteins
with known structure, what is called ‘factor analysis’, or else by decomposing the amide I band
into its constituents by curve-fitting.

2.1.1. Methods based on calibration sets

Information on protein secondary structure has been obtained by comparing the infrared
spectrum of an unknown protein with a set of spectra from proteins with known X-ray
structure. The approach is similar to those used in circular dichroism and involves obtaining
‘pure component spectra’ for each conformation, and then treating the unknown protein as a
mixture of the ‘pure spectra’ (for a review see Bandekar, 1992; Goormaghtigh et al., 1994b;
Arrondo et al., 1993). The methods developed for that purpose include partial least squares
(PLS) (Dousseau and Pezolet, 1990), and factor analysis (Lee et al., 1990; Baumruk et al.,
1996). An improved approach using 2D correlation maps for analysis of a series of spectra of
proteins has also been developed (Pancoska et al., 1999). The major difficulty encountered in
applying these methods to membrane proteins is finding an appropriate set of relevant
reference proteins. A report using factor analysis has been applied with membrane proteins as
models (Corbalan-Garcia et al., 1994) widening the field of application of the procedure. Once
the suitable calibration set has been found, this quantification method provides a quick and
easy way for obtaining major conformational features, i.e. a-helix, ff-sheet, etc. of the protein
secondary structure. A disadvantage of the method is that only part of the information
contained in an infrared spectrum is used, i.e. the one for whom a ‘correlate’ in the set of pure
component spectra is found.

2.1.2. Methods based on curve-fitting

Curve-fitting includes the decomposition of the amide I band into its constituents and the
assignment of these components to protein structural features. To start the quantification
process, the number and position of the bands and a rough estimation of bandshapes, widths
and heights of the components is needed. These initial parameters are then left to iterate, using
programs based on a combination of Gaussian and Lorentzian (or Cauchy) functions. Curve-
fitting is best performed on original bands, although it is sometimes accomplished, Iess
accurately, on more shapely spectra obtained through deconvolution or derivation.
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2.1.2.1. Original spectra. The information originated from the infrared absorption of all the
peptide groupings is contained in the envelope of the amide I band. However, retrieving this in-
formation is not a straightforward process. As can be seen in Fig. 1, this IR band is shapeless
because of the overlapping of its constituents, and the number and position of component
bands can only be obtained through deconvolution or derivation (Arrondo et al., 1993). More-
over, the amide I band can exhibit variations in baseline, due to instrumental problems or to
solvent subtraction. All these contribute to decreasing the accuracy of the measurements. In
order to study minor effects produced by ligand binding or a variety of physical or chemical
agents upon protein structure or stability, we have devised a method that combines curve-fit-
ting with the gradual induction of a conformational change in the protein, through carefully
regulated temperature variations.

This method analyses series of spectra obtained in H,O and D,O while heating the sample
from room temperature until thermal denaturation is accomplished. A picture of the protein
before and after denaturation can be seen in Fig. 2. In that case, corresponding to
sarcoplasmic reticulum from rabbit muscle in H,O and D,O buffers, the denaturation pattern
is indicated by the appearance of two characteristic bands at around 1627 and 1693 cm™' in
H,O and around 1620 and 1685 cm™' in D,O, due to protein aggregation. The amide IT band
is also affected by the denaturation process. The curve-fitting procedure is as follows: the

1800 1700 1600 1500

Wavenumber (cm™)

Fig. 1. Infrared spectrum in the 1800-1500 cm™' region of sarcoplasmic reticulum in H,O medium. Original spectra
obtained after subtracting (Arrondo et al., 1994) the solvent contribution (lower trace), deconvolved spectra using a
bandwidth (FWHH) of 18 cm™! and a k of 2 (medium trace) and Fourier derivative using a power of 3 and a
breakpoint of 0.3 (upper trace).
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Fig. 2. Deconvolved spectra of sarcoplasmic reticulum in H,O (left panel) or D,O (right panel) medium at room
temperature (lower traces) or after thermal denaturation (upper traces). The parameters used for deconvolution were
a FWHH of 18 cm™' and a k of 2.5.

number and position of bands is obtained from the deconvolved (bandwidth=18 and k = 2)
and the Fourier derivative (power=3 and breakpoint=0.3) spectra. The baseline is removed
before starting the fitting procedure and initial heights are set at 90% of those in the original
spectrum for the bands in the wings and for the most intense component, and at 70% of the
original intensity for the other bands. An iterative process follows, in two stages. (i) The band
position of the component bands is fixed, allowing widths and heights to approach final values;
(i) band positions are left to change. For bandshape a combination of Gaussian and
Lorentzian functions is used in principle. The restrictions in the iterative procedure are needed
because initial width and height parameters can be far away from the final result due to the
overlapping of bands, so that spurious results can be produced.

In such a way, information from band position, percentage of amide I band area and
bandwidth are obtained for every component. Band position reflects the conformation of the
structural element under study (i.e. o«-helix, B-sheet, and so on). From the canonical band
positions as discussed e.g. in Susi (1969), it can be inferred that only large changes (=10 cm™")
in band position indicate variations in the secondary structure, whereas smaller shifts (<6
em™') reflect local changes in a given conformation. The integrated intensity of each
component, usually expressed as percent band area, can be related to the proportion of protein
in that particular conformation, assuming that the molar absorptivities of the different
component bands are alike (De Jongh et al., 1996; Chehin et al., 1999). Finally, the width-at-
half-height (often expressed as bandwidth) can be related to the freedom of movement of the
structure associated to that particular component, although a large difference in band area can
also influence its width (Arrondo et al., 1994). Fig. 3 shows the plots of wavenumbers as a
function of temperature. The dispersion of the experimental points for a given conformation
(band position) provides an estimation of the error in percentage area quantification. Using an
average band position as a starting point to perform a second curve-fitting reduces
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Fig. 3. Thermal profiles of the amide I band of sarcoplasmic reticulum Ca>*-ATPase components at 1657 cm™

corresponding to a-helix (o), and 1632 cm ™! corresponding to B-sheet (O). See Section 4.2 for details.

considerably the experimental error, thus allowing the detection of small changes in protein
conformation.

2.1.2.2. Resolution-enhanced spectra. Curve-fitting methods based on the use of deconvolved
spectra use these more shapely spectra to overcome the problems encountered in decomposing
the original amide I. The fitting is then simplified, and information on band position and per-
centage band area is obtained. The method was developed by Byler and Susi (1986) (for a
review see Bandekar, 1992; Arrondo et al., 1993; Goormaghtigh et al., 1994b). The assumptions
are implicit that the bandwidths of all the components are alike and that the Lorentzian com-
ponent of the original amide I envelope is well known, to avoid over- or under-deconvolution
(Pierce et al., 1990). A method using second derivative spectra to quantify protein structure has
also been described (Kennedy et al., 1991). This method assigns different amide I regions to
secondary structures according to a comparison with a set of 12 proteins of known X-ray struc-
ture (Dong et al., 1990). In principle, derivation produces faster spectral degradation than
deconvolution, therefore the information can be partially lost (Cameron and Moffat, 1984;
Cameron and Moffat, 1986). An assessment of the different methods using artificial curves
constructed with parameters corresponding to cytochrome ¢ oxidase shows that the use of
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resolution enhanced spectra is less reliable than the analysis of original spectra (Echabe and
Arrondo, 1997). An additional study using deconvolved spectra and protein secondary struc-
ture prediction with factor analysis-based restricted multiple regression using a set of 23 pro-
teins dissolved in H,O found that the prediction quality varied depending on the deconvolution
parameters used (Wi et al., 1998).

2.1.2.3. Linked analysis. This novel procedure for IR band fitting has been recently introduced
by Silvestro and Axelsen (1999). Linked analysis was previously developed for the global analy-
sis of multiexponential fluorescence intensity decays. The method allows the simultaneous fit of
multiple bands. Also parameters in different spectra may be linked (i.e. shared or constrained
to the same value). This has been applied to the simultaneous fitting of spectra collected with
different polarizer orientations wherein only amplitude changes are expected, while position,
width and shape of the component bands should remain invariant. In this way subjectivity in
spectral analysis is reduced, and the overall reliability is improved.

2.2. Difference spectroscopy

The most obvious application of difference spectroscopy to protein studies is the removal of
the strong absorbing solvent band. However, the importance acquired by the dynamic studies
is such that the term difference spectroscopy is usually applied to the difference between two
spectra acquired in two different states of a protein reaction or of a conformational change (for
a review see Maintele, 1993; Siebert, 1995). In principle, the difference spectrum should be
obtained by subtraction of the buffer-subtracted protein spectra in state 1 minus state 2.
However, because of the very low absorbance that has to be measured (the absorbance of a
single peptidic bond can be in the order of 10™> absorbance units), the variations produced by
the change of sample in the spectrometer or the buffer removal (buffer absorbance being in the
order of 1 absorbance unit) would make this approach valid only for low molecular weight
samples, in which less bonds are involved, or for conformational changes involving at least 2—
3% of the bonds. Thus, difference spectroscopy has been used most often in reactions that can
be triggered inside the measuring cell. A reaction between an initial and a final state is
produced, a succession of spectra recorded and the difference between spectra (as a ratio of
single beam traces) measured. The changes produced even at the level of a single bond can
then be compared. The method allows not only the measurement of the difference between the
final and initial states, but also the following of the reaction time course in the time-resolved
difference spectroscopy. The reaction trigger should not disturb the sample or otherwise
interfere, apart from specifically and quantitatively starting the desired reaction. The first
trigger used was light in light-sensitive proteins and light minus dark difference spectra were
obtained in the early 1980s for bacteriorhodopsin, the visual pigment rhodopsin or the
photosynthetic reaction centres from plants and bacteria (Méntele, 1993). Photoreactive haem
proteins were also studied by the same procedure (Dong and Caughey, 1994). Later, light was
used as a trigger to liberate a caged substrate and initiate a reaction. This was first applied to
study the difference between the E, and E, states of the sarcoplasmic reticulum Ca®"-ATPase
(Barth et al., 1990), and more recently a number of cages have been developed to study
different reactions (for a review see Cepus et al., 1998).An additional way of triggering
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reactions to obtain difference spectra is the use of ultra-thin-layer electrochemical cells which
allow redox reactions of proteins to be triggered on transparent electrodes. The redox reactions
that can be studied in membranes include a large number of proteins and the method has been
extensively used to study the mechanism of cytochrome ¢ oxidase. This kind of difference
spectroscopy has also been termed ‘reaction-induced difference spectroscopy’ (Méntele, 1993).

The use of mutants and isotope labelling has contributed to overcome the problem of
assignment in difference spectroscopy. In principle, infrared bands should be assigned to the
vibrational modes of a molecule by performing a normal mode calculation and matching the
results, what is not feasible in an entire protein. Even if group frequencies are assumed, the
overcrowding of bands that can be obtained and the differences in band position due to
interactions with other molecules make this assignment, as in band-fitting, a non-
straightforward process. Isotope labelling produces a change in band position caused by the
difference in reduced mass that allows the discrimination between molecules of the same kind
or the allocation of a band variation to a particular amino acid. Genetic engineering has also
helped in the assignment of specific bands in the difference spectrum, especially when the
corresponding high-resolution structure has been solved. Specific questions about the role of an
amino acid in the mechanism of a protein can be asked by designing proteins where that
particular amino acid has been changed.

3. Band assignment

A protein conformation can be defined by a set of dihedral angles ¢; and y; and by the
short- or long-range interactions between different peptide groups, i.e. hydrogen bonding. The
relationship between conformation and band position can be studied using the following
relationship (Susi, 1969; Fringeli and Giinthard, 1981):

[v(a, 5) = vo+ Y Dieos( ) + Zo;cos(jé@,} m
i J

where the first term vy corresponds to the unperturbed amide frequency, é and ' are the phase
angles (0 or m) between adjacent groups in the same chain or in the neighbouring chain
connected by a hydrogen bond, Dj and Dj are coupling constants corresponding to the
intrachain or interchain interactions.

Equation (1) can describe in principle the splitting and polarization of the amide I band in
different conformations (Susi, 1969). However, it does not furnish direct information
concerning numerical frequency values or relative intensities. Some modes might be so weak as
to be practically unobservable. Others might overlap, resulting in odd-shaped bands with
apparently ill-defined absorption maxima. Additional information can also be obtained from
polarization measurements (for a review, see Goormaghtigh and Ruysschaert, 1990; Tamm and
Tatulian, 1997). More refined approaches, such as the transition dipole coupling (Krimm and
Bandekar, 1986), the three-doorway state (Torii and Tasumi, 1992a,b) or the transfer of
Cartesian molecular force field and electric property tensors from smaller molecules or
fragments of a large molecule to estimate the force fields of the large system (Bour et al., 1997)
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have also been developed. The relationship between normal modes and final bandshapes has
also been shown (Krimm and Reisdorf, 1994).

3.1. Studies in aqueous solution

The considerations of the preceding paragraph refer mostly to solid samples. However,
under physiological conditions, proteins occur in aqueous solution, where the refractive index
of the solvent, specific solvent-solute interactions and spectroscopic interference by solvent
bands contribute to increase the difficulty of the amide I band analysis. Solvent interference is
particularly disturbing since the strong HOH bending mode around 1643 cm™' practically
coincides with the amide I band. One way of circumventing this difficulty is to study proteins
in D,O solutions. The amide I’ band (i.e. the analogous amide I band in D,0O) is easily
observed, whereas the amide II’ is obscured by the absorption of trace amounts of HOD and
the CH, bending of the lipid moiety in membrane proteins. The influence of deuteration on
each protein conformation will be discussed later, the most prominent feature being a shift in
some of the components. The main problem of using D>O arises from the possibility of protein
denaturation during the H,O — D,O substitution treatment (Rial et al., 1990) or from an
incomplete deuteration that could give rise to overlapping bands and alter bandshape.
Incomplete deuteration is a common feature in membrane proteins (Earnest et al., 1990;
Arrondo et al., 1994). In principle, the amide I and amide I’ bands of a protein must possess
the same conformational information and thus the study of a protein in both media helps to
extract this information. A method using different degrees of deuteration to obtain a more
refined quantification procedure using factor analysis has recently been presented (Bacllo et al.,
1999). Fig. 4 shows the spectrum of cytochrome ¢ oxidase in H>O and D,O media in which the
differences in the amide I bandshape and the incomplete deuteration can be observed.

1800 1750 1700 1650 1600 1550 1500

-1
Wavenumber, cm

Fig. 4. Infrared spectra of the 1800-1500 cm ™' region corresponding to the amide I and II bands in H,O medium
(lower trace) and amide I’ and the residual amide II in D,O medium (upper trace) of Ca?’"-ATPase from
sarcoplasmic reticulum.
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3.2. Helical structures

The infrared spectrum of a-helix has been studied wusing different approaches.
Homopolypeptides or proteins whose a-helical structure was known from X-ray diffraction
have been studied, and values of 1652 cm™! in H,O and 1650 cm™! in D,O are accepted for
the v(0) mode, although values of 1655 cm™"' and 1658 cm™' have also been obtained solving
Eq. (1) (Krimm and Bandekar, 1986). In H,O the a-helix band overlaps with the signal arising
from unordered structure, but these two bands can be resolved in D,O. The assignment of o-
helix to bands in the region 1648—1658 cm™' is generally admitted (Arrondo et al., 1993).
However, some exceptions to this assignment have been described. Bacteriorhodopsin, a helical
protein, exhibits a band at 1660 cm™' that has been attributed to oy-helix, a structure with
different dihedral angles, but the same number of residues per turn and unit axial translation
(Krimm and Dwivedi, 1982). Some peptides expected to have an a-helix structure have been
reported to exhibit in D>O a band around 1641 cm™', outside the limits assigned to this
structure (Susi, 1969; Jackson et al., 1989; Flach et al., 1994). The shift may be produced by a
change in the geometry of the a-helix that was described for some polyaminoacids (Tomita et
al., 1962). Even if an effect of sample preparation can be at the origin of this abnormal shift
induced by deuteration, these reports reinforce the need of obtaining the spectra in both
solvents to avoid misinterpretation of the results. More recently, it has been found that coiled
coils can give rise to several bands due to helix-helix coupling, including one around 1641 cm™!
(Reisdorf and Krimm, 1996)

An additional helical structure that has attracted considerable interest is the 3;q-helix.
Different reports gave values for the position of this band at either around 1660 cm™'
(Kennedy et al., 1991) or near 1645 cm~' (Miick et al., 1992). However, another report seems
to point to a relationship between band position and length for this helix (Reisdorf and
Krimm, 1994). Thus, short 3,, helices would appear around 1660 cm™' and longer segments
would have their signals displaced to lower wavenumbers.

3.3. Extended structures

The most common extended structure found in proteins is the antiparallel B-sheet. Equation (1)
has two solutions for this structure, one at low frequency [v(0, 7 )], around 1630 cm ™", and one at
high frequency [v(r, 0)], that appears at 1690 cm™' in H,O medium and at 1675 cm™" in D,0O
medium. Parallel B-sheet also gives rise to the same low frequency band; in principle, the high
frequency signal should appear around 1648 cm™', but unfortunately the parallel p-sheet is
poorly characterized (Susi and Byler, 1987; Castresana et al., 1988b). The relationship between
the integrated intensities of the high and low frequency components of the [B-sheet signal
presents also some difficulties. It can be predicted that the high frequency component intensity
is less than 1/10th of that of the low frequency band (Fraser and MacRae, 1973, so that the
contribution of the high frequency band becomes negligible in proteins not possessing high
amounts of B-sheet. Moreover, the appearance of a band due to B-turns at a similar frequency
in D,O medium (Krimm and Bandekar, 1986), increases the uncertainty of this assignment.

Bands at frequencies lower than 1630 cm™' were first described for extended chains in
polylysine (Susi, 1969) and attributed to antiparallel-chain pleated sheet. They were also found
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in denatured proteins in D,O buffer (Muga et al., 1993; Naumann et al., 1993). However, they
are not common in native proteins neither in H,O nor in D,O. In native proteins, a band at a
wavenumber lower than 1630 cm™' was first found in concanavalin A (Alvarez et al., 1987,
Arrondo et al., 1988) and assigned to peptides in an extended configuration, with a hydrogen-
bonding pattern formed by peptide residues not taking part in intramolecular B-sheet but
rather hydrogen-bonded to other molecular structures, e.g. forming intermolecular hydrogen
bonding in monomer—monomer interaction. This kind of signal was also found in triose
phosphate isomerase (Castresana et al., 1988b) where the B-sheet would be hydrogen-bonded
to the a-helix, and even at a lower frequency in human low density lipoproteins, where it was
assigned to ‘low frequency p-sheets’ (Goormaghtigh et al., 1989 or to a p-structure less
accessible to the external solution (Herzyk et al., 1987). We called this pattern ‘B-edge’ as
typical of the outer strands of B-sheets (Castresana et al., 1988a; Arrondo et al., 1989); it also
implies intermolecular hydrogen bonding, as postulated for the low frequency bands in
irreversibly aggregated proteins (Surewicz et al., 1990; Jackson et al., 1991) or in monomer—
monomer contacts, as in concanavalin A (Arrondo et al., 1988). Bands around 1620 and 1693
em™! in H,O and D,O (without isotopic shift) have been found in a peptide forming a B-
hairpin (Arrondo et al., 1996), and they have also been detected in proteins possessing B-sheet
structure and B-hairpins with specific turns that give rise to more rigid structures (Chehin et
al., 1999).

3.4. Turns and loops

The B-turn is characterized by the presence of a hydrogen bond between amino acid residues
(1— 1+ 3). Different types of B-turns have been characterized in proteins (Richardson, 1981),
and their infrared behaviour studied (Krimm and Bandekar, 1986). However, because of the
difficulty in analyzing the intensities there is no clear assignment of the amide I band
components for the different kinds of B-turns, and the various bands appearing between 1660
and 1700 cm™" are assigned to turns in a nonspecific way.

A band around 1645 cm™' in H,O medium was observed in streptokinase (Fabian et al.,
1992), and attributed to ‘open loops’, i.e. fully hydrated loops, not interacting with nearby
amide functional groups. The assignment of this frequency to loops was confirmed by the
study of a membrane-unrelated lectin composed of B-sheets, turns and loops (Chehin et al.,
1999). This assignment is not unambiguous, because other structures also give rise to bands in
this spectral region. It is to be expected that in membrane proteins loops will be among the
structures emerging from the bilayer, and giving rise to bands in the 1645 cm™' region.

3.5. Unordered structures

According to Eq. (1), the unordered structure is one in which v=v,. In ‘dry’ proteins, the
value for this structure is 1657 cm™' (Yang et al., 1987). In solution, a similar value is obtained
for the H,O medium while it shifts to 1643 cm™' in D,O medium, reflecting peptide-to-solvent
hydrogen bonding. Confusion can arise if only studies in D,O are made, since bands in this
region not due to unordered structure have been described in proteins.
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4. Structure and function of membrane proteins
4.1. Cytochrome ¢ oxidase

Respiratory cytochrome ¢ oxidases are membrane proteins that reduce dioxygen into water.
They are found in all three domains of life: eukaryotes, eubacteria and archaea (Castresana et
al., 1994; Garcia-Horsman et al., 1994). The reduction of O, is mainly catalysed by a
superfamily of enzymes, the haem—copper oxidases, which are structurally and functionally
related. They typically contain a binuclear haem (Fe,3)—copper (Cuy) centre to which the O, is
bound, and where it is reduced to water by electron and proton transfer. The crystal structure
of the mitochondrial (Tsukihara et al., 1996) and P. denitrificans (Iwata et al., 1995) enzymes
of the aas-type subclass of cytochrome ¢ oxidases has been obtained. They have three
homologous core polypeptides called subunits I, II and III. The active site of the enzyme, a
spin-coupled haem—copper centre, is located in subunit I, which contains 12 transmembrane
segments. This subunit also houses the low-spin haem that is the electron donor to the active
site. Subunit II has only two transmembrane spans, and most of it is located on the
periplasmic side of the bacterial cell membrane. It is the latter, largely B-sheet domain the one
that carries the electron entry site of the enzyme, the Cux-site.

The structure of the different cytochrome ¢ oxidases was studied by infrared spectroscopy in
eukaryotic (Caughey et al., 1993) and prokaryotic (Arrondo et al., 1994; Echabe and Arrondo,
1995; Echabe et al., 1995) enzymes, prior to the knowledge of the crystal structure. The
information obtained was not only relevant to the secondary structure of the proteins, but also
to the role and interactions of the different subunits. In contrast to subunits I and II, no well-
defined role has been assigned for subunit III, which has no redox-active groups. Active two-
polypeptide oxidases have been isolated from P. denitrificans either by depletion of subunit III
or from a mutant devoid of subunit III gene (Hendler et al.,, 1991; Haltia et al., 1994).
However, in the absence of subunit III the membrane-bound oxidase is partially inactive and

Table 1

Values corresponding to band position and percentage area obtained after decomposition of the amide I band in
D,0 medium of cytochrome ¢ oxidase from bovine heart mitochondria (Bcox), wild type Paracoccus denitrificans
(Pcox) and a mutant of P. denitrificans lacking subunit III (Pcoxyy). The values are rounded off to the nearest inte-
ger

Bcox Pcox Pcoxipg

Band position % Area Band position % Area Band position % Area
1693 <1

1682 5 1686 3 1685 3

1672 6 1674 10 1673 9

1658 39 1658 44 1658 42

1646 22 1644 24 1643 32

1636 15 1630 18 1628 15

1624 14
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heterogeneous (Haltia et al., 1989). Two point mutations in subunit III have been reported to
be linked to a pathologic condition (Johns and Neufeld, 1993).The role of subunit III has been
studied by comparing the wild strain (pCOX,,) of cytochrome ¢ oxidase from P. denitrificans
with a mutant lacking subunit III (pCOXjy). The band decomposition of amide I in D,O
buffer for the mitochondrial cytochrome ¢ oxidase and the two strains of P. denitrificans is
shown in Table 1.

Interpretations of the differences between the wild type and mutant proteins based on
percentage area changes are difficult because of the different number of amino acids involved
in each protein. Hence, parameters less affected by multiple alterations were used in order to
obtain information on the changes produced in individual components. Band area ratios (Table
2) isolate two components and make them comparable between both samples. The ratio o-
helix/B-sheet (1658/1630) is constant in pCOX,; and pCOXj; implying that these two
conformations do not vary in relation to each other when subunit III is not present. However,
differences are seen in the ratios involving loops, unordered structure or B-turns. To ensure
that a constant band ratio does not arise from a simultaneous change in the two bands
involved, absolute areas can be ratioed to an internal reference (a nonconformational band,
e.g. an aminoacid side chain band). Tyrosine C-C ring stretching vibration located at 1515
em™! gives rise to an isolated band in the D,O spectrum that is useful for this purpose. Fig. 5
shows the spectra of wild type and mutant cytochrome ¢ oxidase in the 1800—1500 cm ™' region
in which the tyrosine band and the amide I components are shown. The ratio of component
area vs. the 1515 cm™! band area (normalized to the number of tyrosines, 46 in the wild type
enzyme and 36 in the mutant) is shown in Table 2. It can be seen that whereas the bands at
around 1658 and 1630 cm™', related to o-helix and B-sheet, keep a constant ratio, the band
around 1640 cm™', related to loops and unordered conformation, changes considerably. A
smaller increase is observed in the value of the 1670+ 1680 cm™' bands, related to B-turns.
Thus, it can be concluded that the a-helix and B-sheet structures are preserved in the mutant in
the absence of subunit III, whereas unordered structure, loops and B-turns are affected by the
loss of this subunit.

Table 2
Area ratios of band components of cytochrome ¢ oxidase amide I band, and the normalized area of C—C Tyr ring
vibration at 1515 ecm™". Spectra taken in D,O buffer. Adapted from (Echabe and Arrondo, 1995)

Band area ratio® Assignment Wild Mutant
1658/1644 (a/loops + unordered) 2.03 1.15
1658/1630 (a/B) 2.18 2.15
1630/1644 (B/loops + unordered) 0.93 0.53
1658/1670 + 1680 (ot/turns) 3.8 2.8
1658/ Tyr (o) 1.99 2.08
1644/Tyr (loops + unordered) 1.07 1.88
1630/Tyr B 0.93 0.95
1670+ 1680/Tyr (turns) 0.58 0.72

# Band positions are approximate, since they differ slightly between the wild type and mutant enzyme.



J.L.R. Arrondo, F.M. Gorii | Progress in Biophysics & Molecular Biology 72 (1999) 367-405 381

= l:»,’,) el
1800 1700 1600 1500
WAVENUMBER (cm™)

Fig. 5. The 1800-1500 cm ™! region of the wild type (A) and mutant (B) cytochrome ¢ oxidase from P. denitrificans
in D,0O medium showing the amide I band and the tyrosine C—C ring stretching band (arrow). Both have been fitted
to their components. The spectra have been baseline corrected using a spline curve. Adapted from Echabe and
Arrondo (1995).

Additional information on the interaction between subunit III and I+1I can be obtained
from thermal denaturation profiles. Fig. 6 shows the 3D-plots of pCOX,, and pCOXp;
cytochrome ¢ oxidases. It can be seen that whereas the wild type enzyme exhibits two thermal
transitions the mutant has only one, corresponding to the second endotherm observed with the
wild enzyme. A more detailed profile can be obtained by plotting the positions of the bands
corresponding to o-helix (~1657 cm™"') and B-sheet (~1630 cm™') (Fig. 7). For comparison,
the profiles corresponding to the mitochondrial enzyme, which has a highly cooperative profile,
have been included. It can be shown that in the P. denitrificans enzyme whereas the o-helical
element has a three-step denaturation in the wild type, the mutant exhibits only the
denaturation associated to subunits I+ 1II. Also noteworthy is the different behaviour of the -
sheet (extramembraneous) and the o-helix (mainly intramembraneous) components versus the
thermal challenge The thermal event producing this intermediate state involves a fraction of
the subunit III, which is mainly a-helical (Haltia et al., 1994). Therefore, it can be said that
two kinds of a-helices exist in subunit III, differing in their thermal response, which suggests
that some of the subunit III helices have an anomalously unstable native state. Confirming
these results, the crystal structure indicates that the helices in subunit III exist in two
populations with different orientations. Thus, the picture obtained from infrared spectroscopy
band decomposition is that the presence of subunit III does not produce changes in the
transmembrane segments, i.e. in the haem—copper nuclei, but its absence alters the correct
folding in the outer loops of subunit I+1II. The oxygen-reducing activity of the oxidase is
conserved in the protein lacking subunit III, but the activity is lost during the steady-state
catalysis, and cannot be restored by introducing additional oxygen, opposite to the behaviour
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Fig. 6. 3D plots of absorbance/wavenumber (cm™')/temperature of cytochrome ¢ oxidase from bovine heart
mitochondria (lower trace), from wild type P. denitrificans (medium trace), and from a P. denitrificans mutant
lacking subunit III (upper trace).
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Fig. 7. Thermal profiles corresponding to the 1657 cm™! band, corresponding to o-helix, and the 1630 cm™' band,
corresponding to B-sheet, of the cytochrome ¢ oxidase from bovine heart mitochondria (e), wild type P. denitrificans
(O), and a mutant of P. denitrificans lacking subunit III (/).

of the protein with subunit III (Haltia et al., 1994). These findings have been confirmed by
difference spectroscopy. According to this technique, the oxidized minus reduced spectra in
anaerobic conditions of the pCOX,, and pCOXj; are identical indicating that the haem-—
copper nuclei are not affected by the absence of subunit III (Hellwig et al., 1998). From the
crystal structure and mutagenesis studies, it has also been inferred that subunit III plays a
special function in O, transport (Riistama et al., 1996). More recently, it has been shown in R.
spheroides depleted of subunit III that this subunit is required to stabilize the structure of
subunits I and II (Bratton et al., 1999). Here, it can be concluded that the presence of subunit
IIT is essential for the correct folding of the extramembranal portion of subunits [+ II and the
proper constitution of the dyoxigen channel.

The mechanism of cytochrome c¢ oxidase involves the formation of an electrochemical
membrane proton gradient that drives ATP synthesis coupled to oxygen reduction. Besides the
four protons required for water formation (termed scalar protons), up to four protons are
pumped across the membrane that contribute to the electrochemical proton gradient. Oxygen
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binds to the binuclear haem—copper centre where it is reduced. Structural information from X-
ray crystallography on the four-subunit cytochrome ¢ oxidase from P. denitrificans (Iwata et
al., 1995) and the mitochondrial thirteen-subunit enzyme (Tsukihara et al., 1996) has been
obtained recently. The idea of a mechanism of proton transfer across the protein by hopping
along charged polar residues and water molecules has gained considerable strength. In
cytochrome ¢ oxidase, several possible channels for proton translocation have been described
(Michel et al., 1998; Mills and FergusonMiller, 1998; Wikstrom, 1998) and tested by site-
directed mutagenesis and difference spectroscopy. In P. denitrificans two possible proton
transfer pathways have been suggested. The shorter one, termed the K-pathway, leads to the
binuclear centre through three highly conserved residues of subunit I (Lys354, Thr351 and
Tyr280) plus the hydroxyl group of the haem a3 hydroxyethylfarnesyl chain. The longer
pathway, named the D-pathway involves in subunit I Asp124 at the entrance and six conserved
polar residues (Asnl199, Asnl13, Asnl31, Tyr35, Ser134 and Ser193) located around the so-
called pore C; the proton would leave pore C and reach Glu278 to approach finally the
binuclear site. In the bovine enzyme, a third pathway, the H channel, passing haem a3, has
also been described. Moreover, the D channel has been seen as a dead end with no channel
function (Yoshikawa et al., 1998). The difference between the bovine and bacterial cytochrome
¢ oxidase would point to different mechanisms between two remarkably similar structures, with
very similar biochemical or biophysical parameters (Gennis, 1998).
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Fig. 8. Reduced-minus-oxidized (re-ox, full line) FTIR difference spectrum of cytochrome ¢ oxidase obtained for a
potential step from +0.5 to —0.2 V. The dashed—dotted line corresponds to the reverse difference spectrum obtained
for a potential step from —0.2 to +0.5 V. Inset: difference spectrum obtained from the same sample in the visible
spectral range. Adapted from Hellwig et al. (1996).
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Difference spectroscopy has helped to understand the mechanisms of proton translocation by
looking at the spectral changes produced during the reaction. Several approaches have been
used to trigger the reaction and study the resulting spectral differences. Combination of several
mutants with an ultra-thin-layer electrochemical cell in the absence of a ligand were used to
obtain access to protein vibrational modes in the 1800—1000 cm ™' region, in order to examine
protein function in the physiologically relevant states. The first results with the wild enzyme
(Hellwig et al., 1996) showed highly structured band features with contributions mainly in the
amide I and amide II, indicating structural rearrangements in the vicinity of the cofactor. The
small amplitude of the IR difference signal suggests that these conformational changes are
small and affect only individual peptide groups. In addition, a peak in the region above 1700
cm™ ', characteristic of the protonated side chain of Asp or Glu, was also found. The difference
spectrum was reversible following the oxidation—reduction cycle (Fig. 8). A similar result was
detected for E. coli cytochrome bo; using light activation of the ‘caged electron’ donor
riboflavin (Liibben and Gerwert, 1996). Additional information was obtained by using mutants
of Glu278 (Glu242 in the mitochondrial enzyme), a key residue in the D-pathway, together
with a stepwise potential titration (Hellwig et al., 1998). The difference signal for the
protonated carboxylic (Hellwig et al., 1996) group was resolved into two components and it
was shown that Glu278 was involved in one of them. Mutation of Aspl24 (Asp91 in the
mitochondrial enzyme), another important residue in the D-pathway, does not change the
difference spectrum.

Perturbing the E. coli cytochrome bo; by CO and studying the photodissociation of the
transfer of the haem-bound CO to Cup in the binuclear site, also showed the involvement of
the equivalent to Glu278 (Glu286) and correlated with Cug redox reactions (Puustinen et al.,
1997). Besides, studying also the perturbation induced by CO in different mutants of the
equivalent to Glu278 in E. coli cytochrome bojz the proton connectivity of Glu with His was
demonstrated together with the role of water in this connectivity (Riistama et al., 1997).
Specific isotope labelling at the carboxyl groups of the four haem propionates has been used to
study the involvement of these groups in proton translocation. Changes in the infrared
difference spectrum can be correlated with variations in at least two of the four haem
propionates, either by protonation/deprotonation or by environmental changes (Behr et al.,
1998). Before the use of mutants became widespread, the binding and dynamics of ligands
bound to the metal centres were used as probes for the changes in the haem-Cu centre
(Caughey et al., 1993; Yoshikawa et al., 1995; Dodson et al., 1996).

4.2. Ca’* -ATPase

Sarcoplasmic reticulum Ca’?"-ATPase is an integral protein that pumps calcium out of the
cytoplasm during striated muscle relaxation (Martonosi, 1996). This is a P-type ATPase whose
structure has been solved at 8§ A resolution by electron cryocrystallography (Zhang et al.,
1998).The P-type ATPases are a family of transmembrane ion pumps primarily involved in the
ATP hydrolysis-dependent transmembrane movement of a variety of inorganic cations against
a concentration gradient, and having in common ten predicted transmembrane helical segments
(Stokes et al., 1994). The structure and function of this membrane protein of unknown atomic
structure has also been studied by infrared spectroscopy.
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The structure of sarcoplasmic reticulum Ca”?"-ATPase has been predicted from the amino
acid sequence (MacLennan et al., 1985) and modified after electron microscopy studies. The
protein appears to consist of an extensive beak-shaped cytoplasmic domain containing
interconnected o-helical and [-strand segments, a stalk connecting the beak with the
membrane, and the ten transmembrane segments characteristic of P-type ion pumps
(Kuhlbrandt et al., 1998). The cytoplasmic domain contains the active sites of ATP hydrolysis
and phosphorylation while the Ca®?" channel is expected to be associated to the
transmembrane domain. The Ca®*-binding site is probably reached through a large cavity
within the transmembrane domain. Comparing structures of Ca®*-ATPase with and without
bound nucleotide, it has been suggested that the ATP binding site is located in the cytoplasmic
portion of the protein, and by using proteases a resistant domain has been isolated that is able
to bind ATP (Champeil et al., 1998). Different experimental approaches, such as susceptibility
of protein domains to protease digestion or changes in the interaction between protomers to
form oligomeric structures, have been undertaken in order to understand the structural changes
that link protein phosphorylation to cation translocation. Also, the quaternary structure of the
pump is still undefined. Although it is generally accepted that the ATPase molecules form
dimers and/or higher oligomers, monomeric Ca®*-ATPase molecules are capable of performing
all the steps of the reaction cycle (Andersen, 1989).

The structure of Ca®"-ATPase has been investigated by infrared spectroscopy, first in a
qualitative way, looking at the changes induced by different ligands that play a role in the
kinetic mechanism of ATP-dependent Ca®* translocation or lipid—protein interaction (Cortijo
et al., 1982; Mendelsohn et al., 1984; Arrondo et al., 1985; Anderle and Mendelsohn, 1986;
Arrondo et al., 1987; Buchet et al., 1990; Marcott et al., 1998). The secondary structure of
Ca”"-ATPase has also been obtained by decomposition of the amide I band (Villalain et al.,
1989; Himmelsbach et al., 1998) and by partial least squares analysis using a set of membrane
proteins with known structures (Corbalan-Garcia et al., 1994). These studies show a helical
content of around 50% and ca. 20% [-sheet. Extensive proteolytic digestion of the protein
removes the cytoplasmic domain and leads to a symmetric amide I band centred around 1656
cm™ ', indicating that the residual protein embedded in the membrane is a-helical (Corbalan-
Garcia et al., 1994), and confirming the predictions that the transmembrane protein segments
of Ca®>"-ATPase are helices. Additional information can be obtained on the protein topology
by analysis of the individual components or by using perturbing agents such as temperature.
Ca®"-ATPase has two noncanonical components in the amide I band (see the band assignment
section), one is the component at 1645 cm™! in the H,O spectrum and the other is the 1625
cm™! band in the D,O spectrum. These bands cannot be unambiguously assigned and have
been related to different structures such as 3i¢-helix (Holloway and Mantsch, 1989), loops
(Fabian et al., 1992) or more recently to coupled helical structures (Reisdorf and Krimm,
1996). Moreover, the band around 1625 cm™' can be assigned to extended structures forming
inter-molecular hydrogen bonds. In nondenatured proteins, this band has been assigned to
protein—protein contacts (Martinez et al., 1996), thus pointing to the Ca’>"-ATPase as an
oligomeric protein in the membrane.

Heat produces in many proteins an irreversible denaturation that is characterized in the
infrared spectrum in D,O buffer by the appearance of two bands, located at around 1620 and
1680 cm ™', indicative of protein aggregation (Fabian et al., 1992; Arrondo et al., 1994). The
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thermal profile of Ca?"-ATPase does not correspond to a two-state denaturation, it rather
shows an intermediate state characterized by changes in the noncanonical bands and [B-sheet,
but not in o-helix (Fig. 9). The combination of thermal and proteolytic studies allows a
possible assignment of the band around 1645 cm™' to cytoplasmic o-helical segments coupled
to B-sheet (Himmelsbach et al., 1998). This tentative assignment has been later reinforced by
different findings. Treatment of Ca”’-ATPase with a variety of proteases results in the
accumulation of a series of protease-resistant fragments that retain the ability to bind
nucleotides and correspond to the cytoplasmic domain which contains the o/f structure
(Champeil et al., 1998). Besides, the activity of Ca®*-ATPase is inhibited in the presence of 3M
urea and concomitantly, the thermal profile changes losing the intermediate state. Removal of
urea leads to the recovery of both the activity and the thermal profile with an intermediate
state (Fig. 10). These findings would point to a o/f domain stabilized by a special kind of
interaction, that from the infrared data can be referred to as a coupling, that is needed for
activity and presumably for nucleotide binding.

A further insight on the meaning of the band at 1645 cm™!' comes from a comparison of the
8 A structure of the Ca®>"-ATPase with other P-type ATPases such as Neurospora plasma
membrane H " -ATPase, that has also been solved at 8 A resolution (Auer et al., 1998). A
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Fig. 9. 3D plot together with a 2D projection corresponding to the deconvolved spectra of Ca®>'-ATPase from
sarcoplasmic reticulum from 20 to 80°C in the region 1800-1500 cm~'. The deconvolution parameters are
FWHH =18 cm™! and k 2.5. The Z-axis corresponds to temperature.
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comparison of both structures shows that the transmembrane helices are similar in both
proteins, but the cytoplasmic regions appear to be significantly different. While the Ca®"-
ATPase region has a compact wedge shape, the cytoplasmic region of the H -ATPase has an
open and cloven appearance (Kuhlbrandt et al., 1998). This result, that would be consistent
with the more compact, coupled o/p domain in the Ca®*-ATPase, is corroborated by the fact
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Fig. 10. Effect of 3 M urea on the infrared spectra of the amide I region of sarcoplasmic reticulum Ca®*-ATPase in
D,0O medium as a function of temperature. The protein is presented in the standard medium (lower trace), in the
presence of 3 M urea (medium trace), and after having washed off the urea by centrifugation (upper trace). The

spectra are deconvolved with a FWHH=18 cm™! and a k2.5.
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that the infrared spectrum of the H ' -ATPase lacks the band around 1645 cm™' (Vigneron et
al., 1995). Fig. 11 shows a comparison of the spectra of Ca®>’-ATPase and of gastric H -
ATPase, a P-type pump with an infrared spectrum very close to that of the Neurospora crassa
plasma membrane H-ATPase. Differences are also observed between Ca’'-ATPase and
gastric H -ATPase when both proteins are subjected to partial proteolysis (Raussens et al.,
1998Db).

Ca’"-ATPase transports calcium from the cytoplasm of muscle cells across the sarcoplasmic
reticulum membrane, in a process that is essential for muscle relaxation. As in P-type ATPases,
this transport is coupled to phosphorylation of an aspartic residue in a cycle that is depicted in
Fig. 12. Ca’" binds from the cytoplasmic side to high affinity sites located in the
transmembrane domain yielding the Ca,E; intermediate (step 1); ATP then phosphorylates the
protein which occludes the bound Ca®" ions and gives rise to the Ca,E,-P intermediate (step
2). Dissociation of calcium at the inner side of sarcoplasmic reticulum produces the E,-P
intermediate (step 3), and the cycle is closed by hydrolysis of the phosphoenzyme (step 4) and
recovery of the resting form of the enzyme (for a review see Andersen and Vilsen, 1998). Early
infrared work showed contradictory results between authors that found differences associated
to the conformational intermediates involving o-helical structures (Arrondo et al., 1985;
Arrondo et al., 1987) and those who did not find changes in protein structure that could be
related to the reaction intermediates (Villalain et al., 1989; Buchet et al., 1991).

L | i
1700 1650 1600
Wavenumber (cm™')
Fig. 11. Amide I region of the original (lower traces) spectra of sarcoplasmic reticulum Ca®*-ATPase (solid line)

and gastric H™—K "-ATPase (dashed line) and the deconvolved (upper traces) spectra of the same proteins.
Deconvolution parameters are FWHH =18 and £2.25.



390 J.L.R. Arrondo, F.M. Gorii | Progress in Biophysics & Molecular Biology 72 (1999) 367-405

ATP ADP
Ca2E1 \_/ C32E1~P
@)
™) OK . aca
2 Ca2+ lumenal
cytoplasmic
(4)
E m E2"“P
P, H,O

Fig. 12. Reaction scheme corresponding to the catalytic cycle of sarcoplasmic reticulum Ca®"-ATPase.

The possibility of using caged substrates, inactive photolabile compounds that are released
by photolysis, made feasible the use of difference spectroscopy to study the reaction cycle with
higher sensitivity. Two different substrates have been used to trigger the reaction, ATP and
Ca’". Caged ATP was used to study the different steps of the reaction cycle starting from the
Ca,E; intermediate and it was concluded that all reaction steps produced characteristic changes
in the infrared spectrum, some of them in the amide I region. However, no outstanding
conformational change was found associated to step 3, calcium release to the inner
sarcoplasmic reticulum (Barth et al., 1994). A more detailed picture of the reaction cycle was
obtained by using time-resolved difference infrared spectroscopy. The reaction steps can be
temporally resolved, allowing the study of the different steps with the enzyme ‘at work’, not
having to stop the reaction at the level of the different intermediates, but allowing the cycle to
be completed (Barth et al., 1996). Using this method, it was shown that the difference spectrum
of step 3 was almost identical to that of step 1 in the reaction cycle, implying that the same
aminoacid residues would be involved in Ca’>" binding at the cytoplasmic or luminal sides. It
was also proposed that upon Ca>" release in the luminal side protons from that side would
have access to the residues previously occupied by calcium (Barth et al., 1997).

A further study using caged ATP and [y-'80;]-caged ATP showed more clearly that the
Ca’>" binding sites seem to be largely undisturbed by the phosphorylation reaction, that the
phosphoenzyme phosphate group is unprotonated at pH 7.0 and that the C=O group of
aspartyl phosphate does not interact with bulk water (Barth and Mantele, 1998). Previously,
using caged Ca’" as a trigger, the spectral changes produced by Ca’>" release, a positive band
at 1650 cm™' and its negative side bands, had been interpreted as changes in step 2, so that
phosphorylation would change the conformation induced by Ca®* (Buchet et al., 1991). An
additional recent work using caged Ca®"' as an effector of the reaction at low temperature also
concluded that there were spectral changes associated to the Ca’’-triggered reaction cycle,
involving changes in a band at 1653 cm™! attributable to a-helix, with small variations in
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bands corresponding to other secondary structures; moreover, glutamic and/or aspartic acid
side chains were deprotonated upon calcium binding (Troullier et al., 1996).

4.3. Nicotinic acetylcholine receptor

The nicotinic acetylcholine receptor (nAChR) is an intrinsic membrane protein that has been
extensively studied by infrared spectroscopy. The structure, the effect of ligand binding and its
interactions with the surrounding lipid have been observed. In this protein the effect of agonist
and antagonist binding has been examined by amide I band analysis and difference
spectroscopy. nAChR is the best characterized member of a family of ligand-gated ion
channels involved mainly in neurotransmission. The structure of nAChR has been solved at 9
A resolution both in the closed and open channel forms by electron microscopy (Unwin, 1998).
Approximately half of the mass projects extracellularly beyond the lipid bilayer, about 30%
corresponds to the transmembranal component and the remaining portion is in the cytoplasmic
domain. It was suggested from the electron microscopy pictures that the transmembrane
structure of the nAChR consisted of a ring of five a-helices surrounded by an electron dense
component that could be attributed to B-sheet (Unwin, 1993).

Different studies on the secondary structure of the nAChR have been performed by infrared
spectroscopy based on the analysis of the amide I band (Castresana et al., 1992; Butler and
McNamee, 1993; Naumann et al., 1993; Méthot et al., 1995). The results suggest a helical
content around 36—43%, and only one study gave a value of 19% (it must be stated that, as
shown below, the helical content is highly dependent on the lipid composition of the
reconstituted membranes). The B-sheet was first assigned to a band at 1639 cm™' with a
content of 48%; later, it was shown that this band also includes the unordered structure
component (Martinez et al., 1996). Other authors found that the B-sheet structure was around
35-40%. The rest was unordered structure and turns. The transmembrane domain was
investigated by removing the extracellular and intracellular sides of the membrane by
proteolysis using proteinase K, with the result that after proteolytic treatment there was ca.
40% B-sheet structure and 50% a-helix, supporting the presence of B-sheet structure in the
transmembrane domain (Gorne-Tschelnokow et al., 1994). Other studies using hydrogen/
deuterium exchange did not found an evidence of a large proportion of exchange-resistant
peptides, which was interpreted as favouring the absence of [-sheet structure in the
transmembrane domain (Baenziger and Méthot, 1995) and later a similar work was carried out
with nAChR peptides containing one or more transmembrane segments (Corbin et al., 1998).
More recently, it has been claimed that proteolysis under standard conditions does not remove
all the extramembranal domain and that, with more extensive proteolysis after osmotic shock,
an amide I band comparable to that of myogoblin is obtained, what is interpreted in support
of the idea that the intramembranal domain is a-helical (Méthot and Baenziger, 1999).

Binding of cholinergic agonists to the appropriate binding sites on the extracellular domains
of the nAChR elicits the formation of a transient cation channel, responsible for the initiation
of postsynaptic membrane depolarisation. On continuous exposure to the agonist, however, the
channel opening response becomes blocked and the affinity for the agonist increases, a process
known as desensitisation. Introductory studies with membranes enriched in nAChR showed
that prolonged exposure to cholinergic agonist, that drove the receptor into the desensitised
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state, produced only negligible alterations in the amide I bandshape, but increased substantially
the thermal stability of the protein. (Fernandez-Ballester et al., 1992). Using purified nAChR
reconstituted in asolectin lipids the increased thermal stability seen upon cholinergic agonist
binding is also observed, but in addition, changes in the amide I bandshape occur that are
compatible with a loosening of the B-sheet structure upon reconstitution (Castresana et al.,
1992). Using nAChR reconstituted in dioleoylphosphatidylcholine membranes only minor
secondary structure changes were observed under conditions inducing desensitisation; however,
variations in the lipid composition of the membranes used to reconstitute nAChR produced
alterations in the secondary structure of the receptor (Butler and McNamee, 1993).

The significance of lipid—protein interactions in the structure and activity of nAChR was
also put forward by a study on the effect of cholesterol. Reconstitution of the nAChR in
lipidic vesicles in the absence of cholesterol results in a considerable loss of the ability of the
receptor to support cation channel function. This functional loss is associated with the presence
of specific lipids and is accompanied by changes in the amide I band resulting in an increase in
the unordered structure and a decrease in the o-helical elements and the B-sheet. Adding
increasing amounts of cholesterol up to the levels present in the native membranes, the amide I
band recovers its shape and the overall secondary structure is also recovered (Table 3)
(Fernandez-Ballester et al., 1994). The effect of neutral and anionic lipids was also studied by
looking at the difference spectral pattern obtained in the different lipid environments in the
presence or absence of an agonist. It was found that the main effect of both neutral and
anionic lipids was to help stabilise nAChR in the resting conformation. The absence of neutral
or anionic lipids leads nAChR into an alternative conformation similar to the one observed in
the presence of the desensitising local anaesthetic, dibucaine (Ryan et al., 1996).

The effect of agonists on the structure and function of nAChR has also been studied by
difference spectroscopy using either caged agonists or ATR in the presence or absence of
agonists. Upon UV flash activation of a caged agonist analogue, spectral features were
observed in the difference spectrum corresponding to both the agonist itself as well as to
conformational changes of the receptor (Gorne-Tschelnokow et al., 1992) in agreement with
the changes observed in studies of the amide I band. A similar result was obtained using

Table 3

nAChR Area percentages of the amide I component bands obtained from curve-fitting the spectra corresponding to
nAChR reconstituted in asolectin lipids (control),and in neutral lipid-depleted asolectin containing added cholesterol
at 10, 20 and 40% molar. The component band at 1656 cm™! corresponds to a-helix, the one at 1636 cm™! to B-
sheet plus random and the band at 1642 cm™' to random plus loops

% Cholesterol 1656 cm ™" 1636 cm ™! 1642 cm™!
% area (% area) % area

0 32 40 20

10 34 45 15

20 35 43 13

40 44 50 0

Control 43 49 0
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difference ATR, with variations in the sign and amplitude of the bands, what can be attributed
to the different preparations used (Baenziger et al., 1992a,b; 1993). Further studies using
hydrogen—deuterium exchange suggested that the formation of a channel-inactive desensitised
state results predominantly from a conformational change in solvent-accessible
extramembraneous regions of the polypeptide backbone (Méthot et al., 1995).

4.4. Bacteriorhodopsin and related proteins

Bacteriorhodopsin, a 26 kDa intrinsic membrane protein from Halobacterium, is the
prototype of a protein family characterised by containing seven transmembrane helices. Some
of its members, e.g. bacteriorhodopsin itself, contain retinal as a prosthetic group. Many
proteins in this family, e.g. visual rhodopsin, are involved in signal transduction pathways via
G proteins and constitute the group of the so-called ‘seven-helix receptors’ (G protein-coupled
receptors, GPCR). The structure of bacteriorhodopsin and other seven-helix retinal proteins
from halophilic bacteria has been reviewed recently (Oesterhelt, 1998). Two-dimensional
crystals of bacteriorhodopsin, first studied in the primary work by Henderson and Unwin
(1975), were resolved to 3.5 A showing the classical seven-helix structure (Grigorief et al., 1996)
while further developments allowed the resolution of the structure at 3 A by cryoelectron
microscopy (Kimura et al., 1997). Later, the combination of synchrotron source development
and mycrocrystals grown in lipid cubic phases provided a resolution by X-ray at 2.5 A (Pebay-
Peyroula et al.,, 1997) and 2.3 A (Luecke et al., 1998) corroborating the overall structure
obtained by electron microscopy, although differences in loops and some side-chain
conformations are found among the different structures proposed (Oesterhelt, 1998).

From the early studies with polarised IR spectroscopy (for a review see (Rothschild and
Clark, 1979) it became clear that the intramembraneous portion of bacteriorhodopsin consisted
of a-helical rods oriented more or less perpendicularly with respect to the plane of the
membrane. These studies also revealed that the predominant IR spectral component of
bacteriorhodopsin displayed a characteristic maximum of absorbance at ca. 1665 cm™', a
frequency well above those typically associated to o-helix. The origin of this peculiar
absorbance maximum has been the object of debate. It was first assigned by Rothschild to
distortion in the structure of bacteriorhodopsin a-helix (Rothschild and Clark, 1979), in turn
attributed by Krimm to a weaker than average hydrogen bond caused by a conformational
change from an og to an oy type helix. This would result in a lengthening of the hydrogen
bond distance, but because these helices are sequestered within the phospholipid membrane,
there are no solvent molecules available to form bifurcated hydrogen bonds with the backbone
CO acceptors, thus the CO stretching force constant is larger than in the oy-helix (Reisdorf and
Krimm, 1996). Tamm and Tatulian (1997), in the light of a variety of IR studies of peptides
and proteins in different organic solvents, conclude that the shift of the amide I signal can be
attributed to more flexible and/or more stretched a-helices.

IR spectroscopy has been important in describing other significant aspects of
bacteriorhodopsin structure, namely the extended hydrogen-bond network between the proton
acceptor Asp85 and the proton donor Asp96 (Lanyi, 1998). Thermal stability and a pathway
for thermal destabilisation of bacteriorhodopsin have also been studied by IR spectroscopy
(Taneva et al., 1995; Cladera et al., 1992). Thermal denaturation in D,O media appeared to
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follow the steps of rearrangement of helical structures (with loss of the 1665 cm™' signal),
extensive deuterium exchange, and finally protein aggregation.

Although a detailed description of bacteriorhodopsin mechanism is not within the scope of
this review, we must mention in this context the impressive series of works that have addressed
this problem combining differential IR spectroscopy, site-directed mutagenesis, isotope-editing
and H/D exchange. As a result of those studies, many essential details are known that are
helping in the understanding of the proton transduction mechanism (see, e.g. (Braiman and
Rothschild, 1988; and references therein; Dioumaev and Braiman, 1997; Siebert, 1997; Lanyi,
1998; Oesterhelt, 1998)). More recently, conformational changes in the peptide backbone of the
protein have been observed in the early part of the photocycle by a combination of H/D
exchange and a low-temperature difference IR spectra on a membrane reconstituted sample of
bacteriorhodopsin (Kluge et al., 1998).

Difference IR spectroscopy has also been applied to the study of structure-function
relationships in visual rhodopsin ((Siebert, 1995; and references therein; Maeda et al., 1997;
Oesterhelt, 1998). Site-directed mutagenesis and difference spectroscopy have provided evidence
for interaction between transmembrane helices 3 and 5, mediated by Glul22 and His 211 (Beck
et al., 1998), whereas combination of specific isotopic labelling with difference spectroscopy has
allowed to monitor the possible involvement of tyrosines in the photoactivation of rhodopsin
(Delange et al., 1998).

4.5. Other membrane proteins

Other integral membrane proteins have also been studied, although less extensively, by
infrared spectroscopy. Among the P-type ATPases, and besides the Ca’"-ATPase from
sarcoplasmic reticulum, two other proteins have been described. The plasma membrane H " -
ATPase from Neurospora crassa has been examined in hydrated films at different stages of the
enzyme catalytic cycle (Goormaghtigh et al., 1994a). No difference larger than 2% was found
in the a-helix or P-sheet content of the H'-ATPase in different conformational states.
However, a difference in the hydrogen/deuterium exchange was seen suggesting variations in
the tertiary structure. Using H"-ATPase reconstituted in soybean phospholipid bilayers, and
subjecting it to proteolysis, the amount of protein remaining after hydrolysis represented about
43% of the intact molecule and the membrane domain displayed a typical a-helix and B-sheet
absorption pattern (Vigneron et al., 1995). H"-ATPase from Saccharomyces cerevisiae has
been purified in its two forms, the activated A-ATPase from glucose-metabolising cells and the
basal-level B-ATPase from cells with endogenous metabolism only (Tanfani et al., 199%).
Analysis of the infrared spectra revealed a different exposure to solvent in both forms, which is
confirmed by the exchange rate of the amide hydrogens. The thermal profiles showed a similar
denaturation temperature and a decrease in denaturation temperature was obtained for both
forms in the presence of the inhibitor diethylstilbestrol. Another P-type pump has been
characterised by infrared spectroscopy, namely the gastric H —K "-ATPase. The structures
before and after proteolytic degradation have been studied showing that the secondary
structure is 35% o-helix, 35% B-sheets, 20% turns and 15% random, what is compatible with
the classical transmembrane structure of the 10 helices P-type pumps (Raussens et al., 1997).
Further studies of the proteolytic fragment combining infrared spectroscopy with circular
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dichroism did not exclude the possible presence of [B-sheet structure in the transmembrane
region (Raussens et al., 1998a).

Lung surfactant and its specific proteins SP-B and SP-C have also been explored by infrared
spectroscopy. It was found that the different fractions of the surfactant exhibited distinct
positions of the amide I band with little or no effect on the structure and mobility of the
phospholipids (Knells et al., 1995). SP-C had a mostly a-helical structure both in the pure state
and in the presence of lipids, whereas SP-B structure was a mixture of a-helical and disordered
forms (Pastrana-Rios et al., 1995).

Phospolamban, a 52-residue integral protein that regulates calcium uptake into the cardiac
sarcoplasmic reticulum, as well as its 27-28 residue carboxy-terminal transmembrane segment
that anchors the protein to the membrane have been examined by ATR with native (Tatulian
et al., 1995) and site-directed isotope-labelled (Ludlam et al., 1996) aminoacids. The structure
was predominantly o-helical, 64—67% in the intact protein and 73-82% in the C-terminal
fragment, with small fractions of B-sheet and random structures. Specific local secondary
structures of phospholamban have been probed by incorporating '°C at two positions in the
protein backbone. The authors interpreted their data as residues 39 and 46 being a-helical,
with an axial orientation that was approximately 30° relative to the membrane normal. The
transmembrane cysteine residues have also been investigated with the result that the sulfhydryl
groups of the three cysteines present in the transmembrane helices were hydrogen-bonded to an
i—4 backbone carbonyl oxygen (Arkin et al., 1997).

The secondary structure of photosystem II reaction centers isolated from pea was examined
by IR spectroscopy in H,O, D,O and dried films. 40% o-helix, 10% B-sheets, 14% [-strands
(or extended chains), 17% turns, 15% loops and 3% unordered segments were found (De las
Rivas and Barber, 1997). These data are consistent with the 13 transmembrane helices that had
been predicted for this multiprotein complex. These values were more consistent with an
analysis of the aminoacid hydrophobic pattern and with the current models of the architecture
of PSII than a previous work based on factor analysis and a comparison with a set of soluble
proteins that gave 67.2% (He et al., 1991) or 62.3% (Zhang et al., 1997) a-helix structure.
Another study on the effect of polyamines on PSII estimated 47% a-helix and 18% [-sheet
that became 37% a-helix and 29% B-sheet upon polyamine complexion (Bograh et al., 1997).

Infrared data are also available for a variety of other integral membrane proteins. Thus, the
B-sheet transmembrane barrel porin exhibited an infrared spectrum typical of B-sheet
(Nabedryk et al., 1988). Limited proteolysis of porin revealed two membrane-bound forms,
namely and ‘adsorbed’ and an ‘inserted’ one; which form was found depended on the lipids
used to reconstitute the porin and on the temperature (Rodionova et al., 1995). Aquaporins
are integral membrane proteins that mediate the permeability to water molecules; by infrared
spectroscopy, it was shown that aquaporin-1 was a highly helical protein with 42-48% a-helix.
The helices were more tilted than those of bacteriohodopsin and they underwent limited
hydrogen/deuterium exchange (Cabiaux et al., 1997). Another work on aquaporin found that
the hydrogen/deuterium exchange was very important, 80% of the peptide groups exchanged
within 5 min after the exposure, what was consistent with the presence of an open aqueous
pore within this protein structure (Haris et al., 1995).

The tetrameric K "-channel from Streptomyces lividans in a lipid bilayer was studied by ATR
showing 43% a-helix and 25% [B-sheet with a 43% of the backbone amide protons
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exchangeable with deuterium (Wolkers et al., 1995). Monodisperse lactose permease was 80%
a-helical and stabely folded at 20°C, and was readily susceptible to deuterium exchange
(Patzlaff et al., 1998). Reflectance infrared spectroscopy was used to study the structural
conformation of a-crystallin membranes in heating-cooling-reheating cycles; during the heating
process, the composition of a-helix, random coil and B-sheet decreased with temperature, the
content of turns increased but the original structures were recovered after cooling (Lin et al.,
1998). Calexcitin is a low molecular weight GTP and Ca®"-binding protein, which is
phosphorylated by protein kinase C during associative learning; the secondary structure
obtained by infrared spectroscopy and circular dichroism gives one third in a-helix and one
fifth in B-sheet. The secondary structure is dependent on calcium binding, which induces an
increase in o-helical content and is independent on ionic strength (Ascoli et al., 1997).
Diacylglycerol kinase is a 13.2 kDa protein that spans the cytoplasmic membrane three times
and that has at least 90 of its 121 residues in a-helix with a topological arrangement in which
three transmembrane helices are well-aligned with the membrane normal while two amphipatic
helices are approximately parallel with the membrane plane (Sanders et al., 1996).

5. Concluding remarks

Although in its present state infrared spectroscopy cannot resolve whole protein structures at
the atomic level, this technique is certainly an extremely powerful tool in the study of protein
secondary and higher structures. Large, integral membrane proteins that pose serious technical
problems for crystallisation, NMR or circular dichroism studies, are readily accessible to IR
analysis. When Fourier-transform IR first became readily available in the early eighties, there
was a burst of interest, with a large number of proteins being studied by this technique,
although unfortunately the intrinsic difficulties of the technique became simultaneously
apparent. In the past decade, a more sober approach has been adopted, and protein IR
spectroscopy has found its applicability in essentially two fields in membranes, the study of
protein structure and the detection of small conformational changes by difference spectroscopy.
The results described in the above sections exemplify the usefulness of IR spectroscopy in those
two areas.

At present, a number of trends may be detected that, in all likeliness, will prove useful very
soon. Chief among them, although perhaps too obvious to be noticed, is the constant
improvement in instrumentation and software. Perhaps only those who have witnessed the
birth of the Fourier-transform era can appreciate the truth of that assertion. Even techniques,
e.g. IR microscopy that, as mentioned in the main body of the review, have not found up to
now its application in the area of membrane proteins, are of enormous interest in themselves,
and may become relevant to our field in a near future. The same can be said of IR imaging.
More immediate promise for protein studies present the two-dimensional IR techniques, of
which some exciting results are already available. Several reflectance techniques that allow the
study of oriented peptides and proteins under native conditions, avoiding particularly the
danger of partial denaturation during sample desiccation onto inert surfaces, are becoming
available and will certainly provide interesting information. Finally, the widespread application
of protein engineering and site-directed mutagenesis provides not only the most direct insights
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on structure—function relationship, but also makes feasible the isotope-editing of certain
aminoacid residues, thus giving rise to a new dimension in the IR studies of proteins, allowing
the specific study of a given aminoacid residue in protein—protein interactions. In parallel with
this progress, or perhaps intertwined with it, is the advance of computer-based prediction
methods for protein structure, which guide in a gradually safer way the mutagenesis efforts.
The combined use of improved optical detection and sampling techniques, molecular biology
methods, and computing applications, is certain to keep infrared going well into the coming
century.
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