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Abstract Protein conformational changes triggered by mole-
cule binding are increasingly investigated by infrared spectro-
scopy often using caged compounds. Several examples of
molecule-protein recognition studies are given, which focus on
nucleotide binding to proteins. The investigation of enzyme
mechanisms is illustrated in detail using the Ca?*-ATPase of the
sarcoplasmic reticalum membrane as an example. It is shown
that infrared spectroscopy provides valuable information on
general aspects of enzyme function as well as on molecular
details of molecule—protein interactions and the mechanism of
catalysis. © 2000 Federation of European Biochemical Soci-
eties. Published by Elsevier Science B.V. All rights reserved.
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1. Introduction

Elucidating the functions of proteins is a major challenge
for the life science community. With developments in recent
years, infrared spectroscopy [1-7] joined those biophysical
methods that investigate enzyme function [8-11] and mole-
cule-protein recognition on the molecular level. It is a non-
invasive technique that can be applied to small soluble pro-
teins as well as to large membrane proteins. The infrared
spectrum of a protein encodes information about protein
backbone conformation, side chain structure and environ-
ment. The sensitivity has been increased to the point where
a change in the environment around a single atom can be
detected.

The absorbance changes usually observed for protein reac-
tions are very small, in the order of 0.1% of the maximum
absorbance. In consequence, simply comparing the spectrum
of a sample where the protein is in state A with a spectrum
where it is in state B does not usually allow the sensitive
detection of the small absorbance changes between the two
protein states. Instead, the protein reaction of interest has to
be initiated directly in the cuvette. To further complicate the
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experiment, the application of infrared spectroscopy to sub-
strate-driven enzyme reactions is hindered by the strong water
absorbance in the mid-infrared spectral range that requires an
optical pathlength of 5-10 um for H,O solutions (30-50 um in
D,0). Thus, adding the substrate to a protein sample is diffi-
cult. To overcome this problem, three approaches to generate
a concentration jump in an infrared sample have been re-
ported: (i) the use of an infrared stopped flow apparatus
[12], (ii) the use of the ATR (attenuated total reflection) tech-
nique [13] and (iii) the photolytic release of effector molecules
from biologically ‘silent’ precursors (termed ‘caged com-
pounds’) as shown in Fig. 1 [14] for the archetype of caged
compounds, caged ATP [15,16].

Given the limitations of space we will focus here on the
third approach. A typical infrared experiment is performed
as described in Fig. 2. At the beginning of the measurement
the sample contains the protein of interest and the caged
effector molecule. In its caged form, the effector molecule is
modified such that it does not react with the protein of inter-
est (see Fig. 1 for caged ATP). Upon a UV flash (300-350 nm)
the caged molecule photolyses which leads to a sudden con-
centration jump (<10 ms) of free effector molecule. This
triggers the enzymatic reaction which can be followed with
a maximum time resolution of 10 ms using the rapid scan
mode of Fourier transform infrared spectrometers. Time res-
olution in the sub-us range can be achieved in single wave-
length measurements [17] using a UV laser for photolysis and
caged compounds with fast effector molecule release times
[18]. Recently, an interesting new approach to obtain faster
time resolution has been introduced using the step scan mode
in combination with an infrared microscope [19].

From the spectrum recorded before effector molecule re-
lease and the spectra recorded after effector molecule release,
difference spectra are calculated that originate only from those
protein residues that are affected by effector molecule binding
and/or consecutive reactions (Fig. 3). All ‘passive’ residues are
invisible in the difference spectrum which, therefore, exhibit
details of the reaction mechanism on the molecular level de-
spite a large background absorption. Negative bands in differ-
ence spectra are characteristic of the initial state, while pos-
itive bands reflect the state(s) after effector molecule release.
In addition to protein and effector molecule bands, the pho-
tolysis reaction is reflected in the difference spectra [20-22]
(red, horizontal bars in Fig. 3).

2. Molecule-protein recognition studies

The characterisation of molecule binding sites of proteins
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Fig. 1. Photolysis of caged ATP.

by infrared spectroscopy is a very promising approach to
molecule-protein recognition studies. Infrared spectroscopy
has the advantage that binding of virtually any molecule
can be detected, since conformational changes of only a few
peptide groups are readily observed in a difference spectrum.

Due to the availability of caged nucleotides, molecule bind-
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ing studies have focussed on nucleotide binding to several
proteins. Mapping of the nucleotide binding site of the
sarcoplasmic reticulum Ca?*-ATPase (a Ca’* pump fuelled
by ATP hydrolysis) has begun using ADP [23], ATP and
B,y-iminoadenosine 5'-triphosphate (AMP-PNP) [24,25]. In-
teractions between y-phosphate and ATPase are highlighted
by the different conformational changes upon ADP binding
on the one hand and ATP and AMP-PNP binding on the
other [25]. Subtle differences between the ATP and the
AMP-PNP binding spectra seem to be caused by their differ-
ent protonation state, due to the higher pK, value of AMP-
PNP. A signal at 1716 cm™! (H,0) of protonated aspartic and
glutamic acid residues is only observed for ATP and may
indicate protonation of carboxyl groups as a mechanism to
compensate for the negative charges of the phosphate groups.
A protonated tyrosine residue is also affected by nucleotide
binding.

Creatine phosphate and arginine phosphate serve as reser-
voirs of high-energy phosphate compounds in muscles of ver-
tebrates and invertebrates, respectively. In periods of muscle
action with high energy consumption, both molecules can
promptly transfer their phosphoryl group to ADP to re-gen-

Absorbance

T [
Wavenumber / cm

0007 =

_ Difference

Wavenumber / em'!
2 ; 3=

Fig. 2. Molecule binding and enzyme function investigated with the photolytic variant of concentration jump induced infrared difference spec-
troscopy. Left: the enzyme (blue) and the caged effector molecule (black) are shown. The effector molecule in its caged form does not react
with the enzyme and in the case shown here does not bind to the protein. Right: Photolysis of the caged effector molecule releases the free
molecule (red) which binds to the protein and triggers the enzymatic reaction. Infrared absorbance spectra are recorded of the free enzyme and
of the enzyme-molecule complex. The small absorbance changes upon complex formation are not obvious in the absorbance spectra. They are
identified only when the difference between the two absorbance spectra is calculated and the scale is enlarged 100-fold (bottom). The colour of
the difference spectrum indicates that it originates from the interaction of the effector molecule shown in red with the protein shown in blue.
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Fig. 3. Changes of infrared absorbance of Ca’>t-ATPase samples in-
duced by ATP release (1°C, pH 7) [24]. Bold line: spectrum of ATP
binding (CayE; = Ca,E;ATP) recorded 71-385 ms after ATP re-
lease. Thin line: spectrum of E,-P formation (CayE;— E,-P) re-
corded 1-2 min after ATP release with tentative assignments [39].
Photolysis bands are indicated with red, horizontal bars.

erate ATP. The enzymes catalysing the corresponding revers-
ible reactions are called creatine kinase and arginine kinase.
Binding of ADP and ATP to arginine kinase [26] induced
similar but not identical conformational changes. This was
also observed for creatine kinase [27]. Again, there is evidence
of a protonation of an aspartic or glutamic acid residue of
arginine kinase when ATP binds to the protein [26]. The con-
formational coupling between the ADP and arginine binding
sites of arginine kinase [26] and of the ADP and creatine
binding sites of creatine kinase [27] was found to be only
weak, although the interactions between creatine and creatine
kinase are altered upon ADP binding. Partial digestion of
creatine kinase by proteinase K preserves the overall active
site [28] in contrast to the point mutation W227Y where the
nucleotide binding site is partially impaired [29].

Two studies that illustrate very well the power of isotopic
labeling have dealt with GTP and GDP binding to H-Ras P21
[30,31]. H-Ras P21 is a regulatory protein that stimulates cell
growth and differentiation in mammals when GTP is bound,
thereby initiating a kinase cascade resulting in a transcription-
al response. Slow hydrolysis of GTP inactivates the protein.
This off-switch is important since a permanently activated
signal transduction pathway leads to cancer. Using '30 label-
ing of individual nucleotide phosphate groups, it was possible
from the isotopic shifts in the infrared difference spectra to
nearly completely assign the phosphate vibrations. As a result,
interactions between protein and individual phosphate groups
could be characterised, which have a profound impact on the
GTP and GDP phosphate vibrations. In particular, the phos-
phate vibrations of GTP bound to H-Ras P21 are largely
decoupled [30] and the degeneration of the terminal phosphate
vibrations of GDP and possibly GTP is removed [31]. The
interaction with the GTP B-phosphate seems to be particularly
strong, which in turn weakens the bonds between - and
y-phosphate and thus facilitates GTP hydrolysis [30]. How-
ever, there seems to be no correlation between the GTP hy-
drolysis rate of mutants and their binding strength to the GTP
B-phosphate. In contrast, the hydrolysis rate correlates with
the binding strength to the terminal B-phosphate of the prod-
uct GDP, suggesting that the transition state is GDP-like [31].

Proper protein folding in vivo and in vitro is assisted by
heat shock proteins, also known as chaperones. Their affinity
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for substrate proteins is controlled by nucleotide binding and
hydrolysis. ATP binding to the chaperonin GroEL [32] first
leads to relatively small conformational changes that are sim-
ilar to those induced by ADP binding. Following the initial
binding, a more pronounced conformational change into the
active, ATP-hydrolysing state is observed on a time scale of
seconds which relaxes within minutes to the state with bound
ADP. The latter is very similar to the initial state with bound
ATP.

So far, the difference spectra of nucleotide binding to differ-
ent proteins show unique patterns in the amide I region of
protein backbone absorbance, which is a monitor for confor-
mational changes (see below). This seems to indicate that the
conformational changes are unique for each protein studied.
However, some common features are observed. The strongest
difference bands usually appear at similar band positions in
the region of 1655-1615 cm™!' where o-helices and B-sheets
absorb [25-27,32,33]. Two bands near 1650 and 1640 cm™!
with opposite signs are found for four of the five proteins
discussed above and a band shoulder structure around 1625/
1615 cm™! for all five proteins. The sign of the latter spectral
feature is unrelated to the former two bands. It is tempting to
speculate that the 1650/1640 band pair and the 1625/1615
band shoulder structure represent two conformational
changes that may occur independently of each other. Bands
at 1650 cm™! are usually assigned to o-helical structures,
while bands below 1630 cm™! are assigned to B-sheets. Evi-
dence has been found in two cases [25,27] that y-phosphate
binding affects the 1625/1615 cm™! bands and it is interesting
to see that hydrolysis of GTP at H-Ras P21 and release of the
cleaved phosphate group causes a band at 1627 cm™ ! to
disappear [30].

3. The transport mechanism of the Ca?*-ATPase

The potential of infrared spectroscopy in the investigation
of enzyme function is illustrated here by the example of the
sarcoplasmic reticulum Ca>"-ATPase. This enzyme was the
first to be studied by the photolytically induced concentration
jump technique [14]. The Ca?*-ATPase belongs to the P-type
ATPase family and mediates muscle relaxation by the removal
of cytosolic Ca?t. Two Ca?*t ions are actively transported at
the expense of hydrolysis of one ATP molecule [34-37] in a
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Fig. 4. Reaction scheme of the Ca?>*-ATPase, simplified from [44].
The Ca®* free state E without subscript indicates an equilibrium be-
tween an E; and an E, state. Of the transported Ca’t ions (filled
circles) and the countertransported protons only one is shown for
clarity.
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reaction cycle shown in Fig. 4. Binding of cytosolic Ca’*
enables the ATPase to react with ATP to form a phosphoen-
zyme intermediate (CaE; — CayE;-P), which then converts
from an ADP-sensitive form (Ca,E-P) to an ADP-insensitive
form (E,-P) that is more rapidly hydrolysed. This phosphoen-
zyme conversion is associated with Ca>* release towards the
sarcoplasmic reticulum lumen against the concentration gra-
dient. E,-P picks up protons from the lumenal side of the
membrane that are countertransported and released to the
cytoplasmic side upon Ca’* binding. Although mutagenesis
studies have identified crucial residues for Ca’* transport
[36] and a structure at atomic resolution for CayE; has ap-
peared recently [38], more work is required to understand the
molecular mechanism of active ion pumping.

3.1. The infrared difference spectrum seen as a fingerprint of
the conformational change

To investigate the molecular mechanism of Ca’" transport,
infrared difference spectra of several partial reactions have
been recorded [25,39-43]. Examples of these spectra are illus-
trated in Fig. 3. A first approach to the interpretation of these
spectra is to regard them as a fingerprint of the underlying
conformational change. In this way the amplitude of the sig-
nals, their spectral shape and their kinetics can be analysed.
Similar approaches have a long tradition in fluorescence spec-
troscopy, where ‘high’ and ‘low’ fluorescence have been used
to define enzyme conformational states. Infrared spectroscopy
has the advantage of providing a wealth of information and of
directly monitoring all peptide groups of a protein, therefore
making a conformational change hard to miss. Of special
interest is the absorbance of the amide I mode of the poly-
peptide backbone (predominantly a C=0O vibration) in the
region from 1700 to 1610 cm™! which is sensitive to secondary
structure.

This ‘fingerprint approach’ has been applied to the sarco-
plasmic reticulum Ca?*-ATPase. The extent of net secondary
structure change of several partial reactions has been quanti-
fied using the COBSI (change of backbone structure and in-
teraction) index [24]. This index relates the absorbance change
in the amide I spectral region to the total absorbance of the
polypeptide backbone in the same spectral region. From the
similar COBST values of the partial reactions investigated, it
does not seem possible to distinguish between minor and ma-
jor secondary structure changes in the catalytic cycle of the
Ca”"-ATPase. This is in contrast to what would be expected
from the classical model of the ATPase reaction cycle by de
Meis and Vianna [44] that is based on only two main protein
conformations, E; and E,. The model, therefore, seems to be
a strong simplification of reality. Using a simple model, the
net change of secondary structure was estimated to involve
only 0.3-1% of the ATPase residues, i.e. 3-10 amino acids.
(Similar numbers of amino acids involved in a conformational
change were found in infrared studies of nucleotide binding to
arginine kinase [26], creatine kinase [27] and annexin VI [45].)
These secondary structure changes seem to be surprisingly
small given that the events at the Ca?* binding sites in the
membrane region of the protein and at the phosphorylation
site in the cytoplasmic domain are coupled over a distance of
more than 50 A [38]. As discussed in more detail in [24], the
overall picture that emerges from combining the results of
several methods is that conformational changes in small flex-
ible regions of the protein lead to significant movements of
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rigid protein domains relative to each other. Such movements
are able to reconcile the different shapes of the protein in the
Ca’* free and the Ca®>" loaded form [38].

The model of de Meis and Vianna postulates a Ca,E,-P
intermediate, i.e. an ADP-insensitive phosphoenzyme that
binds Ca?t. However, analysing the time course of the infra-
red difference spectra, such an intermediate could not be iden-
tified [24] and thus is short-lived or non-existent in accordance
with the view of Myung and Jencks [46].

From the very similar spectra of Ca?* release from the
unphosphorylated and from the phosphorylated enzyme
(CayE; = E and Ca;E;-P— E,-P, respectively), it was con-
cluded that similar conformational changes take place in these
partial reactions [47]. This led to a working model of the
ATPase reaction cycle that represents the simplest explanation
of the observations while other models would require addi-
tional assumptions. The model proposes only one pair of
binding sites for the two Ca?* ions that are accessible from
different sides of the membrane depending on the enzyme
state. It is in contrast to the model of Jencks [48] that pro-
poses two different pairs of sites for cytoplasmic high affinity
and lumenal low affinity binding sites, respectively. However,
it is in agreement with mutagenesis studies [36] that have
identified only one pair of Ca®t binding sites and have asso-
ciated E-309, E-771 and N-796 with high affinity Ca’* binding
as well as with low affinity Ca?>* binding.

3.2. Cd’* binding to the unphosphorylated ATPase

Ca’* binding (E— Ca,E;) has been investigated by the
use of the caged Ca®>* compounds 1,2-amino-5-[1-hydroxy-1-
(2-nitro-4,5-methylene dioxyphenyl) methyl]phenoxyl-2-(2’-
amino-5'-methylphenoxy) ethane-N,N,N’,N'-tetraacetic acid
tetrasodium salt (Nitr 5) [42] and 1-(2-nitro-4,5-dimethoxy-
phenyl)-N, N, N',N'-tetrakis[(oxycarbonyl)methyl]-1,2-ethane-
diamine [41,43]. (Caged Ca®* Nitr 5 has also been used to
investigate the effects of Ca?* binding to calmodulin [49].)
In spite of the quite different experimental conditions that
range from —9°C, pH 6.5, 30% glycerol [43] to 22 or 25°C,
pH 7.0 in aqueous solution [41,42], the difference spectra ob-
tained are remarkably similar. This is of interest since the
proposed equilibrium between the E; and the E; forms of
the unphosphorylated ATPase E depends on pH and temper-
ature [50]. Small differences between the spectra have been
noted [43] and may be due to the E, — E;transition.

Especially interesting is the observation of two signals of
protonated carboxyl groups [41-43] in the Ca’* free state E
near 1760 and 1710 cm™! in H»O. The earlier suggestion that
they are sensitive to the addition of dithiothreitol [42] could
not be reproduced [41,43]. Instead these bands were associated
with the protonation of residues most likely of the Ca>* bind-
ing sites which are involved in proton countertransport [47].
Bands at the same positions have been found in the Ca*"
release reaction from the phosphorylated enzyme (CayE,-
P — E;-P) which has led to the proposal that the same two
amino acid residues become protonated in E and E,-P and
has strengthened the argument for only one pair of binding
sites discussed above.

3.3. ATPase phosphorylation

Phosphorylation of D-351 by ATP (Ca,E{ATP— Ca,E,-P)
occludes the two calcium ions in the protein. Most of the
infrared absorbance changes induced by Ca?* binding
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(E—CayE;) are preserved in the phosphorylation reaction
[40] in line with the above interpretation that the Ca”" sites
of CayE; and Ca,E;-P are the same. Using the model com-
pounds acetyl phosphate for phosphorylated D-351 and ace-
tate for unphosphorylated D-351, several difference bands of
the phosphorylation spectrum could be assigned to the mo-
lecular groups involved in the reaction. The C=0O group of
the aspartyl phosphate seems to undergo special interactions
with its environment with a strength comparable to hydrogen
bonding in water. This was concluded from the position at
1719 ecm™" of the respective difference band and its narrower
line width when compared to acetyl phosphate in water. A
band at 1131 cm™' was assigned to the phosphate group of
the phosphoenzyme on the basis of (i) the model spectra and
(ii) isotope labeled phosphoenzyme using [y-'*03]ATP. From
the frequency it can be concluded that the phosphoenzyme
phosphate group is deprotonated when bound to the protein.

3.4. Phosphoenzyme conversion and Ca’” release from the
phosphorylated ATPase

Phosphoenzyme conversion (Ca,E;-P— E,-P) opens the
Ca’* binding sites towards the sarcoplasmic reticulum lumen
and releases the Ca”" ions from low affinity binding sites. The
reactivity of the phosphate group is also altered, it dephos-
phorylates with ADP in Ca;E;-P and with water in E,-P.
Backbone conformational changes of the preceding step of
ATPase phosphorylation are preserved. This indicates that
the enzyme in the phosphoenzyme conversion step goes even
further away from the pre-phosphorylation conformation [39].

Two pairs of bands in the difference spectrum of phos-
phoenzyme conversion at 1570/1554 and 1411/1399 cm™!
were assigned to Ca”" release from carboxylate groups. Their
low sensitivity towards 'H,O/”H,0 exchange indicates a par-
tial protection from the aqueous environment, which is in line
with the proposed location of the Ca?t binding sites in the
membranous part of the enzyme. An E,-P band at 1638 cm™!
was also assigned to a carboxylate group on the basis of its
higher band position in 2H,O. This unusual position may be
explained for example by a strong interaction with a positive
charge. Such an interaction with one of the Ca’" chelating
groups may well explain the low Ca?* affinity of E,-P.

Especially interesting is a positive band at 1192 cm ™! that is
sensitive to 80 labeling of the phosphate group. It can there-
fore be assigned to the E,-P phosphate. The band shows that
there is a conformational change that directly affects the ge-
ometry and/or the electron density of the phosphate group
and indicates very different interactions between phosphate
group and protein in Ca,E{-P and E,-P. The band position
is unusual for phosphate groups in water and may be ex-
plained by a very hydrophobic environment in line with other
findings [51-53].

4. Conclusions

The examples discussed above demonstrate that infrared
spectroscopy provides a highly detailed examination of work-
ing enzymes. Conformational changes of the polypeptide
backbone and alterations of side chains can be followed at
the level of individual groups. The enzymes investigated so far
represent only a small fraction of the proteins that can be
studied with the methods reviewed here. Two methodical as-
pects seem to be especially interesting for further applications.
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The first is the enzyme catalysed transfer of a labeled group to
a protein as described here for the phosphate group of the
Ca’t-ATPase phosphoenzyme intermediate E,-P. Phosphate
groups control enzyme activity and the method sheds light
on how this is achieved at ‘atomic resolution’. The second
aspect is the characterisation of molecule binding pockets of
proteins by infrared spectroscopy which will have interesting
medical and pharmaceutical applications. With developments
under way that will ease binding investigations considerably,
the future will see a growing number of molecule-protein rec-
ognition studies using infrared spectroscopy. The level of so-
phistication can be adjusted to the problem, ranging from the
simple screening of substances on their ability to bind to a
protein of interest to the demanding characterisation of mol-
ecule protein interactions.

Acknowledgements: We are indebted to W. Mintele for his continu-
ous support. We gratefully acknowledge the generous gift of Ca*-
ATPase by W. Hasselbach (Max-Planck-Institut, Heidelberg) and of
caged compounds by J.E.T. Corrie and M.R. Webb (National Insti-
tute for Medical Research, London). Part of the authors’ work was
funded by Grant Ma 1054/10-3 of the Deutsche Forschungsgemein-
schaft. The present work is funded by Grants Ba 1887/1-1 and Ba
1887/2-1 of the Deutsche Forschungsgemeinschaft.

References

[1] Siebert, F. (1995) Methods Enzymol. 246, 501-526.

[2] Arrondo, J.L.R., Muga, A., Castresana, J. and Goni, F.M.
(1993) Prog. Biophys. Mol. Biol. 59, 23-56.

[3] Jackson, M. and Mantsch, H.H. (1995) Crit. Rev. Biochem. Mol.
Biol. 30, 95-120.

[4] Goormaghtigh, E., Cabiaux, V. and Ruysschaert, J.-M. (1994)
in: Subcellular Biochemistry (Hilderson, H.J. and Ralston,
G.B., Eds.), Vol. 23, pp. 329-362, Plenum Press, New York.

[5] Goormaghtigh, E., Cabiaux, V. and Ruysschaert, J.M. (1994)
Subcell. Biochem. 23, 363-403.

[6] Goormaghtigh, E., Cabiaux, V. and Ruysschaert, J.-M. (1994)
in: Subcellular Biochemistry (Hilderson, H.J. and Ralston,
G.B., Eds.), Vol. 23, pp. 405-450, Plenum Press, New York.

[7] Arrondo, J.L.R. and Goiii, F.M. (1999) Prog. Biophys. Mol.
Biol. 72, 367-405.

[8] Mantele, W. (1993) Trends Biochem. Sci. June, 197-202.

[9] Gerwert, K. (1999) Biol. Chem. 380, 931-935.

[10] Rothschild, K.J. (1992) J. Bioenerg. Biomembr. 24, 147-167.

[11] Maeda, A. (1995) Israel J. Chem. 35, 387-400.

[12] White, A.J., Drabble, K. and Wharton, C.W. (1995) Biochem. J.
306, 843-849.

[13] Fahmy, K. (1998) Biophys. J. 75, 1306-1318.

[14] Barth, A., Méntele, W. and Kreutz, W. (1990) FEBS Lett. 277,
147-150.

[15] Kaplan, J.H., Forbush, B. and Hoffman, J.F. (1978) Biochemis-
try 17, 1929-1935.

[16] McCray, J.A., Herbette, L., Kihara, T. and Trentham, D.R.
(1980) Proc. Natl. Acad. Sci. USA 77, 7237-7241.

[17] Maéntele, W. (1995) in: Anoxygenic Photosynthetic Bacteria
(Blankenship, E., Madigan, M.T. and Bauer, C.E., Eds.), pp.
627-647, Kluwer Academic, Dordrecht.

[18] Corrie, J.E.T. and Trentham, D.R. (1993) in: Bioorganic Photo-
chemistry (Morrison, H., Ed.), Vol. 2, pp. 243-305, John Wiley
and Sons, New York.

[19] Rammelsberg, R., Boulas, S., Chorongiewski, H. and Gerwert,
K. (1999) Vib. Spectrosc. 19, 143-149.

[20] Barth, A., Hauser, K., Méntele, W., Corrie, J.E.T. and Tren-
tham, D.R. (1995) J. Am. Chem. Soc. 117, 10311-10316.

[21] Barth, A., Corrie, J.E.T., Gradwell, M.J., Maeda, Y., Mintele,
W., Meier, T. and Trentham, D.R. (1997) J. Am. Chem. Soc.
119, 4149-4159.

[22] Cepus, V., Ulbrich, C., Allin, C., Troullier, A. and Gerwert, K.
(1998) Methods Enzymol. 291, 223-245.



156

[23] Barth, A., Kreutz, W. and Méntele, W. (1994) Biochim. Biophys.
Acta 1194, 75-91.

[24] Barth, A., von Germar, F., Kreutz, W. and Mintele, W. (1996)
J. Biol. Chem. 271, 30637-30646.

[25] Von Germar, F., Barth, A. and Mintele, W. (2000) Biophys. J.
78, 1531-1540.

[26] Raimbault, C., Besson, F. and Buchet, R. (1997) Eur. J. Bio-
chem. 244, 343-351.

[27] Raimbault, C., Buchet, R. and Vial, C. (1996) Eur. J. Biochem.
240, 134-142.

[28] Raimbault, C., Clottes, E., Leydier, C., Vial, C. and Buchet, R.
(1997) Eur. J. Biochem. 247, 1197-1208.

[29] Raimbault, C., Perraut, C., Marcillat, O., Buchet, R. and Vial, C.
(1997) Eur. J. Biochem. 250, 773-782.

[30] Cepus, V., Scheidig, A.J., Goody, R.S. and Gerwert, K. (1998)
Biochemistry 37, 10263-10271.

[31] Du, X., Frei, H. and Kim, S.-H. (2000) J. Biol. Chem. 275, 8492—
8500.

[32] Von Germar, F., Galan, A., Llorca, O., Carrascosa, J.L., Val-
puesta, J.M., Mintele, W. and Muga, A. (1999) J. Biol. Chem.
274, 5508-5513.

[33] Gerwert, K., Cepus, V., Scheidig, A. and Goody, R.S. (1993) in:
Proceedings of the Time-Resolved Vibrational Spectroscopy
Congress, Springer-Verlag, Berlin.

[34] Andersen, J.P. (1989) Biochim. Biophys. Acta 988, 47-72.

[35] Mintz, E. and Guillain, F. (1995) Biosci. Rep. 15, 377-385.

[36] Andersen, J.P. (1995) Biosci. Rep. 15, 243-261.

[37] Inesi, G., Chen, L., Sumbilla, C., Lewis, D. and Kirtley, M.E.
(1995) Biosci. Rep. 15, 327-339.

A. Barth, C. Zscherp/ FEBS Letters 477 (2000) 151-156

[38] Toyoshima, C., Nakasako, M., Nomura, H. and Ogawa, H.
(2000) Nature 405, 647-655.

[39] Barth, A. (1999) J. Biol. Chem. 274, 22170-22175.

[40] Barth, A. and Mantele, W. (1998) Biophys. J. 75, 538-544.

[41] Georg, H., Barth, A., Kreutz, W., Siebert, F. and Méntele, W.
(1994) Biochim. Biophys. Acta 1188, 139-150.

[42] Buchet, R., Jona, I. and Martonosi, A. (1991) Biochim. Biophys.
Acta 1069, 209-217.

[43] Troullier, A., Gerwert, K. and Dupont, Y. (1996) Biophys. J. 71,
2970-2983.

[44] De Meis, L. and Vianna, A. (1979) Annu. Rev. Biochem. 48,
275-292.

[45] Bandorowicz-Pikula, J., Wrzosek, A., Danieluk, M., Pikula, S.
and Buchet, R. (1999) Biochem. Biophys. Res. Commun. 263,
775-779.

[46] Myung, J. and Jencks, W.P. (1995) Biochemistry 34, 3077-3083.

[47] Barth, A., Mintele, W. and Kreutz, W. (1997) J. Biol. Chem.
272, 25507-25510.

[48] Jencks, W.P. (1995) Biosci. Rep. 15, 283-287.

[49] Nara, M., Tanokura, M. and Tasumi, M. (1994) J. Mol. Struct.
324, 107-112.

[50] Pick, U. and Karlish, S.J.D. (1982) J. Biol. Chem. 257, 6120—
6126.

[51] Nakamoto, R.K. and Inesi, G. (1984) J. Biol. Chem. 259, 2961-
2970.

[52] Dupont, Y. and Pougeois, R. (1983) FEBS Lett. 156, 93-98.

[53] Highsmith, S. (1986) Biochemistry 25, 1049-1054.



