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Abstract. This review summarises our infrared spectroscopy and density functional theory studies on the mutual interac-
tions between enzymes and their substrates. We investigated phosphoenolpyruvate bound to pyruvate kinase (EC 2.7.1.40, M1
isozyme), ATP bound to the Ca2+-ATPase (SERCA1a), and the aspartylphosphate moiety of the Ca2+-ATPase phosphoen-
zyme E2P. Conformational changes of the enzymes and distortions of substrate structure are discussed. In all cases, the infrared
absorption of the substrate in the enzyme environment could be identified by a combination of reaction-induced difference
spectroscopy and isotopic labelling. The experimentally-determined vibrational frequencies were interpreted in structural terms
using experimental correlations or modelling of the active site in density functional theory calculations. For none of the three
systems, a weakening of the bond that is cleaved in the following enzymatic reaction could be detected in the ground state of
the enzyme-substrate complex. However, for the dephosphorylation reaction of the Ca2+-ATPase phosphoenzyme E2P, a high
energy intermediate, not detected in experiments, is the reactant state according to density functional theory calculations.
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Abbreviations

ATR attenuated total reflection

1. Introduction

The active site of enzymes catalyses chemical reactions at a rate that highly exceeds that in aqueous
solution. This has been explained for several decades by a stabilisation of the transition state of the re-
action by the enzyme environment. A more recent suggestion is that the structure of the reacting groups
is perturbed already the ground state so that the energy difference between ground state and transition
state reduces. This has been denoted by technical terms as ground state or substrate destabilization, or
near-attack conformers [2,18,20,21,68]. Structural distortions on the level of individual bonds are diffi-
cult to detect with X-ray crystallography because of insufficient resolution of most structures (see [10]
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for a more detailed discussion). Here, vibrational spectroscopy comes to rescue, since the vibrational
frequencies are intimately linked to bond length via the bond force constant. As a consequence, the
vibrational spectrum is sensitive to bond length changes on the pm scale [26]. In the following, bond
length distortions are discussed for two enzymes, pyruvate kinase and Ca2+-ATPase. The vibrational
spectroscopy method used was in both cases infrared spectroscopy.

In order to study the structure of reactive groups in enzyme environments with infrared spectroscopy,
one needs to record their infrared spectrum with high fidelity. Unfortunately, the simple approach to
record a spectrum of the enzyme with its substrate will not be sufficiently sensitive. Proteins have a
massive number of vibrations (nearly 50,000 in the case of the Ca2+-ATPase, for example) and the
absorption of the substrate will “drown” in the absorption of the protein. Therefore, two measures usually
need to be combined to obtain the absorption of the substrate: the recording of a difference spectrum of
substrate binding, and the identification of substrate signals in this spectrum by isotopic labelling. The
former aspect is discussed in the following, whereas the latter is illustrated when the enzyme reactions
of interest are discussed.

The approach of choice for recording difference spectra is reaction-induced infrared difference spec-
troscopy [8,30,39,40,69,71]. It implies to trigger the reaction of interest directly in the infrared cuvette.
This avoids the comparison of spectra from different samples and provides a very sensitive detection of
the small infrared absorbance changes associated with protein reactions. Several methods are available
to trigger the binding of molecules to proteins: rapid mixing in specially designed cuvettes [50,70], the
use of photolabile molecules that release the substrate upon illumination [14], and several techniques
using attenuated total reflection (ATR) [33]:

(i) Protein films can be prepared on the ATR crystal either by direct adsorption in the case of mem-
brane proteins [3] or via chemical linkers [61,67]. Then a buffer is allowed to flow over the protein
film to which a substrate can be added.

(ii) The protein sample may be confined between ATR crystal and a dialysis membrane [31,34]. A sub-
strate can then be added to the buffer on top of the dialysis membrane.

Two of these approaches have been used in our studies of pyruvate kinase and Ca2+-ATPase will be
discussed in the respective sections.

2. Phosphenolpyruvate binding to pyruvate kinase

Pyruvate kinase catalyses the final step of glycolysis, i.e. the phosphate transfer from phosphenolpyru-
vate to ADP. The reaction products are pyruvate and ATP. In spite of ATP being produced, the reaction
belongs to the three exergonic reactions in glycolysis because of the high phosphoryl-transfer potential
of phosphenolpyruvate. We studied rabbit muscle pyruvate kinase (EC 2.7.1.40, M1 isozyme), which is a
homo-tetramer where each monomer consists of 530 residues. The active site is at the interface between
two domains of the same monomer. Binding of the phosphenolpyruvate analogue L-phospholactate leads
to a more closed conformation of the two domains that form the active site [45]. In this conformation,
a Mg2+ coordinates to L-phospholactate via a carboxylate oxygen, the bridging ester oxygen and a ter-
minal phosphate oxygen as shown in Fig. 1. A further terminal phosphate oxygen coordinates to a K+.
Most subunits in this structure adopt a more open conformation and their active sites are not fully occu-
pied by the substrate analogue. In these subunits, the coordination of L-phospholactate to K+ is retained
but that to Mg2+ is lost.
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Fig. 1. Structure of the phosphoenolpyruvate binding site of pyruvate kinase in a closed conformation (site A of protein data
bank entry 1AQF [45]). The structure was obtained with the substrate analogue L-phospholactate shown as balls and sticks.
Mg2+ is dark green and K+ magenta.

Fig. 2. Scheme of the dialysis setup used to study pyruvate kinase. Several pyruvate kinase monomers (pdb entry 1PKN) are
shown in the protein compartment and a number of phosphenolpyruvate molecules in the reservoir and the protein compartment.
Light source and detector of the Fourier-transform infrared spectrometer are indicated and the screen shows a section of the
binding-induced difference spectrum. The figure is adapted from our figure on the cover of the issue that contains the description
of our setup [41].

In our studies of pyruvate kinase, we used a dialysis setup [41] to initiate phosphenolpyruvate binding
to the enzyme. In this setup, shown in Fig. 2, the sample compartment is enclosed on one side by the
ATR crystal (diamond) and on the other side by a dialysis membrane. The dialysis membrane is attached
via an O-ring to a reservoir that is accessible for the operator. Thus, the composition of the solution in the
reservoir can be altered, for example by adding a protein ligand. A small stirrer speeds up equilibration
of the solution in the reservoir. A typical measurement is performed in the following way. A few µl of
highly concentrated protein solution are placed on the ATR crystal and as hanging drop on the dialysis
membrane (a total of 6 µl at 0.8 mM protein concentration were used). Then, the reservoir is allowed
to slide down in a cylindrical block which combines the two protein solutions and closes the sample
compartment. After this, the protein settles and this process needs to complete before a ligand can be
added to the reservoir. Settling increases the overall protein absorption detected in the measurement
because the infrared light penetrates only a few µm into the sample compartment, i.e. it is sensitive
only to processes that are close to the surface of the ATR crystal. Once the absorbance of the sample is
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stable, a ligand can be added to the reservoir. It diffuses into the sample compartment and binds to the
protein. From a reference spectrum before addition of the ligand and a series of spectra after the addition,
a series of difference spectra can be calculated that reflect the absorbance changes induced by addition
of the ligand. The early phase of these changes reflects the conformational change of the protein and the
absorption of the bound ligand. Once the available binding sites are occupied, the absorption of the free
ligand is also evident in the difference spectra. Further additions of the ligand cause only absorbance
changes due to an increase in concentration of the free ligand [42].

The advantage of the approach is that it can be used for soluble proteins. For some proteins, it enables
measurements with superb sensitivity, as in the case of pyruvate kinase. However, it does not work well
for all proteins. Some take very long to settle, which implies that it takes very long to achieve a stable
absorbance spectrum before a ligand can be added. Even if the absorbance becomes eventually stable,
an addition to the solution in the reservoir might induce more settling of the protein, which can mask the
absorbance changes of interest.

The difference spectrum of phosphenolpyruvate binding to pyruvate kinase is shown in Fig. 3 (top
spectrum) and the structure of phosphenolpyruvate in Fig. 4. The difference spectrum reflects absorbance
changes of the protein and the absorption spectrum of the bound substrate. Note that in case of the sub-
strate, the difference spectrum does not reflect the absorbance changes of the substrate upon binding,
i.e. the difference between free and bound substrate. The reason for this is that the substrate was absent
when the reference spectrum was recorded. The protein, however, was present, and thus the differ-
ence spectrum contains the absorbance changes of the protein upon binding. The protein signals reflect
conformational changes of the protein backbone as well as changes in interaction of the side chains.
The former are found in specific regions of the spectrum, called amide I (1700–1610 cm−1), amide II
(1570–1510 cm−1), and amide III (1400–1200 cm−1) regions, whereas the latter occur in the entire mid-
infrared spectral range. Also the substrate can absorb in the entire mid-infrared range. Therefore the
spectral position of a band is generally not sufficient to attribute it to substrate, protein side chains, or
protein backbone. There are two exceptions: (i) the region above 1700 cm−1 exhibits the absorption of

Fig. 3. Difference spectra of phosphenolpyruvate binding to pyruvate kinase (0.8 mM) in 1H2O [42]. Top and bottom spectra
were obtained with unlabelled and 13C labelled phosphenolpyruvate, respectively. Band shifts due to isotopic labelling are
indicated by the lines between the spectra. The arrows above the spectra mark the approximate band positions of phospho-
enolpyruvate in aqueous solution. The text at the top of the figure gives the assignments of bands to molecular groups of
phosphenolpyruvate.
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Fig. 4. Structure of phosphenolpyruvate. The two 13C labelled carbon atoms are indicated by boldface and a larger letter size.

the carbonyl groups of aldehydes, ketones, esters and protonated carboxyl groups. If the substrate does
not contain such groups, the signals can be assigned to protonated Asp and Glu residues. (ii) Bands in
the 1700–1610 cm−1 region are usually dominated by changes in the amide I vibration of the protein
backbone. Such an assignment can be strengthened by repeating the experiment in D2O, since amide I
bands typically shift by 5–10 cm−1, whereas side chain bands [5] shift more.

Changes of the amide I protein absorption are due to conformational changes of the protein back-
bone. Although these are not the focus of this article, they are briefly discussed here in order to provide
a comprehensive account of the observed effects. The amide I spectral region is usually interpreted in
terms of secondary structure. However, it should be kept in mind that secondary structure is only indi-
rectly encoded in the spectrum. The structural sensitivity of the amide I vibration stems from a number
of parameters like the relative orientation and distance of amide groups, hydrogen bonding, and the lo-
cal conformation of the backbone [8,17]. Therefore, also structural changes within existing secondary
structure elements reflect in the difference spectra.

For pyruvate kinase it is known that substrate binding induces a transition to a more closed confor-
mation [35,53]. Such changes are often achieved by bringing two domains together that are connected
by a flexible linker. The linker is likely not to contribute much to the infrared difference spectrum, since
its absorption can be expected to be broad in both the open and the closed state due to its conforma-
tional fluctuations. Instead, the amide I signals will be caused by structural distortions of the secondary
structure elements within the domains.

The amide I region of the difference spectrum shown in Fig. 3 does not provide much more infor-
mation than that all secondary structure types are perturbed by binding. However, when repeating the
experiment under different conditions, more detailed information can be obtained. For example, β-sheets
were differently affected by phosphenolpyruvate binding in the presence of Na+ than in the presence of
Li+, K+, and Cs+. In contrast, α-helices were perturbed in a similar way in the presence of all mono-
valent ions. When Mn2+ replaced Mg2+, the binding-induced conformational change was considerably
larger indicating that more subunits converted to the closed conformation [43]. As the substrate binds
to the divalent ion only in the closed conformation [45], it is conceivable that the nature of the divalent
affects the equilibrium between open and closed states.

The presence of the allosteric effector fructose 1,6-bisphosphate leads to a larger conformational
change upon binding of phosphenolpyruvate when K+ and Mg2+ are bound at the active site, but not
when K+ is substituted by Na+, or when Mg2+ is substituted by Mn2+ [44]. Under the former conditions,
the conformational change is as large as without the allosteric modulator when Mn2+ is the divalent ion.
This is illustrated in Fig. 5. Thus it seems that fructose 1,6-bisphosphate compensates for a deficiency
of Mg2+ to promote the formation of the closed conformation.

For bands on the low wavenumber side of the amide I region, additional experiments need to be
performed to assign them to specific molecular groups. A first indication as to where substrate bands are
to be expected can be obtained by recording a spectrum of the substrate in aqueous solution. However,



106 A. Barth / An IR view on enzyme-substrate distortions

Fig. 5. The extent of conformational change upon phosphenolpyruvate binding to pyruvate kinase [44]. The difference in
absorbance values of the positive band at 1696 and the negative band at 1678 cm−1 was used as a measure of conformational
change. The ions in the active site of pyruvate kinase are indicated. FBP stands for fructose 1,6-bisphosphate.

this spectrum can change when the substrate binds to an enzyme because the interactions in the active site
are different from those in water. For a definitive assignment of bands, an experiment with isotopically
labelled substrate is necessary. Substitution of the naturally occurring isotope of an atom by a heavier
one decreases the frequencies of vibrations which involve movement of the considered atom. Since the
vibrational frequency equals the frequency of the absorbed light for the fundamental transitions observed
in the mid-infrared spectral range, such a frequency shift reflects in the spectrum and can be used to
identify the absorption of the substrate in the spectrum.

The bottom spectrum in Fig. 3 shows the binding-induced difference spectrum obtained with 13C-
labelled phosphenolpyruvate. The two 13C atoms are indicated in Fig. 4. Labelling leads to several shifts
in the spectrum which are indicated by the connecting lines between the spectra in Fig. 3. The observed
shifts are in line with those expected from spectra in aqueous solution and can be assigned to specific
vibrations from tabulated assignments [25] and density functional theory (DFT) calculations [59]. This
has identified the absorption of four substrate vibrations in the binding-induced difference spectrum:
the antisymmetric and symmetric COO− stretching vibrations (1590 and 1415 cm−1, respectively), the
C–O(–P) stretching vibration (1214 cm−1) and the symmetric PO3

2− stretching vibration (968 cm−1).
Unfortunately, the asymmetric PO3

2− stretching vibration exhibits only a very small shift upon isotopic
substitution in aqueous solution which cannot be detected in the binding-induced difference spectrum.
However, intensity and width of its absorption band are considerably larger than for the symmetric
stretching vibration and therefore most of the band at 1111 cm−1 can be assigned to the asymmetric
stretching vibration. The arrows in Fig. 3 indicate the absorption of phosphenolpyruvate in aqueous
solution which occurs at slightly different wavenumbers. These differences demonstrate that the enzyme
environment induces distortions of the bound substrate which comprise bond length and/or bond angle
changes. However, these changes are small. Using the bond valence model [19], we estimated that the
scissile C–O bond elongates �3 pm and weakens �1.4% when phosphenolpyruvate binds to the enzyme.
Thus, phosphenolpyruvate binding alone does not lead to a ground state distortion that significantly
reduces the activation energy. Such an effect would probably not be “desired”, since it would increase
the rate of dephosporylation of phosphenolpyruvate in the absence of the second substrate ADP.

Also for other bonds, the terminal P–O bonds and the shorter of the two carboxylate C–O bonds, only
small bond length changes were concluded. Regarding the carboxylate group, an interesting observation
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was made when the phosphenolpyruvate binding experiment was performed in the presence of Mn2+
instead of Mg2+. The minor bands near 1570 cm−1, i.e. between the 1590 and 1551 cm−1 bands, are
no longer present. Instead their absorption and that of the 1590 cm−1 bands seem to be concentrated in
one band at 1582 cm−1. From this observation of only one band, a more homogeneous binding mode
of phosphenolpyruvate in the presence of Mn2+ was concluded [43]. This is likely related to the larger
conformational change observed in the presence of Mn2+ which causes more subunits to be in a closed
conformation. In this conformation, the divalent cation binds to the carboxylate group (as well as to
the phosphate group) of phosphenolpyruvate. Thus, the transition from open to closed conformation is
expected to alter the binding mode of the carboxylate group in line with our observation.

The choice of the monovalent ion affects the band position of the carboxylate symmetric stretching
vibration of bound phosphenolpyruvate (1417–1415 cm−1). These differences were interpreted accord-
ing to DFT calculations [59] in terms of a rotation of the carboxylate group around the adjacent C–C
bond by a few degrees [43]. They are observed although the monovalent ion does not directly coordinate
to the carboxylate group. This indicates that the entire binding mode of phosphenolpyruvate is affected
when a single local interaction is modified.

In summary, the infrared difference spectra of phosphenolpyruvate binding to pyruvate kinase provide
clear evidence for a distortion of substrate structure upon binding. This evidence was obtained after
identifying the absorption of the bound substrate with help of isotopic labelling. Spectrum and structure
were linked by empirical correlations and DFT calculations. On a whole, binding of phosphenolpyruvate
alone does not lead to a significant weakening of the scissile P–O bond.

3. ATP binding to the Ca2+-ATPase

The sarcoplasmic reticulum Ca2+-ATPase (SERCA1a) [36] carries out the primary active transport of
Ca2+ across sarcoplasmic reticulum membranes [52,64]. This transport is fuelled by ATP and the Ca2+-
ATPase stands for ∼6% of the total ATP consumption in mammals [56]. Its function is to remove Ca2+
from the cytosol of an excited muscle cell and thereby to induce muscle relaxation. The reaction cycle
of the Ca2+-ATPase is shown in Fig. 6. When two Ca2+ are bound to the enzyme, ATP can transfer its
γ -phosphate to Asp351 of the ATPase. This forms a first phosphoenzyme intermediate Ca2E1P, where
both Ca2+ are occluded. Subsequently, a second phosphoenzyme intermediate E2P is formed, the two
Ca2+ are released towards the lumen of the sarcoplasmatic reticulum, and the Ca2+ binding sites become
partly protonated. Dephosphorylation of E2P and rebinding of Ca2+ from the cytosolic side complete
the reaction cycle. Two partial reactions are of interest here: ATP binding to the Ca2+ loaded ATPase
and dephosphorylation of the E2P phosphoenzyme. The focus will be on the latter reaction, which was
recently studied by quantum chemical calculations [10,58,60] whereas our results regarding the former
reaction have been summarised before [9].

Fig. 6. Reaction cycle of the Ca2+-ATPase. E2P denotes the ground state of the second phosphoenzyme intermediate. It is
called non-reactive for reasons given in the text. E2PR is the reactant state for the dephosphorylation reaction.
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For both reactions, the relevant infrared difference spectra were generated with the help of caged
compounds [14,32,37,51]. These are photolabile molecules that release a compound of interest upon
UV illumination. For the experiments described in the following, caged ATP and caged ATP analogues
were used. As the photolysis of caged ATP is a chemical reaction, it reflects in the infrared difference
spectra [7,13,14,23]. Most of these changes are instantaneous at the time resolution (60 ms) of our
rapid scan experiments, but the side reactions of the photolysis products are slower [12]. Because of the
photolysis signals, it is advisable to optimise the concentration of the caged compound in the sample so
that just enough compound is released to obtain saturating protein signals. This maximises the protein
signals relative to the photolysis signals and enables to subtract the latter [15,16]. In this way, the entire
mid-infrared spectral region becomes accessible for the study of protein reactions. The caged compound
approach has the advantage of high time resolution, so that consecutive protein reactions can be followed.
The primary compound released or the primary product of an enzymatic reaction can be modified at a
later time by helper enzymes that are added in small amounts to induce a second reaction [29,38,49]. This
increases the versatility of the approach. However, it is less general than the dialysis method described
above, as it might require the synthesis of a new caged compound. In addition, the caged compound
might already bind to the protein [22,62] and might even be a substrate of the enzyme. Both aspects
should be considered when using this approach.

In the following, the conformational change of the protein is discussed first, which is followed by
an analysis of the structure of the bound substrate. Fig. 7 shows the difference spectra of two partial
reactions, ATP binding (Ca2E1 → Ca2E1ATP, obtained within the first 400 ms after ATP relase) and
of E2P formation (Ca2E1 → E2P, obtained 90–150 s after ATP release) [16]. The largest changes are
seen in the amide I region and indicate conformational changes of the protein. The conformational
change upon nucleotide binding is thought to reflect the transition from a more open cleft between the

Fig. 7. Infrared difference spectra of ATP binding (top) and E2P formation (bottom) in 1H2O at an ATPase concentration of
0.7 mM [16]. In both cases, the initial state was the Ca2+ loaded state Ca2E1. Several spectral regions are marked by a grey
background: the amide I region, where conformational changes are monitored, is labelled C. The label P indicates regions
where the photolysis reaction contributes to the signals. Also, the spectral region of phosphate absorption is indicated. The
arrow points to a band of the E2P phosphate group.
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Fig. 8. Structure of the nucleotide binding site of the Ca2+-ATPase (protein data bank entry 1T5S [63]). The ATP-analog
AMPPCP is shown as balls and sticks. Mg2+ is coloured dark green. ATPase residues in the foreground are represented as sticks
and residues in the background as spheres. The nucleotide binding domain is indicated by light grey carbon and backbone atoms
while the respective atoms are dark grey for the phosphorylation domain. The figure illustrates that the nucleotide mediates the
interactions between the two domains.

nucleotide binding and the phosphorylation domain in Ca2E1 to a closed conformation in Ca2E1ATP
[47]. These changes have been used to identify the functional groups of ATP that are important for
binding to the ATPase [46,47]. To this end caged ATP analogues were synthesised that lacked individual
functional groups of ATP (γ -phosphate, hydroxyls, amino group). The lack of each of these groups
reduced the extent of conformational change, while keeping the shape of the amide I signals similar.
This demonstrates that the modified groups interact with the Ca2+-ATPase in the Ca2E1ATP complex,
which was later confirmed by X-ray crystallography [63,65] as shown in Fig. 8. In addition, the spectra
reveal the consequences of removing each of these interactions: the conformational change is reduced
and this has been interpreted as evidence for a less closed conformation of the ATPase complex with
the ATP analogues as compared to the complex with ATP. In experiments with a further ATP analogue,
2′,3′-O-(2,4,6-trinitrophenyl)adenosine 5′-monophosphate (TNP-AMP), the amide I range revealed a
different binding mode and it was suggested that the binding of this analogue opens the cleft [48].

As mentioned already in the pyruvate kinase section, bands of the bound substrate can only be identi-
fied in the spectrum by isotopic labelling of the substrate. In case of ATP binding to the Ca2+-ATPase,
the β- and the γ -phosphate of ATP were 18O labelled and the respective caged compounds were syn-
thesised. Then, ATP binding spectra were recorded and small differences in the phosphate region (see
Fig. 7) analysed. These changes are difficult to interpret because two states contribute to each of the
compared spectra (e.g. free ATP and bound ATP) each of which has 6 vibrations of the three phosphate
groups (not counting the symmetric stretching vibration of the PO3

2− group which absorbs outside the
investigated spectral range) that shift to different degrees upon isotopic substitution. Nevertheless, five
of the six vibrations of bound ATP could be identified in the spectra. Band shifts were observed with
respect to the spectrum of free ATP, however, the overall conclusion was that the phosphate groups expe-
rience interactions of similar strength in the protein environment and in water. An interesting difference
to similar studies on GTP bound to Ras [1,22,24,28] is that the vibrations of α-, β- and γ -phosphate are
largely decoupled in this case, whereas they are coupled in the ATPase ATP complex.
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4. Dephosphorylation of the Ca2+-ATPase E2P phosphoenzyme

Dephosphorylation of the E2P aspartyl phosphate proceeds much faster [55] than the respective reac-
tion of the model compound acetyl phosphate in water [27]. Therefore it was interesting to study whether
ground state destabilisation could explain some of the rate enhancement observed for the enzymatic re-
action. The particular question was whether the bridging bond between aspartyl moiety and phosphate
group was already elongated and weakened in the E2P ground state. Again, the absorption of the reac-
tive group was identified by isotopic labelling. In principle, the experiment is easy. The ATPase can be
phosphorylated by inorganic phosphate in a back reaction of its physiological reaction cycle and this can
be done with unlabelled and 18O-labelled phosphate. However, we did not manage to observe phospho-
rylation in infrared difference spectra when we used caged phosphate to initiate the reaction. Therefore,
E2P had to be generated in the forward mode of the reaction cycle by using labelled and unlabelled
caged ATP [4]. This revealed one band that was sensitive to isotopic substitution (marked with an arrow
in Fig. 7) and which therefore could be assigned to the E2P phosphate group. The obtained spectra with
different isotopes were subtracted to reveal only the effects of isotopic substitution, however, the result-
ing spectrum contained too much noise to clearly identify the phosphate bands [6]. Therefore a different
experiment was designed which directly monitored an isotope exchange at the phosphate oxygens in a
single sample. The experiment exploited that each dephosphorylation reaction incorporates a water oxy-
gen. If that consists of a different isotope than the original phosphate oxygen, an isotope exchange takes
place. After several dephosphorylation and rephosphorylation reactions, a complete isotope exchange of
all terminal phospate oxygens can be obtained. The experiment took a while to optimise since several
conditions needed to be met:

(i) The E2P intermediate had to be generated and its decay had to be inhibited (by the addition of
DMSO) so that this intermediate accumulated in the sample. Its steady state concentration had to
be maintained stable over several minutes. If the concentration of E2P had changed during the
isotope exchange, the associated absorbance changes would have been much larger than those of
the isotope exchange.

(ii) While E2P decay had to be prevented, its dephosphorylation reaction had to proceed at a significant
rate so that isotope exchange could be observed. At the same time, the equilibrium of the dephos-
phorylation was required to lie on the reactant (E2P) side, otherwise the signals of E2P would have
been too small.

In the end, the isotope exchange experiment [6,11] generated a difference spectrum that only showed
the signals of two phosphate vibrations in this protein with nearly 50,000 vibrations. It identified the
bands of the asymmetric P–O stretching vibrations at 1194 and 1137 cm−1. In the original publications,
we assigned three main bands of the isotope exchange spectrum to the E2P phosphate group. However,
this assignment was later corrected in the light of our quantum chemical calculations to two bands of
E2P and two of Ca2E1P as discussed in the supplementary data of [10].

The knowledge of the phosphate wavenumbers prompted us to perform DFT calculations on models
of the active site in order to obtain structural parameters for the aspartyl phosphate moiety. In these
models, acetyl phosphate replaced the asparty phosphate and individual HF or H2O molecules mod-
elled interactions with protein residues. The positions of the HF and H2O molecules were adjusted until
the wavenumbers calculated for the asymmetric P–O stretching vibrations matched the experimentally
determined ones. It turned out that the two vibrations were not sufficient to define the environment of
the phosphate group. For example, either a strong interaction with one of the terminal phosphate oxy-
gens, or strong interactions with two oxygens produced very similar wavenumbers for the two vibrations
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Fig. 9. The acetyl phosphate model that reproduced the experimental wavenumbers in our DFT calculations [10]. Three of the
distances between HF and acetyl phosphate were constrained (150, 180, 200 pm) when the energy was minimised.

[10]. Therefore it was necessary to adopt the interaction pattern that was known from crystal structures
obtained with the phosphate analogue BeF3

− [54,66]. One of the models reproduced the experimental
wavenumbers exactly and is shown in Fig. 9.

The comparison between this model and acetyl phosphate in a continuum dielectric (representing
water) revealed the following:

(i) One of the terminal P–O bonds is 0.02 Å shorter and thus stronger in the enzyme environment than
in an aqueous environment. This is due to weaker interactions with the enzyme.

(ii) The other terminal P–O bonds and the bridging P–O bond have the same length in both environ-
ments (1.52 and 1.77 Å respectively).

Thus, the enzyme distorts the structure of the phosphate group but it does not elongate and weaken
the bond that is cleaved in the dephosphorylation reaction.

This pattern of bond lengths was confirmed in DFT calculations of larger (150 atoms) models of the
catalytic site [10]. The agreement validates the approach of determining structural data from very simple
models that reproduce experimentally determined wavenumbers. The advantage of small catalytic site
models over more comprehensive ones is the possibility to use large basis sets. The basis set used in
our study – 6-311++G (3df, 3pd) – was able to calculate the wavenumbers of two PO3

2− containing
molecules in aqueous solution with high accuracy [57]. Therefore, we decided to use this basis set
without scaling the vibrational wavenumbers. Nevertheless, it should be kept in mind that bond length
determinations with this approach are only as good as the wavenumber accuracy of the DFT calculations.

Further insight into the catalytic mechanism was revealed by the comparison between the small acetyl
phosphate model, which was based on experimentally determined wavenumbers, and large models of
the catalytic site, which were based on several crystal structures. It turned out that the enzyme is in a
non-reactive conformation when it adopts the E2P state in aqueous solution [10]. In the transition to the
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reactant state of the dephosphorylation reaction E2PR [58] (see Fig. 6), the general base Glu 183 moves
to face the aspartyl phosphate and the attacking water molecule enters the active site. The Lys684 side
chain is now closer to the bridging oxygen which elongates the bridging bond by 0.04 Å. This effect was
also observed in simple models, when a HF molecule was placed close to the bridging oxygen of acetyl
phosphate [60], which validates again the use of simple models for the analysis of catalytic sites.

The reactant state E2PR seems to be only weakly populated in the ensemble of structures that consti-
tute the E2P state. If not, the absorption of the phosphate group of E2PR would be expected to contribute
to the experimental isotope exchange spectrum. The 150-atom model calculations predict different phos-
phate spectra for the reactive E2PR and the non-reactive E2P conformation. However, the experimental
spectrum does not show bands in the spectral range expected for E2PR and accordingly this state was
not detected in the experiments. Therefore its energy seems to be at least 1 kcal/mol higher than that of
the E2P ground state.

5. Conclusions

Vibrational spectroscopy provides detailed information about bond lengths and bond strengths. The
information is obtained indirectly via the vibrational frequencies of the molecule of interest. They have to
be identified in the vibrational spectrum usually with help of isotopic labelling. The correlation between
frequencies and structure should be preferentially done via quantum chemical calculations of models
of the active site rather than from plots that correlate these properties for different molecules or for a
molecule in different environments. The data points in such plots scatter, which might lead to an incorrect
interpretation (manuscript in preparation and [10]).

For the three catalytic reactions studied by us, we do not find evidence for ground state destabilisation,
i.e. a weakening of the bond that is cleaved in the reaction. However, for the dephosphorylation reaction
of the ATPase E2P phosphoenzyme, our DFT calculations indicate that the reactant state E2PR has a
weakened scissile P–O bond. This state seems to be a high-energy intermediate that is not detected in
experiments.
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