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Abstract

Infrared detect the molecular vibration, where one can assessed the properties of
molecules and their environment. We were studied the phosphoenol pyruvate (PEP) in
different ionization states by infrared spectroscopy combined with theoretical analysis.
Theoretical calculations peaked the vibrational coupling between carboxyl group,
phosphate group and carbon - carbon double bonds, which helped to assign the bands.
The infrared spectrum of labeled PEP and infrared measurement in D,O also helped in
band assignment.

Infrared spectroscopy is a powerful technique to detect the ligand induced changes in
biomolecules as it has distinct signals and provides different level of structural features.
An addition of a dialysis accessory to attenuated total reflection infrared spectroscopy
makes this technique more universal for ligand binding studies, where induce reaction or
perturbation of macromolecules can observed. It becomes easier to study the ligand
binding of substrates, activators, inhibitors and ions on macromolecules as well as effect
of pH, ionic strength or denaturants on the structure of macromolecules, which has great
role in drug development. This method was tested with two proteins cyt ¢ and calcium
ATPase. We use this method to understand the binding of PEP and Mg2+ to pyruvate
kinase (PK), where conformational changes of PK was revealed upon binding of PEP and
Mg**. The effect of protein environment on the bound PEP, we also used the labeled
PEP, which helped to assign and evaluate the infrared absorption bands. The difference
of bound and free PEP indicates specific interactions between ligands and protein. The
quantification of phosphate group revealed that the enzyme environment has little
influenced on the P-O bond strengths, which is weakened by less than 3% in the catalytic
reaction. The carboxylate absorption bands indicates the shortening of the C-O bond by
1.3 pm. The binding of PEP to PK in presence of monovalent cations K™ and Na* showed

that the binding interaction are very similar.
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1. Introduction

1.1 General descriptions

Infrared spectroscopy is roughly 200 years old, when (1800) William Herschel
discovered the infrared region of the electromagnetic spectrum. The development of the
method gets momentum during World War II, where applications were more focused on
petroleum products than biological applications. The application of infrared spectroscopy
in biological field started after 1950 and gained pace mainly in last few decades. The
Infrared spectrum exhibits distinct features for biomolecules like proteins, nucleic acids,
lipids or fats, carbohydrates and sugars. Proteins are the building blocks of life. Infrared
spectra of proteins provide different level of structural information like secondary
structure, protein reaction mechanism, protein ligand binding and protein dynamics.

Elliot and Ambrose [1] did pioneer work in 1950 by studying the conformational
structure of protein and polypeptides by use of infrared spectroscopy. In the field of
biomolecules a new era started in the 1970s after the availability of Fourier transform
infrared (FTIR) spectroscopy, which improved the accuracy, reproducibility and also the
signal to noise ratio. By using FTIR spectroscopy it became possible to detect small
absorbance changes on the order of 107, which helps to perform difference spectroscopy,
where one could detect the small absorption bands of functionally active residues from
the large background absorption of the entire protein. The difference provides absorption
bands only of groups undergoing reactions and cancels the background [2-8].

Understanding ligand binding to biomolecules plays a great role in drug development.
The above development in the field of infrared spectroscopy gives possibility to study
ligand binding to proteins on molecular level [3, 9- 11]. Infrared spectroscopy is able to
detect the ligand induced conformational changes in proteins by analyses the secondary
structure content like a- helix, B- sheets and turns. These structural changes have distinct
infrared signals, which indicate the binding mode. The study of ligand binding is
important to understand the mechanism of action of proteins (number of binding sites and
their binding strength) and that help to understand the biological system where

intracellular reactions in which binding is an integral part of chemical reactions.



Infrared spectroscopy has several advantages for elucidating the molecular
mechanism of proteins, such as high time resolution, universal applicability from small
soluble proteins to large membrane proteins, and high molecular information content
combined with sensitivity high enough to detect a change in the environment around a
single atom of a large protein. These properties make this method very useful to obtain
information on enzyme-substrate recognition. Fourier transform infrared (FTIR)
spectroscopy can provide potent dynamic and structural information, which sheds light on
interactions occurring between enzyme and substrate during the catalytic process.
Advantages of infrared spectroscopy are that it is applicable both to soluble proteins
(pyruvate kinase) and membrane proteins (calcium ATPase), that it is cost effective and
that it looks simultaneously at the whole protein as well as at specific sites. Also, infrared
spectroscopy is a non-invasive technique. There is no need to label the protein and there
is no perturbation of the original protein by an inserted label [12]. Infrared spectroscopy
is very well suited for the study of different sizes and any types of protein. With NMR
spectroscopy, it is not possible to study large proteins and by X-ray crystallography, it is
difficult to study membrane proteins [13].

In paper I, we used two different proteins cytochrome ¢, a small soluble heme
protein which plays a role in electron transport system to transfer electron between
complex III and IV and the calcium ATPase, a P- type membrane protein which pump
two calcium ions across the membrane to luminal side in the expanse of one ATP
hydrolysis. In the paper III, we worked on pyruvate kinase, a key enzyme of the
glycolytic pathway that catalyzes the transfer of phosphate from phosphoenolpyruvate to
adenosine diphosphate. We observed the structural changes of PK upon ligand bindings.
In both of the studies we used a dialysis accessory to ATR, in which a sample
compartment in contact to the ATR crystal is separated by a dialysis membrane from a
reservoir. The absorption of the solution in the sample compartment is probed by the
infrared beam. The protein is confined to the sample compartment. The ligands on the
other hand can exchange freely between the sample compartment and the reservoir via
the dialysis membrane. Therefore the sample composition can be altered by adding a

substance to the reservoir.



1.2 Pyruvate Kinase

Pyruvate kinase (PK) is a key enzyme of the glycolytic pathway that catalyzes the
transfer of phosphate from phosphoenol pyruvate (PEP) to adenosine diphosphate (ADP).

The physiological reaction of pyruvate kinase proceeds in two chemical steps. The first
step is phosphoryl transfer from PEP to ADP which produces ATP (adenosine
triphosphate) and the enolate of pyruvate [14]. The second step is the addition of a proton
to the enolate of pyruvate to produce pyruvate [15].

Rabbit muscle pyruvate kinase consists of four subunits of 530 residues each.
Each subunit folds into four domains: A, B, C and N. Domain N (residues 1-42) is a short
helix-turn-helix motif, domain A (residues 43-115 and residues 224-387) is a parallel
(B/a)s barrel, domain B (residues 116-223) is a nine stranded [-barrel and domain C
(residues 388-530) is composed of five a-helices and a five stranded B-sheet. The active
site lies in the pocket between domains A and B of the same subunit [16-19]. The
structure of the active site with bound (PEP) indicates that the side chains of Arg’* and
Lys269 bind the phosphate group of PEP or the y-phosphate of ATP [18, 19].
Pyruvate kinase has four metal binding sites; it requires divalent cations [20-22] and
monovalent cations [23-25] for activity. In the presence of divalent cations, pyruvate
kinase is active in a medium containing the univalent cations K*, Rb* or NH,", but only
weakly active in the presence of Na* [26, 27]. By use of NMR, Mildvan and Cohn [28]
have observed that K" enhances the relaxation rate of water protons in the presence of the
ternary complex pyruvate kinase-manganese-phosphoenolpyruvate. This indicates that K*
affects the conformation of the enzyme in the presence of PEP and Mn?*. The crystal
structure of rabbit muscle pyruvate kinase [29, 30] provides insight into the roles of
various groups in binding of divalent and monovalent cations. Mg** coordinates to the
protein through the carboxylate side chains of Glu?’' and Asp®” and K* coordinate to

four protein ligands: Thr'"®, Ser’®, Asn’* and Asp''"*.



Figurel: Structure of rabbit muscle pyruvate kinase subunits. One of the four
homologous subunits is shown. Each subunit consists of 4 domains: N (green), A (red), B
(blue) and C (yellow). The active site is between domains A and B [16].

Pyruvate kinase deficiency is the most common enzyme defect affecting the glycolytic
pathway of the erythrocyte. The erythrocyte pyruvate kinase deficiency causes hemolytic
anemia [31]. This is inherited metabolic disorder occurs in the both forms autosomal

dominant and recessive but autosomal recessive is more common [32, 33].

1.3 The Sarcoplasmic Reticulum Ca**- ATPase

The Ca’*-ATPase (SERCA1a) from skeletal muscle sarcoplasmic reticulum (SR) is a P-
type ATPase. The SR Ca”*-ATPase consists of a single subunit with a molecular mass of
110 kD. The SR Ca’**-ATPase has an important physiological function. Excitation of a
muscle cell induces the release of Ca®* from the SR into the cytosol, leading to an
increase in the concentration of Ca’*, triggering the muscle cell to contract. For the
muscle cells to relax, the released Ca** has to be pumped back into the SR, which is done
by the Ca®*-ATPase [81-83].

1.3.1 P (phosphorylated)-type ATPases

The SR Ca®*-ATPase is an important member of P- type ATPases, which are ATP
powered ion pumps that transport ions across biological membranes against their

concentration gradient in order to keep the internal milieu of the cell constant. A common



property for all P-type ATPase is that they bind the substrate ATP with very high affinity
and then they phosphorylate a highly conserved aspartic acid residue during the transport
process. The energy for active transport comes from the hydrolysis of the terminal
phosphate bond of ATP [84]. The other prominent members of the family are Na*, K*-
ATPase and gastric H*-ATPase.

1.3.2 Structure

The X-ray crystal structures show that the SR Ca®*-ATPase has two main regions,
a transmembrane region and a cytoplasmic region. The transmembrane region consists of
ten transmembrane a-helices (M1-M10). In the crystal structure of the Ca®* bound Ca*-
ATPase , the two Ca’* are bound by ligands from helices M4, M5, M6 and M8 [85]. The
cytoplsmic region consists of three separate domains, the nucleotide binding (N) domain,
the phosphorylation (P) domain and actuator (A) domain. The P domain contains the
residue of phosphorylation (Asp 351) whereas the N domain contains the binding site for
the adenosine moiety of ATP. Domain A may work as an actuator or anchor for the N
domain and appears to be involved in bringing about major conformational changes [82].
1.3.3 Molecular mechanism

In the reaction cycle of Ca>* transfer, the SR Ca**-ATPase undergoes
conformational changes and forms at least four interconvertible phosphorylated and
unphosphorylated intermediates. De Meis and Vianna proposed a model of the molecular
mechanism of the Ca2+—ATPase, which includes two main intermediate forms with
distinct properties, E1 and E2 (see fig.1) [86].
Lumy Ca,E, ~> Ca,E ATP CaZE1-P!
! !
u HE «——————— HXEZ-Pn

Figure 2. A scheme of the E1-E2 model of the SR Ca**-ATPase reaction cycle

When the protein is in the E1 conformation, two Ca®* can bind to high affinity sites on

the cytosolic surface. This activates the ATPase to use ATP as a substrate and then the
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terminal phosphate bond of ATP is cleaved into ADP and inorganic phosphate (pi). The
liberated phosphate group is then transferred to the Asp 351 residue [87], which results in
the formation of the E1-P high energy phosphoenzyme intermediate. This state is ADP
sensitive, meaning that it is able to synthesize ATP in the presence of ADP. In this state
the Ca”* is not accessible from either side of the membrane. The protein then changes its
conformation from the ADP sensitive E1-P form to the ADP insensitive E2-P form,
where it no longer can synthesize ATP, but instead could be dephosphorylated by water.
This conversion is accompanied by the creation of low affinity binding sites from which
the Ca2+ can dissociate into the SR. After the release of Ca*, the phosphate group is
cleaved off and released to the cytoplasmic side and the cycle is completed by the
reversion of the E2 form back to the E1 form. The conformational change also inactivates
the Ca®* binding sites on the luminal side and regenerates the high affinity Ca2+ binding

sites facing the cytosol, making the cycle complete.

11



2. Biophysical methods

2.1 Infrared spectroscopy
Spectroscopy is the study of molecular or atomic structure of a substance by observation
of its interaction with electromagnetic radiation (here infrared (IR) radiation). The
transition energy of most molecular vibrations falls within the infrared region of the
electromagnetic spectrum, which can therefore be detected in an infrared spectrum.
2.2 The electromagnetic spectrum
Electromagnetic radiation can be described in terms of a stream of photons,
which are a massless particles moving at the speed of light. Each photon contains a
certain amount of energy. The only difference between the various types of
electromagnetic radiation is the amount of energy found in the photons. The energy, E,
associated with electromagnetic radiation follows the expression
E=hv
Where h is Planck’s constant and v is the frequency of radiation.
Electromagnetic radiation is characterized by its frequency, v, or wavelength, A.
Wavelength and frequency are related to each other by the expression
v=c/A where c is speed of light.
Instead of these quantities, infrared spectroscopists use wavenumber. Wavenumber is the
reciprocal of the wavelength, which has the advantage of being proportional to the
energy. The unit of wavenumber is cm™. The wavenumber of the absorbed or emitted
photons is equal to the change in molecular energy expressed in wavenumbers.
2.1.1 Molecular vibrations
Photons in the infrared region can excite vibrations in molecules, and a vibration
is said to be infrared active if IR energy absorption causes a vibrational excitation. Hence,
nearly all polyatomic molecules absorb in the IR region, except diatomic homo-nuclear
molecules such as O, and Nj since their vibrations do not lead to a change in dipole
moment. A non linear polyatomic molecule that consists of N atoms has 3N degrees of
freedom of which six are translations and rotations of the entire molecules. The

remaining 3N-6 degrees of freedom correspond to the independent vibrational modes
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called normal modes. If molecules are linear, one rotational degree of freedom is absent
and the number of vibrations is 3N-5. In each normal mode of vibration, the atoms
vibrate with the same frequency and pass through their equilibrium positions
simultaneously. Large molecules such as proteins have a vast amount of normal modes,
many of which are degenerate, i.e. have the same energy as others [34].

Each normal mode behaves like an independent harmonic oscillator that is
dependent on the force constant (of the mode) and the effective mass of the mode. Not all
atoms are moved by the vibration, some are instead stationary. This is in particular true
for heavier atoms, which can act as soft walls isolating vibrations of light atoms attached
to them. This is similar to the situation of double and single bonds, where the vibrations
of double bonds are more or less independent from the rest of the molecule because of
their higher frequencies. Vibrations that are rather independent of the rest of molecule are
called group vibrations. The main region of group vibrations is above 1500 cm™. The
opposite situation also occurs, that is when vibrations are not independent but instead
couple to each other. This can happen when the frequencies of vibrations are similar and
the groups are adjacent in space. The vibrations then depend on the molecular geometry.
When vibrations couple, their energy levels mix and they can no longer be assigned to
only one bond. The bands associated with these vibrations tend to form an absorption
pattern, a finger print of the molecule rather than representing a specific group.

Absorption bands may be regarded as arising from stretching or deformation
vibrations. In some cases these can be considered as symmetric or anti-symmetric
motions. Stretching vibrations involve a change in the bond-length and often have high
energy since the bonding force directly opposes the change. Deformation vibrations
involve a change in a bond angle of the group and can be classified as scissoring, waging,
rocking or twisting. Ring compounds can also undergo a symmetric stretching vibration,
called breathing. The normal vibrations of a tri-atomic, non-linear molecule are shown in

Fig. 3.
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Figure 3. The normal vibrations of an AX; tri-atomic non-linear molecule.

2.1.2 Information from infrared spectra

An infrared spectrum yields information on several properties of the
investigated molecules and their environment, such as bond lengths, bond strengths and
conformational freedom. Everything that alters the electron distribution of the bonds or
the environment will alter the vibrational frequency and will thus manifest itself in the
infrared spectrum. The main contribution to the vibrational frequencies is the chemical
structure of the molecule, since it defines the masses of the constitutive atoms and the
strengths of the vibrating bonds. During a reaction, the chemical structure can be altered
for example by phosphorylation, which changes the vibrational frequencies of the
molecule.

Depending on the three-dimensional structure of the molecule, vibrations of
similar frequency can couple. The frequencies of coupled vibrations are different from
those of the uncoupled and can be detected in the spectrum, providing information on the
conformation. Also, the band width in an infrared spectrum gives information on
conformational freedom. This freedom can be related to entropy and in this way quantify
entropic effects in catalysis [12].

2.3 Experimental technique

Two main types of infrared spectrometers exist, traditional dispersive
spectrometers and Fourier-transform infrared (FTIR) spectrometers. Most instruments
used for research today are FTIR-spectrometers. The fast data collection, strong signal,
large signal to noise ratio, and less sample heat-up are the advantages of FTIR-

spectrometers over dispersive ones.
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2.3.1 Fourier Transform Infrared Spectroscopy

After the invention of the Michelson interferometer in 1880 by Albert Abraham
Michelson, the development of FTIR started. The FTIR technique was widely accepted
after the development of the fast Fourier-transform (FFT) algorithm by Cooley and
Tukey [35]. This, together with the advances in the calculating capacities in
minicomputers made it possible to develop modern FTIR systems.

At the heart of a Fourier transform spectrometers is an interferometer, a device

for analyzing the radiation from the source.

mirror

*—t‘*—:l

source /"‘* mirror
beamsplitter -« L —»
A\l
detector

Figure 4. The principle of a Michelson interferometer

The interferometer consists of a beam splitter that ideally splits the beam from
the light source into two equal parts that are reflected by two different mirrors,
introducing a difference in optical pathlength. This difference in traversed path is varied
by moving one of the mirrors, while the other is held at the fixed distance from the beam
splitter. When the beams, after reflection, recombine in the beam splitter, there will be a
phase difference between them, and they will interfere either constructively or
destructively. 50% percent of the beam reflected from the fixed mirror is transmitted to
the detector, while the remaining 50% is reflected back in the direction of the source. The
same is applies for the movable mirror. A detector measures the light intensity in
dependence of the position of the movable mirror. This results in an interferogram.

The intensity of the detected signal due to radiation in the frequency interval [v,v+dv],

denoted I(p,v)dv varies with the difference in path length p as a cosine function



I(p,v)dv = I(v)(1+cos2mvp)dv.

Taking into account that the signal is actually composed of contributions from signals in
a wide range of wavenumbers, the total intensity I (p) at the detector is the sum of all
these contributions.

I(p) = | I(v)(1+cos2mvp)dv

Now, the desired function I (v), the variation of the intensity with wavenumber, can be

calculated from I(p) by the standard mathematical procedure of Fourier transformation:

I(v) = 4 [ [ 1(p) - %2 1(0) ] (cos2mvp)dp

This transformation is performed by the computer interfaced to the spectrometer. In total,
two Fourier transformations are performed, one by the interferometer and one by the
computer. Usually, to obtain a good signal to noise ratio, a large number of scans needs

to be recorded and the resulting signals are averaged.

2.3.2 ATR-FTIR Spectroscopy

Infrared spectroscopy on biological systems is often performed in the
transmission mode. This means that the IR beam of the spectrometer is passing through
the sample and the transmitted IR intensity is measured. Owing to the high IR
absorptivity of water, IR samples are very thin, the relative water content in transmission
samples is therefore quite low, which may in some cases constitute a major problem.
Moreover, it is quite difficult to change sample conditions during a measurement, e.g. by

adding ligands, changing the pH or ion concentration.

An alternative to transmission mode experiments is offered by the attenuated
total reflection (ATR) technique [36, 37]. In this technique, the IR beam is guided in an
IR transparent crystal by total reflection. The electromagnetic field extends beyond the
crystal surface (several microns) as so called evanescent field. By applying e.g. a protein
sample directly on the surface of the crystal, it is sensed by this evanescent wave and
contributes to the absorption of the IR beam. In the ATR technique, the applied protein

may be in direct contact to a bulk water phase above, which is not sensed by the IR beam
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due to small penetration length of the evanescent field. The sample may be therefore
manipulated during the experiment e.g. by the addition of agents, which may change the
properties of the protein [38].
Evanescent field

Newton discovered evanescent electromagnetic fields, fields that fade out
exponentially within a few wavelengths. Due to advancement and desire to probe with

nanometer resolution, optical evanescent fields are becoming more relevant in research.

evanescent wave

PP

IRE

IRE

radiation detector

Figure 5. Attenuated total reflectance

The penetration depth (d) is given by:
A

d=
27 [ni2 sin’ @i — ntz ]1/ 2

Where d is the positive, real, evanescent penetration depth, n is the refractive index, i and
t are the incident and transmitted wave fronts respectively, A and ¢ are the wavelength
and angle of incident respectively.

To produce ATR, the medium must have an index of refraction such that the
wave would not undergo total internal reflection. The evanescent field is then create
between sample and crystal which able to excite (penetrate) the sample medium, and
perturb the internal reflection of the first medium.

The property of total internal reflection that allows a small evanescent field to
leak through the back side of the reflecting medium (resulting phenomena) has a wide
range of applications. New chemical and biological sensors are beginning to use

evanescent fields to detect low concentrations of reagents.
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2.4 Difference spectra

The infrared spectrum of proteins contains a lot of detailed information on the
structure and interactions of different groups. An average protein has about 25,000
vibrational degrees of freedom. This gives a very complex spectrum with many
overlapping bands and makes the extraction of information on specific groups difficult.
Depending on the group of interest, one can either look in a spectral region where the
group dominates the absorption or use difference techniques that allow selective
observation of groups that actively participate in a reaction.

Infrared difference spectra are the result of substracting a spectrum of the protein
in state A from a spectrum of the protein in state B. In this way, only groups that actively
participate in the reaction show, while the absorbance of groups that do not participate in
the reaction is canceled in the subtraction, as illustrated in Fig. 5.

2.4.1 Interpretation of difference spectra

In difference spectra the absorption of the reaction products or product state
shows as positive bands while negative bands are characteristic of the reactants or the
reactant state. There are several causes for a change in absorbance, the reactants can for
example be transformed into reaction products that absorb in different regions of the
spectrum resulting in one negative peak and two positive peaks or the frequency might be
shifted due to changes in the environment of the vibrating bond resulting in a negative

and a positive band in close proximity.
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Figure 6. Calculation of a difference spectrum. A difference spectrum is the spectrum
resulting from the subtraction of a spectrum in state A from a spectrum in state B.
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As a first step in the interpretation of difference spectra it is very powerful to
regard the spectrum as a characteristic fingerprint of the conformational change. The
signals can be analysed according to their shape, time course and magnitude. The shape
of the spectrum tells us how similar the conformational changes associated with different
preparation or reactions of the protein are.

To assign the difference bands to vibrations is always a difficult task, which needs
additional experiments such as isotopic labeling, site directed mutagenesis, ligands or
computations. Computations are not easy for large macromolecules and site directed
mutagensis is not easily to achieve and its also affect the protein functions. Isotopic
labeling is comparatively easy way, which does not alter the protein function. Since
isotopes have different masses it sense different vibrational modes which could be
detected by infrared difference spectrum by shift of bands. We achieved the simple
isotopic exchange by replacing H,O by D,O, (where hydrogen is replace by deuterium)
and more specific by labeled the ligands.
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Figure 7. Band shift due to isotopic labeling.

2.5 Ligand Binding

A molecule that binds to a target molecule and forms a complex to serve a specific
purpose is referred to as ligand. Incase of biomolecules, it serve a biological purpose. The
binding of ligand to a target molecules mainly occurs by intermolecular forces such as
hydrogen bonding, electrostatic interactions and vander Waals forces. In biochemistry,
the ligand binds to specific target mainly proteins (enzymes and receptors). The binding

of ligand molecules to the target molecules increases with increase the ligand
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concentration untill saturation is reached (all binding sites occupied). The binding of
ligands to target molecules can be described by the disscociation constant (Kg).

[R] [L]
Ky =
[RL]

R; concentration of target molecules, L; concentration of ligand, RL; concentration of

protein ligand complex.

1.0
S
2
5 0.5
=
m
0
Kg Kg
(Ligand)

Figure 8. Illustrates the binding affinity.

K4, tells about the strength of interaction, the lower the value stronger the interaction.

The effectiveness of binding depends on specificity (number of ligand binding to target
molecule) and the strength of their bindings (affinity). Binding is often cooperative i.e;
binding of the first ligand facilitates subsequent binding [39, 40]. Cooperativity may be
positive if binding increases the binding of other ligand and negative if it decreases the
binding of other ligands. Ligands can be substrates, inhibitors, activators and
neurotransmitters. Binding of a ligand can be selective (binds to a specific protein) or non
selective (binds to several proteins). It plays an important role in drug development where
selective binding fulfill specific functions and non selective binding causes specific
functions with side effects which play a major role on efficacy of a drug.

There different way is to experimentally measure binding like: mix the ligand with target
molecules and free ligand separated by using equilibrium dialysis, membrane filtration
and centrifugation or measure the binding by observing the spectral changes due to

changes in physical properties of target molecules or ligand that is induced by binding.
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Figure 9. Schematic diagram of ligand binding to macromolecules. Fig. A shows a
macromolecules (red) in solution, solvent molecules indicated as black lines and ligand is
shown in green, whereas in B, the macromolecule (red) has two binding sites and the
ligands are shown in pink and blue.

In the protein number of different ligands often binds on separate domains. Some ligands
may not perturb the protein much and others ligand can perturb significantly. The
structure of a protein domain generally does not change substantially upon ligand binding
but small movements of atoms of the protein do occur in every binding event. Often
structural changes involve the movements of flexible loops on protein surfaces. The
changes in protein structure upon ligand binding help to maximize the interaction
between the protein and ligand and to minimize the interaction with the other components
of the solvent, while permitting the ligand to associate and to dissociate. The other role of
domain or subunit movements upon ligand binding is to produce functional alterations at

other sites of the protein (allosteric protein) [41-43]

2.6 Evaluation of bond strengths and bond lengths

Bond parameters for the phosphate group can be determined from the band positions of
the symmetric and asymmetric stretching vibrations of the terminal P-O bonds. A
fundamental frequency or wavenumber Vv can be calculated according to
V= [(V32+2Vasz) / 3]1/2 [45]. The fundamental wavenumber can be used to calculate the
bond valence of P-O bonds using the formula [45]

(1) s =[0.175 x In (224500 cm™' / v)1*+%
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where s is bond valence in valence units (vu) of the terminal phosphate bonds and v the
fundamental wavenumber. Interactions between terminal phosphate oxygens and their
environment were quantified according to the bond valence model [46], which states that
the sum of all bond valences around oxygen atoms is two. This sum includes covalent
bonds and external bonds, i.e. interactions with the environment. Thus, the bond valence
due to the interactions to each of the terminal oxygens is 2 minus the bond valance of the
terminal bond. Parameters for the bridging P-O bond can similarly be obtained by
subtracting the summed bond valences of the terminal P-O bonds from the atomic
valence of phosphorous, which is five.

Since bond valences are defined by experimentally determined bond lengths,
bond lengths can be determined from bond valences. Equation 2 [46] with the parameters
used to derive the frequency versus bond valence correlation (equation 1) [45]:

2) LY =L"s

where L the bond length of a bond with bond valence s measured in vu, and L; the bond
length of a bond with a bond valence of 1 vu. L; and N are constants for a given type of
bond [47, 48]. For P-O bonds they are N =4.29 and L, = 1.622 A [48].

To estimate the reduction of bond dissociation energy of the bridging P-O
bond due to binding of ligand to protein two approaches can be use. (i) Bond dissociation
energy can be regarded as linear to bond valence [49]. (ii) Bond length L and bond
dissociation energy E are correlated: for several oxides, the inverse relationship E ~ (L-

Lo)"! [50], where Lo = 1.171 A for P-O bonds [51].

2.7 Dialysis

Membranes play a major role in biophysical chemistry. Generally use the dialysis for the
purification of macromolecular substances and it also can be use to measure the binding
of small molecules and ions to a large molecules. In the cell, the membrane has a similar
role, serving to partition region of the cell and making a barrier that retains some
substances and allows others to pass [39]. The main difference between these two is that
those membranes use in the laboratory are always passive, that means they act only as a

barrier and play no active role in the transport of materials [39].
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In the dialysis process solutes diffuse across a membrane and move from higher
concentration to lower concentration until equilibrium is reached (concentration on both
sides becomes equal). The membrane is a thin layer of material that contains different
size of pores. The movement of solutes across the membrane depends on the size of the
membrane pores. Several factors affect the rate of dialysis like membrane pore size,
concentration on both sides of the membrane. One can increase the rate of movement
across the membrane by agitating the external solution with a stirrer. Initially the rate of
diffusion becomes faster and later when concentrations from both sides approaches to
equilibrium the rate of dialysis decreases. The speed of dialysis could also be increased
by changing the external solution with fresh solution. The charge of the dialyzable
molecules also affects the rate of dialysis. The diffusion of highly charged molecules is
often slow because of Donnan potential, which can be improved by increasing the ionic

strength of the solutions [39, 52].
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Figure 10. Dialysis accessory for ATR units

A dialysis accessory for ATR units in shown in Fig 10, it has a sample compartment in
contact to the ATR crystal which is separated by a dialysis membrane from a reservoir
[53-55]. The absorption of the solution in the sample compartment is probed by the
infrared beam. The ligand on the reservoir can exchange freely between the sample

compartment and the reservoir via the dialysis membrane.
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3. Results and discussion

3.1 Paper I

In paper I, we developed a method to study ligand binding to macromolecules. A dialysis
accessory coupled with ATR spectroscopy was constructed to investigate ligand binding.
The main advantage of this method is the possibility to manipulate the sample of interest
during experiment and performed multiple experiments with different ligands on the
same sample which save times and material [53, 56-58].

In our dialysis accessory to our ATR unit, the membrane is fixed by an O- ring on the
conical bottom of the reservoir, which is made of the nonreacting material delerin - a
polyacetyl resin polyoxymethylene. We soaked the membrane in sample buffer before
fixing it on the reservoir for two reasons; one is to fix it properly on the reservoir and the
other to maintain the porosity of the membrane by not let them dry. Then, we assembled
the dialysis accessory on the ATR unit by putting 3-5 pl of sample on the ATR crystal
and fixed the dialysis accessory by slide down the membrane attached reservoir through a
thermostatic block. This process makes two compartments one down are sample, where
macromolecules or target molecules reside and above the buffer compartment. As both
compartments are separated by membrane, diffusion start across the membrane from
higher concentration to lower concentration. It takes 30 minutes to several hours (4-5
hours) to get the equilibrium states (concentration of both side become equal) depending
on the sample behavior (like charge of both sides which create Donnan potential) and
concentration. We observed that the protein sample takes time to reach the equilibrium
state due to process with in the sample and less samples takes shorter time. The approach
to equilibrium was observed by continuous monitoring the absorption spectrum of the
sample.

We have tested our dialysis accessory to the ATR unit with two different proteins.
Cytochrome c, a small soluble heme protein present in mitochondria where it plays a
major role in transfer electron between the complex III and IV. Calcium ATPase, a P-
type ATpase which pumps two calcium ions across the membrane from cytosolic side to
luminal side at the expense of the hydrolysis of one ATP molecule. First we introduced

ATP into the buffer compartment and followed its arrival into the sample compartment
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directly via observing the infrared absorption of the ATP. We noted that the high
concentration ATP samples ( 107 M) were detected within 10s whereas less concentrated
sample (10* M taken more time around 100s. We have tested the protein cytochrome ¢
which has been studied by infrared spectroscopy previously [55, 58-61]. The reaction
induced difference spectra due to reduction and reoxidation of cytochrome ¢ were
studied. The reduction of cytochrome c¢ was achieved by the reducing agent sodium
dithionate and oxidation by the oxidizing agent potassium ferricynide. Both redox
induced difference spectra were mirror image of each other and fully reproducible in
various cycles. The other protein we tested was calcium ATPase. The ligand induced
conformational changes in calcium ATPase due to ATP binding was studied. We
observed the absorption changes in calcium ATPase upon ATP binding within 120 s after
the addition of ATP into the buffer compartment. The observed signal was agreement
with previous spectra taken in the transmission mode by our group [62, 63].

We obtained high quality spectra of protein reactions which shows that our dialysis
accessory to ATR can be used to study ligand binding to macromolecules. We also
learned that this technique is simple to handle and that is easy to induce the reactions and

observed ligand binding which makes it potential for drug development.
3.2 Paper II

In the paper 1I, we studied the infrared spectrum of PEP, the last substrate of the
glycolytic pathway. Experimentally and supported by computationas. Band assignment of
the experimental infrared spectra is based on knowledge of group frequencies, which
makes a possible vibrational coupling between carboxyl group, the phosphate group and
the carbon carbon double bond in PEP hard to predict. That can be achieved by the
computational method. We studied PEP in three different ionization states and clarified
some of the band assignments by recording the spectrum of 13C2, 3 labeled PEP. By
computation we studied the several structures of PEP in three different ionization states.
We used density functional theory (DFT) with the B3LYP functional and with the 6-31G
(d, p), 6-31++G (d, p) and 6-311++G (d, p) basis sets for all ionization states and
observed that the basis set 6-31G (d,p) generally overestimates with respect to

experimental values while the other two basis sets are close to the experimental values,
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therefore we used the basis set B3ALYP/6-31++G (d,p) with the CPCM continuum in all
of the computational results we presented in paper II.

FI-PEP (fully ionized PEP): The FI-PEP spectrum was measured experimentally at pH [
9. The experimental infrared spectrum (1800 — 800 cm™) contains the 6 distinct bands.
The bands at 1571 and 1410 cm™ are from the antisymmetric and symmetric stretching
vibrations of COO ~ respectively, where the calculation reveals that the symmetric
stretching vibration is coupled to the scissoring vibration of CH,. In the same way we
also observed that the band at 1229 cm™ has contributions from several internal
coordinates, the C-O stretching of C-O(P) group and the rocking vibration of CH,. The
bands at 1107 and 974 cm™ are from the antisymmetric and symmetric PO3> vibration
respectively. The calculation we revealed that the 974 cm’ also involves the C-O(P)
stretching and CH, rocking vibrations. The 876 cm™ band is due to the wagging vibration
of the methylene group and the C1-C2 stretching vibration coupled with the scissoring of
the carboxylate group, which is also established by the small shift in the experimental
spectra of labeled PEP.

SP-PEP (singly protonated PEP): The PEP spectrum was measured at pH 4.6, and
indicated that the hydrogen atom is positioned on the phosphate group in line with the
pKa values of the carboxylate and the phosphate group. This fact is also established by
the antisymmetric and symmetric stretching vibrations of carboxylate which were
observed at 1575 and 1408 cm™ respectively, as in FI-PEP. On the other hand the ionized
phosphate bands at 1107 and 974 cm” no longer exist. SP-PEP adopts many
conformations but we calculated two conformations which were energetically more
favourable. The calculated spectra of both conformations were similar except for an extra
vibration that was observed in case of conformation II. From P-O(H) in plane bending
vibration, which is 317 cm™ upshifted in compared to conformation I which does not
contain the internal hydrogen bond between phosphate hydroxyl group and one of the
oxygens of the carboxylate group. We also observed that the experimental band at 1217
cm™ contains many vibrations such as C-O(P) stretching vibration, CH, rocking vibration
, antisymmetric PO, stretching as well as POH bending vibrations. The 1086 cm™ band
from the PO, symmetric stretching vibration and the 996 cm” band arise from the

coupling between C-O(P) stretching and CH; rocking vibrations. The small shoulder on
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the low wavenumber side of the 996 cm™ band is a residual band of FI-PEP, indicating
that the small proportion of PEP remains unprotonated at pH 4.6. The bands in lower
wavenumber region at 923 and 881cm™ were difficult to assign by the calculation due to
solvent effects. For that we also analysed SP-PEP with four explicit water molecules. The
calculated spectra agreed with the model without explicit water molecules except for the
P-O(H) stretching vibration which contributed along with the CH, wagging to the band
923 cm’.

DP-PEP (doubly protonated): The spectrum was measured at pH 2.1. The spectrum
indicates protonation of the carboxylate group since the bands around 1575 and 1408 cm’
" no longer exist. We calculated the DP-PEP spectrum with four different conformations.
The band at 1719 cm™ is assign to the C=O stretching vibration and the 1627 cm™ band
to the C2=C3 stretching vibration. The experimental spectrum was almost featureless
between 1600 and 1250 cm™; whereas the calculated spectrum indicated strong
absorption in this region which assigned to the delocalized mode involving the COH
group. The band near 1200 cm™ is an overlap of several normal modes such as C-O(H)
stretching and bending, C1-C2 stretching, C-O(P) stretching, CH, rocking, PO,
antisymmetric stretching and POH bending vibrations. The contribution of POH and
COH bending vibrations is also supported by the fact that the experimental absorption is
reduced in heavy water. The remaining bands at 1088, 1000, 925 and 850 cm’! are due to

the same vibrations as described in SP-PEP.
3.3 Paper 111

In paper III, we studied the conformational changes of PK upon ligand binding. We first
measured unlabled and labeled PEP at pH 7.5, which is ionized state and the spectra are
described in detail in paper II. We also measured the pyruvate spectrum at pH 7.5. The
band observed at 1708 cm™ is from keto carbonyl stretching vibration and the
antisymmetric COO™ stretching vibration observed at 1600 cm™ while the symmetric
stretching vibrations observed at 1421 and 1399 cm’! [64]. The band observed at 1358
cm’! from the CHj; deformation vibration and the band at 1175 cm’! is due to the C-CH;
stretching vibration [65].

We observed the infrared difference spectra of PK upon PEP binding in presence of the

monovalent cation K" and diavalent cation Mg2+ at pH 7.5. All the spectra were recorded
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at room temperature within 4 minutes after PEP addition. We observed conformational
changes of PK upon the first addition of PEP in the amide I region while the subsequent
additions (2" and 3") showed no such changes. This indicates that the binding sites
saturate upon the first addition of PEP. The initial spectrum at 84 s after the first addition
is mainly due to the formation of the PK.PEP complex, whereas the 240 s spectrum
contain absorption of both the PK.PEP complex and of free PEP. This is supported by the
shift of symmetric PO3” stretching band from 966 to 970 cm™, as the PEP concentration
increases. The PO5;* band position in the 240 s spectrum of the first addition is still 4 cm™
lower than in the 2™ and 3™ additions, which indicates that almost 50% free PEP are
present at the end of the first addition. To measure the PK.PEP complex concentration we
evaluated the protein band at 1696 cm'l, which is not disturbed by free PEP. This band is
not observed in the 2" and 3™ addition which also indicates that binding is complete in
the first addition.

The amide I region is sensitive to protein backbone structure and has been used for
secondary structure analysis. According to literature [66-73], we assigned the band at
1696 cm™ to turns or - sheets, the band at 1663 cm! to a- helical structures and bands in
the spectral region 1647-1621 cm™ to P- sheets. The above band assignments are
supported by spectra recorded in D,O where these bands are found at slightly lower
wavenumber. Thus the spectra indicate a conformational change of PK upon PEP
binding. The antisymmeteric stretching vibrations of carboxylate group were observed at
1590 and 1551 cm™, which is supported by their upshift in D,O. Experiments with
labeled 13C2, 3 PEP indicate that the antisymmetric carboxylate stretching vibration of
bound PEP absorbs near 1590 cm™. The band position is 21 cm’ upshifted compared to
the band position in aqueous solutions. The other carboxylate band at 1551 cm™ is not
perturbed by labeled PEP. We assign it to the carboxylate group of a Asp or Glu residue,
tentatively to that of Asp?’' or Glu*” residue which coordinate with Mg”* or to Asp''?
which bind to K* [19]. The symmetric stretching vibration of carboxylate group
observed at 1415 cm™, which is supported by the 3 cm™ shift upon isotopic labeling. The
band at 1485 cm™ which is shifted in D,O to 1467 cm! may originate from the CHj
bending vibration from Thr’?’ [74], since Thr’*’ is present in the active site and interacts

with the carboxylate group of L-phospholactate [19]. The bands (at lower wavenumber)
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at 1214 and 968 cm’ are from the C-O stretching vibration and PO;* symmetric
stretching vibration respectively of bound PEP. These bands of PEP are observed at 1229
and 974 cm™ in solution, which indicates that binding, changes the geometry and bond
strength of phosphate groups.

We measured the effects of the activating monovalent cations K* and Na* on PEP
binding. a-helical and turn structures are perturbed in a similar way in the presence of
both of cations but in the - sheet region, we observed bands at 1647 and1641 cm™ in the
presence of K™ and Na" respectively. Differences were also observed for the symmetric
stretching vibration of the PEP carboxylate, the band of which was at 1417 and 1415 cm’™
in the presence of Na" and K" respectively. The rest of the spectrum is very similar with
both cations. We also measured the absorbance changes of PK upon Mg** binding in H,O
and D,0. According to literature [73, 75, 76] and shifts upon deuteration, we assigned the
bands as follows: 1694 cm’™ (H,0) — 1675 (D,0) assigned to the C=0O stretching
vibration of Asn or Gln. 1664 cm™ (H,0) — 1647 cm™ (D,0, Asn, Gln), 1664 cm™ —
1606 cm™ (Arg), 1645 — 1647 cm™ (B-sheet, band shift probably only apparent because
of overlap by other bands), 1645/1630 cm™ — 1606/1587 cm™ (Arg), 1616, 1596 cm™
(H»0, not observed in D,O, Asn, Gln), 1569/1545 cm’! — 1587/1569 ¢cm’ (Asp, Glu,
shift is larger than usual probably because of overlap by other bands), 1485 cm™ (H,0)
— 1467 cm™ (D,0, CHj3 bending mode of Thr327, also observed upon PEP binding), 1545
cm” (HO, not observed in D,0, amide II), 1417 cm™ (H,0) — 1421 cm™ (D0,
Symmetric stretching of COO™ group). By use of infrared spectroscopy one can monitor
the enzymatic reaction by directly observed the consumption of reactants and formation
of products. Here, we measured the catalytic reaction of PK. We observed the formation
of pyruvate bands at 1600, 1358 and 1176 cm’™! and of ATP bands at 1248-1232, 989, 914
cm™'. The negative band observed at 940 cm™ is due to ADP consumption and those at
975 and 1103 cm™ due to PEP consumption.

We used the change of backbone structure and interaction (COBSI) index [12, 62] to
quantify the structural changes of polypeptide backbone of PK upon PEP binding and
found a value of 0.0014 that indicates that around 1% of the peptide groups contribute to
the net change in backbone structure. We calculated the bond parameters of the

phosphate group of bound PEP according to previous procedures [78-80] and concluded
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that the bond dissociation energy of bound PEP in compared to free PEP is 1.4% weaker,
which means that the bond energy is reduced by 6 kJ/mol upon PEP binding. Regarding
bond parameter of the carboxylate group of bound PEP, we observed that the bond
lengths of the carboxylate group are only little perturbed upon PEP binding.

4. Future objectives

4.1 Project I

Energy coupling in the Ca**ATPase

Aim

The aim of the project is to understand how chemical energy from ATP is converted to
directional Ca** transport by the Ca**-ATPase. We will study the molecular mechanism
by which substitutions of amino acids interfere with the communication between
phosphorylation site and Ca®™ transport site by monitor their effects on conformational
changes, the phosphate group environment, kinetics of partial reactions and whether Ca**
is released using infrared spectroscopy.

Strategy: We will express and purify the recombinant ATPase and studied with the time
resolved infrared spectroscopy. This technique enables the sensitive detection of the
minute absorbance changes associated with Ca®* transport. By using selected
substitutions, we will monitor their effects on conformational changes, the phosphate

group environment, and kinetics of partial reactions and whether Ca®* is released.

4.2 Project 11
Ligand binding detected by change in water absorption

Absorption of water molecules in bulk is different from the absorption of water
molecules that in the hydration shell around the ligand and the protein. When two
molecules associate some of the waters around them are released to bulk water, which
could be exploited to detect ligand binding. This method is universally applicable to
detect ligand binding since the transfer of water molecules from hydration shell to bulk

water takes place in all binding events. It has strong potential for drug design.
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The aim of this work is to determine whether this change in water interactions can be

detected by the infrared spectroscopy.

Figure 11. Illustrates the ligand binding upon water change. Fig A shows the protein
(red), ligand (blue), bulk water (black) and bound water (black with yellow). Fig B shows

release of bound water to bulk water upon ligand bound to protein.
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A dialysis accessory for attenuated total
reflection infrared spectroscopy
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Abstract. A dialysis accessory for attenuated total reflection (ATR) infrared spectroscopy is described together with an eval-
uation based on known systems with well-studied infrared spectra, such as chemical oxidation and reduction of cytochrome c

and substrate binding to the Ca’t-ATPase. Changes in the infrared spectra of the two proteins are successfully monitored with
the dialysis accessory. The accessory was developed in our laboratory for the diamond 9-reflections SensIR ATR unit. It can be
used to study absorbance changes of macromolecules which are induced by low molecular weight compounds, for example the
binding of substrates, inhibitors or ions to macromolecules as well as effects of pH, ionic strength or denaturants on the structure
of macromolecules. The dialysis accessory confines the macromolecule of interest to a sample compartment created between
the ATR crystal and the dialysis membrane. On the other side of the dialysis membrane, a reservoir for the sample medium is
created. In this way the low molecular weight compound of interest can exchange freely between the reservoir and the sample
compartment via the dialysis membrane. This provides a flexible way to change sample conditions for the macromolecule of
interest, allowing for example initiation of ligand binding.

Keywords: Dialysis, attenuated total reflection, ATR, vibrational spectroscopy, FTIR, ligand binding, protein

Abbreviations: FTIR-ATR = Fourier-transformed infrared attenuated total reflection; ATP = adenosine-
5’-triphosphate.

1. Introduction

The use of reaction induced infrared (IR) difference spectroscopy yields valuable structural informa-
tion at great detail [1-7]. A disadvantage of experiments using conventional transmission spectroscopy is
the limited possibility to manipulate the sample once the IR cuvette has been closed. This has been over-
come partly by applying attenuated total reflection (ATR) IR spectroscopy [8—10]. ATR spectroscopy
for protein studies is mostly applied to protein films deposited on the internal reflection element. The
ligands or in general any interacting compounds are exchanged on top [11-14]. Multiple experiments
can be performed with different ligands on the same protein sample which saves material and time. In
such experiments care must be taken so that the film is not disrupted during washing or repeated addi-
tions and withdrawals of the medium. Closing off a sample compartment by a dialysis membrane allows
for precise variations of the sample conditions in a controlled way [15]. It also makes it possible to use
ATR for proteins in solution. The protein is confined to a sample compartment between ATR crystal and
dialysis membrane. Small molecules on the other hand can exchange freely between the reservoir and

*Corresponding author: A. Barth, Department of Biochemistry and Biophysics, The Arrhenius Laboratories for Natural
Sciences, Stockholm University, S-106 91 Stockholm, Sweden. Tel.: +46 8 162452; Fax: +46 8 155597; E-mail: Andreas.Barth
@dbb.su.se.
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the sample compartment via the dialysis membrane. In this way one can initiate ligand binding or oth-
erwise change sample conditions in the sample compartment. The first reported use of a dialysis setup
in protein studies introduces guanosine-5'-triposphate (GTP) via diffusion through the dialysis mem-
brane and follows the effect of GTP on a complex of the membrane protein rhodopsin with transducin
[15]. Another application of dialysis ATR is the preparation of an oriented monomolecular film of porin
Omp32 on a Ge internal reflecting element. Dialysis is utilized here to wash away a detergent present
initially in the protein sample in order to start film formation [16]. Application of a dialysis setup for
the study of metal ion binding to a soluble protein, cytochrome c, was described recently [17]. There is
a similar dialysis set up reported by Agic et al. [18]. Both dialysis devices are built for the same ATR
accessory from SensIR Technology as ours. That described in [17] uses a flow-through cell commer-
cially available from the same company and needs 2 ul of sample. That described in [18] is based on
home-built cell for 4 ul of sample. There is a dialysis setup commercially available from Bruker Optics
which needs 50 pl in the sample compartment (Anders Nilsson, Bruker Optics Scandinavia AB, private
communication). Here we report our setup for the diamond 9 reflections SensIR FTIR-ATR accessory
with a sample compartment of 3 ul.

2. Materials and methods

Circles of 8 mm in diameter, cut out of cellulose sheets CelluSep F3 of MWCO 12000-14000 dialysis
membranes (Orange Scientific, Belgium), were used for the dialysis accessory.

Horse heart cytochrome c (cyt ¢) was purchased from Sigma and used without further purification.
The cyt ¢ samples were prepared in 100 mM phosphate buffer pH 6.8, containing 100 mM KCI. The
final concentration of cyt ¢ was 8 mM. Solutions of potassium ferricynide and sodium dithionate for cyt
c oxidation and reduction were both 200 mM.

The FTIR spectra of cyt ¢ were recorded at 4 cm~! resolution on a Bruker Vertex 70 FTIR spec-
trometer equipped with an MCT detector. The experiments were performed at room temperature. Cyt
c was equilibrated by continuous diffusion of medium (phosphate buffer with KCI) across the dialysis
membrane. After the absorption spectrum of the sample became stable, a 500 scan single beam spectrum
(background spectrum) was recorded. Then 4 ul of potassium ferricynide (200 mM) were added to the
reservoir after which an acquisition of repeated spectra in the absorption mode, 150 scans each, was
initiated. Under these conditions, oxidation of cyt ¢ was first detected after 20 seconds and monitored
until it was complete after 5 minutes. The system was brought back to the initial state by exchanging
three to four times the sample medium in the reservoir with fresh one in 5-10 minute intervals. Cyt c was
reduced by adding 2 pl sodium dithionate (200 mM) to the reservoir. The reaction was also first detected
20 seconds later and a completion was reached 5 minutes later. Typically, one oxidation-reduction cycle
was carried out for 30—-40 min.

Ca?*-ATPase was measured in a medium of 100 mM TRIS pH 7 with 10 M MgCl,, 100 M CaCl,
and 100 mM KCI. A stock solution of Ca?*-ATPase sarcoplasmic reticulum vesicle suspension, prepared
as given in [19] (80 ul), was dialyzed for 1 hour in 10 times diluted medium, then concentrated to a final
concentration of around 150 mg/ml by adding aliquots of 20 ul on the ATR crystal and drying with a
flow of N,. The last 8 ;1 were used for closing the dialysis setup. The FTIR spectra of Ca>*-ATPase were
recorded at 4 cm~! resolution on a Bruker IFS 66/S spectrometer equipped with an MCT detector. The
temperature for these measurements was 5°C. Single beam background spectra were taken with 1000
scans. Then the Ca**-ATPase substrate adenosine-5'-triphosphate (ATP), disodium salt, was added as
2 pl of 60 mM solution to the reservoir and several spectra recorded with 300 scans each.
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3. The dialysis accessory
3.1. Description

The sample is placed between the total reflection surface of the ATR reflection element and the dialysis
membrane (Fig. 1). The membrane is fixed by an O-ring, which snaps into a groove on the bottom conical
part of the ligand reservoir. The reservoir is made of delrin — a polyacetal resin polyoxymethylene. The
reservoir is let slide down in a cylindrical opening of a thermostating block, which can be assembled and
secured tightly to the ATR bench. It sits on the horizontal plane of the metal block that covers the ATR
unit. The height of the dialysis membrane above the internal reflection element is determined by the
height of the bottom conical part of the reservoir. The ligand reservoir is pressed down by a screw cap
which screws onto a thread on the thermostating block. The O-ring makes a tight contact with the walls
of the conical dip in the metal block of the ATR unit. Thus a tight closure of the sample compartment
is achieved while no pressure is exerted on the total reflection surface of the ATR reflection element.
The latter point is crucial since the diamond ATR crystal, although inert and therefore not demanding in
terms of the nature of the liquid samples measured, is on the other hand very sensitive to pressure since
it is a thin diamond plate supported only on the periphery and not across the entire surface. The setup
reported by Gourion-Arsiquaud et al. [17] uses pressure on the periphery which might impose the risk
of breaking the crystal.

3.2. Operation of the dialysis accessory

The dialysis membrane is first soaked for 1-2 min in double distilled water and transferred without
drying to the end of the conical opening of the reservoir. The membrane is attached to the reservoir
by snapping a wet O-ring into the groove on the reservoir. The reservoir is then filled with the sample
medium. A drop of 4 ul from our protein sample solution is placed on the total reflection surface of the
ATR crystal. Another 4 pl of the sample are deposited as a hanging drop on the dialysis membrane at
the bottom of the reservoir. The reservoir slides down the opening in the thermostating block and the
setup is closed with the screw cap on top. The solution in the reservoir is stirred constantly with a small
mechanical stirrer attached at the top. Initially we were closing with a total of 8 ul sample volume and
the controls we did and show in the paper are with 8 ul but later we found out that the setup can work
with as little as 3 ul.

M IR

Fig. 1. Dialysis accessory for the diamond 9 reflections SensIR ATR unit. R: reservoir, O: O-ring, M: dialysis membrane,
IR: infrared beam, D: diamond plate, P: protein (as an example for a macromolecule), L: ligand (as an example for the low
molecular weight compound).
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3.3. Equilibrating the system before the beginning of the experiments

Two to three hours after assembling the unit experiments can be started. The reason for the waiting
time is that the absorption of the sample changes due to processes within the protein sample. The smaller
the concentration of the sample is, the shorter it takes to obtain a stable absorption. Even if dialyzed
protein is transferred to the ATR crystal, and the reservoir contains the dialysis buffer, it takes time
before the absorption is stable. In our experiments, the ligands were added as solutions with the same
concentrations of buffer and salts as the sample medium in the reservoir. A second possibility is to
exchange the medium in the reservoir with a fresh one that has the same composition as before and in
addition contains the ligand of interest (results not shown).

4. Results and discussion

A first test of our dialysis accessory was whether low molecular weight compounds added to the reser-
voir would arrive in the sample compartment. Multiple additions of for example ATP to the reservoir
revealed that signals of added compounds can be observed within 10 s after the addition if the ligand
is at high concentrations (10~ M range final concentration). At lower concentrations (10~4~10~> M
range) the times lengthens 10-fold to 100 seconds. In these measurements the arrival of the low molecu-
lar weight compound in the sample compartment was detected directly via the infrared absorption of the
compound. This is generally no longer possible if the concentration is in the ©M range. Recent measure-
ments on a soluble protein and its inhibitor showed that at these concentrations (10~ M range), arrival
of the ligand in the sample compartment can be detected indirectly from difference signals arising from
changes in the protein bands upon protein-ligand interaction and they take longer times to be observed
(10—40 minutes, results not shown).

The difference spectra corresponding to reduction and reoxidation of cyt c are presented in Fig. 2. The
two spectra are almost exact mirror images of each other. Both spectra are found to be fully reproducible
in a large number of cycles of a single sample and display all the spectral features found in previous
infrared studies of redox induced changes in the infrared absorption of cyt ¢ [17,20-22]. In the earlier
work, reduction and oxidation of cyt ¢ was induced by electrochemical means. These reports also contain
detailed analyses of the spectra with the current state of the band assignments. The agreement with
previous results shows that our dialysis accessory can be used to obtain high quality spectra of a protein
reaction. We note that the observed absorbance changes are smaller than 0.1% of the typical absorbance
of an aqueous protein sample in transmission experiments.

Difference spectra of the Ca’T-ATPase revealing the changes in protein absorption after the addi-
tion of ATP are presented in Fig. 3. Spectrum A was recorded 80 s after the addition and represents
changes in the absorption that are not related to ATP binding to the ATPase. The two largest bands
in this spectrum at 1531 and 1067 cm™! coincide with bands of the buffer tris. These changes persist
throughout the measurements and can be seen together with the changes in the protein observed at later
times (Fig. 3B, 120 seconds after the addition). Figure 3C presents the spectrum in Fig. 3B corrected
for the buffer absorbance change seen in Fig. 3A. The observed signals agree with spectra taken in the
transmission mode, considered indicative of nucleotide binding to the Ca>*-ATPase [23,24]. They were
obtained using caged compounds, which photolytically release the compound of interest from an bio-
logically inactive photosensitive precurser. While this approach is powerful, it requires the synthesis of
an appropriate caged compound which is time-consuming and might be difficult to achieve. The work
presented here shows that dialysis coupled ATR spectroscopy can be used as an alternative to monitor
ligand binding to proteins.
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5. Conclusions

While reaction-induced infrared difference spectroscopy is a highly sensitive and highly informative
method, the difficulty of inducing reactions or perturbations has been a major bottleneck for its general
usability. The use of dialysis accessories to ATR units is becoming to overcome this bottleneck since it
provides a general method to study perturbations of macromolecules with infrared spectroscopy. This
work describes our dialysis accessory for the 9 reflections SensIR ATR unit and we showed that high
quality spectra can be obtained with it using two examples — chemical oxidation and reduction of cyt
c and substrate binding to the Ca>*-ATPase. As dialysis coupled ATR infrared spectroscopy makes
infrared spectroscopy a more universal method, in particular for studying the binding of small molecules
to macromolecules, we expect infrared spectroscopy to expand to new fields, for example to that of drug
development.
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The infrared spectrum of phosphoenol pyruvate (PEP) in aqueous solution was studied experimentally and
theoretically in its fully ionized, singly protonated and doubly protonated form. The density functional theory
with the B3LYP functional and with the 6-31G(d,p), 6-31++G(d,p), and 6-311++G(d,p) basis sets were
used in the theoretical study. The calculations with the two latter basis sets and the CPCM continuum model
for water showed good agreement with the experiments except for vibrations assigned to hydroxyl groups.
These needed to be modeled with explicit water molecules. The effects of deuteration and of *C, 3 labeling

of PEP were reproduced by the calculations.

Introduction

Glycolysis is a sequence of reactions which converts glucose
to pyruvate and which produces small amounts of ATP. The
final step is catalyzed by the enzyme pyruvate kinase (PK) and
is a substrate-level phosphorylation step, forming pyruvate from
phospoenol pyruvate (PEP); see Figure 1. Transfer reactions of
phosphate groups from phosphate esters, such as PEP, play a
fundamental role in biological processes including metabolism,
cell signaling and regulation.'

Infrared spectroscopy is a powerful method to obtain infor-
mation about the structure and function of molecules. It is used
to provide information on several different properties such as
bond lengths, bond strengths, protonation states, hydrogen
bonding, and conformational changes. Assigning experimentally
observed absorption bands to vibrational modes is not always
straightforward, and usually several strategies are needed, for
example, a combination of computational and experimental
studies. Using quantum mechanical methods to calculate
frequencies and intensities in order to assign the experimentally
observed absorption bands to particular vibrations is today a
widespread method. The calculated results can be further
analyzed, regarding the composition of each normal mode, for
example by animated atomic motion or by calculating the
potential energy distribution (PED) of each normal mode.

Previously, computational and experimental studies have been
performed on both the product pyruvate*’ and on other
monoester phosphates, especially dimethyl phosphate.®~!* Re-
garding PEP, the influence of hydrogen bonding between its
phosphate group and water has been investigated;'* however,
that study focused on the phosphate group and did for example
not include vibrational data for the carboxyl group. The chemical
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Figure 1. Reaction of PEP to pyruvate catalyzed by PK.

reactivity of the C3 atom of PEP has computationally been
studied in terms of the hard—soft acid—base principle in
enzymatic catalysis."> The study indicates that enzymes can
control the reactivity by conformational changes of PEP.

Despite the biological importance of PEP, no comprehensive
theoretical study of the infrared spectrum seems to have been
published. As a consequence, assignments of experimental
spectra have to be based on common knowledge of group
frequencies, a strategy which does not take into account the
possible vibrational coupling between the carboxyl group, the
phosphate group, and the carbon—carbon double bond, which
are all in close proximity in PEP.

While experimental vibrational frequencies can be determined
with wavenumber accuracy, quantum mechanical methods
generally overestimate the frequencies. One source of error is
the neglect of anharmonicity. Another problem in calculations
is how to model the solvent effects. Today a common method
is to use implicit solvent models, i.e., to represent the solvent
as a bulk medium. Here, the self-consistent reaction field (SCRF)
method is used which describes the solvent as a polarizable
medium with a dielectric constant, &. However, such models
do not include localized hydrogen bonds between the solvent
and the solute and may thereby neglect these important short-
range interactions. These effects can be modeled by including
explicit solvent molecules in the first solvation shell, a strategy
which involves new problems such as the determination of the
number and the orientation of the solvent molecules and also
the treatment of many more local energy minima.'® Furthermore,
calculations including a larger number of explicit solvent
molecules will become prohibitively costly.!
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In this study the IR spectrum of PEP was studied both
experimentally and computationally for three different ionization
states: fully ionized, singly protonated, and doubly protonated.
The article will discuss the choice of basis set and solvent
effects. Furthermore, the assignments of the different experi-
mental bands of PEP will be discussed in detail.

Materials and Methods

Experimental Details. The monopotassium salt of unlabeled
PEP was purchased from Sigma, labeled PEP from Cambridge
Isotopes Laboratories, and deuterium oxide (99.9 atom % D)
from Sigma-Aldrich.

FTIR spectra were recorded at 4 cm™! resolution on a Bruker
Vertex 70 FTIR spectrometer equipped with a MCT detector.
50 mM labeled and unlabeled PEP in 'H,O and in *H,O were
measured at different pH values. The PEP sample was placed
on a diamond ATR reflection element and the sample spectrum
(200 scans) was ratioed against a 500 scan background spectrum.

Computational Details. All calculations were performed with
the GAUSSIAN 03 program.!” Both gas-phase and solvent
geometries were optimized using density functional theory
(DFT) with the B3LYP functional'®!® and with three different
basis sets: 6-31G(d,p), 6-31++G(d,p), and 6-311++G(d,p).
6-31G(d,p) and 6-31++G(d,p) are double-{ basis sets with
polarization functions for all atoms, the double + indicates that
there are diffuse functions for all atoms. 6-311++G(d,p) is a
triple- basis set with both polarization and diffuse functions
for all atoms. To find the most favorable conformations, the
geometry optimization was performed on several different
starting structures in the gas phase. They were generated by
rotating three different dihedral angles (O—C,—C,—0,
C,—C,—0—P, and C,—O—P—0) with 30° interval in the range
from O to 180°. In addition, for the fully ionized PEP the
0O—C1—C2—-0 angles were fixed at 0, 30, 50, 70, and 90° since
no energy minima were found for these conformations. The
purpose was to analyze whether an enzymatic control of PEP’s
conformation, as previously proposed,'® can be detected by
infrared spectroscopy.

The solvent effects were taken into account using a self-
consistent polarized model (PCM), more specifically the con-
ductorlike screening model (CPCM),?*?! with the default values
for water (dielectric constant, ¢ = 78.39). For some of the
structures, the solvent effect was described both implicitly and
explicitly by using both the CPCM model and four explicit water
molecules. Three water molecules were put to surround the
phosphate and one water molecule was hydrogen bonded to the
carboxyl group. No investigation was performed to find the
global minima, i.e., the optimizations represent local minima
and the energies can therefore not be compared.

Because of SCF convergence problems for some of the
systems including the solvent model, parameters different from
standard values were employed. First, the SCF=novaracc
keyword was used in order to obtain a more strict SCF
convergence. Second, the opt=gdiis option was chosen, which
is the recommended algorithm for the geometry optimization
of large systems and when molecules with flat potential energy
surfaces are studied.’

The vibrational frequencies and the infrared absorbance were
calculated for the optimized geometries; no scaling factors were
applied. The calculations were performed using the same method
and basis set as the optimization. All frequencies were analyzed
using the ChemCraft program®? and a PED program.?’
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Figure 2. The infrared spectrum of fully ionized (FI) PEP. The top
panel shows the experimental spectrum at pH 9, and the lower panel
shows the computed spectrum using B3LYP/6-31++G(d,p). The
computation included the CPCM to simulate the solvent effects.
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Figure 3. The computed infrared spectrum of FI-PEP during rotation
of the dihedral angle O—C,;—C,—O. The angle is frozen for all the
calculations except for when the angle is 0°.

Results

We studied PEP in the gas phase by computation and in
aqueous solution by computation and experiment. To model
experiments in *H,0, hydroxyl-deuterated PEP was also exam-
ined theoretically. In addition, '*C,;-labeled PEP was studied
to clarify some of the band assignments. The experimental and
computational results in water are reported in the main text,
while a complete compilation of the experimental spectra
(Figures S1—S3 of Supporting Information), a comparison of
the calculations with the different basis sets for gas-phase
calculations (Figures S4—S6 of Supporting Information) and
for all CPCM-continuum calculations (Figures S7—S9 of
Supporting Information), and the isotope effects on both the
experimental and calculated spectra in water (Figures S10 and
S11 of Supporting Information) can be found in the Supporting
Information.

Comparison of Basis Sets. We studied several structures of
PEP in three different ionization states. The infrared spectra
for all conformations were computed using three different basis
sets: 6-31G(d,p), 6-31++G(d,p), and 6-311++G(d,p). Figures
2,4—6 show the calculations with the 6-31++G(d,p) basis set
and the CPCM-continuum. Figures S7—S9 of Supporting
Information show the remaining results of these calculations
using the CPCM continuum and the corresponding experimental
spectra. For all protonation states the infrared spectra computed
with the two basis sets including the diffuse functions are almost
identical and close to experimental values, while the frequencies
computed using the 6-31G(d,p) basis set are often overestimated
compared to the experiment and higher than for the larger basis
sets. In other words, for the three basis sets studied, the
vibrational frequencies shift to lower values with larger basis
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Figure 4. The relation between the two modes of FI-PEP which
represent the 1410 cm™! band. As the O—C;—C,—O dihedral angle
increases, the band gap increases.
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Figure 5. The infrared spectra of singly protonated phosphoenol
pyruvate (SP-PEP). The top panel shows the experimental spectrum at
pH 4. The middle panes shows the computed spectrum of structure I
and the lower panel that of structure II. All computations are performed
using B3LYP/6-31++G(d,p) and included the CPCM to simulate the
solvent effects.
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Figure 6. The infrared spectra of doubly protonated phosphoenol
pyruvate (DP-PEP). The top panel shows the experimental spectrum
at pH 2.1. All structures are computed using B3LYP/6-31++G(d,p)
with the CPCM to simulate the solvent effects.

sets. For the fully ionized PEP, the root-mean-square deviation
between calculation with CPCM-continuum and experiment in
aqueous solution is 41 cm™' for the 6-31G(d,p) basis set and
25 and 27 cm™! for the 6-314++G(d,p) and 6-311++G(d,p)
basis sets, respectively. Therefore, the results described below
are those obtained with the 6—31++G(d,p) basis set.
Solvent Effects. The effects of the CPCM continuum were
quantified for fully ionized PEP. The spectrum was computed
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TABLE 1: Assignments and PEDs for FI-PEP Calculated
with B3LYP/6-31++G(d,p) and CPCM Continuum*

experimental D/cm™! calculated normal modes of PEP (‘H,0)
PEP [3C,3]PEP PED
('H,0) ('H,0) d/lem™'  RA assignment (%)"
1661 62 (C2=C3 STRE 68

1571 1589/1557¢ 1577 1340 COO~ STRE 90
1410 1401 1404 185 CH, SCIS 60
1410 1401 1381 257 COO~ STRE 45
CH, SCIS 23

1229 1206 1249 365 C—O(P) STRE 31
CH, ROCK 26

1107 1106 1085 712 P—O STRE 99
1107 1106 1081 694 P—O STRE 98
~980 sh 991 92 C—O(P) STRE 36
CH, ROCK 42

974 972 935 245 P—O STRE 93
850 60 CH, WAG 74

876 875 847 128 C1—C2 STRE 30
876 875 COO™ SCIS 34
820 77 COO~ WAG 61

“The wavenumber, ¥, is given for the experimental data (PEP
and ['3C,3]PEP in 'H,0) at pH 10 and for the computational data.
Values in *H,O are not included because none of the protons of
FI-PEP will exchange for deuterium and the observed experimental
band positions were very similar. RA, relative absorbance; STRE,
stretching; SCIS, scissoring; ROCK, rocking; WAG, wagging; sh,
shoulder. ” Internal coordinates with a PED contribution of 15% or
more are listed. © Band splits into two bands upon isotopic labeling.

using B3LYP/6-31++G(d,p) for both the gas phase and with
the CPCM-continuum; the results are given in Table 1 for the
CPCM-continuum. Both results can be found in Table S3 of
Supporting Information. The root-mean-square deviation be-
tween the calculation with the 6-31++G(d,p) basis set, and the
experiment is 38 cm™! for the calculation in gas phase and 25
cm™! with the CPCM-continuum. Thus the continuum model
has a significant effect on the spectra and improves the
agreement with experimental results. The results described
below are therefore calculated using B3LYP/6-314++G(d,p) with
the CPCM-continuum.

FI-PEP. The chemical structure and the experimental and
theoretical spectra for FI-PEP (pH = 9) are shown in Figure 2.
Structural details of the energy minimized conformation are
compiled in Table S2 of Supporting Information. The spectrum
includes 6 distinct bands, the assignments of which are compiled
in Table 1. At 1571 and 1410 cm™!, the antisymmetric and the
symmetric stretching vibrations of COO™ are observed, respec-
tively. The calculations reveal that the symmetric stretching
vibration is coupled to the scissoring (in plane bending) vibration
of CH,. The absorption at 1410 cm™! includes an additional
normal mode to which CH, scissoring contributes strongly.

Figure 3 shows the theoretical spectra of FI-PEP during the
rotation of the dihedral angle O—C1—C2—0. The spectra show
that the two modes that contribute to the 1410 cm™! band are
the only bands that significantly shift in frequency during the
rotation. The changes in molecular energy and the vibrational
frequencies are listed in Table 2. Figure 4 shows that the
frequencies of both modes are higher when the angle increases
from 0 to 90° and that the band gap between the two vibrations
increases at larger angles. Another characteristic which appears
during the rotation is the stronger absorption of the C=C
stretching vibration at ~1600 cm™".

The band at 1229 cm™! is caused by a normal mode that has
contributions from several internal coordinates, mainly from the
C—O stretching vibration of the C—O—P group, here abbrevi-
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TABLE 2: Conformational Dependency of Selected
Vibrational Frequencies of FI-PEP with Energies and
Frequencies Calculated with B3LYP/6-31++G(d,p) and the
CPCM Continuum

relative energy vibration 17 vibration 2°

angles® (kJ/mol) (ecm™) (cm™h)
nonfrozen 0° 0 1404 1381
30° 1.35 1414 1388
50° 4.01 1427 1395
70° 7.08 1440 1398
90° 8.09 1444 1398

“The angle between C=C and COO~. ?The computed
frequencies of the modes that constitute the experimental band at
1410 cm™".

ated C—O(P), and the rocking vibration of CH,. The asymmetric
and symmetric PO;>~ stretching vibrations absorb at 1107 and
974 cm™!, respectively. The small shoulder at the high wave-
number side of the 974 cm™! band is likely caused by a normal
mode involving the C—O(P) stretching vibration and the CH,
rocking vibration. The band at 876 cm™! is a superposition of
two bands that are caused by the wagging vibration of the
methylene and the C1—C2 stretching vibration coupled to the
scissoring of the carboxylate group. Of the two bands, only the
former is shifted in the calculation with isotopic-labeled
['*C,5]PEP. This explains why there is only a small shift in the
experimental ['3C,;]PEP spectrum; see Table 1 (and Figure S3
of Supporting Information).

Singly Protonated (SP) PEP. The pK, values of carboxylate
and phosphate groups at pH 4.6 indicate that for the SP-PEP,
the hydrogen atom is positioned on the phosphate group. This
is also inferred from the experimental infrared spectra, see Figure
5, where the carboxylate bands (1575 and 1408 cm™") are still
observed at pH 4.6, while the bands of the ionized phosphate
group (1107 and 974 cm™") are no longer present. SP-PEP can
adopt many conformations with local minima but two confor-
mations are energetically more favorable. Their spectra are
shown in Figure 5, their energies are given in Table S1 of
Supporting Information and their structural details in Table S2
of Supporting Information. Conformation I has an extended form
because of the repulsion from the negatively charged carboxylate
and phosphate groups. Conformation II exhibits an internal
hydrogen bond between the phosphate hydroxyl group and one
of the oxygens of the carboxyl group. Conformer II was
energetically favorable by 11 kJ/mol, when the solvent effects
were modeled implicitly with the CPCM model. In aqueous
solution, conformer I is expected to be better stabilized,
compared to conformer II, by the hydrogen bonds from water
molecules and by the minimized electrostatic repulsion in the
extended conformation. The relative energies of the models with
four explicit water molecules (and the CPCM model) are listed
in Table S1 in the Supporting Information; however, it should
be mentioned that these energies should not be directly
compared since global minima were not obtained.

The calculated spectra for the two conformations are similar
(see Figure 5). The assignments are listed in Table 3. An
exception is that conformer II with the internal hydrogen bond
has an extra vibration at 1322 cm™!, with a strong absorption
coefficient. This normal mode is caused by the POH in-plane-
bending vibration and is upshifted by 317 cm™! compared to
the structure without the internal hydrogen bond. It is also the
only case where the two basis sets with diffuse functions give
very different frequencies - the difference is 32 ¢cm™! for
conformer II.

Rudbeck et al.

As indicated by this large difference between the two
conformers, the vibrational frequency of the POH in-plane-
bending vibration is very sensitive to hydrogen bonding.
Therefore, we studied whether this vibration in the extended
structure I is affected by explicit water molecules in the
calculation. The molecule was reoptimized with four explicit
water molecules (also including the CPCM model). Indeed,
placing hydrogen bonded water molecules close to the hydroxyl
hydrogen and to the two unprotonated terminal oxygens of the
phosphate group, shifted the POH bending vibration from 1005
up to 1164 cm™!. Because of the sensitivity of this vibration to
hydrogen bonding, it will cause a broadband in the experimental
spectrum that we expect to contribute to the band at ~1200
cm™!, which is in agreement with Chapman et al.’s?* experi-
mental infrared study of orthophosphates. In line with this
assignment, the low wavenumber shoulder of the 1217 cm™!
band in 'H,O is missing in 2H,O (see Figure S10 of Supporting
Information). The calculated POH bending frequency shifts to
the 900 cm™! region upon deuteration which is consistent with
reference.?* A similar upshift of the POH-bending vibration, as
for conformer I after including the explicit water molecules,
can also be seen for conformer II. The POH-bending vibration
is calculated at 1322 cm™! without the explicit water molecules
for the SP-PEP but appears at ~1360 cm~! when the water
molecules are included. This upshift excludes that the POH-
bending vibration contributes to the experimental absorption at
~1200 c¢cm™!. The vibration can neither contribute to the
experimental absorption at 1410 cm™! since the experimental
spectrum of SP-PEP (Figure 5) is very similar to that of FI-
PEP (Figure 2) in this region. In SP-PEP there is no POH-
bending vibration because the phosphate group is unprotonated.
Therefore, the POH-bending vibration of conformer II does not
seem to be observed in the experimental spectrum and we
conclude that conformation II is little populated in aqueous
solution.

Apart from the POH bending vibration, two additional normal
modes contribute to the absorption at ~1200 cm™!, one consists
of the C—O(P) stretching and CH, rocking vibrations and the
other is attributed to the antisymmetric PO, stretching vibration.
The bands at 1577 and 1408 cm™' are assigned to the
antisymmetric and symmetric stretching vibration of COO™,
respectively, and the computations show that the second band
includes a further mode dominated by the CH, scissoring
vibration as also found for FI-PEP. The band at 1086 cm™! is
assigned to the symmetric PO, stretching vibration while the
band at 996 cm™! arises from the coupling between C—O(P)
stretching and CH, rocking vibrations. The small shoulder on
the low wavenumber side of the 996 cm™! band is the residual
974 cm™! band for FI-PEP (see Figure 2), indicating that a small
proportion of PEP remains unprotonated at pH 4.6. The small
bands at 923 and 881 cm™! are not easily assigned from the
computations when the solvent effects are only considered by
a continuum model. To aid their assignment, SP-PEP with four
explicit water molecules (and the CPCM model) was also
analyzed. Almost all frequencies were in agreement with the
model without the explicit water molecules except for the
P—O(H) stretching vibration where both a large upshift from
794 to 851 cm™! and a higher intensity was calculated. This
vibration is therefore expected to contribute to the 923 cm™!
band. A second mode, CH, wagging, contributes additionally.
The absorption at 880 cm™! is linked to the C1—C2 stretching
vibration as is the 876 cm™! band of FI-PEP. This interpretation
explains why the absorption of the 923 cm™! band is relatively
strong and why the band does not exist for FI-PEP. It also
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TABLE 3: Assignments and PEDs for Singly Protonated (SP) PEP Calculated with B3LYP/6-314++G(d,p) and CPCM

Continuum
experimental ¥ /cm™! structure I of PEP ('H,O)" structure II of PEP (‘H,O)"
PEP (‘H,0)  PEP (*H,0)  ¥/cm™! RA assignment* PED (%)  ®/cm™! RA assignment PED (%)"
1677 37 C2=C3 STRE 70 1686 12 C2=C3 STRE 73
1575 1584 1593 1287 COO™ STRE 91 1601 1033 COO™ STRE 87
1408 1408 1411 154 CH, SCIS 66 1398 234 CH, SCIS 56
COO™ STRE 24
1408 1408 1379 260 COO™ STRE 54 1375 200 COO™ STRE 41
CH, SCIS 19 CH, SCIS 29
1322 990 POH BEND¢ 87
1217 1219 1232 272 C—0O(P) STRE 29 1214 166 C—0O(P) STRE 31
CH, ROCK 29 CH, ROCK 29
1217 1219 1216 689 P—O STRE 91 1193 580 P—O STRE 96
1086 1088 1060 394 P—O STRE 90 1057 450 P—O STRE 97
1217 1219 1005 224 POH BEND¢ 84

996 996 985 225 C—O(P) STRE 41 996 253 C—0O(P) STRE 40
CH, ROCK 37 CH, ROCK 38
923 919 881 77 CH, WAG 94 917 76 CH, WAG 96
874 138 TORS O—P—O—H 91
881 879 850 162 C1—C2 STRE 33 853 156 C1—C2 STRE 25
COO™ SCIS 23 COO™ SCIS 36
822 66 COO™ WAG 70 818 51 COO™ WAG 69
9234 9194 794 333 P—O(H) STRE 90 824 293 P—O(H) STRE 86

@ See Figure 5 for more information about the structures. ” Internal coordinates with a PED contribution of 15% or more are listed. ¢ See text
for assignment of this vibration to a band in experimental spectrum. ¢ This vibration is sensitive to hydrogen bonding (see text). The band
assignment was based on a calculation with explicit water molecules. ¢ RA, relative absorbance; STRE, stretching; SCIS, scissoring; ROCK,

rocking; WAG, wagging; sh: shoulder.

explains why there is only a small shift for both bands in ?H,0
(see Figure S2 of Supporting Information).

Doubly Protonated (DP) PEP. The experimental spectrum
for DP-PEP at pH 2.1, see Figure 6, indicates that both the
carboxyl and the phosphate groups are protonated since the
bands of the carboxylate group (1577 and 1409 cm™') are no
longer observed. For DP-PEP, three conformations were studied
in both the gas phase and when the continuum model was
included. One has an extended conformation (III), see Figure
6, and the hydrogen atom can be positioned on the different
phosphate oxygens without considerable change in energy. The
second and third conformations (IV and V) exhibit an internal
hydrogen bond between the carboxyl and the phosphate group.
The energies of all these conformations are very close to each
other (within 7 kJ/mol) when solvent effects are included. The
energies and bond lengths of the conformations are listed in
Tables S1 and S2 of Supporting Information.

The calculated infrared spectra of the different conformations
for DP-PEP are represented in Figure 6. The assignments for
conformations III, IV, and V are given in Table 4. The band at
1719 cm™! is assigned to the C=O stretching vibration and the
1627 cm™! band to the C2=C3 stretching vibration. The small
band near 1577 cm™! is the residual absorption of the carboxy-
late group, indicating that this group is ionized in a small fraction
of the molecules. Between 1600 and 1250 cm™', the experi-
mental spectrum is featureless. In contrast, for structure III one
and for structure V two strong absorption bands are calculated
in this region and assigned to delocalized modes involving the
COH group. For structure IV, only weakly absorbing bands are
calculated. Because of the discrepancy between computation
and experiment in this spectral region, we explored whether
the COH modes are affected by hydrogen bonding to explicit
water molecules. Figure 7 shows the spectra of DP-PEP modeled
with both explicit water molecules and the CPCM continuum
model. The explicit water molecules do not affect the mode of
structure IV; the mode might therefore contribute to the small
bands between 1500 and 1300 cm™! in the experimental

spectrum. However, the explicit waters slightly upshift the two
bands of structure V. Since details of hydrogen bonding seem
to have little effect on the bands of structure V, we expect two
distinct strong bands around 1400 cm™! for structure V. This is
not observed, and we conclude that structure V is little populated
in aqueous solution.

For structure III, the explicit water molecules cause a
frequency downshift and intensity increase of the mode involv-
ing the COH group from 1382 to 1315 cm™!. This strong shift
indicates a high sensitivity toward hydrogen bonding and we
expect therefore the experimental band to be broad. Since even
the inclusion of explicit water molecules models the hydration
effect incompletely (as found for SP-PEP) we expect the
experimental absorption of structure III considerably lower than
1315 cm™! and suggest that the COH mode contributes to the
band near 1200 cm™'.

Thus, the broadband at ~1200 cm™! is an overlap of several
normal modes. The mode compositions with the two different
solvation models (with and without the explicit water molecules)
are different; however they include the vibrations of the same
internal coordinates: C—O(H) stretching, COH bending and
C1—C2 stretching, C—O(P) stretching, CH, rocking and COH
bending, the antisymmetric PO,™ stretching, and POH bending
(for structures III and V where this vibration is upshifted from
around 1000 cm ™! when including the explicit water molecules)
vibrations. That the broadband includes the POH and COH
bending vibrations is supported by the fact that the experimental
absorption at ~1200 cm™! is reduced in *H,O (see Figure S11
of Supporting Information). The COH contribution increases
the intensity of this band and changes its shape in comparison
with the corresponding band of SP-PEP. The band at 1088 cm ™!
corresponds to the PO,™ symmetric stretching vibration and the
1000 cm™! band is attributed to a mode that couples C—O(P)
stretching and CH, rocking vibrations.

As for SP-PEP, DP-PEP needs to be modeled with explicit
water molecules in order to assign the bands at 925 and 850
cm™ L. For structure 111, the 925 cm™! band is again assigned to
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TABLE 4: Assignments and PEDs for DP-PEP Calculated with B3LYP/6-31++G(d,p) and CPCM Continuum

1

experimental /cm™ structure ITI“

structure IV¢ structure V¢

PEP PEP [! 3(3273] PEP PED PED PED
('H,0) (H,0) ('H,0) ®d/em™' RA  assignment (%)* ©/cm™' RA  assignment (%)” ©/cm™' RA  assignment  (%)"
1719 1707 1719 1732 372 C=0 STRE 79 1721 641 C—O STRE 72 1731 525 C—O STRE 73
1627 1635 1578 1673 325 C2=C3 STRE 68 1681 334 C2=C3 STRE 66 1687 188 C2=C3 STRE 70
1466 580 COH BEND 85
1417 56 CH, SCIS 83 1417 70 CH, SCIS 71 1401 20 CH, SCIS 83
1195 (1D 1382 438 C—O(H) STRE 25 1389 87 C—O(H) STRE 24 1321 597 C—O(H) STRE 43

CI—C2 STRE 19
COH BEND 19
1195 1208 1186 1245 153 C—O(P) STRE 22
CH2 ROCK 21
COH BEND 21

1195 1208 1186 1231 730 P—O STRE 87
1195 1208 1186 1153 499 C—O(H) STRE 49
COH BEND 43

1088 1091 1088 1068 353 P—O STRE 90
1195 1208 1186 1006 232 POH BEND 82
1000 996 995 993 164 C—O(P) STRE 37
CH, ROCK 39

925 925 925 905 76 CH, WAG 98
850 820 843 822 83 CI—C2 STRE 40
15 C—O(H) STRE 15

850 820 843 806 140 COO(H) WAG 59
9254 9274 925¢ 801 228 P—O(H) STRE 80

C1—C2 STRE 16 CI—C2 STRE 22

1239 33 C—O(P) STRE 23

CH2 ROCK 17
COH BEND 29

1229 711 P—O STRE 88 1206 635 P—O STRE 52
1148 531 C—O(H) STRE 49 1200 167 C—O(H) STRE 21

COH BEND 36 P—O STRE 43

1080 418 P—O STRE 53 1051 218 P—O STRE 66

POH BEND 18

1040 390 P—O STRE 45 997 334 POH BEND 73

P—O STRE 18

1012 185 C—O(P) STRE 35 994 192 C—O(P) STRE 40

CH, ROCK 45 CH, ROCK 38

964 71 COO(H) WAG 86

943 73 CH, WAG 98 943 58 CH, WAG 97
815 99 CI—C2 STRE 36 828 16 CI—C2 STRE 33
CO, SCIS 15

805 75 COO(H) WAG 57 800 39 COO(H) WAG 77
802 322 P—O(H) STRE 83 840 430 P—O(H) STRE 88

@ See Figure 6 for more information about the structures. ® Internal coordinates with a PED contribution of 15% or more are listed. ¢ See
text. ¢ This vibration is sensitive to hydrogen bonding (see text). The band assignment was based on the calculation with explicit water
molecules.
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Figure 7. The calculated infrared spectra of DP-PEP. All structures
are computed using B3LYP/6-314++G(d,p); the solvent effects are
modeled with the CPCM and with explicit water molecules. Black
arrows, from blue to red bands, indicate band shifts due to explicit
water molecules. The stars indicate out-of-plane vibrations which are
not observed in solution in the experimental spectrum.
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the P—O(H) stretching vibration - after including the four
explicit water molecules, see Figure 7, the vibration shifts up
from 801 to 858 cm™! (840 to 892 cm™! for structure V). A
second normal mode dominated by the CH, wagging vibration

contributes to a small extent. The predominant contribution of
the P—O(H) stretching vibration explains why the band is not
affected by isotopic substitution in ['3C,3]PEP and hardly by
deuteration (see Table 4 and Figure S3 of Supporting Informa-
tion). For structure IV, a shift of the P—O(H) stretching vibration
is not observed after including the explicit water molecules. It
is calculated at 802 cm™' and may give rise to an absorption
below 800 cm™!, which is outside the experimentally accessible
spectral region. Therefore structure IV does not seem to
contribute to the 925 cm™!' band. Since we have excluded
structure V as a major species above, we conclude that the 925
cm™! band is due to conformation III, which is therefore
significantly populated in aqueous solution. The band at 850
cm™! is assigned to the C1—C2 stretching vibration coupled to
the C—O(H) stretching vibration and is downshifted compared
to FI-PEP and SP-PEP in both experiment and calculation due
to the protonation of the carboxyl group. This assignment also
explains why the 850 cm™' band shifts for both *H,O and
['*C,3]PEP; see Table 4.

For all computations of SP-PEP and DP-PEP with explicit
water molecules there are additional normal modes in the
spectral range from 1800 to 800 cm™!. They were not discussed
above because they were not present in the spectra calculated
with only the continuum model. For structure III, these
additional modes are the POH and COH out-of-plane bending
vibrations calculated at 892 and 969 cm™!, respectively. They
are expected to have considerably lower frequency after
deuteration. Such band shifts are however not observed in the
experimental spectra (compare Figures S1 and S2 in Supporting
Information). This is in accordance with the literature, which
describes the out-of-plane bending bands as very broad, due to
many different relative orientations of interacting water mol-
ecules, and only visible in gas phase.>~?
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Discussion

We calculated the infrared spectrum of PEP in three different
protonation states using B3LYP with the three different basis
sets 6-31G(d,p), 6-31++G(d,p), and 6-3114++G(d,p) and
together with the CPCM continuum model. Some structural
models also included explicit water molecules in addition to
the continuum model. The two larger basis sets show significant
improvement of the calculated frequencies. For all protonation
states the two spectra computed with basis sets including the
diffuse functions are almost identical, and one can therefore
conclude that the 6-31++G(d,p) basis set is sufficient for these
molecular systems. Larger basis sets than 6-31G(d,p) are
generally needed to describe the electronic structure of anions.”$%

One source of error in the quantum chemical calculations of
vibrational frequencies is the neglect of anharmonicity effects.
The calculated frequencies are therefore typically larger than
those experimentally observed, however larger basis sets tend
to yield better results.***! According to Figures S7—S9 of
Supporting Information, the B3LYP/6-31G(d,p) method gener-
ally overestimates the vibrational frequencies. For the larger
basis sets, frequencies higher than 1200 cm™' are often
overestimated, while the frequencies below 1200 cm™! are
generally underestimated. Most vibrational frequencies are just
slightly over- or underestimated (<3%); some are strongly
affected by hydrogen bonding, as discussed below, and deviate
up to 15% from experimental values.

A common technique to improve the agreement between the
calculated frequencies and measured spectra is to use different
scaling methods. Scaling the frequencies uniformly would not
be fully satisfactory since some vibrations are underestimated
while others are overestimated in our unscaled computations.
Another approach is to scale the force constants depending on
the type of atom and type of vibration, the so-called scaled
quantum mechanical (SQM) method.'"'? Both Florién et al.!!
and Katsyuba et al.!? have scaled the force factors for molecules
including phosphorus after optimization with B3LYP/6-31G(d)
and obtained frequencies that compare well with experiments
for most vibrations. However, to the best of our knowledge,
not all scaling factors are available in the literature for the
protonated PEP structures, for example, for the P—O(H)
stretching vibration, and since most vibrational frequencies are
in agreement with the experimental results, we decided not to
introduce scaling.

Another source of error is the difficulties in modeling the
solvent. Previous studies show that the hydrogen bonding may
effect both the vibrational frequencies and the infrared
intensities.>3? In this study, a discrepancy between calculated
and measured frequencies was observed for vibrations involving
protonated groups, i.e., PO(H) and CO(H) stretching and
bending vibrations. These frequencies turned out to be very
sensitive to hydrogen bonding. Therefore, the structures were
reoptimized after including explicit water molecules that were
hydrogen bonded to the phosphate and to the carboxyl groups.
The results (see Figure 7) reveal several interesting details. First
the P—O(H) stretching vibration is upshifted by 50 cm™' for
structure III while the remaining terminal P—O stretching modes
do not shift. Second, the POH in-plane bending mode upshifts
more than 100 cm™'. Third, the intensities for all vibrations
become more consistent with the experimental results, for
example, the intensity for the P—O(H) stretching vibration
increases when the explicit water molecules are included.

The close proximity of a carboxyl, a phosphate group, and a
C2=C3 double bond in PEP raises the question as to the extent
of vibrational coupling between these groups. This is an
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important aspect for the interpretation of experimental spectra
of this biomolecule, since these groups give rise to relatively
strong absorption and are therefore experimentally observable
in studies of the catalytic mechanism of enzymes that have PEP
as a substrate. According to Tables 1, 3, and 4 many of the
normal modes are due to the vibration of predominantly one
internal coordinate, whereas others comprise several internal
coordinates which are strongly coupled. Significant coupling
occurs with vibrations of the CH, group. The CH, scissoring
vibration couples to the symmetric COO™ stretching vibration
and the CH, rocking vibration to the C—O(P) stretching
vibration. However, there is little coupling between the carboxyl
group, the phosphate group and the C2=C3 double bond, and
the vibrations of these groups in PEP have similar frequencies
as in other molecules. Information on these groups from other
molecules can therefore also be applied to PEP.

Conclusions

This work reports a combined experimental and theoretical
analysis of the vibrational modes of the important biomolecule
PEP in water for three ionization states. An extended conforma-
tion is suggested to exist in aqueous solution for the singly and
the doubly protonated ionization states. For these conformations,
the computational frequencies are very close to the experimental
ones which allowed a complete band assignment in the studied
spectral range from 1800 to 800 cm™'. Therefore, using the
B3LYP method in combination with a double-{ basis set with
diffuse functions and CPCM continuum model provides a
satisfactory description of most vibrations in aqueous solution.
However, vibrations involving the hydroxyl group are very
sensitive to hydrogen bonding and should be modeled with a
few explicit water molecules present.

The O—C1—C2—0 dihedral angle correlates with the chemi-
cal reactivity of PEP."> We have shown here that for the FI-
PEP the two modes that contribute to the experimental band at
1410 cm™! experience frequency shifts when the angle is rotated.
Because of the shifts, the conformation of PEP bound to an
enzyme can be assessed by infrared spectroscopy. This will give
important insight into the enzymatic mechanism.
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Abstract

Structural changes in rabbit muscle pyruvate kinase (PK) induced by
phosphoenolpyruvate (PEP) and Mg** binding were studied by attenuated total reflection
Fourier transform infrared (ATR-FTIR) spectroscopy in combination with a dialysis
accessory. The experiments indicated a largely preserved secondary structure upon PEP
and Mg2+ binding but revealed also small backbone conformational changes of PK
involving all types of secondary structure. In order to assess the effect of the protein
environment on the bound PEP we assigned and evaluated the infrared absorption bands
of bound PEP. These were identified using 2,3—13C2 labeled PEP. We obtained the
following assignments: 1589 cm’ (antisymmetric carboxylate stretching vibration), 1415
cm” (symmetric carboxylate stretching vibration), 1214 cm™ (C-O stretching vibration)
1124 and 1110 cm™ (asymmetric PO;™ stretching vibration) and 967 cm™ (symmetric
PO;” stretching vibration). The corresponding band positions in solution are 1567, 1407,
1229, 1107, and 974 cm’!. The differences for bound and free PEP indicate specific
interactions between ligand and protein. Quantification of the interactions with the
phosphate group indicated that the enzyme environment has little influence on the P-O
bond strengths, and that the bridging P-O bond, which is broken in the catalytic reaction,
is weakened by less than 3 %. Thus there is only little distortion towards a dissociative
transition state of the phosphate transfer reaction when PEP binds to PK. Therefore our
results are in line with an associative transition state. Carboxylate absorption bands
indicated a maximal shortening of the length of the shorter C-O bond by 1.3 pm. PEP
bound to PK in the presence of the monovalent ion Na* exhibited the same band positions
as in the presence of K* indicating very similar interaction strengths between ligand and
protein in both cases.



Introduction
Pyruvate kinase (PK) is a key enzyme of the glycolytic pathway that catalyzes the
transfer of phosphate from phosphoenolpyruvate (PEP) (Fig. 1la) to adenosine
diphosphate (ADP).

PH
PEP + ADP — pyruvate + ATP

The physiological reaction of pyruvate kinase proceeds in two chemical steps. The first
step is phosphoryl transfer from PEP to ADP which produces ATP and the enolate of
pyruvate [1]. The second step is the addition of a proton to the enolate of pyruvate to
produce pyruvate [2].

Rabbit muscle pyruvate kinase (EC 2.7.1.40, sequence code AAB61963) consists of four
subunits of 530 residues each. Each subunit folds into four domains: A, B, C and N.
Domain N (residues 1-42) is a short helix-turn-helix motif, domain A (residues 43-115
and residues 224-387) is a parallel (B/a)g barrel, domain B (residues 116-223) is a nine
stranded [B-barrel and domain C (residues 388-530) is composed of five a-helices and a
five stranded B-sheet. The active site lies in the pocket between domains A and B of the
same subunit. Structures of the active site with bound ligands indicate that the side chains
of Arg’* and Lys”® bind the phosphate group of PEP or the y-phosphate of ATP [3, 4].
Pyruvate kinase has four metal binding sites; it requires divalent cations [5-7] and
monovalent cations [8-10] for activity. In the presence of divalent cations, pyruvate
kinase is active in a medium containing the univalent cations K", Rb* or NH,", but only
weakly active in the presence of Na* [11, 12]. By use of NMR, Mildvan and Cohn [13]
have observed that K" enhances the relaxation rate of water protons in the ternary
complex pyruvate kinase-manganese-phosphoenolpyruvate. This indicates that K™ affects
the conformation of the enzyme in the presence of PEP and Mn**. The crystal structure of
rabbit muscle pyruvate kinase [14] provides insight into the roles of various groups in
binding of divalent and monovalent cations. Mn** [14] or Mg** [4] coordinates to the
protein through the carboxylate side chains of Glu®’' and Asp™’ and K* coordinates to
four protein ligands: Thr'", Ser’®, Asn™ and Aspm. Crystal structures have been
obtained with several ligands [3, 4, 14] but not with PEP due to the slow hydratase
activity of pyruvate kinase. As a close analogue, L-phospholactate has been used [4].
Interestingly, the active sites of different subunits adopt different conformations that
result in different degrees of closure of the cleft that forms the active site [4]. One of
eight sites is closed and Mg** coordinates to L-phospholactate and protein. The other
sites are open and coordination between Mg2+ and L-phospholactate is lost. Open and
closed conformations have also been observed in NMR relaxation measurements,
indicating an open conformation in the complex with Mn?* but closed conformations in
the ternary complexes with PEP and L-phospholactate [15]

In this study we used reaction-induced infrared difference spectroscopy to study
structural changes of PK induced by PEP binding. The method is more sensitive than a
comparison of infrared absorption spectra of samples with and without PEP and yields
valuable information on ligand induced structural changes [16-20]. We used a variant of
the attenuated total reflectance (ATR) technique in which a sample compartment in
contact to the ATR crystal is separated by a dialysis membrane from a reservoir [21, 22].
The absorption of the solution in the sample compartment is probed by the infrared beam.



The protein is confined to the sample compartment. The ligands on the other hand can
exchange freely between the sample compartment and the reservoir via the dialysis
membrane. Therefore the sample composition can be altered by adding a substance to the
reservoir. Our results demonstrate a conformational change of pyruvate kinase upon
binding of PEP and small changes in the bond strengths of PEP when it binds.

Experimental procedures

Materials

Pyruvate kinase (PK) from rabbit muscle, monopotassium salt of PEP, pyruvate, ADP
and MOPS (3-[N-morpholino] propanesulphonic acid) and deuterium oxide (99.9 atom %
D) were purchased from Sigma. Labeled PEP (2,3—13 C,) was purchased from Cambridge
Isotopes Laboratories, Inc. The labeled carbon atoms are indicated by asterisks in Fig. 1a.
Tris-HCI was obtained from Angus. KCIl, NaCl and MgSO, were obtained from Scharlau.
Cellulose dialysis membranes CelluSep F3 of MWCO 12000-14000 were purchased from
Orange Scientific, Belgium.

Methods

PK sample preparation

For difference spectroscopy 0.8 mM rabbit muscle PK were prepared in buffer (Tris-HCI
+ MOPS, pH, 7.5) containing 200 mM KCI or NaCl and 4 mM of MgSQO,. Deuterated
samples of PK were prepared in a similar way and the pD adjusted to 7.6. The pH meter
reading was corrected by -0.4 to obtain pD [24]. For recording of absorption spectra,
labeled and unlabeled PEP and pyruvate (Fig. 1b) were dissolved in H,O and the
absorption spectrum measured at pH 7.5.

FTIR studies

Our ATR-dialysis setup has been described previously [22]. The PK sample was placed
between the ATR reflection element and the dialysis membrane in the following way: A
2 ul drop of PK sample was placed on the ATR crystal and another 4 pl were deposited
as hanging drop on the dialysis membrane at the bottom of the reservoir. Then the sample
compartment was closed by approaching the reservoir towards the ATR crystal. The
solution in the reservoir was stirred with a small mechanical stirrer for fast equilibration.
FTIR spectra were recorded at 4 cm’ resolution on a Bruker Vertex 70 FTIR
spectrometer equipped with an HgCdTe detector. The experiments were performed at
room temperature. PK was equilibrated by continuous diffusion of buffer and salts across
the dialysis membrane. The absorbance spectrum was recorded in regular intervals.
Within 2-3 h, the protein absorption increased because the protein settled on the ATR
crystal. After the absorption spectrum of the sample became time-independent, a 500
scan single beam spectrum (background spectrum) was recorded. Then 2 ul of PEP (50
mM, pH 7.5), were added to the 4 ml solution in the reservoir after which 20 spectra in
the absorption mode (150 scans each) were recorded for 4 minutes. Addition of PEP and
spectra recording was repeated up to 3 times. For activity measurements, 50 uM of ADP
was added to the reservoir before recording of the background spectra and PEP addition.



Evaluation of bond strengths and bond lengths

Bond parameters for the phosphate group were derived following our work on the Ca®*-
ATPase [25] which was based on a study by Deng et al. [26]. From the band positions of
the symmetric and asymmetric stretching vibrations of the terminal P-O bonds, a
fundamental frequency or wavenumber Vv can be calculated according to
V= [(V52+2Vas,2) / 3]”2 [26]. The fundamental wavenumber can be used to calculate the
bond valence of P-O bonds using the formula [26]

(1) s =[0.175 x In (224500 cm™ / W]™**

where s is bond valence in valence units (vu) of the terminal phosphate bonds and v the
fundamental wavenumber. Interactions between terminal phosphate oxygens and their
environment were quantified according to the bond valence model [27], which states that
the sum of all bond valences around oxygen atoms is two. This sum includes covalent
bonds and external bonds, i.e. interactions with the environment. Thus, the bond valence
due to the interactions to each of the terminal oxygens is 2 minus the bond valance of the
terminal bond. Parameters for the bridging P-O bond can similarly be obtained by
subtracting the summed bond valences of the terminal P-O bonds from the atomic
valence of phosphorous, which is five.

Since bond valences are defined by experimentally determined bond lengths, bond
lengths can be determined from bond valences. We used equation 2 [27] with the
parameters used to derive the frequency versus bond valence correlation (equation 1)
[26].

) LY =LNs

where L the bond length of a bond with bond valence s measured in vu, and L; the bond
length of a bond with a bond valence of 1 vu. L; and N are constants for a given type of
bond [28, 29]. For P-O bonds they are N =4.29 and L; = 1.622 A [29].

Two approaches were used to estimate the reduction of bond dissociation energy of the
bridging P-O bond due to binding of PEP to PK. (i) Bond dissociation energy can be
regarded as linear to bond valence [30]. (i1) Bond length L and bond dissociation energy
E are correlated: for several oxides, the inverse relationship E ~ (L—Lo)'1 has been found
[31], where Ly = 1.171 A for P-O bonds [32].



Results

Infrared absorption spectra of PEP, pyruvate

In our study of PEP binding to PK we first measured the infrared absorption of the
substrate PEP and the product pyruvate. Absorption spectra of ADP and ATP have been
published before by us [33] and by others, see for example reference 34. The absorption
spectrum of unlabeled PEP at pH 7.5 is presented in Fig.2A. The absorption band at 1569
cm™ is attributed to the COO™ antisymmetric stretching vibration and the band of the
symmetric stretching vibration was observed at 1407 cm™ [35]. The band at 1229 em™ is
attributed to the C-O(P) stretching vibration according to density functional theory
calculations [36] and in analogy to the phenyl C-O-P linkage [35]. In the phosphate
absorption region, the (-PO3”) stretching vibration bands were observed at 1103 and 974
cm™ and a mode composed of C-C stretching and COO' scissoring vibrations at 879 cm’
[36]. The band positions in D,O were the same as in H,O except for the COO™ stretching
vibrations and for the symmetric —P032' stretching vibration, which were observed at
1574 cm’ (+5 cm'l), 1411 cm’™ (+3 cm'l) and 972 (-2 cm'l) respectively. The spectrum of
(2,3-°C;) labeled PEP at pH 7.5 is presented in Fig.2b. The antisymmetric COO™
stretching vibration splits into two bands at 1589 and 1558 cm™ with the main band
shifting downwards by 11 cm™. The symmetric stretching vibration shifts only by 5 cm™
to lower wavenumbers, whereas a strong 24 cm™' downshift is observed for the C-O
stretching vibration. All other band positions are only slightly affected by labeling
shifting down 1, 2, and 4 cm™ for the asymmetric and the symmetric -POs> stretching
vibrations and the C-C stretching/COQ" scissoring vibration, respectively.

The absorption spectrum of pyruvate at pH 7.5 is presented in Fig.2c. The keto carbonyl
stretch is observed at 1708 cm’', while the COO™ antisymmetric stretching vibration
absorbs at 1600 cm™ [37]. The COO™ symmetric stretching vibration contributes to two
bands at 1421 cm™ and 1399 cm™! [37] and the band of the CH3; deformation vibration is
observed at 1358 cm™. The band at 1175 cm™ is due to the C-CHj stretching vibration
[38]. The COO™ antisymmetric stretching vibration was observed at 1616 cm’ in D0,
while other band positions were the same as in H,O.

Infrared difference spectra of PEP binding to PK: general features and data evaluation

In the following we will discuss absorbance changes upon PEP binding to PK. The
spectra shown are difference spectra, revealing the absorbance change due to binding.
Positive bands in the difference spectra are due to bound and free PEP as well as to
protein absorption of the quaternary complex PK-PEP-Mg**-K", whereas negative bands
are due to protein absorption of PK-Mg2+-K+. The effect of three PEP additions to PK
samples in H>O and in the presence of K is shown in Fig.3 (difference spectra a-e). The
difference spectra were recorded at pH 7.5 at room temperature within 4 minutes after
PEP addition. Difference spectra a-c show absorbance changes due to PEP binding to PK
upon the first addition of PEP at different times after the addition (84,180 and 240s).
Protein conformational changes are indicated particularly by bands in the amide I region
(1700-1610 cm'l). Subsequent additions of PEP (difference spectra d and e for the second
and third additions, respectively) cause absorbance changes due to an increase of the
concentration of free PEP (bands at 1567,1407,1229,1107 and 974 cm'l). These band
positions are slightly different from those found in the absorption spectra because of
different buffer and salt concentrations. No distinct features are observed in the amide I



region in the second and third addition demonstrating the absence of conformational
changes and that the amount of PEP added in the first addition was sufficient to saturate
the binding sites.

The initial difference spectrum at 84s after the first addition is mainly due to formation of
the PK-PEP complex, whereas the difference spectrum 240s after the first addition
contains also a contribution of the absorption of free PEP. This is concluded from the
shift of the symmetric PO32' band near 970 cm'l, which is evident in difference spectra a-
c of Fig.3. The shift is shown more clearly in Fig.4. Panel a of Fig.4 depicts the evolution
of this band upon the first addition of PEP. The -POs> stretching vibration band shifts
gradually from 966.6 cm™ to 970.5 cm™, as the PEP concentration increases. This is
because initially all PEP is bound to PK whereas later the proportion of free PEP
increases. Panel b of Fig.4 shows the kinetics of the band shift. In addition 2 (Fig.4b) and
addition 3, the band position is 974.5 cm’! which coincides with the position of PEP in
aqueous solution (Fig.2a). The final band position after the first addition is still 4 cm™
below that of the 2™ addition indicating ~50% free PEP at the end of the first addition.

In order to determine the best time interval for the observation of the PEP-PK complex
with only little contribution by free PEP, we evaluated also the kinetics of secondary
structure changes of PK upon PEP binding, using the band at 1696 cm™. The result is
shown in Fig.4c. At 150s this signal of protein structural change saturates, indicating that
binding is essentially complete. The rate-limiting step in our experiments is the diffusion
of the ligand into the sample compartment. In order to minimize the contribution of free
PEP and to maximize the signal of the PEP-PK complex, we evaluated the time interval
84-144s and normalised the spectrum to the amplitude of the amide I signals in the 240s
spectrum. The resulting difference spectrum is shown in Fig.5a and is called PEP binding
spectrum. It has the symmetric PO;™ stretching band at 968.1 cm’ indicating less than
20% of free PEP.

Infrared difference spectra of PEP binding to PK: band assignment

Fig.5 compares PEP binding spectra for different conditions. They were obtained as
described in the previous section. In PEP binding spectrum a, difference bands are
observed in the amide I spectral region which is predominantly a C=0O vibration of the
protein backbone and absorbs between 1700 and 1610 cm™. The amide I absorption is
sensitive to protein backbone structure and has been used for secondary structure
analysis. According to the literature [39,40,41,42,43,44,45,46] we tentatively assign the
1696(+) and 1678(-) cm’ bands to turns or [-sheets, the signal at 1663(+) cem’ to o-
helical structures and the bands in the spectral region 1647-1621 cm™ to B-sheets. The
assignment of the 1696, 1678, 1663 and 1647 cm™ bands to amide I modes is supported
by the respective PEP binding spectrum recorded in D,O (spectrum b in Fig.5) where
these bands are found at slightly lower wavenumbers. These results indicate that PK
undergoes conformational changes when the substrate PEP binds, which involve all types
of secondary structures.

The positive bands at 1590 and 1551 cm™ (difference spectra a-c in Fig.3) are assigned to
the antisymmetric stretching mode of COO™ groups, which is supported by their upshifts
in spectra recorded in D,O (Fig.5b). The positive band at 1415 cm™ (Fig.5a) is assigned
to the symmetric stretching mode of COO™ groups.



The band at 1485 cm™ is in the spectral range of the absorption of the asymmetric CHjz
bending vibration. The band shifts in D,O to 1467 cm™' which is indicative of Thr CH;
absorption [48]. Since the side chain of Thr’?’ lies in the active site and interacts with the
carboxylate of L-phospholactate [4], we tentatively assign the band at 1485 cm™ to the
asymmetric CH3 bending vibration of Thr'”’. Bands at 1214 cm™ and below will be
assigned in the following paragraph with help of a PEP binding spectrum obtained with
labeled PEP.

Infrared difference spectra of PEP binding to PK: bands of bound PEP

Bands of bound PEP were assigned with help of 2,3-'°C, labeling of PEP (see Fig.1). The
PEP binding spectrum obtained for the isotopomer is shown in Fig.5¢ and is compared in
the following to the respective spectrum for unlabeled PEP in panel a. The coincidence of
all signals in the amide I region (1700-1610 cm™) illustrates the excellent reproducibility
of our spectra. Isotopic labeling perturbs the bands at 1590, 1415, 1214 and 968 cm.
The latter three shift down by a few cm™ as expected for isotopic labeling of PEP
according to Fig.2 and are therefore assigned to the symmetric carboxylate stretching
vibration, the C-O stretching vibration and the symmetric PO;™ stretching vibration,
respectively, of bound PEP. The respective band positions of PEP in solution are 1407,
1229 and 974 cm™ which indicates that binding changes geometry and bond strengths of
the carboxylate and phosphate groups. Regarding the 1111 cm™ band, the second
derivative of the two PEP binding spectra (data not shown) reveals two components at
1124 and 1110 cm™. The former can clearly be seen as shoulder in the PEP binding
spectrum and the latter corresponds to the main band. We assign both components to the
phosphate group of bound PEP because the band area of the asymmetric stretching
vibration is considerably larger than that of the symmetric stretching vibration according
to Fig.2. The expected isotope shift of 1 cm™ will be difficult to detect in the difference
spectrum, partly due to the presence of a small fraction of free PEP molecules which
alters the position of the main band. Both component bands of the asymmetric PO5;*
stretching vibration of bound PEP are upshifted with respect to the respective band of
PEP in aqueous solution which is found at 1107 cm™ under the conditions of our
experiment (Fig.3e).

The situation is more complicated for the 1590 cm™ band. It clearly loses intensity and
splits into two bands at 1596 and 1576 cm™. The downshift is 15 cm™ according to the
component band positions in the second derivative spectra (not shown). This number is
close to the 11 cm™ shift observed in aqueous solution. Therefore we assign the 1590 cm™
! band to the antisymmetric carboxylate stretching vibration of bound PEP. The upshift
for the high frequency component at 1596 cm™ is 6 cm™ which is smaller than the
expected 21 cm™. We note that the upshifted component band is expected to have a very
low intensity according to Fig.2 and might be masked by overlapping protein bands or
bands from minor binding modes of PEP.

In conclusion, the isotope effect on the 1590 cm™ band clearly indicates that the
antisymmetric carboxylate stretching vibration of bound PEP absorbs near 1590 cm™.
The band position is 21 cm’! upshifted compared to the band position in aqueous solution
revealing a distinct interaction with the protein which will be further discussed below.
The adjacent carboxylate band at 1551 cm™ is not perturbed by isotopic labeling of PEP.



It is therefore assigned to carboxylate groups of Asp or Glu residues, tentatively to those
of Glu*"" and Asp*”® which coordinate Mg** or to Asp''? which binds K* [4].

PEP binding spectrum in the presence of the activating monovalent ion Na*

The effect of the activating monovalent cation on PEP binding was also studied. Fig.5d
shows the PEP binding spectrum in the presence of Na®, whereas those previously
discussed were in the presence of K* (Fig.5a). The shape of the PEP binding spectrum is
similar with both cations above 1650 cm™. Thus o-helical and turn secondary structure
elements are perturbed in a similar way by PEP binding with both cations. Differences
are observed in the B-sheet region where a band at 1647 in the presence of K* shifts to
1641 cm™ in the presence of Na* and the negative band at 1632 cm™ (K*) is not observed
with Na*. Bands of bound PEP are found at the same positions for Na* and K", with the
exception of the band of the symmetric carboxylate vibration of PEP which shifts from
1415 cm™ with K* to 1417 with Na*. Overall, the spectra indicate very similar
interactions between protein and substrate with both cations, with a slight modification of
the interactions of the carboxylate group.

Infrared difference spectra of Mg2+ binding to PK

The following section discusses absorbance changes upon Mg®* binding to PK. The
difference spectra obtained are named Mg2+ binding spectra. Positive bands in the Mg2+
binding spectra are due to PK-Mg**-K”*, whereas negative bands are due to PK-K*. The
Mg** binding spectrum in the presence of K* in H,O is shown in Fig.5e. Spectrum e was
obtained upon the first addition of Mg?*. Second and third additions gave featureless
spectra (data not shown). In the Mg2+ binding spectrum, difference bands are observed in
the spectral region 1750-900 cm™ . Upon comparison with the respective spectrum in D,O
(spectrum f in Fig.5), some of the bands can be assigned. The band at 1694 cm’ shifts
down to 1675 cm™ which is indicative of the C=0 stretching vibration of Asn or Gln. The
bands at 1485 cm™ in H,O and 1467 cm™ in D,O induced by PEP binding (Fig.5a) are
also found upon Mg”* binding and are again tentatively assigned to the asymmetric CH;
bending mode of Thr'”’. The positive band at 1417 cm’ is due to the symmetric
stretching mode of COO™ groups, which is supported by its upshift in spectra recorded in
D,0O (Fig.5f). All other bands are in convoluted regions of the spectrum and there is no
unique way to interpret the shifts observed in D,0O. Possible assignments [47,49,50] and
deuteration induced shifts are: 1664 cm™ (H,0) — 1647 cm’! (D,0, Asn, Gln), 1664 cm’!
— 1606 cm™ (Arg), 1645 — 1647 cm™ (B-sheet, band shift probably only apparent
because of overlap by other bands), 1645/1630 cm™ — 1606/1587 cm™ (Arg), 1616,
1596 cm™ (H,O, not observed in D,0, Asn, Gln), 1569/1545 cm™ — 1587/1569 cm’
(Asp, Glu, shift is larger than usual probably because of overlap by other bands), 1545
cm! (H,0, not observed in D,O, amide II).

Infrared difference spectrum of the catalytic reaction

The spectrum shown in Fig.6 shows absorbance changes due to the catalytic reaction of
PK. The initial state of the sample was a mixture of PK and ADP, then PEP was added
and the difference spectra reveal the absorbance changes upon PEP addition. The
spectrum shown in Fig.6 is the average of spectra recorded during 4 minutes after PEP
addition. Because of coincidence of the band positions in the difference spectrum (Fig.6)



with those of reactants and products (Figs.2a and 2c, references [33,34]), we attribute the
positive bands at 1600, 1358 and 1176 cm™ to the formation of pyruvate (Fig.2c),
absorption at 1248 - 1232, 989 and 914 cm™' to ATP production [35,36], the negative
band at 940 cm™ to ADP consumption [33,34] and the negative bands at 975 cm™ and
1103 cm™ to PEP consumption (Fig.2a). This indicates that PK is active in our IR
samples.

The spectra are difficult to interpret in the amide I region because some bands are caused
by protein backbone changes and others by the formation of pyruvate and ATP. For
example the bands at 1702 and 1619 cm™ could be due to bound pyruvate. Compared to
the PEP binding spectrum (Fig.5a), new bands are observed at 1680(+) and 1638(-) cm’!
and the positive band at 1644 cm’ is missing in the spectrum of steady state turnover.
This indicates that the conformation at steady state is different from that induced by PEP
binding.

Discussion

The structural change of PK upon PEP binding

Spectroscopic studies can provide a detailed understanding of the conformational changes
that occur when a ligand binds to a protein. In the case of pyruvate kinase, X-ray
[3,4,51,52,53], NMR [13,15], small angle neutron scattering [54] and IR [23] studies are
available. PEP binding by PK leads to a more compact conformation of the protein [4,54]
due to closure of the cleft between A and B domains. The previous IR study showed that
PEP binding does not induce significant interconversion between secondary structures in
PK, but does affect the microenvironment of the backbone [23]. Our results agree with
this finding. However, using reaction induced IR difference spectroscopy we were able to
detect the small infrared absorbance changes associated with PEP and Mg** binding.
Only the changes at 1661 and 1639 cm™ (Fig.5b) have been identified in the previous IR
study [23].

Our spectra give evidence for an involvement of B sheets, turns and o helical segments in
the structural change upon PEP binding. The spectra can be interpreted in terms of
secondary structure changes but are also sensitive to more subtle changes of backbone
structure and hydrogen bonding within persisting secondary structure elements. In order
to quantify the structural changes of the polypeptide backbone upon PEP binding to PK,
we used the change of backbone structure and interaction (COBSI) index [45,55]. It
relates the integrated intensity in the amide I region, which is redistributed upon the
reaction, to the integrated total protein absorbance in that region. The COBSI index for
PEP binding to PK is 0.0014, which is more than 2 orders of magnitude smaller (< 1%)
than COBSI indices for 100% secondary structure changes [55]. This indicates that
around 1% of the peptide groups contribute to a net change in backbone structure. The
COBSI index gives realistic estimates of the net change of secondary structure [45,56].
However, the total number of residues that experience a secondary structure change may
be larger, these are not revealed in the IR spectra when opposing changes in different
regions of the protein largely compensate [56]. We conclude that the net change of
backbone structure of PK upon PEP binding is small but clearly detectable with FTIR
spectroscopy.



Infrared absorption of bound PEP

From our experiments with labeled PEP, we identified all major absorption bands of PEP
bound to PK. We obtained the following assignments: 1590 cm’' (antisymmetric
carboxylate stretching vibration), 1415 cm™ (symmetric carboxylate stretching vibration),
1214 cm™ (C-O stretching vibration) 1124 and 1110 cm™ (asymmetric PO5” stretching
vibration) and 968 cm™ (symmetric POs> stretching vibration). The corresponding band
positions in solution are 1567, 1407, 1229 1107, and 974 cm’! under the conditions of our
experiment (Fig.3d,e). The spectral positions of bound PEP are shifted from their
positions in aqueous solution which indicates different interactions in water and when
bound to the protein. In the following we will quantify the changes in bond parameters
between bound and free form.

Bond parameters of the phosphate group of bound PEP

Bond parameters for the phosphate group were derived following our previous work on
the Ca’*-ATPase [25] as described in Experimental Procedures. They are collected in
Table 1. The absolute error in bond lengths determined in this way has been estimated to
0.004 A from a comparison between measured bond lengths and lengths determined from
vibrational frequencies [26]. This corresponds to an error in bond valence of 0.011 vu for
the bridging P-O bond and of 0.015 vu for the terminal P-O bonds using the relationship
between bond length and bond valence (equation2). This error holds when the correlation
is applied to a set of different molecules. As pointed out previously [57], a large
contribution to this error is due to the coupling of the P-O vibrations with other
vibrations, which is different for different molecules. However, the coupling will be very
similar and the error largely abolished when the same molecule in slightly different
environments is compared. Therefore, the error in the present case is mainly determined
by the accuracy of determining the band position. For free PEP we assumed an accuracy
of the band position of + 0.5 cm™ which is an upper limit of the actual error. A deviation
of £ 0.5 cm™ in the band positions changes bond valences by less than 0.002 vu and bond
lengths by less than 0.001 A. For the symmetric P-O stretching vibration we used its
initial band position at 967 cm™ in the evaluation and assumed the same accuracy of 0.5
cm™'. The main error for the asymmetric P-O stretching vibration stems from the
difficulty to observe a clear isotope shift. The values calculated are based on the
assignment given above where the 1124 and the 1110 cm’ components were assigned to
the two asymmetric stretching vibrations of the phosphate of bound PEP. Two limiting
cases were used to estimate the error of the bond parameters: one where both asymmetric
vibrations absorb at 1110 cm™' and one where both absorb at 1124 cm™. In all cases, the
upshift of the asymmetric phosphate stretching vibration indicates a shortening of the
terminal P-O bonds. They are <0.3 pm shorter for bound PEP, illustrating the
extraordinary sensitivity of infrared spectroscopy to bond length changes. Their bond
valence is 1.330 vu for bound PEP and 1.325 vu for free PEP, i.e. <1% higher for bound
PEP. These effects are due to weaker interactions of the terminal oxygens of bound PEP
with their environment which amount to 0.670 vu (2 -1.330) for bound PEP and 0.675 vu
for free PEP, i.e. 1% weaker for bound PEP. These values can be compared to that for
hydrogen bonds between water molecules (0.17 vu) [27] which indicates that the strength
of interaction with the terminal phosphate oxygens amounts to nearly 4 typical hydrogen
bonds per oxygen for bound and free PEP. In conclusion, there is little change in the bond
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parameters of the terminal P-O bonds due to binding of PEP and the strength of
interaction between phosphate group and environment is similar for bound and free PEP.
This indicates that there is little contribution of the phosphate group to the binding
enthalpy of PEP.

The bond length of the bridging P-O bond is <3 pm longer for bound PEP. Its bond
valence was determined to 1.01 vu (5 - 3 x 1.330) for bound PEP and to 1.025 vu for free
PEP, i.e. 1.4% weaker for bound PEP. Thus, the enzyme environment weakens the bond
that is cleaved in the enzymatic reaction already in the ground state of the complex
between PK and PEP. This weakening is however very small. Regarding bond
dissociation energy as linear to bond valence [30] and assuming that the bridging P-O
bond of free PEP has a typical P-O single bond energy of 420 kJ/mol, the bond energy is
reduced by 6 kJ/mol (1.4%) upon binding of PEP. A second estimation, using a bond
energy versus bond length correlation, gives a similar reduction. The maximum reduction
in bond energy, obtained in one of the limiting cases is 3%. This is in sharp contrast to
our study on the E2P phosphoenzyme of the Ca**-ATPase [25] where the P-O bond to be
cleaved is weakened considerably by the enzyme environment. In conclusion, the bond
dissociation energy of the bridging P-O bond is weakened by only a few percent upon
binding of PEP to PK. Thus there is no indication that binding considerably distorts the
substrate PEP towards a dissociative transition state in the phosphate transfer reaction.
This is in line with the suggestion of an associative transition state [58].

Bond parameters of the carboxylate group of bound PEP

For the interactions of the carboxylate group, we evaluated quantum chemical
calculations on the Hartree-Fock level published by Nara et al. [59]. This study calculated
vibrational frequencies and bond parameters for acetate in 15 different environments,
with and without interaction with explicit water and several ions in different coordination
modes. We found that the shorter bond length Lgno correlates with the band position of
the antisymmetric stretching vibration of the carboxylate group (V). From the
correlation (data not shown) a shortening of the shorter bond on the order of 0.5 pm is
inferred when PEP binds to PK. However, this length change is similar to the deviation of
individual data points from the trend line (0.7 pm). Therefore, a shortening of the shorter
bond cannot safely be concluded. However, the maximum length change of the shorter
bond can be estimated to ~1.3 pm (0.5 + 0.7 pm). As for the phosphate group it is
concluded that the bond length of the shorter carboxylate C-O bond is only little
perturbed upon binding of PEP to PK.

Monitoring enzyme activity with infrared spectroscopy

Fig.8 illustrates the benefits of using IR spectroscopy for enzyme activity measurements
[60] where often UV-VIS spectroscopy is used in indirect enzyme activity assays. In
contrast, infrared spectroscopy is a method by which one can directly follow enzymatic
reactions and also identify their reactants and products. Here, we were able to observe the
consumption of ADP and PEP as well as the production of ATP and pyruvate due to the
enzymatic activity of PK.
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Conclusions

This work presents the first reaction-induced infrared difference spectra of PK. Infrared
absorbance changes upon binding of PEP were recorded with high sensitivity and high
reproducibility. They indicate small secondary structure changes affecting all types of
secondary structure. The absorption bands of bound PEP were identified with help of
isotopic labeling of PEP. They indicate only little perturbation of the covalent bonds of
PEP upon binding: a weakening of the bridging P-O bond by less than 3% and a bond
length change of the stronger carboxylate C-O bond by maximal 1.3 pm. Replacement of
the activating monovalent ion K by Na* does not change the binding mode of PEP. It is
concluded that the protein environment distorts the structure of PEP very little towards
that of a dissociative transition state in the phosphate transfer reaction. The smallness of
the effect is in line with an associative transition state.
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Table 1. Properties of the phosphate group of bound and free PEP. The error of the bond parameters for bound PEP was determined as
described in the text.

Phosphate group of bound PEP Phosphate group of free PEP

terminal oxygen bridging P-O terminal P-O bridging P-O
Wavenumbers of P-O stretching vibrations / cm’! 1124, 1110, 967 1107, 974
P-O fundamental frequency or wavenumber / 1069 1065
cm’’
P-O bond valence / vu 1.330 + 0.005 1.010 £ 0.015 1.3251 £ 0.0005 1.0246 £ 0.0015
Bond valence of external bonding / vu 0.670 £ 0.005 0.675% 0.0005
P-O bond length / A 1.5177 £0.0014 1.618 +0.006 1.5190 £ 0.0002 1.6128 £ 0.0006
Reduction of bond dissociation energy of bound 1.4 % (range 0 - 3%)
PEP relative to free PEP 6 kJ/mol (range 0 - 12 kJ/mol)
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Figure legends
Figure 1. Chemical structures of PEP (a) and pyruvate (b). Asterisks indicate the B
labeled carbon atoms in panel a.

Figure 2. Infrared spectra of 100 mM unlabeled PEP (a) and 50 mM labeled PEP (b) and
100 mM pyruvate (c) dissolved in H,O at pH 7.5.

Figure 3. Infrared absorbance changes of PK upon PEP binding in the presence of K* and
Mg2+ in H,O. Traces a, b and c reflect 96, 180 and 240 sec spectra after addition of 25
uM PEP. Trace d and e show spectra of the subsequent additions of 25 uM PEP measured
240s after each addition. The spectra have been shifted vertically for a clearer
presentation.

Figure 4. Evolution of the 970 cm’' band after addition of PEP to PK. (a) Series of
overlaid spectra showing the band of the symmetric PO3> stretching vibration after the
first PEP addition. The spectra were recorded in HyO within 240s after the addition of
PEP and were smoothed over 25 cm™'. The band amplitude increased with time and the
band position shifted. (b) Time course of the band position after the first (I) and the
second addition (II) of PEP. Spectra were smoothed over 25 data points before evaluation
of the band position. Kinetics of the infrared absorbance change of PK, monitored by
integrated band intensities at 1695 cm™, upon PEP binding in HO (c).

Figure 5. Binding induced absorbance changes of PK and ligand. All spectra were
recorded 84-144s after the addition of ligand and normalised to the amplitude of the
amide I signals in the 240 s spectrum. (a, b) Binding of unlabeled PEP in the presence of
K" and Mg2+ in H,O (a) and D,O (b). (c) Binding of [2,3-13C] PEP in H,0. (d) Binding
of PEP in the presence of Na* and Mg”* in H,O. (e, f) Mg”* binding to PK in the presence
of K" in H,O (e) and D,O (f). Band positions are labeled in panels b to d if they differ
from the respective positions in panel a. In panel f, only those bands are labeled that have
a different position in panel e. The spectra have been shifted vertically for a clearer
presentation.

Figure 6. Enzymatic reaction of PK. Changes of infrared absorbance induced by addition
of PEP to PK and ADP. The initial state of the sample was a mixture of PK-Mg**-K* and
ADP, then PEP was added. The spectrum shown is averaged over the first 4 minutes after
PEP addition.

17



. -
\C—E:/ | \C

Figure 1.

CH3
c/

A

1103

0.04

0.03

0.02

0.01

0.03

0.02

Absorbance

0.01

1600

1175

T T T T T T
1800 1600 1400 1200

Wavenumber / cm-?

Figure 2.

T T
1000 800

18



Absorbance X 1000

1 "~ T T 1T * 1T 1T * 1T " T ' 1
1700 160 1500 1400 1300 1200 1100 1000 900

Wavenumber / cm'!

Figure 3.

19



Absorbance x 1000

1
250

0.1
990 980 970 960 950
b Wavenumber / cm!
975 Il
R — 00— 90— 00 00 0 0 0 0 o o0 ¢
— 974
E 4
S 91
T~ 972
S 4
8 971 4 /./l
4 /./I
% 970 /./.  m
g 969 . =
T % . =
; 967 g
966 — 1 ‘' T ' T ‘' T ' T ‘T T T T T T T
80 100 120 140 160 180 200 220 240
Time (sec)
8 1.6 1 C .ﬂ./.ﬂ_/.,.l-—nfn
O 14 ] ././
ADERER /
>
[} 1.0 —- [ ]
© i
o % 4
5 o /
8 0.2 — .//
< 0.0 o Ifnfn—-/
— |
-0.2 T T T T T T
0 50 . 100 150 200
Time (sec)
Figure 4.

20



1551

w©
©
=

Absorbance X 1000

1665 1587
‘1 T T T T T T T T T T

T
1700 1600 1500 1400 1300 1200 1100 1000 900

Wavenumber / cm

Figure 5.

21



Absorbance x 1000

T T T T
1800 1600 1400 1200 1000
Wavenumber / cm-

Figure 6.

22



	Licentiate Final
	blanc
	paper_I
	blanc
	saroj ATR paper
	paper_II
	blanc
	published article
	paper_III
	blanc
	PK revised manuscript

