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1 Introduction

The concentration of Ca2+ and its binding to proteins are fundamental signs in the regula-

tion of metabolic processes. Ca2+, however, is also found bound in proteins/enzymes. It is

supposed that their role is of importance in establishing the active structure, but the details

of how they contribute to biochemical activity is not exactly known.

The aim of my work was to investigate the role of bound Ca2+ ions in the active struc-

ture of enzymes. For this study I selected horseradish peroxidase (HRP) which is a perox-

idase widely used in biochemical synthesis due to its high stability.

HRP is a heme glycoprotein which is isolated from the root of horseradish. It is able to

oxidize a wide scale of substrates using hydrogen peroxide as the oxidizing agent. In its na-

tive state, the enzyme contains a ferric (Fe3+) protoporphyrin IX as prosthetic group where

Fe3+ is coordinated to a (proximal) His. Its crystal structure was determined relatively

late by Gajhede et al. (1997). The functional group and its overall molecular structure

show strong similarity to other plant peroxidases. Its molecular mass is 44 kDa out of

which 18 %- constitutes the amino acid region surrounding the active center, the so called

“heme-pocket”. The structure of the heme and heme pocket is play generally crucial role

in the activity of such enzymes. The structure is stabilizedby four disulfide bridges. The

molecule has a single Trp residue at the proximal side close to the molecular surface. HRP

contains two Ca2+, one distal and one proximal related to the heme.

In studying the role of Ca2+’s in the functional structure of HRP, the pioneering work

(1978) of Haschke and Friedhoff must be mentioned. In their study they elaborated a

method by which both of the bound Ca2+ ions could be removed from the structure of

HRP and they also controlled the Ca2+ content of the molecules. They reported that the

enzyme activity of the Ca2+-depleted enzyme was about 40 % of the native form.

Morisima and his group achieved (1978 and subsequent years)considerable progress

in elucidating the role of the Ca2+ binding. They concluded from their studies that the

two Ca2+ are binding sites not of identical importance. They proposed that both Ca2+

binding sites influence the heme environment and the rate constants of the catalytic cycle,

but by different mechanisms, and that only one of the bindingsites has important role

in the regulation of enzyme activity. They have used other divalent and trivalent ions as

substitutes for the Ca2+ of HRP and for maintaining the heme pocket structure. Much
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earlier than the crystal structure has been reported they identified amino acids as Tyr, Glu

or Asp that might have been involved in binding one of the Ca2+. They supposed that

this binding site may be farer from the heme iron, and that itsbinding is essential in the

reactivity of the enzyme.

Pahari and his colleagues based studies (1995) on the fluorescence of the single Trp in

HRP. They found that the distance between Trp, which is located near the heme pocket and

the surface of protein, increases from 20 Åto 29.5 after Ca2+ depletion. It was concluded

that the structure of heme environment became loosened after Ca2+-removal.

Kaposi et al.(1999) and Smeller et al. (2003) examined HRP andthe function of Ca2+

in the protein with the help of IR spectroscopy. Their data did not show an effect of Ca-

removal on the secondary structure of the protein.

Howes et al. (2001) reported results of resonance Raman spectroscopy and suggested

that the distal Ca2+ ion is of limited importance and that the proximal Ca2+ ion is respon-

sible for retaining the heme geometry and coordination structure. They elaborated a model

to explain that the loss of the proximal Ca2+ ion is the origin of the distal effect.

In our experience we found that preparing Ca2+-depleted HRP samples requires ex-

tremely cautious manipulations. In literature works one can rarely find a description of

an independent control of the Ca2+ content after the depletion procedure. We believe that

these are the reasons why the results and the conclusions concerning the role of the Ca2+-

binding sites in enzyme activity are unequivocal. Now we know that one of the bound

Ca2+ ions (the distal Ca2+) is especially hard to remove from the molecule. Thus the effect

of depleting one or both Ca2+ ions can be significantly different. If the status of depletion

is not documented, the conclusions may be totally false.
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2 Aims

My aim was to examine the effect of Ca2+ on the biochemically active structure of en-

zymes. I selected horseradish peroxidase (HRP) as a model enzyme, and in my studies

I compared the structure of the native and totally Ca2+ depleted forms of this protein. I

applied several spectroscopy methods and performed comparative measurements under a

variety of physical and chemical (pH, viscosity, temperature, pressure) parameters estab-

lishing environmental conditions for the molecules. My specific aims were the followings:

1. Elaboration of a reproducible procedure for depleting the HRP enzyme of both bound

Ca2+ ions. To adapt a reliable method for the control of the Ca2+-content of the

protein and of the used solvents and chemicals.

2. Determination of the role of Ca2+ in the secondary structure.

3. Determination of the role of Ca2+ in the tertiary structure.

4. Determination of the role of Ca2+ binding in the structure of the active center (heme

and heme pocket).

5. Elaboration of a structural model for the details of structural perturbation by Ca2+-

removal and for the role of Ca2+ ions in forming a structure of enzyme activity.
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3 Material and methods

HRP, isoenzyme C was bought from Sigma (Catalogue number: P2080) which was further

purified by column chromatography until the heme-protein proportion did not reached the

level characteristic for the native structure (RZ>3,6). TheCa2+ depletion method was the

following: 6M GuHCl and EDTA was added to the purified and liofilized HRP-C. The

samples were kept at room temperature through four hour. Then, dialysis followed in

several steps to cautiously refold the protein without rebinding Ca2+, and to eliminate the

presence of denaturant and EDTA-Ca2+. The last step of depletion was the concentration

of the protein to about 600µM by a 10 kDa cutting filter. The protein was stored in liquid

nitrogen. I adapted the method of total reflection X-ray fluorescence (TXRF) to determine

the Ca2+ content of the samples. This method is able to yield the molarratio of Fe3+ and

Ca2+ by using only a small amount of the protein. The amount of Fe3+ characterizes the

quantity of the heme in the proteins thus the result of the measurement gives the average

Ca2+ content of the molecules.

I used the following spectroscopy methods in my studies:

• Optical absorption spectroscopyperformed by Varian Cary 4 spectrophotometer.

The protein concentration in these measurements was 10µM, and 100 mM Tris -

BES buffers were used. In studies at low temperature, 50% of glycerol was added to

the samples.

• Fluorescence spectroscopyperformed by Jobin Yvon Fluorolog-3 spectrophotome-

ter. The flurescence measurements were carried on to study the binding of o fluores-

cent hydrophobic probe, anilino-naphtalene-sulphonic acid (ANS) purchased from

Sigma. In sample preparation, ANS was dissolved in 86% alcohol in high concen-

tration, and aliqots were added to the protein dissolved in abuffer. The protein

concentration was 10µM, the ANS content was varied from 0 to 100µM. ANS flu-

orescence was excited at 380 nm, the emission was registeredat 460 nm. In another

type of experiment, ANS was excited through the Trp of the protein at 290 nm.

• CD spectroscopyperformed by Jasco J 710 CD spectrometer at the Institute of

Physics, Eotvos Lorand University, in collaboration with Dr. Zsuzsanna Májer. The
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measurements were performed at 25 C in the range of 190 – 500 nm. The protein

concentration was 10µM.

• FTIR spectroscopywith the help of a Bruker Vertex 80v FTIR spectrometer. The

measurements were performed by using the diamond anvil celldesigned to increase

the hydrostatic pressure of the sample. In H/D exchange experiments, there was

no need for increased pressure, but the small sample compartment of the cell made

the realization of a kinetic experiment easier. In these kinetic measurements the

lyophilized sample was dissolved in D2O, and the spectra registration was initiated

soon after mixing. The amide I and amide II bands were evaluated from the spectra

registered in function of time.

In the measurements the following environmental parameters were varied:

• pH The pH of the samples was adjusted in the range of pH 6.8 - 8.7 bymixing 100

mM Tris and BES buffers. The pH was varied to influence the protonation state of

His42 on the distal side of the heme that was supposed to be involved in a H-bonding

network connecting the distal Ca2+ and the heme.

• Temperature. Temperature was varied from the cryogenic range (10 K) to room tem-

perature by using a closed cycle He cryostat CTI-Cryogenics Model 22 (Cryophysics

SA, Geneva). In the low temperature range, 50% glycerol was added to the sample

to avoid light scattering if pure water were to be frozen.

• Hydrostatic pressureHigh pressure was established by using the diamond anvil cell

to vary the pressure from atmospheric to 15 kbar. Microcrystalline powder of Ruby

was mixed to the sample and the pressure sensitive fluorescence of Ruby was used to

monitor the pressure. High pressure was used to compare the compressibility of the

protein in the native and in the Ca2+ depleted state, and to induce the coordination

of a sixth ligand to the Fe of the heme.

• ViscosityViscosity of the solvent was increased by adding glycerol tothe buffer

up to 50 % V/V. The increase of viscosity reduces the spectralband width in the

case of conformational fluctuations of high amplitude undernormal conditions. The

measurement was used to test increased conformational dynamics.
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4 Results

1. I elaborated a reproducible method for the Ca2+-depletion of horseradish per-

oxidase, completed with the control of the average molar Ca2+-content of the

protein. The elaboration of the Ca2+-depletion method meant the extremely careful

adaptation of a method reported in the literature. I determined experimentally those

laboratory conditions that make possible to avoid the rebinding of Ca2+ as a contam-

inant. I also determined those fine details of the Ca2+-depletion protocol that keeps

the extent of denaturation high enough for Ca2+ release and still low enough for re-

naturation. I adapted the total reflexion X-ray fluorescencemethod for the reliable

control of the molar Ca2+ content in the sample, and of Ca2+-contamination of used

solutes and glassware.

2. I showed that Ca2+-binding in HRP has no effect on the secondary –α-helical –

structure of the protein. I compared the native and Ca2+-depleted samples by far-

UV CD spectroscopy and found that the amount of alpha helical structural elements

that make up the ordered secondary structure of the protein,is the same in the two

kind of samples and is not influenced by the protonation stateof the distal His42.

This behavior is very different from that of other peroxidases where the removal of

bound Ca2+ ions leads to denaturation.

3. I showed that the presence of bound Ca2+ ions is required for the specific fea-

tures (inhomogenity) of the conformational dynamics in HRP. I characterized

the conformational dynamics of the protein by the kinetics of H/D exchange that I

followed by FTIR spectroscopy. Under native structural conditions the probability

of H-exchange of amide H-s varies within several orders of magnitude showing the

characteristics of the tertiary structure. In the Ca2+-depleted sample, the probabil-

ity of H-exchange is higher by orders of magnitude, and characterized by a uniform

value for the whole protein. The measurement also shows thatthe secondary struc-

ture is not lost due to Ca2+-depletion. The increased conformational dynamics in the

Ca2+-free sample was also shown by the compressibility values ofthe two condi-

tions, the isothermal compressibility was higher for the Ca2+-depleted sample.

4. I showed that the tertiary structure of HRP without bound Ca2+ ions is charac-
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terized by a molten globule state.The molten globule state contains the secondary

structural elements of the native state but its tertiary structure is loosened. The loos-

ening is a dynamic one in HRP since the radius of gyration of themolecule does

not change significantly upon Ca2+ depletion. It is an accepted probe for the molten

globule state to test the extent of conformational fluctuations by ANS binding. The

fluorescence increase of the probe proved that fluctuations of large scale expose a

high amount of hydrophobic regions in the Ca2+-depleted sample. The results en-

listed under point 2 at the same time show that the structure at the level of the sec-

ondary structural elements is like that of the native state.The increased amplitude

of structural fluctuations in the Ca2+-free sample was also observed in optical spec-

troscopy measurements with increasing glycerol content. The much broader spectral

bands in the spectrum of the Ca2+-depleted sample became similar in spectral width

to the native form at high viscosity.

5. I showed that that the distal His42 has a key role in maintaining the H-bonding

network around the heme in native state.For determining the role of His42, I de-

termined the pKa of the amino acid, and around this pKa I performed pH dependent

studies by optical and CD spectroscopy. I showed that in the absence of the distal

Ca2+ the Histidine in protonated state is able to maintain the H-bonding network in

a conformation that is close to that of the native state. In case of deprotonation, the

H-bonding network becomes significantly altered. I showed that under this condition

the distal water molecule becomes coordinated to the Fe3+ of the heme.

6. I showed that the distal Ca2+ plays determining role in the active structure of

the heme. In the absence of this Ca2+ , the conformation of the heme and the

heme pocket changes even when the distal His is protonated.My measurements

by CD spectroscopy in the range of 270-320 nm showed significant changes in the

conformation of the aromatic amino acids after Ca2+ depletion in both protonated

and deprotonated states of the distal His. The change was more significant at higher

pH. Around the heme there are several aromatic amino acids: three His, five Phe.

Thus the measured changes can be related to the amino acids inthe heme pocket.

In the spectral range characteristic for the heme (380 – 450 nm), the CD spectra

also showed changes due to Ca2+-depletion. This can be related to conformational
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changes both in the heme structure and in its amino acid neighbors. The change in

the structure of the heme pocket upon Ca2+-removal was observed in optical spec-

troscopy measurements at increasing pressure. In the native structure, hydrostatic

pressure around 8 kbar induced the coordination of a 6th ligand (distal water) to

the heme, while without Ca2+ the conformation of the heme pocket did not allow

coordination.

7. I constructed a structural model that explains the role of the distal Ca2+ in the

stabilization of the active structure.
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5 Conclusions

Based on my results I draw the following conclusions to the role of bound Ca2+ ions in the

enzyme activity of horseradish peroxidase isoenzyme C.

• Total depletion of HRP requires the partial denaturation of the protein. It is necessary

to deplete all solute components and glassware of Ca2+ otherwise it will rebind to

the protein. It is absolutely required to control the Ca2+ content of the sample by an

independent technique.

• In HRP it is not the secondary structure by which the bound Ca2+ ions influence the

enzyme activity.

• The bound Ca2+ ions regulate the conformational dynamics of HRP. In the absence

of Ca2+, the structure becomes more flexible, the amplitude of conformational fluctu-

ations becomes bigger. The inhomogeneous nature of the conformational dynamics

in native protein becomes lost.

• In Ca2+-depleted state the structure of HRP is characterized as a molten globule

state.

• In the stabilization of the structure of the heme pocket (of the active center) the

binding of the distal Ca2+ plays determining role. In the absence of this Ca2+, the

conformation of the heme and its environment and the H-bonding network becomes

altered.

• While the tertiary structure and conformational dynamics plays role in the enzyme

reaction by influencing the recognition of the protein surface and channel leading to

the substrate binding site, the structure of the heme pocketestablishes the conforma-

tion and relative position of the reaction partners. My results showed that the binding

of Ca2+ ions in HRP alters both of these conditions of its biochemicalactivity.
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