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ABSTRACT:. The pressure stability of horseradish peroxidase isoenzyme C and the identification of possible
stabilizing factors are presented. The effect of heme substitution, removalof ifading of a small
substrate molecule (benzohydroxamic acid), and reduction of the disulfide bonds on the pressure stability
were investigated by FTIR spectroscopy. HRP was found to be extremely stable under high pressure with
an unfolding midpoint of 12.@: 0.1 kbar. While substitution of the heme for metal-free mesoporphyrin

did not change the unfolding pressure 2Ceemoval and substrate binding reduced the midpoint of the
unfolding by 2.0 and 1.2 kbar, respectively. The apoprotein showed a transition as high as 10.4 kbar.
However, the amount of folded structure present at the atmospheric pressure was considerably lower than
that in all the other forms of HRP. Reduction of the disulfide bonds led to the least pressure stable form,
with an unfolding midpoint at 9.5 kbar. This, however, is still well above the average pressure stability
of proteins. The high-pressure stability and the analysis of the pressure-induced spectral changes indicate
that the protein has a rigid core, which is responsible for the high stability, while there are regions with
less stability and more conformational mobility.

We investigated the possible structural source of the with benzohydroxamic acid (BHA)16) and with ferrulic
unusually high-pressure stability of horseradish peroxidase.acid (L7) as substrates is also known. These results show
High pressure is often used as an external perturbation inthat the major structural elements in the proteincaieelices
protein studies, 2). Depending on the pressure range, the (15). Additionally there are two Cd ions bound to the
extent of the changes in the structure of globular proteins protein (L8, 19). Studies by Morishima and co-workers show
may be different. Moderate pressures (typically from ambient that at least one C&is needed for the full activity of the
pressure to 510 kbar, depending on the actual protein) enzyme 18, 20).
distort the secondary and tertiary structure of the polypeptide, HRP is known as a fairly stable protein against temperature
without abolishing its specific biological activity (elastic and pressure denaturatio@1(-23). Holzbaur et al. 1)
effect) 3, 4). Higher pressures can lead to denaturation of investigated the effect of heating on HRP using infrared
the protein, by inducing the loss of the secondary structure spectroscopy. They found that Fe(lll)HRP unfolds between
(conformational effect) §—8). Pressure studies contribute 85 and 90°C. Recent DSC and CD studies showed a lower
both to the basic knowledge about the conformation and unfolding temperature (56C—64 °C depending on the
stability of proteins and open fields of practical applications heating rate) at pH 326). A special feature of the HRP is
(9—-13). that unlike most of the proteins, heat-unfolded HRP mol-

Horseradish peroxidase (HRR$ a heme protein, which  ecules do not form intermolecular hydrogen bona$).(
catalyzes the bD,-dependent oxidation of aromatic electron Kaposi et al. 25) studied the effect of Ca removal, and
donor molecules. Its crystal structure was recently determinedbinding of benzohydroxamic (BHA) acid to HRP in the
by Gajhede et al.14) and further refined by computer temperature range of HB00 K.
modeling (5). The structure of HRP in its complexed form Several studies have been performed on the enzymatic
function of peroxidases. The activity of peroxidases from
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optical spectroscopy. One of the questions we address in thel0:1. This sample is called €afree; however, the com-
present study is whether major conformational changes orpleteness of the removal is discussed in the Discussion
other alterations (e.qg., in the pressure stability) take place insection.
the protein as consequence of the substitution of the heme For the reduction of disulfide bonds, DTE was added to
by metal-free mesoporphyrin (MP). the protein solution a few minutes prior to filling the pressure
There are number of small aromatic molecules which can cell. The molar ratio of DTE to protein was 100:1 in the
bind in the heme pocket. One of them is BHA. This small final sample.
aromatic molecule is known to bind near the heme. X-ray FTIR SpectroscopyThe infrared spectra were obtained
crystallographic datal@) indicate only a very small change with a Bruker IFS66 FTIR spectrometer equipped with a
of the secondary structure as consequence of the bindingliquid nitrogen cooled broad band MCT solid-state detector.
Recent studies by computer simulation techniques showed256 interferograms were co-added after registration at a
only differences in side chain dynamics between the com- resolution of 2 cm?.
plexed form with BHA and with a similar other substrate, High pressure was generated in a diamond anvil cell
naphthohydroxamic acid (NHA)LE). (Diacell Products, Leicester, U.K.), where the pressure was
An early pressure study on horseradish peroxidase wasbuilt up by means of a screw mechanism. Barium sulfate
performed by Ogunmola et aR?). Their highest technically =~ was used as an internal pressure standard in all c&88ps (
reachable pressure was 8 kbar. At this pressure the com-All experiments were performed at 2.
pletely unfolded state was not reached. Our present experi- The broad band of water around 3350 ¢rwas used to
ment covers the whole pressure range, where the water iscontrol that the solvent is still in the fluid phase even at the
liquid (up to ~13 kbar at room temperature). highest pressure used in the experiments. No crystallization
In this study we follow the conformational changes in the Was observed in the experiments reported here.
secondary structure of horseradish peroxidase by FTIR Data Processing The overlapping components of the
spectroscopy during pressurization. Several different struc-amide I/l band were resolved by the Fourier self-deconvo-
tural forms of HRP were compared: the native form lution developed by Kauppinen et al3g). This is a
complexed with BHA, the protein after heme substitution, mathematical transformation, which decreases the width of
the C&* -depleted form and the structure after reducing the the component lines of the amide band. The optimal
disulfide bonds. The aim of the present study is to investigate parameters were determined from the observation of the

how these factors contribute the pressure stability. power spectrum as described by Smeller et ar).(A
resolution enhancement fact@€] of 1.5 was reached using
EXPERIMENTAL SECTION the Lorentzian band shape of 20 chmbandwidth. The

deconvoluted spectra were then fitted with Gaussian func-
- X . . .~ tions. A good fit of the amide | region was achieved by six

(RZ= 3‘O)|' To puhrlfy the basmhform (|soenzyn;e C) of this  omponents. The fitting of component peaks was performed
protein, column chromatography was us88)(The protein 2 ,r50ram developed in our laboratory, using the

was applied to a CM Sepharose (Pharmacia) in a column Levenber : -

- . . g-Marquard algorithm37). The area of the fitted
eqt;llllbrated with ? mrll\/l Tris bulffer atf p:]_' 7f.4 a_nd eluted Gaussian lines was used in the quantitative secondary
with 0.01 M NaCl. The RZ values of the fractions were structure analysis.

checked by a Cary 4E (Varian) absorption spectrophotometer
and the fraction RZ 3.4 was used.
The native heme group was removed from the enzyme RESULTS
by acid methyl ethyl ketone36) to obtain apoHRP. For the Infrared Spectra of the Nate HRP.Figure 1 shows the
heme-substituted protein (MRHRP), the apoprotein was  amide I/1, II, and II' regions of the infrared spectra of native
reconstituted with aliquots of metal-free mesoporphyrin (MP) HRP during pressurizing and depressurizing between atmo-
dissolved in ethanol. The solution was lyophilized. The MP spheric pressure and to 14 kbar. The spectrum measured at
used in the substitution was produced by Porphyrin Productsambient pressure contains the conformation sensitive amide
(Logan, UT). EDTA (disodium salt), the substrate BHA, and |/|" band at 1651 cm and two bands in the amide 11/l
dithioerythritol (DTE) used in reduction of the enzyme were region at 1550 and 1456 cth The amide I/l band which
purchased from Sigma. is characteristic for the secondary structure originates
The samples for FTIR spectroscopsere prepared by  predominantly from a &0 stretching vibration. The amide
dissolving the lyophilized protein in 10mM deuterated acetate || mode (1550 cm?) includes NH in plane bending (49%)
buffer (pD 5.0) at 75 mg/mL. Heavy water {D) was used (38) and is therefore very sensitive to hydrogeteuterium
for all measurements in order to avoid the interference of (H/D) exchange. The corresponding deuterated (amidle Il
the strong water band at 1640 chwith the analyzed amide  band can be seen at 1456 ©m~100 cnt? lower than the
| band. The pH meter was calibrated by reference to standardamide Il frequency. The small bandat 1517 @énfvisible
buffers in HO and the reading was corrected for the only in the deconvoluted spectrum) comes from the tyrosine
deuterium isotope effect according to pbpH meter reading  ring vibrations 89).
+0.4. The sample was stored overnight to ensure sufficient Looking at the spectra of HRP (Figure 1), one can see
H/D exchange. The pH of the solution was controlled before that the characteristic infrared peaks change significantly
it was used for the measurement. The protein solution wasunder pressure. At 14 kbar a much broader amidéodihd
centrifuged a few minutes before use. can be observed. This broadening is accompanied by a shift
To remove the Ca from the protein EDTA was added  of the band, caused by the decrease of the component band
to the protein solution in a molar ratio of EDTA:protein at higher wavenumber. Simultaneously, the component

Horseradish peroxidasgiRP) was purchased from Sigma
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Ficure 1: Stacked plot of the infrared spectra of native HRP at 25
°C. The pressures in kbar are from bottom to the top5, 0.8,
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FiIGURE 2: The maximum position of the amide’lljand vs pressure

for the native @) and the metal-free porphyrin containin@)(HRP. " " ¥
® porphy o) 1600 1625 1650 1675 1700

characteristic for the disordered structure increases, Whichrﬁ;‘;g;ﬁfée%%‘ig’;}‘;‘r’i'#tadR%m(iggn’g %aﬂﬁec;f “F?rté"sesﬁg'iselmg)s a:r‘i as
gives a bro.ad peak gt.ca. 1640 ¢m ] ) follows: (a) ambient pressure; (b) 5 kbar; (c) 13 kbar; (d) released
The maximum position of the overall amide' lHand is to ambient conditions.

plotted as the function of the pressure in Figure 2. After an

initial gradual shift, it remains constant, up to 10 kbar, where  Above the unfolding pressure (12 kbar), the components

the unfolding starts. Above this pressure, the amide bandof the amide 1/ band cannot be resolved, indicating the loss

position shifts significantly, following a sigmoid curve, with  of native secondary structure. After depressurizing the two

a midpoint at 12.Gt 0.1 kbar. The bandwidth also increases bands become visible again, but they are shifted to lower

sigmoidally at the same pressure (not shown). The shift andwavenumbers (1641 and 1655 ctin

the broadening of the band are not reversible during As mentioned before, the amide Il band (around 1550

depressurizing of the sample to atmospheric pressure. cm™Y) originates from the vibration of the nondeuterated
A more detailed analysis of the amide’ IlHand can be residues. One can observe an intensity decrease of this band

obtained from Fourier self-deconvolution and band fitting. Simultaneously with the shift of the amide’lBand.

(40, 41). The deconvoluted amide '/band of HRP is Metal-Free Porphyrin HRP.At ambient pressure the

dominated by two intense components: at 1646 and 1659maximum position of the nondeconvoluted amidé ténd

cm! (see solid lines in Figure 3). Analyzing the deconvo- is at 1651 cm? both for the native form and for the enzyme

luted spectra, in the pressure range below 10 kbar, one carwhich is substituted with metal-free porphyrin (MPIRP).

see a gradual change in the relative aregsof the 1659 Figure 2 also compares the position of the amidebkihd

and 1647 cm! bands. The raticAssdA1s47 iS decreasing  maximum for the native and MPHRP. At ambient pressure

during the pressurization, and it shows a sigmoidal transition the maximum of the amide I/band is at 1651 cnt for

at 5 kbar (data not shown). both forms of the protein. After the start of the pressurization
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Table 1: Pressure Stability of the Various Forms of HRP and the
Ratio of Areas of the Amide I/IComponents at 1659 and 1647
cmt

HRP P12 AsesdArea7
native 12.0+£ 0.1 0.85
metal-free porphyrin 11.£0.7 0.5
apo 10.4£ 0.4 NA2
native+ EDTA 10.0+£ 0.1 0.80
native+ BHA 10.8+0.1 0.98
reduced 9.5: 0.3 0.66

aNA: not available.

(below 3 kbar), one can observe a small decrease of the
amide I/l band maximum position, and the broadening of
the amide I/l band in the case of both proteins (data not
shown). At the denaturation pressure, the maximum position
drops to the value characteristic for the unfolded structure
(around 1642 cmt). Simultaneously, the spectrum above the

unfolding pressure (13 kbar) shows a considerable broaden-

ing. A fit of a sigmoidal function to the amide 1/band
maximum position versus pressure gives a transition midpoint
of 11.7+ 0.7 kbar. This does not differ significantly from
the value found for the native enzyme.

Figure 3 also compares the deconvoluted spectra of the
native form and that of the enzyme substituted with metal-
free porphyrin (MP-HRP). The deconvoluted spectra show
that the two main components appear at 1659 and 1646 cm
at ambient pressure in both proteins. The relative intensities
of the bands at 1659 and 1646 chare slightly different in
the two variants of HRP. The native protein has a more
intense band at 1659 crh while in the case of MPHRP
the other component gains intensity. The area ratios of the
bands AissdAssae) are summarized in the Table 1 for all the
studied cases.

The difference in the ratiofiesdAss46 Of the native and
MP—HRP disappears during pressurization to 5 kbar, which

is well below the denaturation pressure. This can be seen in

Figure 3b, which compares the deconvoluted spectra of the
native and MP-HRP at 5 kbar. The ratio of these component

Smeller et al.
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Ficure 5: Infrared spectrum of (a) Cabound HRP, (b)
HRP+EDTA, (c) difference spectrum of-a, (d) EDTA (18mM),
and (e) EDTA+ CaCl (1:2 molar ratio).

The maximum position of the amide’liband of apoHRP
vs pressure is shown in Figure 4. The midpoint of the

bands does not differ between 5 and 9 kbar. At 10 kbar the gigmoid shaped transition was found to be 18.8.3 kbar,
unfolding starts for both proteins and the components cannotyyhich is lower than the value found for the two types of

be resolved any more.

Effect of High Pressure on apoHRMn the case of
apoHRP, the two components (1647 and 1659 mwannot
be resolved at ambient conditions, even in the deconvoluted
spectrum. The maximum position of the deconvoluted
spectrum is at 1644 cm, which indicates the dominance
of the unfolded component. We have to mention, however,
that the sample of apoHRP that we used was slightly
aggregated at low pressures, which also could contribute to
the low secondary structure content. This is probably due to
the partial destabilization of the 3D structure, which resulted
in the partial unfolding of one domain of the protein. Such
unfolded parts can build intermolecular interactions, which

holoproteins. Below this pressure, a slight, continuous
pressure shift of the maximum of the amid€ Band was
also observed.

Effect of Cd™ Remaal. Figure 5a shows the amide’l/l
II, and II' regions of the infrared spectrum of native HRP.
The spectrum measured after the?Ceemoval by EDTA,
and the difference spectra are also plotted. For comparison
the spectra of EDTA (18mM) and EDTA (18 mM) Ca*
(36 mM) are also shown. The characteristic bands of the
Ca'-free (1624 and 1404 cm) and C&*-bound EDTA
(1588 and 1406 cni) can be clearly identified. These can
be attributed to the asymmetric and symmetric stretching
modes of the carboxylate, respectivedpy. In the difference

can lead to the aggregation. The aggregation is indicated byspectrum of HRP and HRP EDTA, one can identify three
the appearance of the specific bands on both sides of thepeaks in the region of 14601625 cn! at the positions of

amide I/l band (1616 and 1685 cr} (42). This aggregation
explains the relatively low amide 1/finaximum position and
the slight increase of it below 2 kbar. The sidebands

1406, 1588, and 1624 crh The 1624 cm! peak is due to
the Ca&"-free form of the EDTA, and the less intense 1588
cm ! peak shows the presence of the?Ghound EDTA.

disappear around 2 kbar because this pressure is able t@he position of the amide [I/lband is not changed upon

dissociate the protein aggregatés. (

removal of the C&, which is in accordance with earlier
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reports 25). The increased intensity ratio of 1646 and 1660 o 1646 1
bands shows, however, a partial loss of the secondary % o L
structure. < 1644 ®
Figure 6a shows the maximum position of the amide I/I
band during the pressure treatment aftef'Qamoval. A 1642 L, . . r . . . .
sigmoidal behavior can be seen with a midpoint at 8.0 6 2 4 6 8 10 12 14
0.1 kbar. This is significantly lower than that of the native p [kbar]

form. A difference is also_obser_ved at pressures _beIOW the Ficure 8: The amide I/l peak position values vs pressure for the
unfolding pressure. In this region a gradual shift of the Hrp with reduced disulfide bonds. The fitted sigmoid curve is also
maximum position can be observed. An abrupt decrease ofshown.
the amide Il band (1546 cm) intensity can be observed at
10.0 kbar, the same pressure where the amitlbdfid shifts ~ again no major spectral changes were observed at ambient
and broadens. pressure. The maximum position of the amidebAnd was
The intensity of the 1588 cm band is plotted in Figure  found in the same position as for the native enzyme. Curve
6b. One can observe a marked intensity increase at 2 kbarfitting to the deconvoluted spectrum, however, resulted in a
Effect of BHA Binding.The binding of BHA _is not considerably loweA;s5dA1647 Value (Table 1).
accompanied by a marked spectral change, which can be frigyre 8 shows the amide ‘lfinaximum position during
attributed to the ligand binding (data not shown). The he pressurization of the reduced enzyme. The midpoint of
maximum position of the band is also not affected by the the fitted sigmoid curve is at 9.5 0.3 kbar, which is the
ligand binding. The secondary structure analysis shows a|oyest among the studied forms. Again a shift of the spectral
small increase of the helical structure (1659 €mand)  maximum to the lower wavenumbers is observed at low
compared to the disordered one (1648 ¢band). pressures. Upon returning to atmospheric pressure, the
Figure 7 shows the maximum position of the amidé I/l gpectrum shows specific sidebands of the amidebkhd
band versus pressure for BHA bound protein. The maximum (1616 and 1685 cmi). These are characteristic for the
position of the amide I/lband is lowered as consequence jntermolecular antiparalleB-sheet aggregatiord®). Ap-
of the substrate binding above 5 kbar. This shift is further pearance of these high-intensity bands after the release of
enhanced as the pressure is increased. The unfolding pressukge pressure was not seen in any of the other forms of the

of substrate bound HRP is also smaller than that of the yrp except for apoHRP, where they were already present
substrate free enzyme. In the presence of substrate, th&yiin jow intensity at the beginning of the experiment.
transition is at 10.8& 0.2 kbar, which is between the stability

of the native and the Céafree protein. Again the shift of  piScuUsSION

the amide I/1band at the unfolding pressure is accompanied

with the decrease in the amide Il band amplitude, indicating Native HRP.The amide I/l band of the proteins is the

the completion of the H/D exchange. most conformation sensitive feature of their infrared spec-
Effect of Reducing the Disulfide Bond&hen DTE was trum. It is well-known that it contains several component

added to the system in order to reduce the disulfide bonds,bands whose contribution to the total area of the band is
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proportional to the amount of the corresponding secondary overlapping position cannot be resolved, even with the used
structure assigned to the given component bard@s45). resolution enhancement technique.
Therefore, we first discuss the assignment of the resolution Turns and bends are responsible for the high-frequency
enhanced amide I/band of HRP which is dominated by component of the amide 1/band (around 1680 cm). The
two component bands at 1646 and 1659 &nThe latter rest of the amino acids give the absorption shown at 1646
can be assigned to the helical structur, (43—45). cm . Therefore, we assign this component to water-exposed,
According to the widely accepted assignments of the amide rather randomly oriented amino acids, which connect the
I/l components40, 43—45), the band around 1646 crhis helices. This assignment is in agreement with both the
assigned to disordered, irregular structure. An unfolded accepted 40, 43—45) and calculated 48) infrared band
protein is also characterized by single broad peak aroundpositions, and the result is also in accordance with the X-ray
this position @5). Although our component at 1646 cfis structure of HRP.
not as broad as the amide’ lHland of an unfolded protein, The exchange of amide hydrogens to deuterium atoms can
it is considerably broader than the component at 1659'cm be followed using the amide Il and the corresponding
assigned to thex-helical parts of the protein. This also deuterated (amide')lband. These are well separated in the
supports the assignment of the 1646 &ifmand to an irregular  spectrum; they appear at 1550 and 1450 §mespectively.
structure. The exchange is not completed at atmospheric pressure
Since the X-ray structure of HRP is known, we can despite the overnight incubation of the sample y®©DThis
compare the secondary structure content obtained as the resuis clearly seen from the fact that the intensity of the amide
of the above assignment with the data provided by crystal- Il band (around 1550 cn) decreases upon unfolding (Figure
lography. According to X-ray crystallograph$4), 51% of 1.). This suggests the presence of a rigid domain in the
the amino acids are arranged in helices (44%-inelix, 7% protein, which is not performing dynamic movements large
in 310 helix), and there is a very smak@%) 5-sheet content,  enough for the exchange at ambient conditions. Recent
which means that 47% of the amino acids cannot be assignednolecular dynamics calculations also supported the presence
to well-defined structures. The relative area of the 1659'cm  of a rigid core in the molecule (Q. Huang, M. Laberge, J.
band, however, is significantly smaller (29%). This can be Fidy, R. Schweittzer-Steiner, unpublished results). Similar
explained by taking into account that HRP contains a large nhonhomogeneity of HRP was described recently, showing
number of helices. The effect on the amidé and can be  that there are domains with different compressibility in HRP
explained as follows. In a folded-helix, the length of the  (32). Since compressibility and fluctuations are closely
C=0 bond, and therefore the force constant of the vibration, related to each other by the fluctuatiedissipation theorem,
is influenced by the hydrogen bonding. The hydrogen bonded domains with lower compressibility have reduced fluctuations
C=O0 is elongated, and the vibrational frequency decreasesand consequently lower rate of H/D exchange.
compared to the nonbound case. If the protein is in an The downshift of the amide I/components after pressure
aqueous solution, all of the oxygen atoms are hydrogenrelease is also the consequence of the exchange. The
bonded, either with another part of the protein or with the incomplete exchange before pressurizing can be one of the
surrounding water molecules. When bound to water, the reasons for the slightly increased frequencies of the amide

C=0 bonds are less uniform; that is why the amideldénd I/l' components compared to the literature values.

of the unfolded proteins is quite broad. In arhelix all the HRP with its unfolding pressure of 12 kbar is a rather
C=0 bonds are directed more or less parallel to the main stable protein compared to other proteins studied so far under
axis of the helix. In this helix the oxygen atom of théh pressure 49—52). There are only few proteins with com-
amino acid is hydrogen bonded to the hydrogen ofi thé- parable or even higher pressure stability; one of them is the

th one. This means, that the last four amino acids of eachbovine pancreatic trypsin inhibitor (BPTIB®), which is
helix do not have such a binding possibility within the helix; stabilized by two disulfide bonds. Disulfide bonds, however,
therefore, four amino acids at the end of the helix do not are not always needed for the high stability, as it is shown
show the amide I/lvibration at the position characteristic on the example of P2 protein from the archa&utifolobus
for the helix. Taking into account that there ared-2helices solfataricus(54). It may be, however, of significance that
in the HRP, the number of €0 groups ina-helix like both BPTI and P2 are small proteins. This is the first example
hydrogen bonding is 88, i.e., 29% of the total number of of a protein with 306 residues that shows such extreme
amino acids. This corresponds to the experimental value wepressure stability.
found. We have to note that Dousseau and Pezé&:f¢und Below 10 kbar there are slight changes in the secondary
an improved correlation between the X-ray structure and the structure. The changes of the relative areas of the 1647 and
secondary structure content determined from the IR measure-1659 cnt! components can be interpreted as a small
ments if they assigned the first and last two amino acids to transition involving partial unfolding of the soft part of the
a structure which they called “disordered helix”. Mathemati- protein at 5 kbar. Because there is no change in the amide
cally their result is the same as ours, but our explanation is Il band intensity, the structural changes occur in the soft
based on the physical feature of the IR measurement, i.e.,domain, where the H/D exchange has already been completed
that the analyzed IR band is sensitive for the@:--H part at atmospheric pressure. The component at 1659%cm
of the protein backbone. remains clearly present up to pressures higher than 10 kbar.
Four of the five 3o helices present in HRP are very short, This indicates that only a small part of the helices unfolds
and only one of them contains 6 interhelix hydrogen bonds. at 5 kbar and a considerable amount of the secondary
Studies on synthetic peptides formingy Bielices reported  structure persists in a very stable domain.
amide I/ absorption at 1665 cm (47). This weak compo- The HRP molecule contains five tyrosine residues. After
nent with an expected intensity of 2% in a strongly a slight decrease below 2 kbar, the tyrosine band position
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shows a linear blue shift with a rate of 0.35 cikbar (data laboratory (manuscript submitted), however, show that the
not shown). The linear shift to the higher frequencies can molecular movements in the region with loop structures have
be explained by a pure physical effect of the pressure, which higher amplitude, which can be attributed to the soft domain.
results in the compression of the bond leng88).(The linear It can also explain the reduced cooperativity of the pressure
behavior of the pressure-induced shift of the tyrosine unfolding, reflected in the broader transition region compared
vibrational frequency means that the environment of the to the native protein.
tyrosine does not change significantly below the unfolding.  The high stability of the rigid domain can be associated
At the unfolding, the frequency decreases by approximately with four disulfide bonds, which increase the activation
1 wavenumber. volume of the unfolding, due to restricting the movements
Metal-Free Porphyrin-HRP. The fact that the amide I/I of the folded helices as a whole. The high-pressure stability
band position is not changed by the substitution of the heme of the apoprotein is in contrast with myoglobin, where the
for metal-free porphyrin shows that the secondary structure apo form has considerably lower unfolding pressure than the
of the protein structure is not changed drastically. However, native form (1.5 compared to 6 kbd7)). This observation,
the increased contribution of the 1646 cnecomponent band  together with the comparison of the pressure stability of the
in the resolution-enhanced spectrum of MRRP (Figure MP—HRP and the native HRP, suggests that HRP is a better
2a.) indicates a slight loosening of the protein structure in object for the fluorescence studies than myoglobin because
the substituted form. This partial destabilization can be the heme substitution does not change the interactions, which
attributed to the soft regions of the protein, which reorganize are crucial for the overall stability of the protein structure.
or increase due to the heme substitution. Ca&" Remoal. It is known that C&" is required to
The structural difference between the native and the-MP  maintain the biochemically active environment of the heme.
HRP, reflected by theA;ssdAsss7 ratio, disappears with  Presence of G4 ions is also needed for the proper folding
increasing pressure. This fact indicates again that theof the denatured HRP moleculgg, 59).
substitution affects only the most soft region of the protein, One can notice that the maximum positions of the amide
which is destabilized by pressure below 5 kbar. Above 5 I/I' bands are slightly lower in the absence of Ca small
kbar the pressure-induced structural effects are determinedreorganization can also be concluded from the lovggd
by the hard part of the protein, which shows a very similar Asg47 values of the CH-free protein (Table 1). The shift of
behavior in both the native and the MPIRP. The soft the maximum position into the direction which is charac-
regions are therefore slightly affected by the heme substitu-teristic for the disordered structure indicates that the second-
tion, which can explain the decreased binding constant of ary structure contains less helices if?Cas removed by
aromatic substrates to the MIPIRP (6). Since the heme  EDTA. The initial rapid shift in case of the €afree enzyme
substitution does not change the structure of the proteinis caused by the hydrogetdeuterium exchange because it
significantly, the results of luminescence experiments per- is accompanied by the decrease in the amide Il band intensity.
formed on substituted proteins in the low-pressure range canThis again shows increased flexibility of the protein due to
provide relevant information, which can be extrapolated to C&" removal.
the native enzyme. A more pronounced effect was observed on the pressure
Apo HRP.The removal of the heme seriously decreases stability of HRP by EDTA treatment. The observed lowering
the amount of ordered secondary structure in HRP. However,of the denaturation pressure (by 2 kbar) can be explained in
the existence of a sigmoid transition in the maximum position such a way: that the absence of theé Gaeakens the protein
of the amide I/ band shows that there are ordered domains structure, allowing increased penetration of the water into
present in the protein, which conserve their spatial structurethe protein interior. The removal of €ais now shown to
in the apoenzyme up to considerably high pressure. Theinfluence the secondary and tertiary structure of the enzyme
unfolding effect of this folded core can be identified around in such a way, that it reduces the pressure stability.
10.4 kbar. Considering only the unfolding pressure, the Pressure induced the increase in the intensity of the 1588
apoHRP is almost as pressure stable as the native form andm™ band at 2 kbar. This band is assigned to thé"Gaee
the metal-free porphyrin form of the protein. antisymmetric stretching mode of the carboxylate groups of
These observations can be explained by assuming thathe protein 25). The increase of this band at 2 kbar indicates
there is a rigid skeleton or a rigid core of the protein, which that the C&" removal at ambient pressure was probably not
remains intact after the removal of the heme. A soft part complete. Pressure is known to squeeze the water into the
will, however, loose its helical content upon removal of the protein 60). At 2 kbar this elastic effect reaches probably
heme. That is why the structure of apoHRP contains a smallerthe point, where the second €ds also accessible for the
amount of folded structures. The fact that heme removal chelator molecule. An alternative explanation would be that
destabilizes the soft part indicates that the soft part is locatedC&" is released due to elastic distortions of the tertiary
around the heme pocket. The soft domain around the activestructure. If this were the case, the pressure stability of the
site in the native protein allows structural fluctuations with EDTA treated HRP would not have been lower than that of
high amplitude, probably opening and closing the heme the native one.
pocket, allowing the substrate molecules to reach and leave Effect of BHA Binding to HRPAccording to the slightly
the heme pocket. This hypothesis is in accordance with recentincreased\;¢sdA1647 intensity ratio upon ligand binding, the
high-pressure experiments, which pointed out the existenceBHA-bound protein shows a more ordered structure com-
of domains of different compressibilty in HRBZ). On the pared to the native one. This agrees with the found X-ray
basis of infrared measurements, it is not possible to decidestructure 16), where two of the 12x-helices are elongated
which part of the protein is the soft and which is the hard in case of the BHA binding. The increase found in our
one. Recent molecular dynamic calculations on HRP in our infrared study is, however, higher (3% corresponding to
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about 10 amino acids) than the one found by X-ray (1% not the case. Denisov et ab3) suggested that cleavage of
corresponding to 2 amino acids). the disulfide bonds leads to a state that has a higher flexibility
HRP becomes denatured at a slightly reduced pressurerather than a changed structure. The increased flexibility is
when BHA is bound. The unfolding pressure is between that supported by the fact that there is practically no change in
of the native and the C&free forms. the amide Il region upon pressurizing; i.e., the hydrogen
The effect of BHA binding on the stability is peculiar. It deuterium exchange is already completed at ambient pres-
is a common feature that the stability of a protein is increased sure, even in the parts of the protein, which are inaccessible
upon substrate binding. At atmospheric pressure, the structurgfor the water at ambient conditions in the native enzyme.
of HRP becomes more ordered, as seen from the increased he observed aggregation of this form after the release of
contribution of the 1659 cnt band. Despite the increased the pressure suggests that a more flexible intermediate is
helical content shown by the BHA-bound protein, the involved which could lead to increased intermolecular
maximum position of the amide 1/band decreases more interactions.
rapidly with pressure compared to the native and the Finally, one should also point out that HRP contains
substituted enzymes. Also, the unfolding pressure of the polysaccharide chains which may also play role in the
substrate-bound protein is lower compared to the native one.stabilization of the molecule. It has been shové3)(that
In these respects the stability is decreased. The paradox cathe recombinant form of HRP which did not contain the
be solved by assuming that the softer domain is around thepolysaccharide part of the molecule was less stable than the
heme pocket, which is stabilized by the substrate, but this wild-type protein, already at conditions close to ambient ones.
soft domain is distorted below the total unfolding. This Because none of the effects studied by us (heme substitution,
distortion includes squeezing water into the interior of this Ca&* removal, substrate binding, reduction of the disulfide
domain. The substrate binding is stabilized by hydrophobic bonds) reduced the pressure stability to a value comparable
interactions, and therefore, the presence of water canwith unfolding pressure of an average protein, we can
destabilize the structure. This might lead to the decrease inconclude, that the carbohydrate shell may also contribute to
the unfolding pressure of the BHA-bound HRP. This the stability of the molecule. On the other hand, Dumoulin
explanation agrees with the finding of hole burning experi- et al. found only a 15% decrease of the pressure stability of
ments where the compressibility of HRP-MP was increased unglycosylated carboxypeptidase Y compared to the wild
by almost a factor of 3 when a substrate similar to BHA type 64). Further studies are needed to resolve a possible
was bound to the porphyrir6y). contribution of the bound carbohydrates to the stability.
Effect of Reduction of the Disulfide Bond#ere are four
disulfide bonds in the moleculd4): Cysii—Cyst cyg4—  CONCLUSIONS
Cys®, Cy9’—Cys%, and Cys$’"—Cy<%, By adding the The studied modifications of the HRP do not induce
reducing agent DTE the spectral changes are small. Howevemarked spectral changes in the FTIR spectra of the protein.
the AsesdAues7 ratio is reduced in the resolution enhanced This made it worthwhile to measure the pressure stability
spectrum, which indicates unfolding of a small part of the of the proteins. We used high pressure as a tool to perturb
helical secondary structure. The decrease is much less thathe modified proteins, to disclose the small structural
in the case of the apoprotein, but still higher than that of alterations which cannot be seen directly at atmospheric
caused by the Ca removal. It has to be noted, however, pressure.
that as the reducing agent was added to the folded protein, The pressure behavior of HRP was different in the range
it is not ensured that all of the disulfide bonds are already up to 5 kbar and between 6 and 10 kbar. Partial loosening
reduced at atmospheric pressure. Observing the crystalof the soft domains of the molecule is observed below 5
structure, one can see, that the €y<Lys"* and Cy8§— kbar, but the rigid core of the molecule stabilizes the rest of
Cys1 bonds are quite buried inside the protein, so they may the secondary structure up to quite high pressures. The
not be accessible to DTE at ambient conditions, but only pressure range, where different destabilized forms of HRP
after partial loosening of the structure. unfold (from 9.5 for the cleaved one, to 12 kbar for the native
Disulfide bonds are present in some of the high-pressureone), is quite high compared to other proteins. The four
stable proteins53). If they were responsible for the pressure disulfide bonds stabilizing the tertiary structure of HRP can
stability, one would expect that reducing them decreases theonly be partially responsible for the relatively high-pressure
pressure stability dramatically. This is, however, not the case stability of this protein, but our studies show that removal
in our experiments. Cleavage of the disulfide bonds did of C&" or of the heme also have a destabilizing effect. The
change the unfolding pressure, from 12 to 9.5 kbar. Average native HRP was found to have the highest stability. The heme
proteins have an unfolding pressure efokbar (). In that substitution did not decrease the unfolding pressure signifi-
respect the midpoint of unfolding at 9.5 kbar in the case of cantly, but analysis of the spectra shows a decrease in the
reduced HRP is still high, although it is the lowest among helical secondary structure content?Ceemoval by EDTA
the HRP variants studied in this work. One of the explana- and BHA binding both decreased the stability. While the
tions is that not all of the disulfide bonds are reduced in the Ca&#* removal caused a larger shift in the denaturation
native protein at atmospheric pressure, and local unfolding pressure, the BHA binding affected the secondary structure
is needed to allow the DTE to reach the cysteins. This, much more.
however, would make the unfolding process more coopera- None of the destabilizing effects led to drastic drop of the
tive because small initial loosening of the structure could pressure stability, which implies, that a more complex
lead to further reduction and consequent unfolding. From mechanism is responsible for this high stability. It needs to
the data shown in Figure 8 and comparison with the similar be experimentally confirmed whether the carbohydrate
figures of the other HRP variants, we conclude that this is moiety also contributes to the stability of the protein.
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