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Catalase HPII fronEscherichia coliExhibits Enhanced Resistance to Denaturdtion
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ABSTRACT: Catalase HPII froniEscherichia colis a homotetramer of 753 residue subunits. The multimer
displays a number of unusual structural features, including interwoven subunits and a covalent bond between
Tyr415 and His392, that would contribute to its rigidity and stability. As the temperature of a solution of
HPII in 50 mM potassium phosphate buffer (pH 7) is raised from 50 t&62Zhe enzyme begins to lose
activity at 78°C and 50% inactivation has occurred at’®3 The inactivation is accompanied by absorbance
changes at 280 and 407 nm and by changes in the CD spectrum consistent with small changes in secondary
structure. The subunits in the dimer structure remain associated°& 86d show a significant level of
dissociation only at 100C. The exceptional stability of the dimer association is consistent with the
interwoven nature of the subunits and provides an explanation for the resistance to inactivation of the
enzyme. For comparison, catalase-peroxidase HEI obliand bovine liver catalase are 50% inactivated

at 53 and 56°C, respectively. In 5.6 M urea, HPII exhibits a coincidence of inactivation, CD spectral
change, and dissociation of the dimer structure with a midpoint 665 he inactive mutant variants of

HPII which fold poorly during synthesis and which lack the Fyis covalent bond undergo spectral
changes in the 78 to 84 range, revealing that the extra covalent linkage is not important in the enhanced
resistance to denaturation and that problems in the folding pathway do not affect the ultimate stability of
the folded structure.

Escherichia coliproduces two catalases, hydroperoxidase
I (HPI)! and hydroperoxidase Il (HPII). The former is a
bifunctional catalase-peroxidase whose sequence is similar
to those of many heme-containing peroxidasgs [t is
expressed mainly in the exponential phase in response to
oxidative stress as a part of tbgyRregulon @, 3). HPIIl is K

and structure that closely resembles those of other catalase E'E
but with added C- and N-terminal extensions that make it
the largest known catalasé, 6). It is produced in stationary r
phase under the control of the stationary phase sigma factor zs = %
encoded bypoS (6).

Differences in temperature stability between the two
enzymes have been noted previously and used as a tool tc
differentiate between the two enzymes in crude extragts (
8). HPI is inactivated by incubation at temperatures above
50 °C, whereas HPII retains activity during incubation at

temperatures up to 78C. Other examples of the extreme Fgure 1: Comparison of the interwoven sections of HPII (A) and
stability of HPII are evident in the retention of activity over BLC (B). In both panels, the residue numbers in the red subunit
a broad pH range from pH 5 to 19)( and in urea and SDS  are in normal characters and the residue numbers in the green
(10) subunit are in italic and underlined characters. In panel A, residues
' 28—100 (or28—100 and 435-485 (0r435—485) are shown as a
ribbon. Residues 127 are not depicted because they were not
PN visible in the crystal structure of the enzyme. Residue8a (or
ScieT]r(]:IZsW:r:I((j \Aéis supported by a grant (OGP 9600) from the Natural 1-80) extend through a loop formed by resid4&5—485 (or 435~
gineering Research Council of Canada. = e . . —_ ==

*To whom correspondence should be addressed. Phone: (204) 474-485) Of the adjacent subunit. In panel B, residueg3 (or 3—45)
8334. Fax: (204) 474-7603. E-mail: peter_loewen@umanitoba.ca. and 376-420 (or370-420) are shown as a ribbon. ResiduesZb

* Department of Microbiology. (or 1—25) extend through a loop formed by resid@#0-420 (or

§ Department of Chemistry. 370-485) of the adjacent subunit. Notice the greater interaction

1 Abbreviations: HPI, hydroperoxidase I; HPII, hydroperoxidase II; Of residues 36-80 with the rest of the subunit in HPII as compared
BLC, bovine liver catalase; CD, circular dichroism; SDS, sodium to the limited interactions between residues2b with the rest of
dodecyl sulfate. the subunit of BLC.
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Ficure 2: Activity changes (A) and spectral changes (B) in HPIl FiGUuRe 3: (A) Activity changes of BLC incubated at 4®§, 52
when incubated at 74 or ®), 78 (A or A), 82 O or W), and 86 (a), 56 (@), 60 (@), and 64°C (¥). (B) Activity changes of HPI

°C (O or @). In panel B, the white symbols represent the change incubated at 46€), 50 (a), 54 @), and 58°C (@). The incubations

in absorbance at 280 nm and the black symbols represent the changeere carried out in 50 mM potassium phosphate buffer (pH 7).
in absorbance at 407 nm. HPIl was in 50 mM potassium phosphateThe temperatures are indicated on the figure adjacent to the
(pH 7). The temperatures are indicated on the figure adjacent to appropriate line.

the appropriate line.
ously (4, 15). BLC was obtained from Sigma Chemical Co.
The crystal structure of HPII has been determined at 1.9 Catalase activity was determined by the method of Rarth
A resolution, revealing a tetrameric structure with a number and Jensenl@), using a Gilson oxygraph equipped with a
of unusual features that might contribute to the enhanced Clark electrode. One unit of catalase is defined as the amount
resistance to denaturation. Within the tetramer, there are twothat decomposes mol of H;O, in 1 min at 37°C. Gel
pairs of dimers containing interwoven subunits in which 90 electrophoresis of proteins was carried out on SDS
residues of the N-terminal sequence of each subunit arepolyacrylamide gels as described previously, (18). Ab-
inserted through a loop on the adjacent subunit (Figure 1). sorbance spectra and readings were made using a Milton Roy
In this way, there are two overlapped segments per dimer MR3000 spectrophotometer. CD spectra were obtained using
or four per tetramer which would be expected to stabilize a JASCO J-500A spectropolarimeter calibrated with)-(
the quaternary structure of the enzym@)( Other catalases  10-camphorsulfonic acid. Spectra were measured at a scan
exhibit a similar interweaving of subunits, but the N-terminal rate of 0.5 nm/min and with a time constant of 32 s. The
length of sequence that is overlapped is shorter by ap-temperature in the spectrophotometer cuvettes was main-
proximately 55 residuesl@). One further feature in HPIl  tained using a Haake thermocirculator. CD spectra were
which would lend rigidity to the structure is an unusual deconvoluted using the convex constraint algorithm of
covalent bond between the Gf Tyr415, the proximal heme  Perczel et al. 19).
ligand, and the Bof His392 (L3). To quantitate the enhanced
stability of HPII and to relate this stability to the unique RESULTS
structural_ cha_ract_eristics, a more detaile_d study of the Denaturation of HPII As a first step in relating the
denaturat|(_)n kinetics of HPII, its mutant variants, and other structural characteristics of HPII to its enhanced resistance
catalases is reported. to thermal inactivation, we incubated HPII at different
EXPERIMENTAL PROCEDURES temperatures between 74 and°85(Figure 2A). Incubation
Catalases HPI and HPII, wild type and mutant variants, at 74 °C initially caused a small activation of the enzyme
were purified from transformed strains as described previ- followed by a 10% loss of activity after 2 h, whereas
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_g Ficure 5: Activity changes in BLC (A) and HPI (B) as the
5 005} | temperature is increased at a rate of @&min from 40 to 65°C.
@ The enzymes were in 50 mM potassium phosphate buffer (pH 7).
2 l The dashed lines indicate the midpoints or temperatures of 50%
< | change.
0.00 . . . | . °C (panels A and B of Figure 3 for BLC and HPI,
50 60 70 80 90 respectively) which revealed that BLC was completely

inactivated within 30 min at 64C and HPI was completely
Temp (°C) inactivated within 15 min at 58C.

FiGure 4: Activity changes (A) and absorbance changes at 407 Tm Determlna_tlon The . melting” temperature, or tgmper-
(B) and 280 nm (C) as the temperature is increased at a rate of 0.63ture of 50% inactivation, of HPII was determined by
°C/min from 50 to 9C°C. HPIl was in 50 mM potassium phosphate following activity changes (Figure 4A), the decreasé\ip;
buffer (pH 7). The dashed lines indicate the midpoints or temper- (Figure 4B), and the increaseAag, (Figure 4C). In all three

atures of 50% change. cases, d, of approximately 82C was observed. ThE,
. L L ) proved to be independent of the rate of temperature rise
complete inactivation occurred within 20 min at 8€. between 0.3 and 0.BC/min over the range of 5690 °C.

Increases in absorbance at 280 niyzo) and decreases in- niially, a 20% increase in activity was observed as the

the Soret peak AAq07) accompanied the loss in activity, temperature was increased from 50 to°f) and this was

confirming that changes in protein structure were occurring accompanied by small increases in by, and Ao

(Figure 2B). Smaller absorbance changes were observed eveggnsistent with the data in Figure 2B, thgy, subsequently

at 74°C where only minor changes in activity had occurred, yecreased. For comparison, fhgs for BLC and HPI were

suggesting that some degree of structural change is possiblgjetermined to be 58C (Figure 5A) and 53C (Figure 5B),

that does not affect activity. At higher temperatures, the respectively.

changes in absorbance accompanying inactivation were cp Spectral ChangesThe circular dichroism spectrum

greater and occurred more rapidly. of HPIl was determined to see if changes in secondary
Two other related enzymes, the catalase-peroxidase HPIstructure could be correlated with the changes in activity and

from E. coliand bovine liver catalase (BLC), were found to absorbance. The CD spectra of HPII at 40 and®G2after

be rapidly inactivated even at 7€ (data not shown). This  boiling (Figure 6A) reveal a change in molar ellipticity in

led to an investigation of temperatures between 46 and 64the region below 230 nm that was irreversible. Deconvolution
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Temp (°C) Ficure 7: (A) CD spectra of HPI determined at 35 (solid line)
Ficure 6: (A) CD spectra of HPII determined at 40 (solid line) and 65°C (dashed line) in 5 mM potassium phosphate buffer (pH
and 92°C (dashed line) in 5 mM potassium phosphate buffer (pH 7). MRE is the molar residue ellipticity. (B) The change in MRE
7). MRE is the molar residue ellipticity. (B) The change in MRE determined at 222 nm as a function of temperature as it is raised
determined at 222 nm as a function of temperature as it is raisedfrom 50 to 65°C at a rate of 0.86C/min. The dashed line indicates
from 50 to 92°C at a rate of 0.6C/min. The dashed line indicates  the midpoint or temperature of 50% change.
the midpoint or temperature of 50% change.

of the spectra confirmed that the-helix content had 80 and 85°C arose simply from changes in secondary
decreased from 24 to 9% whifeconfiguration content had ~ Structure or were accompanied by dissociation of the
remained relatively unchanged at 40%. Plotting the spectral multimeric protein, the electrophoretic mobility of the protein
changes at 222 nm as a function of temperature reveals noon urea-SDS—polyacrylamide gels was investigated. Incu-
ellipticity change below 60C (Figure 6B). Between 60 and bation in buffer at temperatures up to & prior to

80 °C, there is a small transition that coincided with the electrophoresis caused only minor dissociation of the dimer
increase in activity over the same temperature range (segFigure 9A), and boiling of the solution was required for
Figure 4A). Above 80C, there is a rapid change in ellipticity  complete dissociation. It should be noted that the dimer of
with a midpoint at 82°C (Figure 6B) which is consistent  HPIl was stable in 1% SDS7 M urea loading buffer at room
with the melting temperature determined by the loss of temperature, making this assay possible. By contrast, BLC

activity and the change in absorbance. and HPI multimers dissociated in the loading buffer at room
For comparison, the CD spectra of HPI and BLC at 35 temperature.

and 65°C are presented in Figure 7A and Figure 8A, . i

respectively, revealing small changes in secondary structure StaPility of Mutant Variants of HPIIA large number of

similar to those observed for HPII. Deconvolution of the Mutant variants of HPII have been constructed by site-

spectra revealed changes similar to those for HPII with a directed mutagenesis as part of an ongoing characterization

reduction in the amount af-helix and a small increase in ~ Of the enzyme. Many of the mutant enzymes accumulated

the amount of8-configuration. TheT,, for the ellipticity in only small amounts, if at all, when the cells were grown
transition at 222 nm was 5% for HPI (Figure 7B) and 56  at 37°C. However, growth of the cultures at 28 resulted
°C for BLC (Figure 8B), in good agreement with tfg, in a significant increase in enzyme yield. The low yield at

data determined using activity measurements (see Figure 5)the higher temperature was attributed to a disruption in the
Dissociation of DimersTo determine if the changes in  folding pathway allowing proteolytic degradation of the
absorbance and the loss of activity that occurred betweenenzyme. At 28C, the slower growth rate provided a longer
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Ficure 9: Conversion of HPII dimers to monomers. In panel A,
HPII was incubated for 10 min at 70, 75, 80, 85, 90, 95, and 100
°C in 50 mM potassium phosphate buffer (pH 7). In panel B, HPII
was incubated for 10 min at 50, 55, 60, 65, 70, 75, and 1D

50 mM potassium phosphate (pH 7) and 5.6 M urea. The
temperatures of incubation are indicated above each lane. In both
panels A and B, samples were removed, cooled to room temper-
ature, and added to SD$irea loading buffer. Samples were loaded
and run without further heating on an 8% polyacrylamide gel. Size

5} |
| markers (indicated as $@a) were the GIBCO Protein Ladder.

MRE,,, (deg.cm?.dmol™)

Susceptibility to Chemical Denaturatiohe sensitivity
s L : . . " L of HPII to the common chemical denaturants urea, guani-
35 40 45 50 55 60 65 dinium, and SDS was investigated, revealing an enhancement
o of enzyme activity following a short incubation in both 1%
Temperature (°C) SDS and 7 M urea, but a partial inactivation5 M NaCl
FiGURe 8: (A) CD spectra of BLC determined at 35 (solid line) and 4 M guanidinium hydrochloride (Table 1). For com-
and 65°C (dashed line) in 5 mM potassium phosphate buffer (pH parison, BLC was more sensitive to alltthiM NaCl, and

7). MRE is the molar residue ellipticity. (B) The change in MRE i, . : o . .
determined at 222 nm as a function of temperature as it is raisedHPI exhibited an intermediate sensitivity. Short periods in

from 50 to 65°C at a rate of 0.6C/min. The dashed line indicates ~guanidinium hydrochloride solutions of up & M (Figure
the midpoint or temperature of 50% change. 11A) caused a partial loss of up to 50% of the activity of

HPII. Solutions abog 5 M guanidinium ion caused a loss
time for folding and lower rates of proteolysis, giving rise of activity within minutes. By contrast, BLC and HPII were
to a greater accumulation of the mutant enzyn®. rapidly inactivated in 2.25 and 2.75 M guanidinium ion,

To determine if there was any re|ationship between the respectively. SUrpriSingly, HPI suffered less inactivation than
apparent abnormalities in the fo|d|ng pathway and a less HPIIl in low concentrations of the denaturant, but HPII
stable structure, the denaturation properties of two mutant'etained a low level of activity even after 24 h in 4 M
variants of HPII were studied. Specifically, the His128Ala guanidinium ion (data not shown). The time course of
and Asn201His mutant variants, which have no detectable inactivation of the enzymesi7 M urea reveals a complete
activity and less than 1% of the wild type activity, respec- inactivation of BLC within 10 min, very little effect on HPII
tively, and which accumulate protein only when grown at €ven after 30 min, and a slow inactivation of HPI (Figure
28°C’ were studied. These two mutant enzymes, which lack 118) HPII retained 75% of the aCtiVity even after 42 h. Yeast
the His392-Tyr415 covalent bond, also provided an op- catalase A responded in a manner similar to that of BLC
portunity to investigate the importance of the unusual bond (data not shown).
as a stabilizing factor for the enzym&3j. Because of the As noted above, the CD spectra of HPII revealed a loss
very low or complete absence of catalytic activity in the of helical structure with a midpoint of 8 and the dimers
mutant enzymes, spectral changes were used to determineemained associated at temperatures up t6®5The CD
the Tms which differed only slightly from thé&, of the wild spectral changes of HPIl in 5.6 M urea were similar to those
type enzyme at 78C for the His128Ala variant (Figure 10A)  determined in buffer as shown in Figure 6, but the midpoint
and 84°C for the Asn201His variant (Figure 10B). This for the change in molar residue ellipticity at 222 nm was
indicated that the susceptibility to denaturation was not lowered almost 20C to 65°C (Figure 12). The presence of
increased by the apparent difficulties in folding or by the urea significantly destabilized the dimer structure, resulting
lack of the Tyr415-His392 covalent bond. in a sharp transition from the dimer to monomer with a
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the His128Ala mutant variant (A) and the Asn201His mutant variant hydrochloride buffered to pH 7.0 with potassium phosphate. (B)
(B) of HPII as the temperature is raised from 50 to°@0at a rate Change in activity of HPIl M), HPI (a), and BLC @) during
of 0.6 °C/min. The dashed lines indicate the midpoints or temper- incubation h 7 M urea and 50 mM potassium phosphate buffer

atures of 50% change. (pH 7).

Table 1: Effect on Catalase Activity of Exposure of HPI, HPII, and
BLC for 1 min at 20°C to Various Denaturants

% activity retained ‘=: 5+
o
reagent HPII BLC HPI £
1% SDS 137 0 119 o
7 M urea 113 18 96 E
7 M urea and 1% SDS 137 0 104 ;
5 M NacCl 44 44 58 ® 6
4 M guanidinium hydrochloride 61 0 0 z
Y
I.I.IN
(14
=

midpoint of 65°C (Figure 9B) as compared to the value of
>95 °C in the aqueous buffer.

DISCUSSION
40 50 60 70 80

Catalase HPII exhibits a surprising resistance to denatur- Temperature (°C)
atl(én forllanh.er;]zzme derived lfr[om an etnterlfc bact\elaﬁr.n StﬁCh Ficure 12: Change in molar residue ellipticity (MRE) at 222 nm
ast. Cc: Iwhich has a normal temperature for growin In i€ - ot jpy| in 50 mM potassium phosphate buffer (pH 7.0) and 5.6 M
30-37°C range. HPII suffers nonreversible inactivation only urea as the temperature was raised from 40 t6@@t a rate of
above 75°C in aqueous buffer and retains activity in 5.6 M 0.6 °C/min. The dashed line indicates the midpoint or temperature
urea at temperatures up to 6. The inactivation is  Of 50% change.
accompanied by absorbance changes at 280 and 407 nm anidreversible changes in secondary structure. Surprisingly, the
by changes in the CD spectrum consistent with there beingquaternary structure is not disrupted in parallel with these
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changes, and dimers remain associated even &C9Hh tion along species lines. This was interpreted in terms of

aqueous buffer. horizontal gene transfer between fungi and bacteria, creating
By contrast, BLC, which has a core sequence and structurethe possibility of a nonbacterial origin or at least a nonpro-

very similar to those of HPII, and HPI, the second catalase teobacterial origin for HPII. By this rationale, HPIl may have

produced byE. coli, are much less stable in that they suffer originated in an organism capable of survival under more

inactivation at temperatures almost 30 lower than does  extreme conditions than those for whiEh coli is adapted.

HPIlI and are more sensitive to chemical denaturants. HPIl Whether all large subunit catalases exhibit such enhanced

has a much larger subunit than BLC, and the approximately stability remains to be determined.
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