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The active site structure of E. coli HPII catalase

Evidence favoring coordination of a tyrosinate proximal ligand to the chlorin iron
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E. coli produces 2 catalases known as HPI and HPIL. While the heme prosthetic group of the HPI catalase has been established to be a

dihydroporphyrin or chlorin, the identity of the proximal ligand to the iron has not been addressed. The magnetic eircular dichroism (MCD)

spectrum ol native ferric HPII catalase is very similar to those of a S-coordinate phenolate-ligated ferric chlorin complex, 4 model for tyrosinate

proximal ligation, as well as of chlorin-reconstituted ferric horseradish peroxidase. a modet for 5-coordinate histidine ligation. However, further

MCD comparisons of chlorin-reconstituted myoglobin with parallel ligand-bound adducts of the catalase clearly rule out histidine ligation in the
latter, leaving tyrosinate as the best candidate for the proximal ligand.

Magnetic circular dichroism spectroscopy; Aclive site structure determination; Tyrosinate proximal ligund: EPR spectroscopy: Catalase: Dihydro-
porphyrin

1. INTRODUCTION

The 2 catalases found in E. coli are both heme en-
zymes but differ in that the more prevalent one, des-
ignated HPI, contains a protoheme prosthetic group.
while the second catalase, HPII, has a dihydropor-
phyrin or chlorin [1]. Iron chlorins have been found as
the prosthetic group in several heme proteins. in addi-
tion to HPII catalase, E. coli also contains a heme d
terminal oxidase that has 3 heme groups, 2 protoheme
and 1 chlorin [2]. The prosthetic groups of the green
catalase from N. crassa [3,4] and of sulfmyoglobin [4-6]
have been shown to be iron chlorins. Myeloperoxidase
has been proposed to contain an iron chlorin prosthetic
group [7,8] but recent evidence is more consistent with
a formyl-porphyrin [9,10}. While the type of prosthetic
group in HPII catalase has been established, the prox-
imal ligand to the iron has not been identified to date
and is the focus of this study.

Magnetic circular dichroism (MCD) spectroscopy
[11] has been extensively applied to the study of pro-
toheme-containing proteins and has developed into a
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powerful method for axial ligand identification [12-15].
Comparison of the MCD spectra of structurally defined
iron protoheme complexes either in proteins or syn-
thetic models in different oxidation and ligation states
with parallel derivatives of a structurally undefined,
protoheme protein can often lead 10 the cstablishment
of the axial ligands of the latter in a straightforward
manner [12-15]. Recently, we have exiended this
approach to the investigation of iron chlorin systems.
We have adopted a 3-fold approach including experi-
ments with chlorin model complexes [16], with chlorins
reconstituted into well-studied proteins such as myo-
globin [17] and with naturally occurring chlorin
proteins such as the present study with HPII catalase.
The results show that MCD spectroscopy can be used
as a probe of iron chlorin coordination structure in the
same way as has been done repeatedly with iron pro-
toheme systems.

2. MATERIALS AND ®ETHODS

HPII catalase was purified as previously described [1]. The lyophi-
lized protein was resuspended in deionized water (Continental) and
centrifuged to remove insoluble material. The protein solution was
then dialyzed against 50 mM sodium phosphate buffer, pH 7.0, con-
centrated by ultrafiliration and stored 4t 77 K. Horse heart myoglobin
(Sigma, Type 11I) was further purificd as described by Dawson et al,
[18). Horseradish peroxidase (Sigma, Type VI) was used without
further purification, The synthesis of iron methylchlorin (MeC, 2,2.4-
trimethyldeuterochlorin, featuring a gem-dimethyl substituted periph-
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erul carbon) has been previously described by Chang and Sotiriou[19].
Iron octacthylchlorin chloride, Fe(OEC)Cl. was prepared by a
published procedure {20]. Iron chlorin-reconstituted myoglobin and
horseradish peroxidiase were prepared by standard methods [17]. All
other chemicals (Aldrich or Sigma) were reagent grade and used with-
out further purification.

Ferric protein-ligind complexes were prepared by addition of

ligand stock solution 10 saturating conditions. The pyridine-CO deriv-
ative of the extracted HPII catalase prosthetic group was prepared
from the pyridine hemochrome [9] by CO addition. The same com-
plexes of MeC and OEC were generiited anacrobically by dissolving
Fe(McC)Cl or Fe(OEC)Cl in neat pyridine followed by reduction with
solid Na,S.0, and CO addition. The ferric OEC phenolate complex
wiis prepared by the published method [21]. An extinetion coefTicient
of 118 mM™.cm™ at 405 nm for native ferric HPI catalase was
calculated using the pyridine hemochrome assay [22]: a value ol 83
mMem™ at 423 mm was used for the pyridine hemochrome of the
enzyme based on the average value for MeC and OEC [16].
Electronic absorption and MCD spectra were recorded using
Varian Cary 210 or 219 spectrophotometer and a Jasco J-500A spec-
tropolarimeter cquipped with a 1.3 T electromagnet. Dalta acquisition
and handling were carried out as previously described [13]. EPR
spectra were recorded at 21 K using a Bruker ESP-300 spectrometer.,

3. RESULTS AND DISCUSSION

Fig. | shows a1 comparison of the MCD spectra of the
ferrous pyridine-CO derivatives of octacthylchlorin
(OEC) and methylchlorin (MeC) and of the naturally-
occurring chlorin extracted from HPII catalase. The
MCD spectra of model complexes have been red-shifted
in all figures due to the lack of the 2 conjugated vinyl
groups that are present on the HPII chlorin [1]. This
procedure was first used by Vickery et al. [23] in com-
paring the MCD spectra of octa-alkylporphyrins with
those of protoporphyrin 1X. The fact that the 3 spectra
displayed in Fig. | are nearly superimposable estab-
lishes that complexes of OEC and MeC can be used as
models for the natural chlorin system. We have recently
demonstrated the utility of using octa-alkylporphyrins
as models for protoheme in MCD studies [18].

The MCD spectrum of the native ferric high-spin
state of HPII catalase is displayed for the first time in
Fig. 2A. It is compared to the spectrum of the ferric
OEC phenolale complex which closely matches the
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Fig. 1. MCD spectra of the ferrous pyridine/CO complexes of the

extriacted heme from HPH catalase (—), OEC (------ ). und MeC

(-+--). The OEC and MeC spectra have been red-shifted by 15 nm, see
lext.
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Fig. 2. (A) MCD spectra ol native HP1 catalasc in 50 mM potassium

phosphate buffer, pH 7.0 (—). and Fe(OEC)(phenolate) in methy-

lene chloride (------ ). (B) MCD spectra of Terric MeC-HRP (—) and

MeC-Mb in 100 mM polassium phosphate bulfer. pH 6.0 (------ ). The

OEC. MeC-Mb and MeC-HRP spectra have been red-shifted by 10
nm, see text.

spectrum first reported by Stolzenberg et al. [21] as a
model for tyrosinate ligation. A very similar spectrum
was also reported for the 5-coordinate acetate model
ferric OEC complex while that of the analogous thiolaie
adduct was different, especially in the Soret region [21].
The spectra in Fig. 2A by themselves are consistent with
an oxyanion as proximal ligand in HPII catalase, likely
a tyrosinate anion as in bovine catalase [24]. However.
the MCD spectrum of a 5-coordinate histidine-ligated
ferric chlorin system (Fig. 2B). generated by reconstitut-
ing iron MeC into horseradish peroxidase (HRP) [17].
also resembles that of native HPII catalase. The corre-
sponding 6-coordinate aquo/histidine complex of MeC-
reconstituted myoglobin [17], however, is clearly differ-
ent (Fig. 2B). Taken together, these lines of evidence
narrow down the likely possibilities for the coordination
structure of the e=tive ferric high-spin state of HPII
catalase Lo cither a 3-coordinate tyrosinate or histidine
3 cosaplex.

In order to better define the active site structure of
HPII calalase, we have compared the MCD spectra of
several low-spin ferric ligand adducts of the enzyme
with those of parallel complexes of chlorin-reconsti-
tuted myoglobin (Fig. 3) as models for a histidine-
ligated clilorin system. The results using azide and cya-
nide are shown in Fig. 3. The MCD spectra of ligand
complexes of chlorin-reconstituted HRP closely match
those observed for analogous adducts of chlorin-recon-
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Fig. 3. MCD spectra of the (A) Ferric azide and (B) cyanide derivatives

ol HPH catalase (KCN, 10 mM: NaN,. 5 mM) (—-) and MeC-Mb

(KCN., 40 mM; NaN,, 50 mM) (------ }. The buffers used were the same

s those described in the legend to Fig, 2. The MeC-Mb spectra have
been red-shifted by 15 nm, see text.

stituted myoglobin [17]. Except for the presence of a
sharp trough near 425 nm in all 4 spectra in Fig. 3, the
spectra of the respective ligand adducts of the 2 proteins
are sufficiently different to state with confidence that the
proximal ligand in HPII catalase cannot be histidine.
This leaves tyrosinate as the most likely identity of the
proximal ligand in HPII catalase. This conclusion is
consistent with the recent nucleotide sequence analysis
of the gene which encodes HPII catalase and the pre-
dicted amino acid sequence in which Tyr*'® in HPII
catalase is proposed to be the counterpart of Tyr*¥, the
proximal ligand to the heme iron of bovine catalase [25].
The three-dimensional structure of HPII catalase is cur~
rently being determined by X-ray cryslallography [26].

Additional support favoring proximal tyrosine liga-
tion comes from the use of EPR spectroscepy. Addition
ol azide to the ferric enzyme converts its EPR spectrum
from that typical of high-spin ferric heme iron (Fig, 4A)
to that of a low-spin state (Fig. 4B). The g-values of the
latter (g = 2.47, 2.23, 1,86) are virtually identical to
those of several ferric OEC model complexes prepared
by Stolzenberg et al. {21] with nitrogenous ligands rrans
to phenolate (g = 2.46-2.47, 2,25, [.85-1.87) and differ
from a complex with 2 nitrogenous ligands (g = 2.51,
237, 1.73).

In summary, we have used MCD and EPR spectros-
copy o probe the nature of the proximal ligand in HPII
catalase. While no single result definitively establishes
the identity of the ligand, a range of data have been
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Fig. 4. EPR spectra of (A} native ferric HPII catalase and (B) the
ferric-azide HPII catalase complex at 21 K. The EPR spectrometer
wis operated at modulation frequency of 100 kHz, a modulation
amplitude of 10 G. a microwave power of 10 mW., a microwave
frequency of 9.27 GHz and a time constant of 0.163 s,

presented which favor tyrosine as the proximal ligand
for the 3-coordinate chlorin iron in E. coli HPII cata-
lase. Additional studics are underway to further exa-
mine this issuc.

Acknowledgements: Suppori provided by NIH Grants (GM-26730 to
JH.D.: GM 34468 (o C.K.C.) and by a grant from the Natural
Sciences and Engineering Council of Canada (OGP0009600 (o
P.C.L.). The JASCO 1-500 spectrometer and the clectromagnel were
obtained with grants from NIH (RR-03960) and Research Corpora-
tion, respectively. We thank Drs. Edmund W. Svastits, John J. Rux
and Joseph V. Nardo for developing the computer-based speciro-
scopic data-handling system and Drs. William H. Orme-Johnson and
Chun Zuo for measuring the EPR specira.

REFERENCES

[1] Chiu, J.T.. Loewzn, P.C., Switala, J., Gennis, R.B, and Tin-
kovich, R. (1989) J. Am. Chem. Soc. 111, 7046-7050,

[2] Lorence, R.M. and Gennis, R.B. (1989) J. Biol. Chem. 264, 7135~
7140,

[3] Jucob, G.S. and Orme-Johnson, W.H. (1979) Biochcmistry 18,
2975-2980.

[4] Andersson, L.A. (1989) SPIE Raman Scattering, Luminescence,
and Speciroscopic Insirumentation in Technolopy 1055, 279-286.

[5] Bondoc, L.L.. Chau, M.-H., Price, M.A, and Timkovich, R.
(1986) Biochemistry 25, 8458-8466,

[6] Chatfield, M.J., LaMar, G.N., Lecompt, L.T.J., Balch, A.L.,
Smith, K.M. and Lungry, K.C. (1986) J. Am. Chem. Soc. 108,
108-110.

[7) Babcock, G.T., Ingle, R.T., Oertling, W.A,, Davis, J.8., Averill,
B.A., Hulse, CL., Stufkens, D.T., Bolscher, B.G.J.M. and
Wever, R. (1985) Biochim. Biophys. Acta 828, 58-66.

125



Volume 295, number 1,2,3

[8] Sibbett, S.S. and Hurst, J.K. (1984) Biochemistry 23, 3007-3013.
[9] Sono. M., Bracete. A.M., Huff, AM., lkeda-Saito, M. and
Dawson, J.H. (1991) Proc. Natl. Acad. Sci.. USA, in press.

{10} Dugad. L.B.. LaMair. G.N., Lee, H.C.. Tkeda-Saito, M., Booth,

K.S. and Caughey. W.S. (1990) J. Biol. Chem. 265, 7173-7179.

{11] Holmqyuist, B. (1986) Methods Enzymel. 130, 270-289.

[12] Dawson. J.H. and Dooley. D.M, (1989)in: Iron Porphyrins, Part
3 (Lever. A.B.P. and Gray, H.B. eds.) pp. 1-135, VCH, New
York.

[13] Alberta, J.A.. Andersson, L.A. and Dawson. J.H. (1989) J. Biol.
Chem. 264, 20467-20473.

[1d] Simpkin. D., Palmer, G., Devlin, F.J., McKenna, M.C., Jensen,
G.M. and Stephens. P.J. (1989) Biochemistry 28, 8033-8039.

[15] Rigby, EJ., Moore. G.R., Gray. 1.C., Gadsby. P.M.A.. George.
S.J. and Thomson, A.J. (1988) Biochem. J. 256, 571-577.

[16] Huff, A.M.. Chang, C.K.. Smith. K.M.and Dawson. J.H. (1991)
Inorg. Chem., submitted.

[17] Braccte, A.M.. Kadkhodayan, S.. Huff, A.M.. Zhuang, C.,
Smith, K.M.. Chang. C.K.. Sono. M. and Dawson, J.H. {1991)
Biochemistry, submitted.

126

FEBS LETTERS

December 1991

[18] Dawson, J.H., Kadkhodayan. S., Zhuang, C. and Sono, M.
(1991) J. Inorg. Biochem.. in press.

[19] Chang, C.K. and Sotiriou, C. (1985) J. Org. Chem. 50, 4939-
4991.

[20] Whitlock, H.W., Hanauer, R., Oester, M.Y. and Bower, B.K.
(1969) J. Am. Chem. Soc. 91, 7485--7489.

[2}] Stolzenberg, A.M., Strauss, S.H. and Holm, R.H. (1981) J. Am.
Chem. Soc. 103, 4763-4778.

[22] Antonini, E. and Brunori, M. (1971) Hemoglobin and Myoglobin
in Their Reactions with Ligands, Elsevier, Amsterdan, p. 10.

[23] Vickery. L., Nozawa. T. and Sauer, K. (1976) J. Am. Chem. Soc.
98, 351-357.

[24] Reid HI, T.J., Murthy. M.R.N., Sicignano, A., Tanaka. N.,
Musick, W.D.L. and Rossman, M.G. (1981) Proc. Natl, Acad.
Sci. USA 78, 4767-4771.

[25] Von Ossowski, 1., Mulvey, M.R., Leco, P.A.. Borys. A., Loewen,
P.C. (1991) J. Bacteriol. 173, 514-520.

[26] Tormo, J., Fita, ., Switala, J., Loewen. P.C. (1990) J. Mol. Biol.
213, 219-220.



