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Pseudocatalase from Lactobacillus plantarum: Evidence for a Homopentameric 
Structure Containing Two Atoms of Manganese per Subunit? 
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ABSTRACT: An improved procedure for the isolation of the pseudocatalase of Lactobacillus plantarum has 
been devised, and the quaternary structure and manganese content of this enzyme have been reexamined. 
Sedimentation equilibrium of the native enzyme a t  several salt concentrations gave a molecular weight of 
172000. The subunit weight, obtained by sedimentation equilibrium in 6.4 M guanidinium chloride, with 
or without prior reduction and carboxymethylation, was 34 kilodaltons. The amino acid composition indicated 
150 Arg + Lys, and after exhaustive tryptic digestion, 32 peptides were resolved. These data suggest that 
the pseudocatalase is a homopentamer. Cross-linking with dimethyl suberimidate, followed by polyacrylamide 
gel electrophoresis in the presence of sodium dodecyl sulfate, yielded five major bands, another indication 
of pentameric structure. The manganese content was found to be 1.8-2.4 per subunit. s20,w was found to 
be 9.6 S and f l fa  = 1.2, suggesting a globular structure of Stokes radius 44 A. 

A n  azide-insensitive or “pseudo” catalase was first noted 
in certain species of bacteria which cannot synthesize heme 
(Delwiche, 1961; Johnson & Delwiche, 1964; Jones et al., 
1965). We subsequently isolated this enzyme from Lacto- 

bacillus plantarum and found it to be an oligomeric man- 
ganienzyme (Kono & Fridovich, 1983a). Although the visible 
spectrum of the mangani-catalase resembled that of the 
mangani-superoxide dismutase, there was no overlap in the 
substrate specificities of these enzymes. The physiological 

1983b), and studies of its structure and metal content SUg- 
gested a hexamer containing one atom of manganese per 
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1 % 0-mercaptoethanol prior to electrophoresis. 
Amino Acid Analysis. Homogeneous enzyme (- 1 .O mg) 

was dialyzed against 1000 volumes of 50 mM Tris-HC1, 2.5 
M guanidinium chloride, 20 mM 8-hydroxyquinoline, and 100 
mM EDTA at pH 3.5 for 48 h, followed by dialysis against 
several changes of water containing 10 g/L Chelex-100. The 
apoenzyme was then lyophilized and redissolved in 6.0 N HCl 
and 0.1% phenol. Aliquots were heated to 110 OC for 24,48, 
or 96 h (Spackman et al., 1960), and the hydrolyzates were 
analyzed on a Beckman System 6300 automatic amino acid 
analyzer. Cysteine and its disulfide were measured as cysteic 
acid after performic acid oxidation (Moore, 1963) or as car- 
boxymethylcysteine following alkylation with iodoacetic acid 
(Means & Feeney, 1971). Tryptophan was determined col- 
orimetrically (Edelhoch, 1967). 

Trypsinization and Peptide Mapping. Following reduction 
and alkylation, 100 pg of enzyme was dialyzed against 0.2 M 
NH4HC03 and then lyophilized. The protein was redissolved 
in 200 pL of 0.2 M NH4HC03 (pH 8.0), and 5 pL (0.5 pg) 
of freshly prepared TPCK-treated trypsin was added and the 
digestion allowed to proceed for 3 h at 37 OC, at which time 
another 5 pL of trypsin was added. After 6 h of total incu- 
bation with constant stirring, the digest was lyophilized, re- 
dissolved in 10 pL of 2% NH40H, and spotted onto the origin 
of a 20 X 20 cm cellulose TLC plate (Eastman, 13255). 
Electrophoresis in one direction at 440 V for 2.5 h (4 "C) in 
pyridine/acetic acid/H20 (10:3:300) at pH 6.0 was followed 
by drying the plate and ascending chromatography in the 
second direction in 1-butanol/pyridine/acetic acid/H20 
(50:33:1:40). The plate was then dried and sprayed with 0.2 
mg/mL fluorescamine in acetone to make the peptide spots 
visible under UV light (Work & Burdon, 1981). 

Metals. Neutron activation, at a flux of 1.5 X 1013 N cm-2 
s-' for 3 min, was done by the Nuclear Energy Services Di- 
vision of the Nuclear Engineering Department of North 
Carolina State University in Raleigh, NC. The decay of 
induced radioisotopes was monitored in a series of 300-s counts 
on an Ortec 35% GeLi detector coupled to an ND6620 com- 
puterized y detector system. Calibration was provided by 
irradiation of Mn standards in parallel with the unknowns. 
Enzyme was dialyzed against 50 mM potassium phosphate 
and 0.1 mM EDTA, pH 7.0, containing 10 g/L Chelex-100 
prior to analysis. Dialyzate was used as the blank, and the 
protein was analyzed at several dilutions to expose protein 
matrix effects, which proved negligible. 

Atomic absorption was done with a Perkin-Elmer Model 
107 atomic absorption spectrophotometer equipped with an 
HGA-2000 graphite furnace. Samples (10 pL) were dried at 
150 "C (40 s), ashed at 600 "C (26 s), and atomized at 2500 
OC (6 s). Samples to be analyzed were dialyzed 18 h against 
changes of 10 mM potassium phosphate and 0.1 or 1.0 mM 
EDTA, at pH 7.0. Dialysis against 1.0 mM EDTA caused 
a 10-20% loss of Mn and an 8-15% loss of activity. The last 
dialyzate was used as a blank. All samples and Mn standards 
were made 1% in H N 0 3  (AR grade). Data reported are the 
average of 10 measurements f the standard deviation. 

One series of measurements were also made with a Per- 
kin-Elmer Model 3030 atomic absorption spectrophotometer 
equipped with an HGA-600 programmable graphite furnace 
and with AC-Zeeman effect background correction. This 
graphite furnace was equipped with a pyrolytically-coated 
graphite tube with a L'vov platform. A Perkin-Elmer AS-60 
autosampler was used to introduce 20-pL samples. Both un- 
knowns and standards were made 1 % in HN03,  and Mg(N- 
03)2 was added as a matrix modifier. Samples were dried at 

subunit (Kono & Fridovich, 1983~).  
The considerable utility of this enzyme for the elimination 

of H202  from reaction mixtures containing CN-, N<, or S2-, 
its stability to freezing and thawing, and the likelihood that 
Mn(II1) and Mn(V) are involved in the catalytic cycle stim- 
ulated further study. We now report an improved procedure 
for isolation of this enzyme and data indicating that it is a 
homopentamer containing two atoms of manganese per sub- 
unit. 

EXPERIMENTAL PROCEDURES 
Materials. Dimethyl suberimidate (DMS)' and bis(su1fo- 

succinimidyl) suberate were from Pierce, guanidinium chloride 
(ultrapure) and SDS (electrophoresis grade) from 
Schwarz/Mann, molecular weight standards from Sigma, and 
chromatofocusing resin (PBE-94) and polybuffer (PB47) from 
Pharmacia. Pyridine was distilled over ninhydrin prior to use. 
All other materials were the best grades commercially 
available. 

Assays. Catalase activity was determined spectrophoto- 
metrically (Beers & Sizer, 1952) in 16.7 mM potassium 
phosphate, 20 mM H202, and 0.1 mM EDTA at pH 7.0 and 
at 25 OC. The assay volume was 3.0 mL, and 1 unit is that 
amount which causes the decomposition of 1 pmol of 
H202/min. E?$&,, = 43.6 M-' cm-' (Hildebrant & Roots, 
1975). Electrophoretograms were stained for catalytic activity 
by the method of Gregory & Fridovich (1972). Protein was 
measured colorimetrically (Lowry et al., 195 1) with bovine 
serum albumin as the standard or, when dealing with the pure 
Mn-catalase, by using = 10.7 cm-' (Kono & Fridovich, 
1983a). 

Electrophoresis was performed on polyacrylamide slab gels 
both in the presence (Weber & Osborn, 1969) and in the 
absence (Davis, 1964) of SDS, at 25 mA/slab. Protein bands 
were visualized by staining with Coomassie Blue R-250 and 
destaining in methanol/acetic acid/H20 [3:1:9 (v/v)]. 

Ultracentrifugation was performed in a Beckman Model 
E analytical ultracentrifuge equipped with ultraviolet optics 
and a photoelectric scanner. The data obtained at sedimen- 
tation equilibrium were analyzed as described by Yphantis 
(1964). Guanidinium chloride at 6.4 M was used to separate 
subunits. Some samples of enzyme were reduced and alkylated 
prior to this analysis (Feeney, 197 1). Partial specific volume 
(8) was calculated from the amino acid composition (Cohn 
& Edsall, 1943), and in the presence of guanidinium chloride, 
this was corrected as described by Lee & Timasheff (1979). 
The Stokes radius and frictional coefficient of the native 
protein were calculated from the sedimentation velocity data 
by using the method described by Van Holde (1975). 

Cross-linking was used to study subunit composition as 
described by Davies & Stark (1970). Dimethyl suberimidate 
(DMS) or bis(sulfosuccinimidy1) suberate (BSS) was used at 
2.5 or 10.0 mg/mL, respectively, in 0.2 M triethanolamine 
hydrochloride at pH 8.5 and 25 O C .  The enzyme was at 1.0 
mg/mL, and 3 0 - ~ L  aliquots of the reaction mixture were 
removed at intervals and were quenched with 10 pL of 2.0 M 
NH4Cl. SDS and @-memaptoethanol were then added to 1%; 
the samples were heated to 100 "C for 2 min and were then 
dialyzed 15 h against 10 mM sodium phosphate, 1 % SDS, and 

I Abbreviations: kDa, kilodalton(s); DMS, dimethyl suberimidate; 
SDS, sodium dodecyl sulfate; BSS, bis(sulfosuccinimidy1) suberate; 
EDTA, ethylenediaminetetraacetic acid; TLC, thin-layer chromatogra- 
phy; DEAE, diethylaminoethyl; PAGE, polyacrylamide gel electropho- 
resis; Tris-HC1, tris(hydroxymethy1)aminomethane hydrochloride; TPC- 
K, L-1 -(tosylamido)-2-phenylethyl chloromethyl ketone. 
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FIGURE 1: Chromatography on DE-52 cellulose. The sample (3100 
mg of protein in 290 mL) was applied to a 5.5 X 38 an DE-52 column 
equilibrated with 50 mM potassium phosphate and 0.1 mM EDTA 
at pH 7.0. The column was washed with equilibration buffer, and 
then a linear gradient from 0.05 to 0.25 M potassium phosphate and 
0.1 mM EDTA (pH 7.0) was used to develop the column. (Total 
gradient volume 4.0 L.) Twenty-milliliter fractions were collected, 
and the most active fractions (-) were pooled. (0) A210nm; (0) 
catalase activity (units per milliliter). (Flow rate = 15 cm h-I.) 
150 OC (60 s), ashed at 1400 OC (60 s), and atomized at 2200 
OC (5 s). Prior to use, all enzyme samples were dialyzed 
against 50 mM potassium phosphate and 0.1 mM EDTA at 
pH 7.0 in the presence of 10 g/L Chelex-100. The data 
reported are the average of five measurements f the standard 
deviation. 

Isolation of Mn-Catalase. Lactobacillus plantarum, ATCC 
1443 1, was grown aerobically in 200-L batches of commercial 
APT medium for 18 h at 37 "C and were then collected with 
a Cepa super centrifuge and were stored at -70 "C until used. 
Cell paste (1.0 kg) was thawed 15 h at 4 O C  in 3 L of 50 mM 
potassium phosphate and 0.1 mM EDTA at pH 7.0. The cell 
suspension was passed 6 times through a Gaulin 15 M8TA 
laboratory homogenizer at 450 kg/cm2. The resultant hom- 
ogenate was centrifuged at 14OOOg for 45 min. Streptomycin 
sulfate was added (1 .O mg/mg of protein) to the turbid yellow 
supernatant, and after being stirred at 4 OC for 45 min, the 
precipitate was removed at 14000g for 45 min. One liter (bed 
volume) of DEAE-cellulose (DE-52), which had been equil- 
ibrated in the homogenization buffer, was added with stirring. 
After 20 min, a small aliquot of the slurry was clarified by 
centrifugation and was assayed for residual catalase. An 
additional 0.5 L of DE-52 was added, and the assay for un- 
bound catalase was done again. This was repeated until at 
least 95% of the original catalase had been adsorbed to the 
DE-52. Typically, this required 2.5 L of DE-52. 

The DE-52 was collected on a Biichner funnel and was 
washed with several cake volumes of 50 mM potassium 
phosphate and 0.1 mM EDTA, pH 7.0. The washed DE-52 
was extracted by stirring with 2-L portions of 0.2 M potassium 
phosphate and 0.1 mM EDTA for 30 min at 25 OC. The 
extract was collected by vacuum filtration, and the DE-52 was 
extracted again. This was repeated 4 times, yielding 8 L of 
extract, which was then concentrated to 0.7 L over an Amicon 
XM-100A ultrafilter. (NH4)$04 was added to 50% of sat- 
uration, and the precipitate which salted out after 2 h of 
stirring at 4 OC was eliminated by centrifugation. The su- 
pernatant was brought to 80% saturation with (NH4)$04, 
and after 2 h, the precipitate was collected by centrifugation, 
suspended in a minimal volume of 50 mM potassium phos- 
phate and 0.1 mM EDTA, pH 7.0, and dialyzed for 12 h 
against several changes of this buffer. 

The dialyzed enzyme was clarified by centrifugation and 
was applied to a 5.5 X 38 cm column of DE-52 equilibrated 
with the dialysis buffer. The column was eluted with 4.0 L 
of potassium phosphate, pH 7.0, applied in a linear gradient 

r 2.0 - 

R 

I I I I 
30 4 0  50 60 

L L  
FRACTION NUMBER ( 1  5ml/luQe) 

FIGURE 2: Chromatofocusing of Mn-catalase. The sample 1750 mg 
in 30 mL of 0.025 M piperazine hydrochloride (pH 5.5) ]  was applied 
to a 1.5  X 89 cm column of PBE 94 equilibrated with 0.025 M 
piperazine hydrochloride (pH 5 . 5 ) .  The column was washed with 
equilibration buffer, and a linear pH gradient from 5 .5  to 4.0 was 
generated by elution with polybuffer 74 (diluted l:lO, adjusted to pH 
4.0 with HCl). Fifteen-milliliter fractions were collected, and the 
most active fractions were pooled. (0) A2BOnm; (0) catalase activity 
(units per milliliter). 

from 0.05 to 0.25 M. The most active fractions, as shown in 
Figure 1, were pooled and were concentrated to 30 mL over 
an Amicon PM-30 ultrafilter. The enzyme was then dialyzed 
for 12 h against changes of 25 mM piperazinium chloride (pH 
5 . 5 )  and was clarified by centrifugation before being applied 
to a 1.5 X 89 cm column of PBE-94 previously equilibrated 
with the dialysis buffer. This chromatofocusing column was 
washed with 200 mL of the piperazine buffer and was then 
eluted with polybuffer PB74, which had been diluted 10-fold 
and adjusted to pH 4.0 with HCl. Fractions with the greatest 
catalase activity were pooled as shown in Figure 2 and were 
brought to 80% saturation with (NH4)*S04. 

The light pink precipitate was collected by centrifugation, 
dissolved in a minimal volume of the neutral phosphate-EDTA 
buffer, and dialyzed against changes in this buffer for 12 h. 
The final yield of pseudocatalase was 59 mg. Homogeneity 
was evident in that this preparation exhibited a single band 
of protein, which coincided with the band of activity, when 
electrophoresed in the native state on 7.5% or 10.5% poly- 
acrylamide gels. A single protein band was also seen on 6% 
gels in the presence of SDS. Finally, gel exclusion chroma- 
tography on Sephacryl s-200 revealed a single symmetrical 
elution profile. This new isolation procedure is preferable to 
that originally described (Kono & Fridovich, 1983c) in that 
the overall recovery is 3 times greater and the final specific 
activity achieved is 20% higher. The results of the new pro- 
cedure are summarized in Table I. The enzyme isolated by 
the new procedure was identical with that described earlier 
with respect to electrophoretic mobility, and optical 
spectra. 

RESULTS 
Manganese Content. Table I1 summarizes the results ob- 

tained by atomic absorption spectrophotometry, with and 
without &man effect background correction, while Table I11 
presents the results of neutron activation analysis. We are led 
to the conclusion that the pseudocatalase contains between 9 
and 12 atoms of tightly bound Mn per molecule. 

Molecular Weights of Enzyme and Subunits. We had 
previously used sedimentation equilibrium and an assumed 0 
= 0.73 to arrive at a molecular weight of 172 000 f 2000 for 
the native enzyme (Kono & Fridovich, 1983~).  This was 
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Table I: Purification of Mn-Catalase from L.  plantarum 
sp act. 

(units/mg of 
purification step volume (mL) protein (mg) act. (units) protein) recovery (%) purification factor 

crude extract 2920 1.8 x 104 7.7 x 105 43 100 1 .o 
streptomycin sulfate 3090 1.5 x 104 7.7 x 105 51 100 1.2 
batchwise DE-52 750 4.5 x 103 6.8 X lo5 151 88 3.5 
5040% ammonium sulfate 290 3.1 x 103 6.4 x 105 210 83 4.9 
gradient DE-52 210 7.5 x 102 5.2 x 105 693 67 16.1 
chromatofocusing 10 59" 4.6 x 105 7.8 x 103 59 181.0 

"Protein was determined by dry weight. 

Table 11: Mn Content of Mn-Catalase Determined by Graphite Atomic Absorption" 
catalase act. 

sample (units/mL) sp act! [proteinIc (M) [Mnl (M) Mn/proteine 
dialysis vs. 0.10 mM EDTA 255 6990 (2.12 f 0.02) X (2.25 f 0.04) X 10.6 f 0.20 

224 6770 (1.92 f 0.03) X lo-' (1.72 f 0.04) X lodd 8.95 f 0.20 
dialysis vs. 1.0 mM EDTA 255 7340 (2.02 f 0.04) X (2.01 f 0.03) X 9.95 f 0.15 

235 7006 (1.95 f 0.02) X (1.71 f 0.03) X lodd 8.77 f 0.15 
dialysis vs. 0.1 mM EDTA + Chelex-100 46 7200 (9.12 f 0.03) X lo-* (1.09 f 0.05) X 10"' 11.9 f 0.6 

'Samples were obtained from different preparations and prior to analysis were dialyzed against 0.01 M potassium phosphate (pH 7.0) buffer with 
the indicated additional chelators. bExpressed as units per milligram of protein. cAssuming M, = 172000. dDetermined by graphite atomic 
absorution. Exuressed as moles per 172 kDa. fDetermined bv arauhite atomic absorution eauiuued with Zeeman backaround correction. 

Table 111: Mn Content of Purified Mn-Catalase Determined by 
Neutron Activation Analysis' 

sampleC sp act.b Mn/proteinCsd 
A 7.2 x 103 12.4 f 2.1 
B 6.9 x 103 9.4 f 0.2 

"100-rL samples were irradiated for 3 min at 1.5 X 1013 N/,cmZ. 
The decay was monitored in 300-s counts on an Ortec 35% GeLi de- 
tector. Quantitative results were obtained by comparison of the decay 
time of the unknown to that of a Mn standard irradiated with the 
samples. Data reported are the average f standard deviation. 

Expressed as moles per 
172 kDa. dData were corrected for dialysate blank which was found to 
contain <2 X M Mn. #Samples were obtained from different 
preparations and contained 50 mM potassium phosphate (pH 7.0) 
buffer suuulemented with 0.10 mM EDTA. 

Expressed as units per milligram of protein. 

reexamined by using i3 = 0.722 calculated from the amino acid 
composition and using several solvents to establish that the 
enzyme was not deviating from ideality due to electrostatic 
interactions. The results are summarized in Table IV and in 
Figure 3. The molecular weight in the presence of 1 .O M KC1 
was larger than that seen in its absence. We suspected that 
this might be due to Cl- binding and gained confidence in this 
interpretation by noting that 0.5 M K2S04, unlike 1.0 M KC1, 
did not cause a positive deviation of the molecular weight. 
When we assumed that each cationic site on the enzyme at 
pH 7.0 would bind one C1- (&- = 0.425 mL/g) and corrected 
the molecular weight on this basis, we obtained a value within 
the expected range (Table IV). We conclude that the mo- 
lecular weight of the native enzyme is 169 000 f 4200. 

The subunit molecular weight was measured by sedimen- 
tation equilibrium in 6.4 M guanidinium chloride. This was 
done in three ways in order to increase our confidence in the 
results. Thus, in the first case, the native enzyme was ex- 
haustively dialyzed against 6.4 M guanidinium chloride prior 

to ultracentrifugation. In the second case, enzyme was reduced 
and carboxymethylated prior to dialysis against 6.4 M guan- 
idinium chloride. In the third case, the apoenzyme was pre- 
pared, reduced, carboxymethylated, and then dialyzed against 
the guanidinium chloride. The results of bringing these sam- 
ples to sedimentation equilibrium are shown in Figure 4. The 
linearity of the Dintzis plots indicates that all subunits are of 
identical size. The partial specific volume was calculated from 
the amino acid composition and was corrected for hydration 
and for guanidinium chloride binding (Hade & Tanford, 1967; 
Thomas & Edelstein, 1971; Lee & Timasheff, 1979). i3 prior 
to correction was 0.722 mL/g and was 0.718 mL/g after 
correction. Using the latter value and the slope of the Dintzis 
plots, we found the subunit weight to be 33.57 f 0.5 kDa. 
These results are summarized in Table V. When the mo- 
lecular weight of the native enzyme (169000 f 4200) and that 
of the subunit (33 500 f 500) are considered in conjunction, 
we are led to a homopentameric structure for this enzyme. 

Hydrodynamic Properties. The rate of sedimentation of 
the native enzyme was measured at 26 000 and at 30 000 rpm, 
respectively (Figure 5). From these data and from i3 = 0.722 
mL/g and M, = 172000, the hydrodynamic data in Table VI 
were calculated. Since the Stokes radius of the Mn-catalase 
is calculated to be 44 A, while for an unhydrated sphere of 
equivalent weight a radius of 36.6 A would be expected, we 
conclude that the native enzyme is nearly globular in shape. 

Cross-Linking. Native enzyme was exposed to DMS or BSS 
at pH 8.5, and cross-linked products were analyzed by SDS- 
PAGE (Means & Feeney, 1971; Davies & Stark, 1970). 
Figure 6 presents typical results. Prior to exposure to the 
cross-linking agent, only the monomer band was seen. After 
30 min of reaction, five bands became evident. A progressively 
longer reaction times, additional minor bands appeared. The 
mobilities of the major cross-linked bands differed from those 

Table IV: Sedimentation Equilibrium of Mn-Catalase in Various Solvent Systems" 

solvent density (g/mL) rpm ~ ( 1  - etp) Mpr0tcinb.E 

0.10 M potassium phosphate (pH 7.0) 1.008 9000 (4.6 f 0.12) x 104 171806 f 4400 
1.0 M KCI and 0.01 M potassium phosphate (pH 7.0) 1.043 9000 (4.46 f 0.14) X lo4 180567 f 5668 

0.50 M K2S04 and 0.01 M potassium phosphate (pH 7.0) 1.061 12000 (3.98 f 0.07) X lo4 170000 f 3000 
165246 f 5187d 

"Protein concentration was -0.19 mg/mL. bThe partial specific volume (D) was calculated from the amino acid composition to be 0.722 mL/g. 
M represents molecular weight in Tables IV and V. 100% of the optical density was recovered. dCorrected for CI- binding. 
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FIGURE 3: (a) Sedimentation equilibrium of native Mn-catalase in 
0.01 M potassium phosphate containing 0.50 M K2S04. The protein 
was brought to equilibrium a t  12000 rpm, and = 0.722 mL/g was 
used to calculate the molecular weight. (b) Sedimentation equilibrium 
of native Mn-catalase in 0.10 M potassium phosphate (pH 7.0). The 
protein was brought to equilibrium at 9000 rpm, and ij = 0.722 mL/g 
was used to calculate the molecular weight. (c) Sedimentation 
equilibrium of native Mn-catalase in 0.01 M potassium phosphate 
containing 1 .O M KCl. The protein was brought to equilibrium at 
9000 rpm, and ij = 0.722 mL/g was used to calculate the molecular 
weight. 

Table V: Sedimentation Equilibrium of Mn-Catalase in 6.4 M 
Guanidine Hydrochloride" 

density Mp(D = MP(O = 
treatment (g/mL) 0.722)b,d 0.718)' 

none 1.149 35135 f 176 34211 f 171 
reduced, IAA treatedc 1.148 34230 f 585 33333 f 569 
apo, reduced, IAA 1.150 34060 f 1000 33161 f 918 

treated' 
"Protein at -0.19 mg/mL was brought to equilibrium at 30000 

rpm. IAA = iodoacetic 
acid. "Partial specific volume (e) calculated from amino acid compo- 
sition. CPartial specific volume (a)  corrected for hydration and guani- 
dine hvdrochloride bindine. 

100% of the optical density was recovered. 

Table VI: Sedimentation Velocitv Measurements of Mn-Catalase" 
parameterb 26 000 rpm 30 000 rpm 

temp ("C) 22.2 21.7 

viscosity ( q )  (cP) 0.9791 0.9909 

s ~ ~ . ~  (x10i3 s) 9.54 9.61 
rrC (4 44.5 43.6 
f (XlO*) 8.21 8.14 
flfo 1.22 1.19 

density (g/mL) 1.0096 1.010 

3 (xi013 s) 9.36 9.43 

'Protein was present at 0.35 mg/mL in 0.10 M potassium phosphate 
buffer, pH 7.0. bBased on a partial specific volume (a )  of 0.722 mL/g 
and a molecular weight of 172000. cStokes radius. dFrictional coef- 
ficient. 

Table VII: Amino Acid Composition for Mn-Catalase 
residues/mol residues/mol 

amino acid of protein" amino acid of protein" 
aspartic acid 145 isoleucineC 40 
threonine 70 leucinec 140 
serineb 100 tyrosine 50 
glutamic acid 210 phenylalanine 50 

glycine 140 lysine 80 
alanine 120 arginine 70 
valine' 65 tryptophand 18 

Data have been normalized to 172 kDa. 

proline 80 histidine 55 

methionine 80 cysteineC 0 
Determined by extrapo- 

Determined from 48-h hydrolysis. "Determined lation to zero time. 
spectrophotometrically. e See text. 

expected. Thus, Figure 7 presents the expected mobilities of 
the cross-linked species as a function of molecular weight (0) 
and the mobilities actually observed (0). The presumed di- 
meric and trimeric species exhibited slower mobilities than 
expected. Similar results were obtained by using several ad- 
ditions of DMS or by using BSS (data not shown). Increasing 
degrees of cross-linking should result in progressive diminution 
in the yield of monomer, with a corresponding increase in the 
cross-linked species. Figure 8 presents densitometric scans of 
stained gels, which conform to this expectation. Repetition 
of these cross-linking studies over a 5-fold range of enzyme 
concentration gave similar results (data not shown). 

Peptide Mapping. The amino acid composition was de- 
termined. The results from the 24-, 48-, and 96-h hydrolyses 
were averaged, the recovery was assumed to be loo%, and the 
data were normalized to a molecular weight of 172 000. The 
results obtained on this basis are given in Table VII. These 
results are generally in good agreement with those reported 
earlier (Kono & Fridovich, 1983c), with the difference that 
we now find no evidence of cysteic acid after performic acid 
oxidation or of carboxymethylcysteine after reduction and 
alkylation, whereas we had previously reported two half- 
cystines per subunit (Kono & Fridovich, 1983~).  Since we 
have now achieved a 20% higher specific activity than we had 
formerly, it appears possible that the previous result reflected 
a Cys-rich contaminant. 

Since Arg + Lys = 150 (Table VII), we should anticipate 
3 1 tryptic peptides from a homopentameric structure and 26 
from a homohexamer. The peptide map actually obtained is 
shown in Figure 9. The origin showed only very slight 
fluorescence, suggesting that tryptic digestion had been com- 
plete, and the appearance of 32 resolvable spots supports a 
homopentameric structure. 

DISCUSSION 
Previous work (Kono & Fridovich, 1983c) had indicated 

a native molecular weight of 172 000 for the Mn-catalase and 
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FIGURE 4: (a) Sedimentation equilibrium of reduced, iodoacetic acid 
treated Mn-catalase in 6.4 M guanidine hydrochloride. The protein 
was brought to equilibrium a t  30000 rpm. (b) Sedimentation 
equilibrium of Mn-catalase in 6.4 M guanidine hydrochloride. The 
protein (-0.19 mg/mL) was brought to equilibrium at 30000 rpm. 
(c) Sedimentation equilibrium of apo, reduced, iodoacetic acid treated 
Mn-catalase in 6.4 M guanidine hydrochloride. The protein was 
brought to equilibrium at 30 000 rpm. 

a subunit weight of -28 kDa by SDS-PAGE. We have now 
verified the native molecular weight in several solvent systems 
but find that the subunit molecular weight, when measured 
by equilibrium sedimentation in 6.4 M guanidinium chloride, 
is -34 kDa. The latter result was obtained consistently 
whether the native protein was directly dissolved into the 
guanidinium chloride or was first converted to the apoenzyme, 
or was first reduced and carboxymethylated. This leads to 
the view that the Mn-catalase is composed of five, rather than 
six, subunits of equal size. Subunit weights based upon 
SDS-PAGE are subject to underestimation due to incomplete 
saturation of the protein with SDS. This is particularly likely 

1 9 8 5  6465 
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FIGURE 5: Sedimentation velocity of native Mn-catalase in 0.10 M 
potassium phosphate (pH 7.0) at 26000 rpm (line 1) and 30000 rpm 
(line 2). Protein was present at -0.35 mg/mL. Temperature was 
22.2 (line 1) and 21.7 O C  (line 2). 

A) DMS 2.5mg/mL B) DMS 10 mg/mL 
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FIGURE 6: Chemical cross-linking of purified Mn-catalase with di- 
methyl suberimidate (DMS). Reactions were done in 0.20 M tri- 
ethanolamine hydrochloride (pH 8.5). Protein was present at 1.0 
mg/mL. Samples were dissociated in 1% SDS and 1% 6-mercap- 
toethanol and electrophoresed in 6% slab SDS gels according to the 
method of Weber and Osborn. Time indicates minutes of incubation 
of protein with cross-linking reagent. 
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FIGURE 7: Plot of the logarithm of the molecular weight of DMS- 
cross-linked Mn-catalase species vs. the relative electrophoretic mobility 
in 6% SDS-PAGE gels. Reactions performed at pH 8.5 in 0.20 M 
triethanolamine hydrochloride. Protein concentration was 1 .O mg/mL, 
and DMS concentration was 2.5 mg/mL [ (O)  observed species; (0) 
predicted species]. 

to be a problem with acidic proteins (Lambin, 1978) such as 
the Mn-catalase. 

Since we have resolved 32 tryptic peptides and would have 
predicted 31 for a homopentamer with 150 Arg + Lys, we 
propose that the Mn-catalase is a homopentamer. Since the 



6466 B I O C H E M I S T R Y  B E Y E R  A N D  F R I D O V I C H  

PAGE of cross-linked Mn-catalase, in accord with a pentam- 
eric structure, and the putative pentamer did exhibit 5 times 
the molecular weight of the monomer. Yet, the putative di- 
meric and trimeric bands exhibited lower mobilities than ex- 
pected. This deviation from ideality may be due to the cir- 
cumstance that the cross-linked oligomers are apt to be 
branched structures. 

Oligomeric proteins with odd numbers of subunits are not 
common (Dixon & Webb, 1975), and although a few heter- 
opentameric proteins have been reported (Montie & Montie, 
1971; Ugeda, 1969; Paetkau et al., 1968), this is the first 
homopentameric enzyme to be described. Further study of 
the Mn-catalase, particularly by X-ray crystallography, is 
clearly desirable. 
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( C )  180-min incubation; (D) 360-min incubation; (1) monomer; (2) 
dimer; (3)  trimer; (4) tetramer; (5) pentamer. At the arrow, DMS 
was added to restore the cross-linking reagent to 2.0 mg/mL. 
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Electrophoresis 
FIGURE 9: Fingerprint map of purified Mn-catalase following tryptic 
digestion. Tryptic digest (- 100 pg) was subjected to electrophoresis 
at  pH 6.0 for 2.5 h (400 V). Chromatography was performed by using 
1-butanol/pyridine/acetic acid/water as the solvent. The peptides 
were derivatized with fluorescamine and visualized by long-wave 
ultraviolet light. 

content of tightly bound manganese ranged from 9 to 12 atoms 
per molecule, it is clear that each subunit contains 2 atoms 
of Mn. This raises the possibility of one binuclear manganese 
cluster per subunit which, in turn, suggests fascinating 
mechanistic possibilities. 

Cross-linking with bifunctional reagents is another method 
for investigating the subunit structure of oligomeric proteins 
(Davies & Stark, 1970) which has been applied successfully 
a number of times (Carpenter & Harrington, 1972; Hucho 
& Janda, 1974; Hucho et al., 1975; Hajdu et al., 1977; Siebert 
& Bowien, 1984). We noted five principal bands on SDS- 
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ABSTRACT: A proton nuclear magnetic resonance (NMR) study is reported for the dynamics of the con- 
formation of the hinge segment of human G1 immunoglobulin. The hinge fragment (Thr223-His-Thr- 
Cys-Pro-Pro-Cys-Pro-Ala-Pro-Glu-Le~~~~)~ was obtained by tryptic digestion of F(ab')2, a peptic fragment 
of IgG1. Comparisons of the N M R  results obtained for the hinge fragment with those for the intact IgGl 
and its fragments led us to conclude that (1) a significant change in conformation of the segment preceding 
the disulfide-linked Cys-Pro-Pro-Cys core is induced when the Fab portion is cleaved off and (2) the presence 
or absence of the Fc portion affects very little, if any, of the conformation of this part of the hinge. On 
the basis of the present N M R  results along with those which we have obtained previously using the intact 
IgGl and its fragments, it was concluded that the conformation of the segment preceding the Cys-Pro-Pro-Cys 
core of the intact IgGl can be maintained only when it is flanked by the Fab portion and the Cys-Pro-Pro-Cys 
core. An X-ray crystallographic study [Marquart, M., Deisenhofer, J., Huber, R., & Palm, W. (1980) 
J.  Mol.  Biol. 141,369-3921 showed that segment Cys-220-Thr-225 forms a oneturn helix with little inherent 
stability. Upon loss of Fab or Fc, residual segments of the hinge would become too short to form the helix. 
In view of the N M R  results obtained for Fab, Fc(t), and the hinge fragment, we suggest that the helical 
structure of the hinge as revealed by the X-ray crystallographic study is also retained in solution. We have 
previously shown on the basis of experiments using spin diffusion that the Lys-222-Thr-225 segment of 
the hinge is exposed to solvent and is primarily responsible for the internal flexibility of the IgG1 molecule. 
We suggest that the helical structure makes a major contribution to the expression of the flexibility of the 
IgGl molecule. Spin coupling patterns for the a and p protons of Cys-226 and Cys-229 of hinge fragment 
I were analyzed under a variety of conditions of pH and temperature. It was concluded that the conformation 
about the C, and C, bond in Cys-226 and Cys-229 of IgGl in solution changes very little, if any, throughout 
the conditions of pH and temperature examined and is quite similar to that in the crystal. Results of N M R  
measurements along with those obtained by using sodium dodecyl sulfate-polyacrylamide gel electrophoresis 
and gel filtration on an HPLC column show that (1) the segment, which follows the Cys-Pro-Pro-Cys core, 
is extended and (2) the presence of the disulfide-linked core is essential in maintaining the extended 
conformation. I t  was shown that the ,&proton chemical shifts for Cys-229 change to a great extent on 
increasing the temperature, whereas very little shift was observed for Cys-226. Model building shows that 
there exists a significant degree of freedom of internal motion involving NH-C, and C,-S bonds of Cys-229 
with the dihedral angle around the C, and C, bond held fixed. We suggest that the internal motion is 
responsible for the failure of observing the electron density beyond the Cys-Pro-Pro-Cys core in the X-ray 
crystallographic analyses of IgGl. We also suggest that the internal motion in conjunction with the extended 
conformation of the segment that follows the Cys-Pro-Pro-Cys core plays an important role in regulating 
the quaternary structure of the CH2 domains for the optimum C1 binding. 

R o t e i n s  of the human immunoglobulin G (IgG)' class can 
be differentiated into four subclasses, IgGl through IgG4, each 

with a distinctive heavy chain, y l ,  y2,y3, or 74. The y chains 
consist of four homology units, vH, CHI, cH2, and cH3. The 
hinge region, which is a peptide segment between the CHI and 
C H ~  domains, is highly susceptible to attack by proteolyses, 
and the Cleavage can give rise to Fab, F(ab')*, and Fc frag- 
ments* [see, e.g., &&at (1 976)], The Fab region carries a 
recognition site for antigenic determinants, whereas the F~ 

On the basis of hydrodynamic and spectroscopic observations, 

I Abbreviations: DSS, 4,4-dimethyl-4-si]apentane-l-sulfonic acid so- 
dium salt; Fab, an antigen-binding fragment; Fab(Lys-222), Fab region 
ending with Lys-222 as the C-terminal residue; Fc, a group of fragments 
that are composed of the C-terminal halves of the heavy chains; Fc(t), 
an Fc fragment obtained by tryptic digestion of human immunoglobulin 

residue; HPLC, high-performance liquid chromatography; IgG, immu- 
noglobulin G ;  NMR, nuclear magnetic resonance; PTH, phenylthio- 
hydantoin; SDS, sodium dodecyl sulfate; TCA, trichloroacetic acid; TFA, 
trifluoroacetic acid; TPCK-trypsin, trypsin pretreated with r-l-(tosyl- 
amido)-2-phenylethyl chloromethyl ketone. 

GI; Fc(Leu-235), Fc region starting with Leu-235 as the "terminal region reacts with receptors Of a variety Of effector systems* 

* The nomenclature for immunoglobulin G and its fragments is as 
recommended in Bull. W.  H. 0. (1964). 
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