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Diplococcus pneumoniae Type I neuraminidase and @-galactosidase have been purified 400- to 
500-fold in good yield from crude cultures of the organism. The neuraminidase releases quanti- 
tatively the bound N-acetylneuraminic acid of al-acid glycoprotein of human plasma, and of 
N-acetylneuraminyllactose. The rate of reaction is approximately three times greater with 
the second substrate than with the glycoprotein. The respective values for KM are 3.5 and 
18 x M of N-acetylneuraminic acid residues per ml. The enzyme requires no metal ion 
for full activity and is not inhibited by ethylenediaminetetraacetate. The P-galactosidase 
releases galactose from several low-molecular-weight /3-D-galactopyranosides and from sialic 
acid-free al-acid glycoprotein, and fucose from a p-D-fucoside The velocity of reaction with 
the last compound is about 0.1% of that with o-nitrophenyl P-D-galactopyranoside. The 
reaction of @-galactosidase with o-nitrophenyl 0-D-galactoside is almost completely inhibited 
by the addition of 2 mM ethylenediaminetetraacetate to the reaction mixture. The inhibition 
is partially revered on addition of the divalent cations, Ca2+, Mg2+, and Mn2+. The reaction 
of the enzyme with cul-acid glycoprotein, from which N-acetylneuraminic acid residues had been 
previously removed by treatment either with purified neuraminidase or by mild acid hydrolysis, 
has been studied. About 80% of the total galactose of the glycoprotein is removed, and this 
value was shown to be a truly limiting one for the reaction. The implications of the result for 
the structure of the carbohydrate chains of cr,-acid glycoprotein are discussed. 

A study of the extracellular glycosidases elaborated 
by Diplococcus pneumoniae was undertaken since it 
was expected that these enzymes would prove to be 
useful tools for the structural analysis of various glyco- 
proteins. The effect of Diplococcus pneumoniae cul- 
tures on serum proteins has been well studied and much 
qualitative data are available on the nature of the en- 
zymes responsible for the degradation of the glyco- 
proteins (Oncley et al., 1958; Laurell, 1959; Laurell 
and Bronnestam, 1959; Li and Shetlar, 1961; Eylar 
and Jeanloz, 1962b). The monosaccharide units most 
commonly encountered in glycoproteins are D-galac- 
tose, D-mannose, L-fucose, 2-acetamido-2-deoxy-~-glu- 
cose (N-acetyl-D-glucosamine), 2-acetamido-2-deoxy-~- 
galactose (N-acetyl-D-galactosamine) , and N-acetyl- 
neuraminic acid. 

This paper describes the properties of a neuraminidase 
and of a p-galactosidase which have been isolated 
from the culture medium of Diplococcus pneumniae 
free of other glycosidase or proteolytic activity. Action 
of the purified enzymes on a well-defined glycoprotein 
substrate, the al-acid glycoprotein of human plasma 
(Schmid, 1953), has also been studied. The following 
paper (Hughes and Jeanloz, 1964) describes the prepa- 
ration from Diplococcus pneumoniae of a purified p-N- 
acetylglucosaminidase (2-acetamido-2-deoxy-~-~-gluco- 
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side acetamidodeoxyglucohydrolase) and some proper- 
ties of the enzyme. 

MATERIALS AND METHODS 

Bacteria.-A strain of Diplococcus pneumoniae type I 
was kindly made available by Miss L. Wetterlow of the 
State Biological Station, Jamaica Plain, Mass. The 
bacteria were grown on a medium containing beef 
heart infusion broth (24 g), neopeptone (10 g), CaClz 
(0.02 g), MgCh.6 HzO (0.50 g), and K2HP04 (2.2 g) 
per liter. Growth was continued at  37" for 30 hours 
without adjustment of pH, which remained almost con- 
stant a t  6.8. The culture was centrifuged at  room tem- 
perature a t  800 X g for 5-6 hours to remove the bulk 
of the cells. The clear brown supernatant could be 
stored at -5" with no loss of enzymic activities for at 
least 3 months. 

Substrates-N-Acetylneuraminyllactose was ob- 
tained from General Biochemicals, Chagrin Falls, Ohio. 
al-Acid glycoprotein was prepared from Cohn fraction 
VI of human plasma as described by Schmid (1953). 
The substance was shown to be homogenous by ultra- 
centrifugation and by free-boundary electrophoresis in 
barbiturate-citrate buffer, pH 8.6. The composition 
of the purified cu,-acid glycoprotein was as follows: 
11 % N-acetylneuraminic acid, 13.5 % 2-acetamido-2- 
deoxyglucose, 7.6 % galactose, 5.5 % mannose, and 
approximately 1 yo fucose. p-Nitrophenyl and o- 
nitrophenyl p-D-galactopyranosides were obtained from 
Mann Research Laboratories, Inc. N-Acetyllactos- 
amine [2-acetamido-2-deoxy- (4-O-P-~-galacto- 
pyranosy1)-~-glucose] was kindly given by Dr. M. C. 
Glick, p-nitrophenyl 2-acetamido-2-deoxy-~-~-gluco- 
pyranoside (Leaback and Walker, 1957) by Miss E. 
Walker, phenyl 2-acetamido-2-deoxy-CY- and p-D-gluco- 
pyranosides (Leaback and Walker, 1957) by Dr. S. 
R o m a n ,  and p-nitrophenyl CY-D-, p-D-, CY-L-, and p-L- 
fucopyranosides by Dr. P. G.  Walker. Sephadex 
G-100 was purchased from Pharmacia, Uppsala, Swe- 
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den; DEAE-cellulose (batch 1449) and CM-cellulose 
(batch 1468) ion-exchange agents from the Brown Co., 
Berlin, N. H.; and beef heart infusion broth and neo- 
peptone from DIFCO Laboratories, Detroit. 

Determination of Protein Content.-Protein content 
was routinely measured spectrophotometrically ac- 
cording to Warburg and Christian (1941) and checked 
by the quantitative method of Lowry et al. (1951). 
Specific activities are expressed as unitsi'mg of enzyme 
protein, as measured by the method of Lowry. 

Analyses of Sugar Components of Substrates.-The 
glycoprotein samples were hydrolyzed at 100" for 8 
hours in 1 N sulfuric acid or 6 N hydrochloric acid prior 
to the determination of neutral hexoses or glucosamine, 
respectively. The sulfuric acid hydrolysates were neu- 
tralized by passage through Amberlite IR-45 anion ex- 
changer in the acetate form and evaporated to dryness 
under reduced pressure below 40". The hydrochloric 
acid hydrolysates were evaporated directly to dryness 
under reduced pressure below 40 ". The neutral sugars, 
galactose and mannose, were separated by paper chro- 
matography using ethyl acetate-pyridine-acetic acid- 
water (5 : 5 : 1 : 3) (Fischer and Nebel, 1955) or the upper 
phase of butanol-ethanol-water (4: 1: 5), and detected 
with aniline phthalate as described by Baar (1954). 
The developed spots were cut from the paper and eluted 
with 0.1 N hydrochloric acid in 80 o/o ethanol for 1 hour at 
room temperature (Leloir, 1951). The optical density 
of the colored solutions was measured at 390 mp. 
Standard sugar samples were included with each chro- 
matographic separation. Glucosamine was determined 
after hydrolysis with 6 N hydrochloric acid as described 
by Blix (1948). N-Acetylneuraminic acid was deter- 
mined in bound form by the resorcinol method (Sven- 
nerholm, 1957) and free N-acetylneuraminic acid by the 
method of Warren (19593. Fucose was estimated ac- 
cording to Dische and Shettles (1948). 

Standard Assay of Neuraminidase with a,-Acid Glyco- 
protein.-Suitable samples of enzyme in 0.10 ml of 0.1 
M phosphate-citrate buffer, pH 6.5, were incubated at 
37" with 0.10 ml of a solution containing 2.5 mg of al- 
acid glycoprotein. The volume was adjusted to 0.40 
ml. After 30 minutes' incubation, 0.05-ml portions of 
the mixture were withdrawn and assayed for free N- 
acetylneuraminic acid (Warren, 1959), the enzymic re- 
action being terminated by the addition of the acidic 
sodium metaperiodate reagent. Color yields were 
measured at 550 mfi and corrected for substrate and 
enzyme blanks. The values were converted to total pg 
of free N-acetylneuraminic acid per 0.40 ml of enzyme 
reaction mixture. A unit of neuraminidase activity is 
defined as the release of 0.1 pg of N-acetylneuraminic 
acid from the a,-acid glycoprotein per 0.40 ml reaction 
mixture under the standard conditions. 

Assay of Neuraminidase with N-Acetylneurarninyl- 
lactose.-Samples (up to 0.4 ml) of the substrate solu- 
tion (2.6 mg Iml) were incubated with the enzyme solu- 
tion and 0.1 M phosphate-citrate buffer, pH 6.5 (0.10 
ml). The final volume was adjusted to 0.8 ml. After 
incubation at 37" for 30 minutes, 0.10-ml portions were 
withdrawn and analyzed for free N-acetylneuraminic 
acid. 

Standard Assay of p-Galactosidase with 0-Nitrophenyl 
6-D-Ga1actopyranoside.-The enzyme in 0.5 ml of 0.1 M 
phosphate-citrate buffer, pH 6.3, was added to 1.0 ml 
of a solution of 10 mM substrate. The volume of the 
solution was adjusted to 2.0 ml. After incubation at 
37" for 60 minutes, the reaction was stopped by addi- 
tion of 2.0 ml of 0.2 M carbonate-bicarbonate buffer, pH 
10.8, and the color was measured immediately at 430 
mfi. The molar extinction coefficient of free o-nitro- 
phenol under these conditions is 2.0 X lo3. A unit of 

enzyme causes a change of optical density of 0.01 unit 
per 60 minutes under the conditions defined. 

Assay of P-Galactosidase with p-Nitrophenyl 0-D- 
Gakctupyranoside and p-Nitrophenyl P-D-Fucoside.- 
Samples of 0.05 to 1.0 ml of 10 or 9.5 m M  solution, 
respectively, of substrate in water were incubated with 
0.5 ml of enzyme solution in 0.1 M phosphate-citrate 
buffer, pH 6.3. After adjustment of the volume to 2.0 
ml, the solution was kept at 37" for 60 or 120 minutes, 
when the reaction was terminated by addition of 2.0 
ml of 0.25 M sodium carbonate (Borooah et al., 1961). 
The chromophore was measured at 400 mb and the 
amount of the p-nitrophenol liberated by the enzyme 
was estimated from the molar extinction coefficient 
(18 x lo3) of the chromophore at this wavelength. 

Assay of p-Galactosidase with N-Acetyl1actosamine.- 
Samples of up to 0.25 ml of a solution of 26 mM N -  
acetyllactosamine in water were incubated for 120 
minutes at 37" with 0.25 ml of enzyme solution in 0.1 M 
phosphate-citrate buffer, pH 6.3. The volume was 
adjusted to 1.0 ml. Samples (0.2 ml) were withdrawn 
and the amount of released 2-acetamido-2-deoxyglucose 
was measured by the Morgan-Elson reaction (Gardell, 
1958). N-Acetyllactosamine did not give a color when 
assayed under the given conditions. 

Purification Procedure 
All operations were carried out at 4" unless otherwise 

specified. Centrifugations were usually carried out in a 
refrigerated Servall centrifuge a t  8000 X g for 40 
minutes. 

Concentration of the Enzymes.-For each 
liter of clarified medium, 510 g of solid ammonium sul- 
fate was added with stirring to give a 0.75 saturation. 
The mixture was left for 10 hours a t  4 O ,  then centri- 
fuged. The sticky brown precipitate was dissolved in a 
minimum volume of water (about 0.1 of starting vol- 
ume) and dialyzed exhaustively against cold distilled 
water for 2 days. 

Stage 2: Ammonium Sulfate Fractionation.-To the 
dialyzed fraction (PH 5.8) was added solid ammonium 
sulfate (175 g,liter) to give 0.30 saturation. After 5 
hours in the cold the precipitate was removed by centIi- 
fugation and discarded. The saturation of the super- 
natant solution @H 5.8) was increased to 0.75 by addi- 
tion of solid ammonium sulfate (310 g,/liter). After 5 
hours in the cold the precipitate was isolated by centri- 
fugation, dissolved in a minimum amount of water, 
and dialyzed exhaustively against cold distilled water 
until free of sulfate ions. It is essential that dialysis 
be efficient in order to obtain reproducibility a t  stage 3. 
The dialyzed fraction was adjusted to approximately 15 
mg /ml of protein for the next stage. 

Stage 3: Batch-by-Batch Absorption to DEAE-Cellu- 
lose.-The DEAE-cellulose ion-exchange resin was 
washed thoroughly with water, and then successively 
with dilute sodium hydroxide, dilute hydrochloric acid, 
water, dilute sodium hydroxide, and finally water until 
the effluent was neutral. The resin was dried by suc- 
tion on the filter and stored in a brown tightly stop- 
pered bottle a t  4'. DEAE-cellulose (10 g) was added 
at 4" with vigorous stirring to each 100 ml of the solu- 
tion from stage 2. The suspension (pH 7.6) was centri- 
fuged after 30 minutes and the pellet was washed several 
times with small portions of cold water. The super- 
natants, which were almost colorless, were pooled and 
contained quantitatively the neuraminidase activity 
and 10-20~o of the galactosidase activity of the starting 
fraction. 

The pellet was kept for the preparation of the P-galac- 
tosidase. This stage has proved to be the most vari- 
ble one of the fractionation scheme, and it is advisable 

Stage 1: 
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FIG. 1.-Chromatography of partially purified neur- 
aminidase from stage 4a on CM-cellulose. Enzyme fraction 
(8.5 ml) was placed on the column which was developed 
with 50 ml of 0.01 M phosphate buffer, p H  6.8, and then 
with a gradient made using 225 ml of 0.01 M phosphate 
buffer, p H  6.8, in the mixing chamber and 225 ml of 0.10 M 
phosphate buffer, p H  6.8, in the reservoir. Fractions (10 
ml) were examined for ultraviolet absorption at 280 mp 
(solid line) and for enzymic activity using the standard 
assay (broken line). 

to carry out trial experiments using small portions of the 
fraction from stage 2. It may be noted that attempts 
to fractionate the neuraminidase and @-galactosidase by 
DEAE-cellulose chromatography without prior am- 
monium sulfate fractionation were unsuccessful. The 
activities were eluted together at low salt concentra- 
tions. 

Stage 4a: Ammonium Sulfate Fractionation of the 
Supernatznt from Stage 3 . 4 l i d  ammonium sulfate 
(245 g/liter) was added with stirring to the pooled 
supernatants from stage 3. The precipitate which 
formed was removed by centrifugation after 1 hour and 
discarded. The supernatant (0.40 satbration) was 
adjusted to 0.65 saturation by the addition of solid 
ammonium sulfate (168 g/liter) and the precipitate was 
collected after 1 hour by centrifugation. It was dis- 
solved in cold water and dialyzed against 0.005 M potas- 
sium phosphate buffer, p H  6.8, for 24 hours. The di- 
alyzed solution may be lyophilized a t  this point with no 
loss of activity. 

Stage 5a: CM-Cellulose Chromatography of the 
Fraction from Stage 4a.-CM-cellulose ion-exchange 
resin was washed thoroughly with water and with 0.01 
M phosphate buffer, p H  6.8, packed under pressure into 
a column (1 X 40 cm), and washed with a large excess 
of the buffer a t  4". A portion of the fraction from stage 
4a was applied to the column which was developed at 
100 ml/hour with a salt gradient from 0.01 M to 0.10 M 
phosphate, p H  6.8. Fractions of 10 ml were collected 
and examined for neuraminidase activity using the 
standard assay, and for ultraviolet absorption at 280 
mp. The elution profile shown in Figure 1 was satis- 
factorily reproducible when up to 250 mg of protein 
was placed on the column, indicating that the neuram- 
inidase was well separated from the bulk of the con- 
taminating protein of the fraction from stage 4a. The 
recovery of activity was usually 60-70 yo. 

The active fractions were pooled and lyophilized. 
The white powder was dissolved in cold water, dialyzed 
against 0.01 M phosphate buffer, p H  6.8, for 24 hours, 
and stored in ice. This preparation was used for the 
experiments to be reported. 

Stage 4b: Elution of @-Galactosidase from DEAE-  
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FIG. 2.-Chromatography on DEAE-cellulose of par- 
tially purified @-galactosidase. A solution of the enzyme 
(12 ml) was placed on the column (1 X 40 cm) and washed 
with water. A gradient was established a t  tube number 
10 consisting of 100 ml of water in the mixing flask and 
0.05 M phosphate buffer, p H  7.6 (100 ml), in the reservoir. 
Fractions (8 ml) were collected and examined for ultraviolet 
absorption (solid line) and enzymic activity (broken line). 
Finally, a large, inactive protein peak was eluted with 0.1 
M phosphate buffer, p H  7.6. 

Cellulose.-The pellet of DEAE-cellulose from stage 
3 was suspended in 100 ml of cold water and the suspen- 
sion was stirred for 30 minutes. The mixture was 
centrifuged and the pellet was re-extracted three more 
times with water. The pellet was then washed in the 
same manner with increasing concentrations of phos- 
phate buffer, p H  7.6, from 0.01 M to 0.05 M in incre- 
ments of 0.01 M. The supernatants of each buffer 
concentration were filtered after extraction through 
fluted Whatman 12 filter paper to remove traces of 
resin, and the clear, light-brown filtrates were assayed 
for enzymic activity. The active fractions (usually 
those eluted with 0.04 M buffer, p H  7.6) were pooled 
and contained up to 80% of the p-galactosidase activity 
of the starting fraction. 

Ammonium Sulfate Fractionation of the 
Filtrates from Stage 4b.-The concentration in a m -  
monium sulfate of the combined filtrates was adjusted 
to 0.55 saturation by addition of solid ammonium sul- 
fate (350 g/liter). The mixture was centrifuged after 
1 hour at 4', and the precipitate was dissolved in the 
minimum amount of cold water. The solution was 
dialyzed against 0.005 M phosphate buffer, p H  6.8. 

Stage 6b: DEAE-Cellulose Chromatography.-DEAE 
cellulose ion-exchange resin, treated as previously de- 
scribed, was packed under pressure into a column (1 X 
40 cm) and washed thoroughly with cold water. Por- 
tions of the fraction from stage 5b (5-15 ml, containing 
20-200 mg protein) were passed down the column a t  a 
flow rate of 40 mllhour. The column was then de- 
veloped with a salt gradient using 100 ml of water in 
the mixing chamber and 100 ml of 0.05 M phosphate 
buffer, p H  7.6, in the reservoir. Fractions (8 ml) were 
collected and examined for P-galactosidase activity and 
ultraviolet absorption at 280 mp. The active frac- 
tions (Fig. 2) were pooled and lyophilized. The purifi- 
cation obtained in this step was not extensive and it is 
probable that this chromatography may be conveni- 
ently omitted from the fractionation scheme with 
little change in specific activity of the final product. 

Gel Filtration on Sephudex G-100.-The 
lyophilized powder from stage 6b was dissolved in 5 ml 

Stage 5b: 

Stage 7b: 
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TABLE I 
PURIFICATION OF NEURAMINIDASE AND @-GALACTOSIDASE OF Diplococcus pneumoniae 

Neuraminidase 8-D-Galactosidase 
Total Specific Total Specific 

Stageo (units X 10-3) (units/mg) (75) (units X 10-3) (units/mg) ( % I  
1 335 25 100 138 10 100 
2 340 45 101 100 13 73 
3 303 81 89 
4a 180 470 59 
5a 100 11,200 30 
4b 84 90 61 
5b 54 250 39 
6b 43 540 31 
7b 37 2000-5100 27 

Activity Activity Yield Activity Activity Yield 

a Starting volume of clarified growth medium = 5 liters. 

0 IO 2 0  30 40 50 

FRACTION NUMBER 
FIG. 3. -Gel filtration of partially purified 8-galactosidase 

on Sephadex G-100. A solution of enzyme (5 ml) from 
stage 6b was put on the column (2.2 x 50 cm) and eluted 
with 0.01 M phosphate buffer, p H  6.8, containing 0.4 M 
sodium chloride. Fractions (5 ml) were analyzed for 
ultraviolet absorption at 280 m p  (solid line) and p-ga- 
lactosidase activity (broken line) using the standard con- 
ditions. 

of cold water. The solution was passed through a 
column of Sephadex G-100 (2.2 X 50 cm) which had 
been previously equilibrated with 0.01 M phosphate 
buffer, pH 7.6, containing 0.4 M sodium chloride (Ada, 
1963). The high salt concentration was used in order 
to reduce protein interactions which might occur and 
prevent ecficient separation of the mixture. The 
column was run a t  20 mllhour, and fractions of 5 ml 
were collected and assayed for enzymic activity and 
ultraviolet absorption a t  280 mG. 

Active fractions (tubes 10-14, Fig. 3) were quantita- 
tively assayed for protein, and those fractions of specific 
activity greater than 2000 units mg were stored in- 
dividually on ice. The peak tubes had specific activi- 
ties of approximately 5000 units mg of enzyme protein. 

The fractionation scheme gave final solutions of 
neuraminidase and @-galactosidase which were water 
clear, and which could be stored indefinitely on ice or as 
lyophilized powders without loss of activity. The 
preparations were free of each other and of N-acetyl- 
glucosaminidase activity, and did not release free 
amino groups on incubation with a,-acid glycoprotein. 
The overall purification and yields of neuraminidase 
and @-galactosidase are summarized in Table I. The 
most highly purified preparations of neuraminidase and 
@-galactosidase had values in the range of 1.10-1.20 
for the ratio of ultraviolet extinction a t  280 and 260 mp. 

0 L J  
0 1 2 3 4 5 6 7  

HOURS 

FIG. 4. -Release of N-acetylneuraminic acid from cy,- 

acid glycoprotein by the purified neuraminidase. The 
glycoprotein was incubated with the enzyme in the standard 
assay mixture and portions of the mixture were analyzed 
for free N-acetylneuraminic acid by the method of Warren 
(1959). 

Unsuccessful attempts were made to eliminate the 
small amounts (2-3'%) of nucleic acid present in these 
fractions by precipitation with streptomycin sulfate, 
protamine sulfate, and MnAc2, and by absorption on 
charcoal. None of these treatments improved the 
values obtained for the ultraviolet ratio. 

RESULTS 
Preliminary Experiments 

The crude culture medium was tested for various en- 
zymic activities. Samples of medium were incubated a t  
37" for 24 hours with lactose, melibiose, maltose, methyl 
a-D-mannopyranoside, phenyl 2-acetamido-2-deoxy-a- 
and @-D-glucopyranoside, several P-D-galactopyrano- 
sides, and a,-acid glycoprotein. Examination of the 
digests by paper chromatography indicated that only 
the last three substrates were acted upon by the en- 
zyme mixture. Paper chromatography of the digest 
of the al-acid glycoprotein showed the presence of free 
N-acetylneuraminic acid, galactose, and 2-acetamido-2- 
deoxyglucose; no mannose was detected. These re- 
sults show that the organism elaborates neuraminidase, 
@-galactosidase, and @-N-acetylglucosaminidase activ- 
ities but no a-galactosidase or a- or @-mannosidase 
activity. Recently an a-galactosidase has been puri- 
fied from cultures of Diplococcus pneumoniae type 6 
(Li et al., 1963). 
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FIG. 5. -pH Stability and pH optimum of the neuramini- 
dase (A) and of the p-galactosidase (B). pH Stability 
(0 ) ;  the purified enzymes were incubated in buffer at 
different p H  values for 1 how a t  37", then suitable portions 
of the mixtures were assayed under the standard conditions 
described in the text. p H  Optimum (0); the enzymes 
were assayed in phosphate-citrate buffers of different p H  
v a 1 u e s . 
Neuraminidase 

Nature of the Reaction.-The rate of release of N- 
acetylneuraminic acid from the cul-acid glycoprotein 
by the enzyme eluted from a CM-cellulose column pro- 
ceeded smoothly up to about 90% hydrolysis of the N- 
acetylneuraminic acid of the glycoprotein (Fig. 4).  
Prolonged incubation after 100 yo release of N-acetyl- 
neuraminic acid caused no detectable decrease in the 
amount of free N-acetylneuraminic acid present, 
indicating the absence of N-acetylneuraminic acid 
aldolase in the enzyme preparation. The nondialyzable 
product remaining after exhaustive degradation con- 
tained quantitatively the galactose, mannose, 2-acet- 
amido-2-deoxyglucose, and fucose of the starting sub- 
strate. 

pH Optimum and Stability.-The effect of pH upon 
the activity and stability of the enzyme is shown in 
Figure 5. The same p H  optimum (6.5) was found 
when 0.1 M Tris-acetic acid buffers, pH 5.3-8.3, were 
substituted for the phosphate-citrate buffers. No 
inhibition of neuraminidase activity by the acetate 
ion of the buffer at  pH 6.5 was observed. The pH opti- 
mum of hydrolysis of N-acetylneuraminyllactose by the 
enzyme was 6.5, and the shape of the curve was iden- 
tical with that obtained for the al-acid glycoprotein. 
The enzyme is completely stable in incubation at  37" 
for 1 hour in buffers from pH 5.6 to 8.0. The effect on 
neuraminidase activity of heating at  55" for various 
times is shown in Figure 6. Over 90% of the activity 
was retained after heating for 5 minutes, after which 
time the enzyme was rapidly inactivated. 

Effect of Various Substances.-The following sub- 
stmces, present in the assay mixture at  the final con- 
centration indicated, had no effect on the enzyme ac- 
tivity (Table 11): 2 m ~  MgC12, 2 mM NaC1, 2 m~ 
EDTA, 20 mM EDTA. The enzyme was completely 
inhibited by 2 mM HgC12 and, to some extent, by CdC12, 
CaC12, and MnAc2. A slight activation (2095) was 
given by 2 mM KC1 and 2 mM cysteine. 

Activity toward Various Substrates.-The velocity of 
release of N-acetylneuraminic acid by the enzyme at  
several different concentrations of a,-acid glycoprotein 
was determined. A Lineweaver-Burk plot (1934) of 
the results gave for the Michaelis constant (Knr) a 

M / NU TES OF /NCUEA TION 

FIG. 6. -Heat stability of the purified neuraminidase 
(0) and of the p-galactosidase (0) .  The enzymes were 
incubated a t  pH 6.8 in a water bath maintained at 55O. 
At different times, portions of the solutions were withdrawn, 
cooled to 37O, and assayed under standard conditions. 

TABLE I1 
EFFECT OF ADDED SUBSTANCES ON THE ACTIVITY OF THE 
PURIFIED NEURAMINIDASE AND OF THE   GALACTOSIDASE^ 

Neur- Galac- 
aminidase tosidase 

Final Activity Activity 

Substance (mM) control) control) 
Concn (% of (% of 

Hgz + 2 . 0  0 9 
Cd2+ 2 . 0  80 37 
Mgz + 2.0 100 105 
Cat+ 2 . 0  80 105 
Mnz+ 2.0  61 115 
EDTA 2 . 0  87 13 
EDTA 20.0  96 0 
EDTA + Mgz+ 2.0, 50.0 76 
EDTA + Ca2+  2 .0 ,  50.0  76 
EDTA + MnZ+ 2.0, 50.0 71 
Na + 2 . 0  100 101 
K +  2.0  118 98 
Cysteine 2.0  120 98 

Reagents were added, to the final concentrations indi- 
cated, to the neuraminidase or p-galactosidase in Tris- 
succinate buffer, p H  6.5 or 6.3, respectively. After 15 
minutes at 3 7 O ,  a solution of al-acid glycoprotein (0.05 ml) 
or of o-nitrophenyl 8-D-galactopyranoside (1.0 ml) was 
added and the solutions were assayed for enzymic activity 
under the standard conditions described under Materials 
and Methods. In  the reactivation experiments performed 
with p-galactosidase, the enzyme was incubated with 2 mM 
EDTA for 15 minutes at 37". Cation was then added to a 
final concentration of 50 mM and the enzymic activity was 
determined immediately as under standard conditions. 

value of 3.5 X M of N-acetylneuraminic acid ter- 
minal residues of the glycoprotein and for the maximum 
theoretical velocity (VmJ a value of 1.5 pmoles of N- 
acetylneuraminic acid released per minute per mg of 
enzyme protein. 

A similar experiment was carried out using N- 
acetylneuraminyllactose as substrate. The corre- 
sponding kinetic constants were K A ~  18 x 10-4 and V,,, 
3.1. 

Behavior on Sephadex G-lOO.--Preparations of Diplo- 
coccus pneumoniae neuraminidase a t  various stages of 
purification were examined, for filtration behavior, on 
Sephadex G-100. The different columns were equili- 
brated and eluted with water or with 0.05 M phosphate, 
pH 6.5. In all cases the neuraminidase activity was 
detected, together with P-galactosidase activity (if 
present in the starting material), in the breakthrough 
peak. No difference in the position of elution of the 
neuraminidase was obtained, when the column was 
equilibrated and developed with 0.01 M phosphate, p H  
6.8, containing 0.4 M NaC1. This buffer system is de- 
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TABLE I11 
ACTIVITY OF @-GALACTOSIDASE TOWARDS VARIOUS SUBSTRATES" 

Substrate 

o-Nitrophenyl p-D-galacto- 
pyranoside 

-Nitrophenyl @-D-gahCtO- 
pyranoside 

2-Acetamido-2-deoxy-4-0- 
(p-D-galactopyranosy1)- 
D-glucose 

pyranoside 
p-Nitrophenyl p-D-fUC0- 

Range of 
V,,, 

(moles Relative 
Substrate hydrolyzed,' Rate of 

Concentration KM min per mg Hydrolysis 
( X  M) ( X  1 0 - 3 ~ )  protein) (%I 

1.0-7.0 4 .5  3 . 9  100 

0.2-4 .8  1 . 9  1 . 6  41 

0.7-6.5 4 . 4  2 . 4  61 

1.0-4.8 8 . 3  0 .01  0 .3  

a Activity was measured at several different concentrations of each substrate (at least five concentrations). The methods 
of assay and evaluation of KY and V,,, are described in detail under Materials and Methods. Relative rates of hydrolysis 
are referred to the values for o-nitrophenyl @-D-galactopyranoside. The enzyme used for the experiments had specific activity 
of 5100 units/mg enzyme protein. All experiments were conducted a t  37". 

signed to interfere with protein aggregation, which 
would increase the apparent molecular weight of the 
neuraminidase (Ada, 1963). 

P-Galactosidase 
Nature of the Reaction.-The stoichiometry of P-galac- 

tosidase action with o-nitrophenyl P-n-galactopyrano- 
side was essentially quantitative a t  the concentration 
(5 mM) of substrate examined (Fig. 7). For each mole 
of o-nitrophenyl @-D-galactopyranoside hydrolyzed, 1 
mole of galactose and 1 mole of o-nitrophenol were re- 
leased. 

p H  Optimum and Stability.-The rate of hydrolysis of 
o-nitrophenyl p-D-galadopyranoside was examined in 
phosphate-citrate buffers of different pH (Fig. 5) .  The 

t 

; I  
' I  

I !  

t i  

j ;  
' I  

7 Addition : /  of MgS + 

? 
I 

2 t 

$ 2 0  I ;  I Enzyme + EDTA j 
X J i "  I 

,t2Subs+ro+e added before  EDTA 

0 20 40 60 80 100 120 
0 1 " ' 1 ' 1 1 1 1 1  1 

$ 
M I N U T E S  OF INCUBATION 

FIG. %-Effect of EDTA on @-galactosidase. The enzyme 
was incubated at 37' in Tris-succinate buffer, pH 6.3, 
either alone (0)  or in the presence of 2 mM EDTA. At 
various times, up to 120 minutes, samples of the mixture 
were made 50 mM in Mgz+ by addition of 0.1 M MgC12. 
The volume was adjusted to 1.0 ml and then 10 mM o- 
nitrophenyl p-D-galactopyranoside (1.0 ml) was added. 
The mixture was then assayed for @-galactosidase activity 
(0).  Similar enzyme-EDTA mixtures were also assayed 
for enzymic actikity without addition of Mgz+; the level 
of activity found is indicated on the graph. The effect of 
the addition of EDTA to the enzyme after the addition of 
substrate is also indicated (x). 

optimum activity is in the p H  range 6.3-6.5. The ef- 
fect of pH on the stability of the enzyme was studied by 
incubation for 60 minutes at 37". The enzyme was 
stable in the p H  range 5.3-8.0. No difference in pH 
optimum or initial rate of velocity was found in Tris- 
acetate buffers. 

Heat stability a t  55" was studied with the purified P- 
galactosidase. The enzyme was remarkably heat 
labile (Fig. 6 ) ,  being completely inactivated after 3 
minutes. A similar instability has been observed for 
the @-galactosidase of E. coli (Cohn and Monod, 1951). 

Substrate Specificity and Kinetic Constank.-The 
kinetics of hydrolysis of several substrates by the 
purified P-galactosidase are reported in Table 111. 
The initial velocity at several concentrations of each 
substrate in 0.025 M phosphate-citrate buffer, pH 6.3, 
was determined, and values for KM and V,,, were 
derived graphically. To allow a comparison to be 
made of the results, the values for Vag are given as 
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#moles of substrate hydrolyzed per minute per mg of 
enzyme protein. 

Activity Toward Fucosides.-The purified enzyme 
from stage 7b was examined for its ability to hydrolyze 
the p-nitrophenyl a- and @-glycopyranosides of D- 
and L-fucose. Only p-nitrophenyl @-D-fucopyranoside 
was hydrolyzed by P-galactosidase, and a t  a very 
low rate. The Michaelis constant is 8.3 x M 
and V,,, is 0.01 #mole of substrate hydrolyzed per 
minute per mg of enzyme protein (Table 111). The pH 
optimum for the reaction is 6.3, the same as that found 
for the reaction of @-galactosidase with o-nitrophenyl 
p-D-galactopyranoside. 

Effect of Added Substances.-The effect of various 
substances upon the activity of @-galactosidase is pre- 
sented in Table 11. Mgz+, Ca2+, Mn2+, Naf ,  and K +  
were without effect on the activity of the enzyme. 
The enzyme was markedly inhibited by Hgz+ and CdZ+, 
indicating the importance of sulfhydryl groups in the 
catalytically active protein. Cysteine was found, 
however, to be without effect on activity. EDTA at 2 
mM concentration inhibited about 87 % of the activity 
of the enzyme and 20 rn EDTA completely abolished 
it. The inhibition by 2 m EDTA was partially re- 
moved on addition of excess Mgz+, Ca2 +, or MnZ+ prior 
to assay. The three cations were equally effective in 
reactivating the inhibited enzyme. Addition of sub- 
strate (0-nitrophenyl @-D-galactopyranoside) to the 
enzyme immediately prior to addition of EDTA did not 
prevent inhibition (87%) of enzymic activity (Fig. 8). 
Incubation of the enzyme with 2 mM EDTA for various 
periods before assay resulted in an identical loss of 
approximately 85% of activity. Addition of Mg2+ 
ions, in excess of the concentration of EDTA, resulted 
in an immediate partial restoration of activity (Fig. 8). 
It is notable that 100% inhibition by 2 mM EDTA was 
not attained even after the longest time examined. 

Activity Toward Sialic Acid-free al-Acid Glycopro- 
tein.-Since the pure P-galactosidase was shown to be 
free of neuraminidase, @-N-acetylglucosaminidase, L- 
fucosidase, and protease activities, its action on a 
derivative of the a,-acid glycoprotein of human plasma 
was studied. Incubation of the a,-acid glycoprotein 
with neuraminidase results in the release of 100 yo of the 
N-acetylneuraminic acid from the glycoprotein (Fig. 
4). The sialic acid-free glycoprotein, at  a final con- 
centration of 10 mg,’ml, was incubated with P-galado- 
sidase at  pH 6.3. The rate of hydrolysis of terminal 
galactose residue was followed, subtractively, by 
analysis of the galactose content of the nondialyzable 
products remaining after different times of reaction 
(Table IV). The maximum yield of galactose released 
was approximately 80% of the total galactose content 
of the substrate. It was shown that the value ob- 
tained was a truly limiting one, since on dialysis of the 
reaction mixture and incubation of the nondialyzable 
product with fresh @-galactosidase no further galactose 
was released. The recoveries in the nondialyzable 
fraction of the other monosaccharide constituents of the 
substrate were: mannose (85-90 yo), 2-acetamido-2- 
deoxyglucose (loo%), and fucose (100%). The experi- 
ment was repeated a t  a final substrate concentration of 
5 mg/ml. The rate of release of galactose was found 
to be identical with that found at  the higher substrate 
concentration, and approached the same limiting value. 
The initial velocity of release of galactose from sialic 
acid-free ai-acid glycoprotein was calculated to be 
approximately 0.4 pmole of galactose released per 
minute per mg of enzyme at  10 mg,’ml concentration 
of substrate. The purified @-galactosidase also re- 
leased about 80 % of the total galactose of al-acid glyco- 
protein, from which the N-acetylneuraminic acid 

TABLE I V  
EFFECT OF PURIFIED @-GALACTOSIDASE ON SIALIC ACID- 

FREE u l - A ~ ~ ~   GLYCOPROTEIN^ 

Time of Galactose 
Incubation Remaining 

(hours) 60) 
0 100 
2 . 5  66 
5 44 

10 20 
24 22 
72 21 
96 21 

~~~~ ~ 

0 The al-acid glycoprotein derivative, from which 100% 
of the N-acetylneuraminic acid residues had been removed 
by purified neuraminidase, was incubated a t  10 mg/ml 
final concentration with &galactosidase (5.0 ml, 1300 
units) in 0.1 M phosphate-citrate buffer, p H  6.3 (5.0 ml) 
a t  37O. The final volume was 20 ml and toluene was added 
to prevent bacterial growth. At times, samples (2.0 ml) 
were dialyzed against water overnight in the cold, care 
being taken to minimize losses in transfer to the dialysis 
bags. The dialyzed solutions were then hydrolyzed in 
sulfuric acid for 8 hours. The deionized solutions were 
then analyzed by paper chromatography for the galactose 
remaining in nondialyzable form after enzymic degradation 
of the glycoprotein. After 72 hours incubation the whole 
of the digest remaining was dialyzed against water and the 
dialyzed solution was lyophilized. The product was then 
reincubated with fresh enzyme as described and the mix- 
ture was examined after 24 hours for galactose as before. 

residues had been completely removed by acid hy- 
drolysis in 0.04 N sulfuric acid a t  80” for 1 hour (Eylar 
and Jeanloz, 1962b). In addition, a portion (about 
10%) of the L-fucose residues of the glycoprotein is 
also removed by this acid hydrolysis. 

DISCUSSION 

Diplococcus pneumoniae neuraminidase, free of @- 
galactosidase, @-N-acetylglucosaminidase, and pro- 
tease activity, catalyzes the quantitative release of N- 
acetylneuraminic acid from a-acid glycoprotein as found 
by other workers (Oncley et al., 1958; Li and Shetlar, 
1961; Eylar and Jeanloz, 1962b) and from N-acetylneu- 
raminyllactose. The Michaelis constant for al-acid gly- 
coprotein is about 3.5 x 10 - 4  moles of bound sialic acid 
per liter and for N-acetylneuraminyllactose about 18 X 
10 - 4  moles. A value of 1-2 x 10 4 moles was found for 
Vibrio cholera neuraminidase (Ada and French, 1959; 
Schramm and Mohr, 1959) with sheep stromata as 
substrate. Using neuraminidase from influenza PR 8 
strain, Rafelson et al. (1963) report a value KM 1.2 X 
10 --3 moles for N-acetylneuraminyllactose. The Diplo- 
coccus pneumoniae enzyme requires no metal for ac- 
tivity and retains full activity after treatment with a 
large excess of EDTA, in agreement with the properties 
of other neuraminidases (Gottschalk, 1960). However, 
the inhibition of purified neuraminidases from Vibrio 
cholera and influenza virus by EDTA has been de- 
scribed (Ada et al., 1961; Rafelson et al., 1963). 

The molecular weight of the enzyme from Diplococ- 
cus pneumoniae has not been studied directly, but a 
lower limit is indicated by the filtration behavior on 
Sephadex G-100. The apparent exclusion of neura- 
minidase from the gel particles indicates the enzyme to 
have a molecular weight greater than about 100,000, 
which is considerably higher than values, 10,000 and 
50,000 respectively, determined for the neuraminidases 
of Vibrio cholera and Cornybacterium diphtheria (Ada 

1 A. M. Closse, unpublished results. 
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and French, 1959; Schrarnm and Mohr, 1959; Warren 
and Spearing, 1963). 

Diplococcus pneumoniae @-galactosidase, purified some 
500-fold from concentrated culture fluids, catalyzes the 
hydrolysis of various @-D-galactopyranosides. The 
values for V,, decrease in the series o-nitrophenyl p-D- 
galactopyranoside (100 %), N-acetyllactosamine (61 %), 
p-nitrophenyl P-D-galactopyranoside (41 %), and p- 
nitrophenyl @-D-fucopyranoside (0.3 %) . Similar find- 
ings have been reported for the enzyme of E. coli M L  
309 (Wallenfels and Malhotra, 1960). In the latter 
case, the rate of hydrolysis of p-nitrophenyl @-D-galacto- 
pyranoside was only 13% that of o-nitrophenyl @-D- 
galactopyranoside. Diplococcus pneumoniae P-galacto- 
sidase attacks P-D-galactosides or p-D-fucosides, but 
not a- or @-L-fucosides. The lack of specificity with 
regard to C6 has also been observed with (3-galactosi- 
dases from other sources (Monod et al., 1951, Takano 
and Miwa, 1953; Wallenfels and Malhotra, 1960). 

Diplococcus pneumoniae type I @-galactosidase was 
examined for a transferase activity during reaction with 
o-nitrophenyl @-D-galadopyranoside. However, the 
reaction was shown to be purely a hydrolytic one at the 
concentration of substrate used (5 m ~ ) ,  in contrast 
to the results obtained with the crystalline 0-galacto- 
sidase from E. coli M L  309 (Wallenfels et al., 1959). 
Furthermore, unlike the E. coli enzyme (Wallenfels 
and Zarnitz, 1957; Wallenfels and Malhotra, 1960), 
no difference either in pH optimum or maximum theo- 
retical velocity of reaction were found for Diplococcus 
pneumoniae type I @-galactosidase in the presence or 
absence of Na + ion. 

The enzyme is almost completely inhibited by EDTA, 
however, indicating the involvement in some way of a 
divalent cation in the catalytic activity of the enzyme. 
This view is strengthened by the finding that the in- 
hibition is partially reversed on addition of Mg2 +, Ca2 +, 
or Mn2+ ions in molar excess over EDTA. The pos- 
sibility that EDTA reacts directly with a catalytically 
important site of the enzyme, thereby destroying ac- 
tivity, and that the addition of a divalent cation re- 
moves the cause of the inhibition has been definitely 
eliminated in the case of the well-known EDTA in- 
hibition of a-amylases from many sources (Fischer and 
Haselbach, 1951; Vallee et al., 1959; Yamamoto and 
Fukumoto, 1959; Fischer and Stein, 1960). It has been 
shown also that several a-amylases, after treatment 
with EDTA to remove intrinsically bound (Vallee, 
1955) CaZ+ ion, are considerably less stable to thermal 
denaturation and to digestion by trypsin (Stein and 
Fischer, 1958; Vallee et al., 1959). Diplococcus pneu- 
moniae @-galactosidase can be reactivated to only 71- 
76% of control activity by excess Mgz+ ion after in- 
cubation with EDTA at 37' for 15 minutes, which may 
reflect similarly an increased lability to heat inactiva- 
tion of the enzyme in the presence of EDTA. After 
preincubation with chelating agent for 120 minutes, 
addition of hag2 + ion gave about 62% reactivation. 

The cleavage of 80% of the galactose units from 
neuraminidase-treated al-acid glycoprotein by crude 
enzyme preparations (E ylar and Jeanloz, 1962b) has 
been coniirrned using purified @-galactosidase. The 
reaction rapidly reaches a limiting value, whereupon 
about 80 yo of the galactose is released. There is no con- 
comitant degradation of the glycoprotein as shown by 
the essentially quantitative recovery of the other com- 
ponents of the glycoprotein. As expected from speci- 
ficity studies with model compounds, the glycoprotein 
retains all the L-fucosyl residues of the intact al-acid 
glycoprotein. It is of interest that Dr. A. M. Closse 
in our laboratory found no action of the crystalline @- 
galactosidase of E. coli M L  309 (Wallenfels et al., 

1959) or of the purified &galactosidase of calf intes- 
tinal mucosa (Wallenfels and Fischer, 1960), on a[- 
acid glycoprotein from which N-acetylneuraminic acid 
had been completely removed and fucose partially re- 
moved by d d  acid hydrolysis.2 These experiments 
indicate a wide divergence in the specificity of @-palac- 
tosidases from various sources for the hydrolysis of non- 
reducing terminal galactose residues, which is not so 
apparent when the relative rates of hydrolysis of low- 
molecular-weight substrates are compared, 

The structural significance of the finding that 20% 
of the total galactose of al-acid glycoprotein remains 
after @-galactosidase action must await chemical studies 
on the enzymically modified glycoprotein. It is con- 
sidered that N-acetylneuraminic acid and fucose resi- 
dues occupy the nonreducing terminal positions of the 
carbohydrate chains of the glycoprotein, and are linked 
to galactose units which are in turn joined to residues of 
2-acetarnido-2-deoxyglucose (Popenoe, 1959; Eylar and 
Jeanloz, 1962a). 

Since the L-fucose residues are probably linked 
directly to galactose, and in view of the specificity of @- 
galactosidase on model fucosides, these galactose 
residues would be unavailable for enzymic hydrolysis. 
From the fucose and galactose contents of al-acid glyco- 
protein, it would be expected that about 10-15 % galac- 
tose would be protected in this manner, which is close 
to the value obtained. However, the possibility that a 
small amount of galactose is situated in the interior of 
the carbohydrate chains or is combined in a-linkages 
cannot be excluded, particularly in view of the uncer- 
tainty of the true fucose content of the glycoprotein. 
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11. Purification and Properties of a p-N-Acetylglucosaminidase. 

The purification of 8-N-acetylglucosaminidase from the culture fluids of Diplococcus pneu- 
moniae is described. The enzyme 
releases 2-acetamido-2-deoxy-~-glucose from p-nitrophenyl 2-acetamido-2-deoxy-~-~-gluco- 
pyranoside. Values of V,,, and KM 
were 0.26 pmoles of substrate hydrolyzed per minute per mg of enzyme and 0.22 x 10-3 M, 
respectively. The enzyme also releases 26 % of the 2-acetamido-2-deoxy-~-glucose residues 
from a derivative of a,-acid glycoprotein of human plasma from which 100% of the neuraminic 
acid and 80% of the galactose residues had been previously removed by enzymic treatment. 
This result suggests that only seven to eight chains of the glycoprotein are terminated by the 
sequence N-acetylneuraminyl-~-~-galactosyl-2-acet~~do-2-d~xyg~u~0se. 

The product is a highly active and stable preparation. 

The kinetics and nature of this reaction are reported. 

The preparation of a highly purified neuraminidase 
and of a @galactosidase from culture fluids of Diplo- 
coccus pneumoniae has been described in the preceding 
paper (Hughes and Jeanloz, 1964). The pure enzymes 
have appreciable activity on glycoprotein substrates of 
high molecular weight, and have proved to be of value 
in the structural study of these substances. The pres- 
ence of a highly active 6-N-acetylglucosaminidase in 
the culture medium of  Diplococcus pneumoniae (Hughes 
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the Study of Crippling Diseases, Harvard Medical School 
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t Research Fellow of the Helen Hay Whitney Founda- 
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Research, The Ridgway, Mill Hill, London, N.W. 7, 
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and Jeanloz, 1964; Li and Shetlar, 1963) and the oc- 
currence of 2-acetamido-2-deoxy-~-glucose (N-acetyl- 
glucosamine) in many glycoproteins prompted the work 
to be described in the present paper. The P-N-acetyl- 
glucosaminidase has been purified extensively in a form 
free of other glycosidase or proteolytic activity, and the 
kinetics of the reaction of the enzyme with p-nitro- 
phenyl 2-acetamido-2-deoxy-~-glucopyranoside (Lea- 
back and Walker, 1957) has been studied. In addi- 
tion, the action of the enzyme on a macromolecular sub- 
strate derived by enzymic modification of m-acid glyco- 
protein of human plasma (Hughes and Jeanloz, 1964) is 
reported. 

MATERIALS AND METHODS 

Bacteria.-The strain of Diplococcus pneumoniae 
used and the conditions of growth of the organism are 
described in the preceding paper (Hughes and Jeanloz, 
1964). Preliminary experiments indicated that the 
culture fluid contained a highly active P-N-acetylglucos- 


