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A sensitive dye-binding assay was employed to study the hyaluronidase
associated with temperate and virulent phages infecting group A streptococci.
Some enzyme was detectable in each purified phage preparation examined, but
differences of several orders of magnitude separated the lower enzyme levels in
virulent phages that required the addition of hyaluronidase for plaque formation
and the higher levels in temperate phages that did not. Infection by virulent
phage A25 was accompanied by the production of levels of hyaluronidase propor-
tionate to the average burst size. Hyaluronidase was produced during infection
by temperate phages at a much higher level than could be accounted for by the
number of phage particles formed. The major portion of this hyaluronidase was
free and apparently unassociated with phage or phage fragments. The phage-
associated enzyme was tightly bound but could be released and solubilized by

treatment with urea.

The penetration of the hyaluronic acid cap-
sule by bacteriophage is a prerequisite for ad-
sorption and productive infection of group A
streptococci (7, 10). Strains of group A strepto-
cocci that possess a mucoid character because of
such a capsule are resistant to infection by
virulent phage, whereas such strains are sus-
ceptible to infection by many temperate bacte-
riophages (7). Kjems (7) demonstrated the ap-
pearance of the enzyme hyaluronidase in ly-
sates of streptococci that had undergone infec-
tion with temperate phages and obtained evi-
dence suggesting that a portion of this enzy-
matic activity constitutes an integral part of
the phage particle. He showed that the hyalu-
ronidase formed during phage production is dis-
tinct from the extracellular hyaluronidase pro-
duced by group A streptococci. Moreover, in
these studies, the enzyme from several temper-
ate phages showed immunological differences
governed by the genetic makeup of the phages
.

Since virulent streptococcal phage required
the addition of hyaluronidase for plaque forma-
tion on mucoid strains (10), it was assumed
from these earlier studies that hyaluronidase
was absent in virulent phage. The development
of a sensitive assay for hyaluronidase activity
has allowed both a reexamination of this en-
zyme in association with virulent and temper-
ate streptococcal bacteriophages and a study of
the characteristics of its formation during infec-
tion as described in the present report.

MATERIALS AND METHODS

Strains. The temperate phages used in this study
were obtained from group A, type 49 strains (Uni-
versity of Minnesota strains no. GT 8760 and GT
6484) by induction with mitomycin C as previously
described (13). The virulent group A phage, desig-
nated as A25, was originally supplied by W. R.
Maxted (11). The group A, M type 12 strain, desig-
nated as K56, was received from E. Kjems (7) and
used for the growth of phages and as a standard
indicator to prepare lawns. Bacteriophages were as-
sayed as previously described (13).

Culture medium and preparation pf phage. Broth
for phage and bacterial growth was modified accord-
ing to the method of Malke (9) and contained 6%
proteose peptone no. 3 (Difco Laboratories, Detroit,
Mich.), 0.3% NaCl, 0.05% glucose, 5% horse serum
(Grand Island Biological Co., Grand Island, N.Y.)
and 2 mM CaCl,. Agar plates for plaque assays
contained 1% agar and 3% peptone only. Hyaluroni-
dase (bovine testes; Sigma Chemical Co., St. Louis,
Mo.) was added as indicated at a cencentration of 40
pg/ml in plates.

To prepare bacteriophage stocks, overnight cul-
tures of K56 (at 30°C) were incubated for 5 min at
37°C with phages at an input multiplicity of about 2
plaque-forming units per colony-forming unit and
then diluted (1:100) into fresh medium. The phage
multiplication was then allowed to proceed at 37°C
for another 6 h. Thereafter, the lysate was chilled to
4°C, and cellular debris was removed by centrifuga-
tion at 8,000 x g for 30 min. The phage lysate was
then incubated for 2 h at 37°C after the addition of
pancreatic deoxyribonuclease I (10 ug/ml; Wor-
thington Biochemicals Corp., Freehold, N.J.) and
pancreatic ribonuclease (10 ug/ml; Sigma).
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Concentration of phage. Phages were recovered
from lysates by using the two-phase separation sys-
tem of Albertson (1). The lysate was adjusted to
contain (in final concentration) 2% NaCl, 0.2% so-
dium dextran sulfate (average molecular weight,
500,000; Sigma), and 7% polyethylene glycol (aver-
age molecular weight, 6,000 to 7,000; J. T. Baker
Chemical Co., Phillipsburg, N.J.). After standing at
4°C for 16 h, the two phases separated. The lower
phase was centrifuged for 15 min at 500 x g, and the
pellet was resuspended in 0.01 M sodium phosphate
buffer at pH 7.2 (one-fiftieth of the original volume
of lysate). The suspension was adjusted to 0.3 M KC1
by the dropwise addition of 3 M KCl and, after
standing at 4°C for about 2 h, the suspension was
centrifuged for 15 min at 500 x g. Phages were
recovered from the supernatant fluid and stérilized
by filtration through a membrane filter (HA type,
0.45-pm pore size; Millipore Corp., Bedford, Mass.).

Purification of phage. High-titer phage stocks
were purified by equilibrium centrifugation on ce-
sium chloride gradients. The gradients were pre-
pared with 1.5-ml layers of CsCl solutions having
the following densities (starting at the bottom of the
tubes): 1.55, 1.46, 1.38, and 1.29 g/cm®. A 10% su-
crose solution (0.8 ml) in 0.01 M sodium phosphate
buffer (pH 7.2) containing 1 mM MgSO, and 20 ug of
deoxyribonuclease was layered on top of the CsCl
gradient followed by layering of 1.0 ml of the phage
suspension. After centrifugation at 100,000 x g for 1
h in a Spinco type 50 rotor at 4°C, phages were
collected from the visible band and dialyzed over-
night against 0.01 M phosphate buffer at pH 7.2.

Preparation of extracts of phage-infected bacte-
ria. Overnight cultures of K56 (at 30°C) were in-
fected with the respective phage (purified through
CsCl) at multiplicities of infection of 2, diluted 1:10
into 100 ml of broth, and incubated at 37°C. At 0, 10,
20, and 30 min after infection, the cultures were
poured over equal volumes of crushed frozen 0.01 M
tris(hydroxymethyl)aminomethane  (Tris)-hydro-
chloride buffer at pH 7.2. Infected bacteria were
then harvested by centrifugation at 8,000 x g for
30 min, washed twice with cold buffer, and sus-
pended in 1 ml of physiological saline. The suspen-
sion was purified by layering bacterial cells located
at the top 5-ml portion of 30% sucrose in 0.01 M Tris-
hydrochloride (pH 7.2) on a 0.5-ml cushion of a
saturated solution of cesium chloride. After centrif-
ugation at 100,000 x g for 1 h in a Spinco 50 rotor at
4°C, the cells were collected from the interface of the
CsCl and sucrose layers, frozen, partially thawed,
and ground for about 10 min with alumina powder in
a mortar at 4°C. The disrupted cells were suspended
in 1 ml of 0.01 M Tris-hydrochloride, pH 7.2, and the
suspensions were centrifuged at 30,000 x g for 2 h.
The supernatant fractions thus obtained were fil-
tered through membrane filters and dialyzed
against 0.02 M acetate buffer (pH 5.0) containing
0.01 M NaCl before testing for hyaluronidase activ-
ity.

Protein content of the phage and bacterial host
preparations was determined by the method of
Lowry et al. (8), using bovine serum albumin as
standard.

Hyaluronidase assay. The method used in this
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study utilizes a carbocyanine dye, 1-ethyl-2-{3-(-
ethylnaphtho {1,2d}-thiazolin-2-ylidene)-2-methyl-
propenyl}naphto{1,2d}thiazolium bromide (cata-
logue no. 2718; Eastman Organic Chemicals Div.,
Eastman Kodak Co., Rochester, N.Y.) for the spec-
trophotometric microdetermination of hyaluroni-
dase activity. The binding of hyaluronic acid to the
carbocyanine dye results in a shift in the visible
absorption of the dye, with a maximal absorbance at
640 nm (2, 3). The absorbance at 640 nm is quantita-
tively related to the amount of polysaccharide pres-
ent (2). The breakdown of hyaluronic acid catalyzed
by the enzyme is accompanied by a decrease in
absorbance due to binding of dye (L. C. Benchetrit,
S. L. Pahuja, E. D. Gray, and R. D. Edstrom, Fed.
Proc. 35:1727, 1976). Unless stated otherwise, for
routine assay of the enzyme, reaction mixtures con-
tained the following components in a total volume of
10 pl: hyaluronic acid (human umbilical cord;
Sigma), 1 ug; 20 mM sodium acetate buffer at pH 5.0
(reaction buffer); 10 mM sodium chloride; and appro-
priate dilutions of the high-titer phage stocks. Incu-
bation was at 37°C, and the reaction was terminated
by the addition of 0.09 ml of water. Dye (0.1 mM in
water containing 50% dioxane, 0.01 M acetic acid,
and 0.5 mM ascorbic acid) was added to the samples
to a final volume of 1.0 ml, and optical densities
were monitored at 640 nm with a model 240 Gilford
spectrophotometer against a blank containing dye
10.9 ml) and water (0.1 ml). Activity was expressed
in terms of an arbitrary unit that caused a 10%
decrease in absorbance at 640 nm in 1 h.

RESULTS

Demonstration of the phage-associated hy-
aluronidase. The following experiment was de-
signed to detect and quantitate hyaluronidase
activity on the viral particle. Temperate phages
isolated from a type 49, group A Streptococcus
(strain GT 8760, University of Minnesota) were
purified by CsCl gradient centrifugation, and
hyaluronidase activity was measured. Figure 1
illustrates the kinetics of hyaluronic acid deg-
radation during incubation with varying
amounts of the temperate phage. No significant
further decrease in absorbance resulted after 10
h when the reaction mixture contained phage
equivalent to 130 ug of protein, suggesting that
degradation was complete. The enzymatic
cleavage of hyaluronic acid results in the for-
mation of products that are unable to bring
about the spectral change on addition of dye (L.
C. Benchetrit, S. L. Pahuja, E. D. Gray, and R.
D. Edstrom, Fed. Proc. 35:1727, 1976). Incuba-
tion of the reaction mixture for 24 h allowed the
assay of hyaluronidase associated with a small
amount of phage, an amount containing as lit-
tle as 0.13 ug of phage protein, which repre-
sents approximately 10* plaque-forming units.
Control experiments showed no measurable ab-
sorbance at 640 nm when the temperate phage
alone was mixed with dye solution, indicating
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an absence of interaction with the dye. When
hyaluronic acid was incubated without enzyme
for as long as 24 h at 37°C and then mixed with
dye, no decrease in absorbance at 640 nm could
be detected. The unit of activity was defined as
that amount of enzyme which brings about a
10% decrease in absorbance of the dye-hyalu-
ronic acid complex in 1 h under standard condi-
tions. A linear relationship exists between the
time necessary for degradation of 10% of the
hyaluronic acid substrate and the log of the
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Fic. 1. Kinetics of hyaluronic acid degradation
by temperate phage hyaluronidase. Various portions
of phages in 9 ul of 20 mM sodium acetate buffer (pH
5.0) containing 10 mM NaCl were added to 1 ug of
hyaluronic acid solution (1 wl). After incubation at
37°C for various times, 90 ul of water was added to
the reaction mixtures. The mixtures were kept at 4°C,
and the dye solution (900 ul) was added for measure-
ment of dye-complex formation at 640 nm. Phage
protein; ®, 130 ug (equivalent to 107 plaque-forming
units); A, 13 pg (10° plaque-forming units); O, 1.3
ug (10° plaque-forming unifs); A, 0.13 pg (10*
plaque-forming units). Phage was obtained from
strain GT 8760 and propagated on K56.
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amount of enzyme (L. C. Benchetrit, S. L. Pa-
huja, E. D. Gray, and R. D. Edstrom, Fed.
Proc. 35:1727, 1976).

The hyaluronidase activities associated with
two temperate and one virulent streptococcal
phages are compared in Table 1. Generally,
group A temperate phages do not require the
addition of hyaluronidase to the medium in
order to lyse the indicator strain K56 (7, 12).
This observation is consonant with the rela-
tively high level of hyaluronidase associated
with the phage particles of most temperate
phages, as exemplified by the temperate phage
from strain GT 8760 in Table 1. A temperate
phage was recently isolated from a group A
strain of streptococci GT 6484 (13) that grows
with low efficiency on the indicator strain K56
in the absence of added hyaluronidase. This
phage possesses a level of enzyme approxi-
mately 2% of that of the temperate phage which
is capable of infection in the absence of added
enzyme (Table 1). Table 1 also indicates that
hyaluronidase activity is associated with the
virulent streptococcal phage A25 at a very low,
but detectable level, using the dye-binding as-
say.

The addition of hyaluronidase does increase
the efficiency of plating of both temperate and
virulent phages. The enhancement is slight
with the temperate phage from strain GT 8760.
The lower level of hyaluronidase associated
with the atypical temperate phage from strain
GT 6484 is accompanied by an increase in the
efficiency of plating in the presence of added
hyaluronidase of almost two logs. With both of
the temperate phages, the enhancement is mi-
nor compared with the effect of additional
hyaluronidase on the infectivity of the virulent
phage A25. With added enzyme, an increase of
four orders of magnitude is observable in the
titer of this virulent phage, which possesses a
low, but detectable, level of hyaluronidase ac-
tivity.

Hyaluronidase of phage lysate. All of the

TaBLE 1. Hyaluronidase contents of bacteriophages of group A streptococci and their relationship to phage
titers with and without added hyaluronidase

Hyaluronidase Phage titer
Phage Sp act Added No added
Ulmg of protein U/PFU* hyaluronidase hyaluronidase
Temperate phage
From strain GT 8760° 62 8 x 1077 8.2 x 108 3.0 x 108
From strain GT 6484¢ 1.2 1.7 x 108 2.1 x 108 4 x 108
Virulent phage A25 3.8 x 1077 2.7 x 10716 7.5 x 108 2.7 x 10*

2 PFU, Plaque-forming units.
® Propagated and assayed on K56.

¢ Obtained by spontaneous release and assayed lawns of strain GT 7907.
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TaBLE 2. Distribution of hyaluronidase activity and protein in fractions of temperate phage lysate®

. Hyaluronidase Sp act
Fraction PFU? Tota(l pr(;tem activity (U/mg
mg ) of protein)
Sedimentable 0.9 x 108 1.2 75 (25%) 62
Non-sedimentable Undetectable® 55.0 222 (75%) 4

@ A culture of K56 (5 ml) was infected (multiplicity of infection, 0.1) with purified temperate phage (from
strain GT 8760), and the lysate was centrifuged at 8,000 x g for 30 min. Thereafter, the supernatant was
sterilized by filtration and centrifuged at 30,000 x g for 1 h. The phage pellet was resuspended in the
reaction buffer (0.4 ml), and the supernatant was dialyzed against the same buffer. Enzyme activity was
assayed in both fractions as described under Materials and Methods.

® PFU, Plaque-forming units.

¢ No plaques were observable when 0.03 ml of undiluted sample assayed for infectivity.
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Fi1c. 2. Sedimentation analysis of hyaluronidase
in phage-induced lysates. Various lysate fractions
obtained after infection of strain K56 with a temper-
ate phage from strain GT 8760 were sterilized and
layered on the top of 27-ml linear sucrose gradients
(12 to 32%) prepared in 0.1 M NaCl upon a 1 ml
cushion of 52% sucrose. (a) Whole lysate after re-
moval of cellular debris by centrifugation at 8,000 x
g for 30 min. (b) Temperate phage (purified through
CsCl gradients). (¢) Supernatant of lysate after re-
moving of phages and cellular debris by centrifuga-
tion at 30,000 X g for 1 h. After centrifugation for 45
min at 20,000 rpm in a Spinco type SW25-1 rotor at
4°C, fractions of 1 ml each were collected, made 0.2 M
with respect to sodium acetate (pH 5.0), and diluted
(1:10), and 9-ud portions were assayed for enzyme
activity or phage content.

hyaluronidase activity present in temperate
phage lysates is not associated with sedimenta-
ble phage. Table 2 presents the distribution of
sedimentable (phage associated) and unsedi-
mentable enzyme. Only 25% of the hyaluroni-
dase in the lysate is sedimentable with phage
particles. The non-sedimentable enzyme does
not seem to arise by continual dissociation from
phage, since subsequent purification of phage
does not result in loss of hyaluronidase.

To determine whether the non-sedimentable
hyaluronidase was associated with phage tails
or other incomplete phage particles, the experi-
ment shown in Fig. 2 was performed. Sucrose
density gradient sedimentation analysis indi-
cates that a whole lysate contains a peak of
enzyme activity (28%) coincident with infec-
tious phage particles (Fig. 2a). A second peak of
enzyme activity (72%) remained at the top of
the gradient. Analysis of previously sedi-
mented phage demonstrates only phage-associ-
ated enzyme (Fig. 2b), and the supernatant of a
lysate from which phage was sedimented con-
tained only the soluble enzyme (Fig. 2¢). There
appears to be no indication that the non-sedi-
mentable hyaluronidase activity is part of in-
complete phage. The enzyme not associated
with phage particles is free or at least bound in
aggregates of relatively low molecular weight.

Hyaluronidase activity during phage infec-
tion. It was shown by Kjems (7) that infection
of group A streptococci with temperate group A
phages brings about the formation of hyaluron-
idase. This formation occurs in the phage-host
bacterium system concomitant with the in-
crease in the number of phages. It was of inter-
est to demonstrate the hyaluronidase activity
in extracts of phage-infected bacteria and to
determine whether the phage controls the syn-
thesis of the enzyme.

In the following experiment, exponentially
growing K56 cells were infected with the indi-
cated phages. At various times during the la-
tent period, bacteria were harvested and
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washed, and extracts were prepared as de-
scribed under Materials and Methods. Hyal-
uronidase was assayed in these extracts, and
the time course of enzyme formation expressed
in terms of specific activity is illustrated in Fig.
3. Hyaluronidase activity is present in extracts
of bacterial cells infected with the temperate
phage (obtained from the M type 49, strain GT
8760, grown on K56) and with the virulent
phage A25 (propagated on K56). It is also de-
tectable at low levels in uninfected cells, al-
though strain K56 produces a hyaluronic acid
capsule. Formation of hyaluronidase was in-
duced by both bacteriophages soon after infec-
tion. Enzyme levels continued to increase
throughout the latent period, achieving a 10-
fold increase for the virulent phage A25 and a
500-fold increase in specific activity for the tem-
perate phage. Essentially no increase in en-
zyme specific activity was observable in unin-
fected cells. The differential formation of hyalu-
ronidase indicated by these increases in specific
activity during infection with either virulent or
temperate phage is compelling evidence for
phage control of this function.
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Fi1c. 3. Hyaluronidase activity in streptococcal
strain K56 infected with temperate and virulent
phages. Cultures of K56 were infected at 37°C, and
samples were withdrawn at various times (times: 0,
10, 20, and 30 min postinfection). Extracts were pre-
pared from cells infected with the temperate phage
(from strain GT 8760, @) and from bacteria infected
with the virulent phage A25 (O). Extracts were pre-
pared from noninfected K56 at the times indicated
when grown at 37°C (). Reaction mixtures con-
tained 1 pg of hyaluronic acid, 9 ul of cell extract,
and reaction buffer in a total volume of 10 pd.
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TaBLE 3. Solubilization of the hyaluronidase
enzyme by urea®

% Total activity

Phage
treatment Supernatant Pellet
Urea® 87 0
Buffer® 0 100

% Phage suspensions (50 ug of protein) were
treated at room temperature for 30 min. Final vol-
ume was 0.5 ml.

® Phages were treated with 8 M urea and centri-
fuged, and portions of the supernatant (dialyzed
against the reaction buffer) and the pellet (resus-
pended in 0.5 ml of the buffer and dialyzed) were
incubated with hyaluronic acid.

¢ Phages were treated with reaction buffer and
centrifuged, and the activity was assayed in both
the supernatant and the pellet. Incubation mixtures
contained 9 ul of sample and 1 ug of hyaluronic acid
in a total volume of 10 ul. After incubation at 37°C,
the mixtures were processed as described under Ma-
terials and Methods.

Solubilization of phage-associated hyalu-
ronidase. The fraction of hyaluronidase activ-
ity associated with temperate phage particles is
not removed by exhaustive purification of the
phage through sedimentation and CsCl gra-
dient fractionation. Thus, it appears to be
firmly bound or represent an integral part of
the phage particle. The enzyme can be solubi-
lized, however, by urea treatment as is demon-
strated in Table 3. Suspension of temperate
phage in 8 M urea results in the dissociation of
hyaluronidase to a non-sedimentable form. The
enzyme may still be associated with other
phage proteins but, if so, the aggregate is too
small to be sedimented by centrifugation that
completely sediments intact phage. Control ex-
periments did not show a loss of activity when
phages were treated with reaction buffer, cen-
trifuged, and resuspended in buffer. Urea has
no irreversible denaturing effects on hyaluroni-
dase since phage lysates treated with urea that
is subsequently removed by dialysis have en-
zyme activity comparable to untreated phage
suspensions (not shown).

DISCUSSION

The involvement of hyaluronidase in the in-
fection of group A streptococci with bacterio-
phages has been well established (6, 7). As first
suggested by the studies of Kjems (7), a portion
of the enzyme is sedimentable with the phage
particle. This portion was demonstrated to be
either an integral part of the phage particle or
firmly attached to it. After extensive purifica-
tion, a constant level of enzyme is retained in
infective particles, i.e., repurification of phage
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by the same procedures does not alter the spe-
cific activity of hyaluronidase. The sensitive
assay method employed in the present study
indicated that hyaluronidase is also associated
with virulent phage, which requires the addi-
tion of hyaluronidase for plaque formation. The
virulent phage, A25, contains an extremely low
level of enzyme, but during the latent period of
infection, the intracellular hyaluronidase lev-
els increase approximately 10-fold. The latent
period persists for longer than the time studied
(4), but it is of interest that the increase in
hyaluronidase is in the general range of the
burst size of 10 to 30 (4, 5). It is possible that,
since the enzyme formed is proportional to the
number of the newly formed phage particles, it
may be mainly associated with the phage. Dur-
ing the latent period of infection with a temper-
ate phage (from a type 49 host), the specific
activity of the enzyme increases more than 500-
fold, although the burst size of a phage derived
from a lysogenic group A, type 12 strain is
about 32 (6). Evidently an excess of hyaluroni-
dase is formed, more than is associated with the
phage particles. This conclusion is in accord
with the observations of Kjems (7), who esti-
mated that one-third of the hyaluronidase in
phage lystates is phage associated. Using a
different system of temperate phage and propa-
gating strain, a similar proportion of free en-
zyme (75%) was observed in the present study.
Kjems (7) suggested that the hyaluronidase ac-
tivity in lysates that are not associated with
sedimentable phage particles consists of both
free enzyme and enzyme present on phage tail
fragments. This latter fraction was estimated
by measuring the proportion of hyaluronidase
in a phage-free lysis supernatant that bound to
added streptococcal cells. Another interpreta-
tion of these results could be that enzyme was
bound to the bacteria, not by virtue of being
attached to a phage tail fragment, but by direct
affinity with hyaluronic acid on the streptococ-
cal surface. In fact, most of the enzyme not
sedimentable with phage may be free, as might
be concluded from the disparately large amount
of enzyme formed during infection. In the study
reported here, sedimentation analysis of phage
lysates also suggested that the supernatant hy-
aluronidase activity is not associated with in-
complete phage.

The phage-associated hyaluronidase is
tightly bound to the phage or may be an inte-
gral element of the phage, essential for pene-
tration of host mucoid capsule. The hyaluroni-
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dase can be solubilized by urea treatment of the
phage, a procedure that disrupts the particle
and will allow the purification and characteri-
zation of this enzyme. Such studies are pres-
ently in progress.
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