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INHIBITOR OF MONKEY SE

I. INTRODUCTION

The spreading factors of biological origin (group A
of DuraneReynals) are beslieved to owe their actiﬁby to the
enzyme hysluronidese which they contain,

It was through the effect of tissue extracts upon the
sourse of infectious processes thet m&m factors were first
dimcovered, The enzymatle activity displayed by these
factors is directed ymmxy ngaimt hyaluronic acid whish 18
an integral component of meammellian tlssue, The ability of
these substances to increase the permeabllity of animal tissue
is of great interest to the microblologlst end has led more
or less directly to the concept of invasive as distinguished
from virulent infection, Further research was stimulated
when the capaclity of the organlsm to react to an invasive
type infection with the production of highly specific antie
spreading antibody beomme known, Hore recently, studles have
been reported which indisate that the bloed of & number of
mamualian specles brings about the inactivation of hyaluronie
dase., This ocapacity must be distinguished from that due
to the presence of a specific antibody produced in response to
& given hyaluronidase, There is no evidence to indlcate that
this non-specific or physiologilcal inhibitor is the result
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of speciflc lmmunizgation, BRelatively little Information ig
as yet avallable regarding the chemlstry of thia substance.
It isg fortunate, however, that nonespsciflic inhibltor can
easily be distingulshed from specific antishyaluronidase by
virtue of 1ts lggk of stability at 56°C. Anti-hyaluronidase,
1ike most antibody,ls comparatively heat stable.

In recent years the variation of serum non-apecific
inhibitor levels under a variety of canﬂitien# haz been
studied, Baapiﬁe confliecting reportas, mainly due to differe
ences In assay techunlques, 1t 1s well eatabllshed that these

inhibitor levels rise in a variety of infectious diseases
as well as in various maliznancies,

Attempts to ldentifly end purlfy this ;nhibitor have not
been completely succesaiul, It is generally agreed that
this factor 1s to be found entirely within ﬁhs sermum, however,
electrophoresls and “salting out” techniques have so far
presented conflicting deta as bo the location of this factor
within the serum, The mechanism of the inhibition is
- equally obscure desplte the various theorles in existance,

The purpose of this investigation was twofolds (1)
to study the variation of physiclogical inhibitor levels in
the sera of monkeys infected with the virus of poliomyelitis,
and (2) to obtein some basic physico-chemical data as to
the nature of the inhibltion of hyaluronidase by normel
monkey sera,

The significance of the changes in serum inhiblitor



levels m various infectious disesse processes must
necessarily await the characterization of the inhibiting
substance, Despite widespread attempts to determine the
chemical nature of this substance definitive Lkinetie
studies as to the nature of the inhibition sre completely
Such studles should atd in the ultimats ohargos
terization of this faster,

lm i \ BARLY
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11, REVIEY OF THE LITERATURE
A, General Considerations

The observation, made by Duran-Reynals in 1928 (1).
that extracts of rodent testis greatly increased the
infectivity of veceinia virus in rabblis aroused great
interest in the spreading factors of biolegical origin.
Subsequently it was found that not only infection but the
spreading of various dyes (2}, haﬁwg&aﬁin,QBIv toxins (L)}
bacteris (5), and viruses (6), emong other things, was |
promoted by this faector, It w@m not until 1939, however,
that Chain and Duthie {7) ifsolated this substance and
iﬂsnhiried it as the mucolytic enzyme hysluronidase, Further
study (8), coupled with the earlier work on hyeluronie
acid by Meyer and his amsociates (9) (10}, led to the
tempting hypotheals that the phenomenon of "spreading® was
due to the action of hyaluronidase, Althaagh this hypothesis
is widely sccepted it can not yet be regarded as conclusive
(11),

The discovery that certain pathogenic bacterias such as
the hemolytic streptococel (grouwps A & C) (12), some
stephylococecl (13), pneumococel {1k, 15, 16}, and elostidia
(welehi and perfringens) (17), produced ﬁhin engyme gave
impetus to an era of vigorous research culminating in the
concept of invasive infection, as distinguished from
virnlent, First suggested by Duran«Reynsls (5, 18) this
hypothesis rests upon the observation later confirmed by
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Sprunt (6), that testioular extract always enhanoed but
never supressed the lesions caused by vmumi, Shope
fibroma, and Virus III in the experimental animel, This
data plus the observation, also by Duran-Reynals (18),
that testiocular extract enhanced the infestivity of baoteria
of high virulence but suppressed that of bacteria of low
virulence led to the following conoclusionsy that the spresd
- of an infectious agent may favor at times the host, snd
et other times the infecting agent, and further that viruses
do not behave as ordinery bacteria but rather as an
extremely virulent bacteria, |

Reaction to thege stimull produced a great deal of
resesrch into the subject of bacterial invasivensss as
evidenced by the tremendoua of literature produced dwring
this period, This material is exhaustively reviewed by
DursneReynals (19) in a paper which may be regarded as the
most ccmprehensive plece of literature on the subjeet,

Recent work by MeCrea and Duran-Reynals (20) reports
the inactivation of vaecinia virus by a diffusible component
of hydrolyzed hyaluronic seld, It is suggested that
gluocuronic acid interacts with vaccinia virus in o way
sinilar to 1ts conjugating action in the detoxification
mechanism (21), thus playing en integral part in the
defenss mechaniems when the ground substance is attacked
during infection. Apparently Duran~Reynals has revised his
sarlier concepts of the role of hyaluronidase in viral
infections.
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| The complexities of the relationahip between hyaluroni~
dape and hyaluronic acid are poorly understood, Hyaluronie
mm iz a polysaccharide often esm:a‘., both to bacteris and
their hosts, Hyaluronidase s also often present in both,
It is believed by many that no ons bacterial spociles
sontains both the polysaccharide and the ensyme although
~ this 1s known to ocour in mammals (1,22,4,23). The further
interrelationships in the host with the eatrogeniec and
gonadotropic hormones serves only o make the overall
ploture more sonfusing, These hormones, as reported by
Lurie (2l;}, and Sprunt (6), set in decreasing and incressing
reapectively, the permeability of the ground substance, The
mechaniam of the sction is not underastood,

B,

Helsinw @ﬁ,l S»Mia&

It 1s diffioult to get a uniform ploture of the proe
perties of hyaluronidase frem the existing literaturs,
There ars sppreciable discrepancies between the data given
by various investigutors, The enzyme is filterable and non-
dlalyzable with a molecular weipht in the vieinity of 10,000
(25), (26), The enzymic activity is closely asmoclated with
a rather large particle that is not necessarily of pure protein
nature (23, 26), During the various purification procedures
this carrier is partially or completely removed, depending
upon the nature of the procedure, This progressive removal
nay ascount for the deorsase in the sedlmentation constunt



as the degres of purifioation inereases (26). The most
highly purified preparations thus far subjected to
electrophoresis have proven not to be homogenous (27). This
has since been confirmed by several inveatigators using
widely different oriteria; chief among these is Meyer (28,29,
30}, The veriation existing between enzyme preparations
(especially the isoelectric point and sedimentation constant)
might well be refleoted in the kinetics of the hydrolysis

or hyaluronic ascid by hysluronidase thus accounting for the

| conflicting data found in the exiating literature.

DuransReynals (19) states that the asction of hyaluronie
dase is wholly specifis, This viewpoint is widely
challenged (46,34,28), The finsl answer ewalts the study of
a completely isolated and homogenous ensyme,

In composition, hysluronic acid is an equimolar come
bination of glucuronic aseid and Neacetylglucosamine of un=
known structure, This is polymeriged to very large and
elongated molecules exhibiting molecular weights ranging from
200,000 %o 500,000 {30). During hydrolysis, as by hysluronie
dase, the polysaccharide is first depolymeriszed, and then
hydrolysed, The chemistry of hyaluronic acid is well des-
eribed by Meyer (31) the leading suthority on the subject,

The biological funetion of hyalurenic acid appears to
be mainly architectural, Some of the most commen sources of
1{ 32}, umbilical cord (9), and

the substance are vitreous
synovial fluld (31).



G, Physical Methods

The direct result of the inoreased emphasis on basio
research has resulted in improved physical methods,
application of these in the form of the inviitro assay of
“hyaluronidase have been the subject of numercus publioations.
The most commonly w#ed method in the pest was the viscosity
reduetion assay (33,34,35). This method, due to 1ts intrinsic
naturs, is of doubtful velue m a Wﬁhﬁiﬂ assay
technique and is completely unreliable for kinetic studies.
The muein elot prevention test of MoClean (36) is extremely
limited in its spplication. The streptoccccal decapsulation
test of Fulton, Marcus, and Robinson (37) is extremely
sensitive but not well suited for strict quantitative work,
The turbidity reducing wethods af sssay are the most studled,
the most popular and the most mliu"h&é o Priginally
desoribed 1in 194} by Kass snd Seastone (38) this technique
hes subsequently been modified many times (39.40,41,42).
Nore recently this assay technique hes been mna by
Bachtold and Gebhardt (42) by the utilisation of well es-
~ tablished physico-chemical methods,

Due to the increased efficiency of these methods,
coupled with an improved understanding of the physieal
charaoteristios of the hysluronidsse~hyaluronic acid system,
1% is suggested that mush of what has besen done in the past
night well be re-exsmined,
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D, Immunological Properties

The immunologioal properties of hyalurenidase sppear
to be thowe of any proteinscious material. Antibodies are
demonstrable both as precipitims and by complementefixa-
‘tion (19), There sppears to be present a species bub nob
& type speoificity (43).

Hyaluronic acid is not antigenie., Efforts to produce
sonsitivity or fmmunization have been wniformly unsuccessful
(19;161&5&5} »

E. The Non-speoific or Physiologieal Inhibitor

It 1s believed by smome,that the presence of hyaluronie
dase inhibitor in the blood of infected and convaleseent
animals represenis a means of defense to S.mmn infection
(47,5)s The discovery by Hobby et al. (11} in 1941 that
normal lwman and rabbit sera contained an inhibiting sube
stance, revealed what ia perhaps one of the most interesting
and least understood aspects of the in wivo
hyaluronidase, Hobby (11) mistakenly aseribed this effect
to salt formation between serum albwin and hysluronie asid
and postulated, therefore, that the inhibition was primarily
due to the effect upon the substrade rather than upon the
~ enzyme, Haas (35,48,49) in 1946 cbserved that the sub-
stance responsible for the behavior M heat lebile as con~
trasted to the heat stable apecific antibody. This observation
affords the best means of separation of these two inhibiter
types. The heat lablle fraction is generally imown as non-
specific or physiological (50) imhibitor. On the basis of
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time snd temperature Haas (35) concludes that this inhibiting
| tha in the ﬁiwd is m ‘engyme, To support this

scheme Km has umm«ahd an nxtbamm ;ehm of mm&ns
,mma in the mm &ﬂxwm as pro ma mti«»mum

and theorizes a yw&i&mﬁ am#.ﬂ of mm, each mm:memg

& checking effect upon the other. It is reported { 50)

that Adner, on the basis of nm:lm axywmn%ﬁ, coneludes
very csutiously that Kuu m be oorrect, On the am:r hand,
Dorfmen, Obt, and Whitney (51) elaim to have evidence whioh
rules out any pessibility of imhibition due to an ensyne,
Similar conslusions have been arrived at MMWtw by
 Heohter et al. (52) and by Hedidien and Pirie (53). More

" recent work (54) indicates that hyaluronidase of testicular
origin posesses some pwﬁmiyﬁe sctivity which wnﬂ to
be responsibdble for the nltimate relesse of the mu«mn of
hysluronidase by non-specific inhibitor. This setivity,
;smbaw.y zammﬂ with Haas' "proinvasin I" 1s very likely
dus to the 2’»1: that wwmm but the most highly purified
enzyms preparations represent s mixture of at least two
distinet and separate ensyme,

The interastion of hysluronidase with the aum
mechanism has been suspected for seme time, As esrly as
19% Haas {38) pauMum, then meed. the identification

of non~gpecific inhibitor as heparin., In 1948 an attempt
vas m» to identify the inhibitor wi*bh amlmt
pro&mmbm (55). M at 51,,&56» 57) have shown that
~dialysed bovine mawmm sots as an anticosgulant in
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vitro by virtue of its cspacity to counteract the thromboe
plastic effect of plat&laﬂi¢ These investligabtors believe
that the interaction between hyaluronidase and the clotting
mechanism represents a competitive inhibition between
platelets and engsyme. An inhibition of the enzymatic dew
gradation of hyaluronie acid due to tissue thromboplaestin
hes also been noted by Fiala (57). More recently Roth (58)
suggests that hyaluronidase inhibition is intimately
associated with proconvertin activity deapite evidence which
suggests that inhibltor and proconvertin are not chemically
identical, With both complement and proconvertin preparaé
tions hyaluronidase inhibiting activity is lost rapildly
upon freezing., The éetivity can promptly be restored by
addition of inactivated serum, Both Fulton et al. (59)
and Roth (58) suggest that this indicates that full inhibition
depends upon the presence of a heat stable co~factor which 1s
present in inactivated serum but 1s destroyed upon freezing,
Several investigators have studied the variation of
hyalurconidase inhibitor under a varlety of conditions, Among
these are Glick and Gollan (60) who have reported studles on
the inhibitor levels of human and menkey blood after infection
with the virus of poliomyelitis; GCrals and Glick (61) who
studied inhibitor levels in a Variéﬁy of skin diseases and
Fulton et al, {59) who have studied the level of hyaluroni-
dase inhibitor in various malignancles.
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The explanation of these fin&inga"ié ag yet obacure.
The observation by Winszler et al. (62), and Selbert et al.
(63), that elevated levels of plaasna mucoproteins oceur in
patients with a varlety of metabollic and infectious diseases
offered a tempting palutian to the origin of the non=
specific inhibitor in view of the observations of Gliek
and Gollan (60). Subsequently work by Glieck et al, (6l)
indiecated, however, that hyaluronidase inhibition is not

assoclated with these plasma mucoproteins,
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III, MATERIALS AND METHODS
As Preparation of Enzyme

Hyaluronidase was extracted from fresh bull testes
by essentlally the same method as that described by Hshn
{27)« The resulbing liquld concentrates were stored at
hcﬂg for canaidérabla periods of time, No appreciable loss
of setivity was observed over these periods. Freah’enzyﬁﬁ
preparations were made for each experiment from the liquid

concentrate,
B, Preparation of Substrate

Potasasiwm hyaluronate was prepared from huwmsn umbilical
cord collected in 2 per cent agqueous phenol,

The purification of hyaluronate depends primarily upon
the removal of verlous proteins from the umbillcal cords,
Different methods of purification vary in the manner in which
this is eccomplished, The method described by Tolksdorf (41)
proved highly satisfactory end was therefore routinely used
to effect the preparation of the substrate in this lab-
oratory,

The powdered substrate thus obtained was stored at room
temperature., From this stock sufficient hyaluronate was
made up in pH 6,0 buffer to run esach experiment, Onece in
solution, the storage of substrate is not practical since
turbidity producing properties are lost rapidly. Thias
necessitates the preparation of a fresh substrate aolution
for each experiment thus involving certain welghing errors
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which, in turn, are reflected in the range of turbidities
obtalined,

C. Buffer Solutions

A 0,5 M acetic aaidﬂawm acetate mixture of pH 6,0
containing 0.73 per wn&‘ godium chloride, and a 0.5 M
acetate buffer of pH L2 were used throughout the experiments.
These bufferas are to allow the development of maximum
turbidity in a glven substrate prepsration under the proper
conditions, The buffer solutions were stored at 49C. to
prevent miarabiél growth.

De Acidified Plasna

Human plasma was obtalned from local blood banks,
acldified, then aged according to the method described by
Tolkadorf, et al. (65).

e Konkay- Serum

Monkey sera was collected aseptically by cardlac
puncture from anesthetized experlimental animals, After
centrifugation the serum was removed and stored in ampules
at -600C, until needed. \

F, Hormal Serum Pools

Serun gamples were c¢ollected from 20 normal monkeys and
pooled, Thls material was then placed im ampules, sealed,
and stored at «60°¢, until used, Serum from this pool was
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ugsed throughout the entire study in order to eliminate
variations in inhbitor levels which would interfere with
the accuracy of the kinebtlec sbtudles.

G, The Hysluronidase Inhibition Test

1. Collection of serum.

At least two serum samples were obtained from each
animal previous to infection with poliomyelitis virus., PFrom
these semples, a mean normal reatin@ level of inhibition was
agcertalned, Blood was dr&wm‘atVEWn day intervals following

infection until the first symptoms of poliomyelitis were
noted. It was found necessary, due to the rapld progress of
the infection, to draw blood mp@nrﬁhs day of flrst symptoms
and each day thereafter untll the height of paralysis and
the consequent inability of the animal to feed itself,

The sera thus collected were sesled in ampules and
stored at »6006 until the aerias'of eefum samples for the
animal under observation was complete, The entire group of
sera were then run in one experliment with a singlé substrate
and enzyme preperation to determine the extent of the risge
in inhibitor,

2. Test for nonspecific (ﬁ§5313 ®Ai;§13 inhibltor.
The technique used to assay the degree of hyaluronidase
inhibition was essentially that deseribed by Bachtold and

Gebhardt for the assay of enzyme preparation (42).

For each serum sample & series of tubes was set up, each
containing 0.5 ml. of substrete selution and 0,1 ml. of a 1.3
dilutlion of the serum sample. DBothe the substrate sand the
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serum were preparsed in pH 6,0 buifer, To cach tube was

added 0.4 wl, of enzyme contalning 2,0 twrbldity roducing
units (L.ReUs). These btubes were then inecubated for vmiag
poriods of timwe in a 37°C waber batlh. A suitable scrics of
control tubes was also run, each tube containing 0,5ul. of
subatrate, 0,1 ml, of 3;;3"6.{) buffer and 0.l ml. of ensyme,
Following the incubation intervel the reaction waa stopped by
Jmmersing the bubes in a 6066‘ waber bath for 10 minutes.

The tubes were chilled in an ice bath then 3 ml, of pH L.2
buffer and 1.0 mls of acidifled protein were added, After

a perlod of 30 mimates to allow turbidity to develop, the
absorbancy was determined with a Coleman Junior spoctrophotos
‘meber set at a wave length of 580 ml,

As has been shown by other investigators {42,56) the
concentration of byaluronate in each tube ean be debermined
from the absorbancy cbserved. The concentration of hyaluronate
present after the period of hydrolysls can then be substitue
ted into the familiar first order esquation and used to calw
culate the specifle reaction rate conatant k as shown belows

t Cg
Co 8 inltisl concentration of substrate
Ot a concentration of substrate after the reaction
interval (t)
From the mean k velue so obtained for each serum sample
{kg), the following relationship can be established with the
k value obtained freom the enzyme control {(k,)s



The aymbol, #I, represents the per cent inhibition of
engyme activity.

Specific antihyeluronidase refers to the speeific anti-
body %o hyumrani&ue- which may be resdily d&sumiﬁm from
the physiological inhibitor of hyaluronidase in any given
sorum sample by means of it'a stability at 5&%.; At this
temperature the phﬂi@lnsieﬁ or nonspecific inhibitor 1a
completely insctivated at the end of 10 minutes, Any re=
maining inhibitory properties of the heated serum sample may
‘then be attrivuted solely to the presence of speocific anti-
hyaluronidase, |
| The assay procedure for specific m@:umamnmuu is
‘the mame &s that desoribed ;i‘ar physiologioal inhibiter with
but one exception; the serum sample to be assayed is heated
at 560C for 10 minutes previous to dilution of 1.3 with pH
6,0 buffer, The heated,diluted, serum is then added to the
teat system as described previously.

H. Procedures For K:im%é Studies

Determination of optimal exngjme congsntration

The optimel enzyme consentration varies depending upen
the nature of the experiment. If, in any given experiment,
the ensyme concentration ahmm :x.a‘ too great, hydrolysis of
the substrate proceeds to such a degree during the reaction
interval that 1t is _iwmiihh to acourately measure the




amount of substrate remeining unhydrolysed, The Peverss
situation occurs ﬁhﬁﬁ‘ﬁkﬁIenﬁym@\ﬁangeﬁﬁrﬁﬁian‘in too small.
Bearing in mind the range of hydrolysis that is.
desirable in ﬁhé proposed experiment, a series of tubes
contalning the proper concentration of substrate is prepaped.
To each tubs ls added a successively higher di&n?iun,ér |
enzyme, The reaction is allowed b0 procsed over the sllotted
time intervel then stopped es previcusly described, The
amount of substrate remaining in each tube 1s determined and
from this data the degree of hydrolysis in emch tube is
ofloulated, The snzyme dilution corresponding to the desired
éamga,af hydrolysis id thug chosen directly or by interpolation,

In order to get the preclse results required for any
kinetie study 1t was found necessary to revise the procedure
wsed for the inhibition studles, The factors responsidle
for the inaccuracies present in the original assay system
were primarily due to temperature variations, timing and
yipetting érreruy

In order to eliminste, as far as possible, the error
dus to pipetting the ratlo of the various reactants was albered
from that originally used in the inhibitor studles., The
concentrations of substrate and ensyme were adjuated so that
for each a volume of 1 ml, was used per tube, This made
possidble the use of volumetric pipettes. The variocus sub=
strate concentrations neceseary for each test were obtained
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by earsful wmzm. One sl. aliquots of the dilutions
were pipetted into the resction tubes. The variocus dilutions
of sera, when used, m¢. added in a 0.2 ml, volume, Such a
snall volume was considered to be permissible sinee the
smount of serum was found to be less critical than that of
engyme of substrate, The finsl volume of the reastion
system was then 2.2 cc an compared to 1.0 co used in the
w&giml inhiblition studlies.

m utinwk&m ef a highly sccurate constant temperature
water bnth made it possible to keep temperature nmmw.m
withinto.2%,

The mjeruy of m ki,m’m #tudies were carried out:
st temperatures varying from 4%¢ to 150¢. It was found
necessary to use low temperatures for ths reaction for two
reasonsg abt low temperature, the yeasction velocity could be
retarded to the degres where the resction time interval
could be prolonged sufficlently to n&m&n ‘the tlming error
resulting from a short resction intervelj secondly, a
sufficiently high ensyme concentration could bs utilized to
insure that the reaction would mﬂtd as a monomolecular or

first-order reastion,

The constant temperature bﬁh was equipped with a
Fenwal thermoregulator, a high speed stirring motor, and one
or two (as was needed) hollow stell oylinders into which
small pleces of dry ice were placed. By varying the number
of these oylinders, the depth at whioh they were immersed in



the bath, and the sdjustment of the thermoregulator, any

W!‘IWQ from l@ W ?% sould be mmaimd to within
4]

0,270

L, The salculation ei m reastion velaci

in order to caleulate wwﬂirm vaﬁ.mity one must now
the time interval of reacstion (%), the initial substrate
 oonsentration (Co), and the amount of substrate remsining
at the end of the interval of reaction (0 ). Both the time
intervel and the initial sﬁhﬁﬁra% concentration are chosen
by the investigator, hence one need only calculate the
smount of substrate remalning unhydrolyzed at the end of the
reaction interval, This is done by comparing the turbldity
developed in the reaction tube with that of a series of
graded substrate concentrations, The relationship between
absorbancy and substrate conscentvation is established
diagrammetically., One may, from the resultant curve, determine
the amount of substrate from any given absorbansy value.
Having established the smount of substrate remalning after a
reactlon interval of (%) one may then caloulate velocity from
the following relationships

The symbol v‘ mmmu velocity and is umnné in unita
of milligrams hydrolyzed per minute, |

The value Co « Cx represents m mmt of subgtrate
hydrolyzed within the reaction mbmal (),

Se




nal and the reviged assay ‘procedures
wers uﬁi&im, d&ponﬁ!.ng upon $he mature of ths exper me,
for the determination of ’&m mmﬁm order of m hydrolyais
of hysluronate, With elther method of assay the rate of the
resction wnder the amﬁit&m imposed was established by
determining how this rate was influenced by the concentration
of the reacting substance or substances, thma for the
concentration of unhydrolyzed substrate were obtained at
various tims intervals during the ressticn; the temperature
and ensysé concentration being held constant throughout snuy
~ one run, The order of the vesotion was then determined
solely by the best . f1% of the data so obtained to one of the
rate equations. &qmma the data invariably fitted so closely
elther the serc or first order squations, dwpandtagugan
the experimentel conditions, it proved unneces
ealoulate a frasctional order for any of the reactions studied,

In order to caloulate various physical constantas 1t
is necessary to establish the effest exerted upon the

| reaction velooity by the initial substrate concentration,

The range of substrate concentrations which ean be utilised

in such & study is limited by the nature of the turbidimiteris
- method of assay. Because this range is extremely narrow,

all substrate concentrations were prepared by the dilutlion

| of a standard substrate sclution. In any ohe experiment the
the engyme consentration, temperature, end time interval of



reastion were held constant, the only variable being the
substrate concentration, The veloeity of the reaction for

a given initisl substrate concentration was determined by
dividing the amount of mbstraf;a hydrolymd in each group

by the reaction time interval. %m valwa thus abta&wd

were plotted in verious ways againatz the cmmawm
initia) substrate concenbrations as described under mwman?-
tal results,

7. The sffect of temperature.

In order to gain & further insight into the nature of
the hydrolysis of hyaluronate by hyaluronidase, an abttempt
was made to determine the effect of temperature upon the
reactions Substrate and enzyme concentrations were adjusted
so that the reactlon procesded as near as possible to the
first order over as large s temperature range as posgsible.
The reactlon was allowed to proceed to the same degree of
completion (within experimental limite of error) at eash
temperature levels The variables were therefore temperature
and time, enzyme and substrate concentratlions being held
constents These conditions were imposed in order to minimige
the variation from the mean "k" values that occcured {at
certain temperature levels) as the degree of hydrélysis pro=
gressed, 7This occured because the reaction did not procesd
strictly in accordsnce with the first order equation at these

temperatures but was, neverthsless, close enough to justify
the use of this equation {provided the degres of hydrolysis



was rigldly conbrolled), The "k" value for the reaction
at esch temperature level was calculated by means of the
first order rate aquaﬁion wﬁ plotted agsinst the corresponde
ing temperature as shoun mﬂw experimental results., The

revised asaay technique was utilized throughe
atudies in order to obtain more preclse data.

The effect of temperature upon the inhibition of the
reaction by normal monkey serun was determined by essentially
the same method as deseribed above. To each tube, with
the exception of the controls, was added 0.2 ce¢ of a 133
dilution of normal monkey serum, The reasction was allowed
to proceed to the same degree of completion at each teme
perature as was previously described and the degree of
inhibition was caleulated for each temperature level.

Per cent inhibiﬁién was plotted as the ordinate versus
the corresponding tempersatures,



IV, EXPERIMENTAL RESULTS I
A. HNature of the Hyaluronldase Inhibitor

The inhibition of hysluronidase by unheated monkey
gerum {I;) may be attributed to the sum of two factors;

x: = Im."" IJ

the heat labile, nonw=specific inhibitor (I,.,) plus the heat
stablle antibody, antihyeluronidase (I,).

Antihyaluronidese (I;) was observed in approximately
60 per cent of the animals teated, but in auch low levels
that 1t was difficult to detect. In addltion, there has
been no consistant correlation between the progress of the
poliomyelitis infectlon and the serum level of this antibody,
The few cases in whieh a rige in this antlbody was obaserved
(Figure 1) might well be due to the secondary invasion
frequently observed in terminal paralysis,

The contribution of antihyaluronidase to the observed
total inhibition (Ix) may therefore be considered suffi-
elently small sa to be disregarded thus leaving Ix solely
ag a function of the nenespeecific inhibitor (I.-s )

I, I,
B. Significance of Hyaluronidase Inhibitory Levels

In order to quantitate changes in serum hyaluronidase
inhibitory levels, one must first establish a normal resting
range for this capaecity. The establislment of such a value
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inhibitor and antihyaluronidase in a policmyelitis
infected monkey.
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depends upon two major fectorss the day-to-day variation
in normal resting iuhibituxy‘iaiala and secondly, those
errors inherent in any anslytical test of this nature,
The following experiments were designed to ascertain

the magnitude and relative importance of these factors, and
hence to autahliah the normal resting levels within
carefully defined lﬂmiﬁ#»k

~ Blood was drawn from three normal monkeys every
second day for 10 days. The total inhibitory level {Ix)
was then calculabed for each semple (Table I). These
values represent a combination of day-toedasy variation
and any analytical error.

TABLE 1

Total Inhibitory Levels and Accompanying Std,
Devigtions in Three Animals

Number of Mean I $td, Deviation

5 37,68 2,6%

#1551

o

# Samples drawn at 2l hour intervals

It is apparent from these data shown in Table 1 that
the varlation in the resting level of individual animals
is large. The standard deviation involved is almost twice



21

the ealculated value farlthn standard deviation within aaay
group. o L .

In order to déﬁbﬂmﬁﬂn“ﬁhﬁ‘c@nﬁributiaﬁ*af the analytical
error to the observed standard deviation, four samples of
sera were tested repeatedly for hyaluronidase Inhibitory
activity (Table II).

TABLE I1

Egtimation of Analytical Error
(Repeated Observations on Single Serum Samples)

Y A (5) ,
1l 37:35,35,32,37 3h.2% 2.2%
2 - 29,37,37,37,37 35.4% 3.6%
3 21,28,26,27,28 26.4% 3.2%
b 21,26,26,27,30 26,0% 3.2%

Upon comparison of the average etandard deviations
from Tables I and IXI it is apparent that the contribution of
the day~to-~day inhibitory variations to the observed
standerd deviation s so slight that 1t is of questionable
significance, The variation about the normal redting level
must, therefore, be due almost completely to analybieal error.
If the experimental data could be asaumed to follow
closely the normal or "Gausasian® disﬁributzen, any level of
hyaluronidase inhibition greater than or equal to two
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standard deviation (2} above the mean resting value could
be considered to fall within the 5 per cent (0.05) level
of confidensce (Figure 2}, Since, ’W&ﬁr » the experimental
population is routinely rether small (4 to 6 samples)
1t was deemed necessary to replace this value with "t"
standard deviationa (t.c). This value plus the normal
resting mean represents the lower level of significence.
The "t" for an experimental population of 6 samples (5
degress of freedom, n+1) is i‘um to be 2,6 at the 5 percent
level of confidence; hence, "t" standard deviations is 8,1
per cent (t = 2,6 x 3.1%). «A’r’w‘imram of aerum inhibitor
values in excess of the sun of the mean resting value plus
"t" stendard deviations was therefore considered to indlcate
a significent rise in the inhibitory level of the sere.
This is demonstrated in Figure 3.

It s important to note that as the number of samples
spproaches 20, the distribution of the significance ratio
(t) approaches the shape of the normal curve (67).

Ca ?he Rise of Hysluronidase Inhibitory Levels

| An identical pattern in the rise of serum hysluronidage
inhibitor (I ) was noted in animels infected via the intranssa!
and intracerebral routes (Plgure l), This similarity 1s

not surprising since in both routes, the virus enters the
brain rapidly and more or less directly without a humoral
phase, With either method the perlod preceeding paralysis is
easentially the senm,
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The rise in the hyaluronidase inhlbitory level of the
infected animals' sera is not gradusl but, to the contrary,
rose rather abmqitly. A significant inorease in the serum
inhibikary lovel just preceeds or 1s concomittant with the
onset of paralysis (Pigures 1,3, and L), |

When a vertical line is draun to the aboissa from the
pﬁm mf‘ @ntoraap& of the serum inhibitor mva with the line
ropwamtiﬁg the theoretical level of a:!.gaiz'iams » the time
neceasary for the serum to rise m z*éati:ag to significant
inhibitor levels is indicated (Figures 3 and 5). The mean
value :{’oziﬁ this period in a series of 10 mnln was found to
be 5.1 days in contrast to mean 6.2 days for the onset of
first paralytic symptoms and 6,9 days until paralysis was
complete, (Table III}, |

The magnitude of the rise in serum hyulwénmma
inhibitory levels of &nﬁiv&@uﬂ animagls 1s relatively con-
stant, Converaely, the normal resting inhibitor levels in
individual animals varies widely as illustrated in Table IV,

The mesn value for the magnitude of serum hyaluronidase
inhibitor (I+) rise is 20.5 per cent possessing a standerd
&ev.tamm of 5.3 per cent, If the error ﬁmr to the teast
procedure {3.1%) was substracted from ’chis value (5,3% «
3.,1%) the resulting deviation is 2.2 pa:z- eont, This indi-
cates that the magnitude of the serum inhibitor (I:) rise
in individual snimals i mmagingly constant, On the other
hand, the resting mean value of 34.8 per cent for serum
inhibitor, péan“@a the extremely large standard deviation
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necessary for the inhibitor levels to rise to
significant heights was, as can be seen, 5.8 days.
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TABLE III

Comparison of Significant Inhibltor Levels to
the Time Intervals of the Infectlon

Wonkey — Interval Preceeding 177 Paralytlc — Total
Number  Significant Inhib, © Symptoms Parslysis
5.3 deys 5 days S days

6,2 days 7 days 8 days

5;0 days 5 days 6 days
5.6 days ‘ 6 days 6 days
5.3 days 6 days 7 days
2.5 days | 5 days 6 days
€.3 days T days 7 days
5.2 days 8 days 8 days
L 0 days 6 days 7 days
10 5.8 days 7 days 9 days

LT B - S S SO T ; B -~ PO RN . T I |

of 10.9 per cent, Gnrraetién for errors of measurement fail
to reduce this value significanbtly. This indicates that a
marked variation in the resting level of serws inhibitor
(I&) exists among individuml animal&.k

D. PFallure to Observe a Rise in the Eyaluronidase Inhibitary

Level of Sera

The probabllity of an infected anime) exhliblting
paralysis or clinical symptoms 1s much less in the gastro-
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intestinally infected animal than in an animal infected by
either the intracerebrsal or intranasal route, Ordinarily
95 per cent to 100 per cent of the animals innoculated by
elither of the latter two routes exhiblt some esvidence of
poliomyelitis within 5 to 11 days after introduetion of the
virus, When the virus is introduced into the stomach by
means of a catheter only 20 per cent to 50 per cent of the
animals exhibit clinical aymptoms or paralysis and the
ineubation par@& varies from 7 to 18 dayas.

TABLE IV

A Comparigon of the Magnitude of the Rise in
Serum Inhibitor Level in Seversl Animsls

@mqmmpwwwgé

“Resting  Heximmm Helative
(Iz) (Xz) Iz Rise

2y % % 17 %
59 % . W% 15 %
37 % 60 % 23 %
2y % 50 % 26 %
32 & W6 % iy %
L8 4 69 % 21 %
32 % 60 % 28 %
2% 58 % 26 %
31 % 52 & 21 %
10 29 % W3 % 1 %

Resting mean = 34,8 % + 10,9 %
Mean relative rige = 20.5 %% 5.3 %
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Twenty animals were infected by the gastro-intestinal
route, Eight enimalas or LO per cent exhibited paralysis
following ineubation pertods of 8 to 16 days, None of the
8 paralysed animals exhibited a rise in serum hysluronidase
inhibitory level either preceeding or during paralysis
(Table V),

TABLE V

Total Inhibitory Levels in Monkey Infected with
Poliomyelitis vie the Gastroe~Intestinal Route

Animal  Resbing 1x values Freceed= 1z &t the time Incubation
Number I.  ing Paralysis (%) of & subsequent  Period
, . , —— b0 Parelyais —
22  26,26,25,23,28,23 21,23 16 days
32% 35!33#31Q31f33 32,33 | 10 days
3% 40,38,45,43,43 LS, ul 10 days
39,39,40,42,36,40 40,39 11 days
26% 22,26,23,25 25 8 days
31%  28,31,29,35,33 31,36 10 days
i 31,31,28,31,33,28 30,31 12 days
52553550,46,49,49 50 11 days

L%
o
R

o -
5 B
WOW

He The Relationship of Pollomyelitis Antibody Level to
the Serum Hysluronidase Inhibitor,

The rise in the hyaluronidase inhibitory levels of
monkey sera during the course of poliomyelitis was markedly
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similar in both intranasally and intracerebrally infected
animals. However, there is no corresponding rise in the
inhibitory levels of monkey infected via the oral or gastroe
intestinal route, ‘

It has frequently been observed in thls laboratory
as well as elsewhere (68,69), that monkeys infected either
intracerebrally or intranassally fail to éxh&bit detectable
of humoral antibedy to poliomyelitis virus at the time of
paralysis or up to two months subsequent to paralysis. On
the other hand, orally infected animals rarely fall to
show detectable virus entibody levels at the time of , or
shortly after, perelysls (70).

The failure to exhibit a virus antibody titer associated
with & tise in hyeluronidase inhibitory levels and, cone
versely high virus antibody titer assoclated with the fallure
to observe a rise in hyaluronidase inhihitar levels suggests
& reciprocal relatlonship between enzyme lunhibitlion and
virus antibody, Whether or not this relatlonship 1s a
colincldence 1s‘not clear, The analogy is, however, too

tenmpting to discard wlthout mention.

F. Inhibition of Hyaluronidase by the Hydrolytic Products
of Hyaluronic Acid |

The rise of serum hyaluronidase inhlibitory levels has
been observed in a variety of infectious processes (71,61).
The possiblility that this rige amight be due to the accumuw
labtion in the blood of the breakdown products of ground
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‘substance or, in essence, thsrhyﬁﬁpiytic products of
hyaluronic acid is worth investigation, It 18 theorized
that under certain eaﬁditianglﬁhia enzymatic reactlon may
be self limiting due to the acoumilation of reaction bye
products whieh\may'maﬂifeat,andinhibitory effect upon the
faaeti@nof '

The effects exerted upon hyaluronidese by the
hydrolytic produsts of hysluronic acid were determined as
shown in Figure 6, 1 o

It wae noted that fallaﬁing eéernight dialysis (gtép 2).
the concentration of hyaluronic acid in the dialysate,
(measured turbidimetrically) remained constant (step 2@).
To this dlelysate a small amount of an extremely dilute
solution of hysluronidase was added {step 3), This was
enough to assure complete breakdown of the substrate yet
not enough to interfere with the subsequent analysis of the
dialysate for engyme inhibiteory gqualities, Since a small
resldual amount of active enzyme was in every case present in
the dlalysate after hydrolysls, 1t proved necessary bo
devise a method to estimate the magnitude of this residue.
Because of this a parillel control was run in which an identi-
cal concentration of enzyme, prepared in buffer pH 6.0, was
submitted to the same procedures as was the original enzyme~
substrate preparation. It was aspumed that after hydrolysis
the same amount of active enzyme would be present in the
hydrolysate as was found to be present in the control prepara-
tion,
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Hydrolysis of the substrate was found to be complete
at the end of 10 hours (step 3}, at which time the hydroly~
sate wes divided into two aliquots, Various fraction of
these sliquots were tested with sultable eanzrula for
hyaluronidage inhibitory activity. The results of these tests
are shown in Table VI, '

TABLE VI

Ensyme Inhibitory Levels of Various Fractions of the
Hydrolytic Products of Hyaluronie Acid

Intact Hydrolysate
Step 5b, (Figure 6) 3%

Heat Inactivated Hydrolysate
Step 5a, (Figure 6] 0%

Dialysate of the Intact

Hydrolysate ,
Step La,(Plgure 6) 0%
Concentrated Diffusate of |

the Hydrolysate
Step lib, (Figure 6) 5%

whniinhibitary values noted above are expressed as the
percentage of the theoreticelly hydrolysable substrate re-
maining unhydrolysed in the presence of a given amount of
enzyme, These values are caloulated as followst

L100 % I

Xk = mg. of substrated hydrolysed in the control.
X, = nmg. of substrate hydrolysed in the test.



Sat., soln., of hyaluronic
(1) acid in pH 6.% puffer — 1—{(a)—— check % transmittancy

Overnight dilalysis vs.

(2) 10 vols., pH 6,0 buffer 2-(a)——> compare transmittancy
temp. LOC with that obtained in
step 1.
Add enzymg (10 T.R.U.
(3) place in 37Y bath. Check
3 transmittancy at intervals
until hydrolysiﬁ is complete
14g hydrolysate 1/2 hydrolysate
. L}
Dialyze hydrolysate Divide hydrolysate
vs. pH 6.0 buffer (5) into 2 allquots
20 hrs. Temp L©OC l
'[ | o |
Check dialysate Conc. diffusate to Heat to 60°C - 15 Check for enzyme
for enzyme (4p) vole. of dlalysated (gg) Min. and check for (gyp) inhibitory
inhibltory check for enzyme enzyme inhibitory activity

activity inhibitory activity activity

Figure 6, Flow sheet., Thils figure i1llustrates the
steps 1n the procedure used to determine the effect of
break-down products upon enzyme activity substrate,
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Time, temperature, substrate concentration, and enzyme concen-
tration are necessarily the same in both the control and
tent,

It is obvious that with the concentration of hydrolytic
products obtained in the preceeding experiment the inhibition
of hyaluronidase by these products in minimalj therefore ,
the rise in serum hysluronidase inhibitory levels cannot
be attributed to the presence of such by«products in the
blood of infected animals.
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V. EXPERIMENTAL RESULTS II {THE KINETICS OF THE INHIBITION
HYALURONIDASE BY NORMAL MONKEY SERUM)

A The Reaction Order

The order of the reaction was found to be influenced
by the nature of the substrate preparation used, The
reactlion was observed to be of a fractional order with the
best substrate preparation available in this laboratory.
The data, however, fits so closely the conditions imposed
by the firast order equation

in both the enzyme~substrate and enzyme=substrate plus
inhibitor systems, that it was felt Justifiable to caleulate
inhibition on the basis of the "k" values obtained from the
above equation (Pigure 7, and Table VII),

It proved to be possible, with less highly refined
substrate preparations, to push the reaction into the realm

of the zero order as defined below.

ﬁ*%%Q =K

This may be dus to the fact that it is possible, with this
type of subatrate preparation, to get a high concentration of
substrate without the flocculation which occours in these

same concentration ranges when using more highlyArafinad
substrate preparations,
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. TABLE VII

The Caleulation of Per Cent Inhibition from the
"k" Velues Obtained from the Firgt Order Data

T ——: T TM—— (T ST

Enmyme 5 min, 10,1180 %

Enzyme o 10 min, - 0,09L8 :
m% ‘nem.s, 10 min, | Q:ﬁ?%a 2y %

Enzyme 20 min, 0.0682 |
Ensyme n.m.s. 20 min,  0,0555 19 %

mal monkey serum

DeMeBs =
B. The Effect of Substrate Concentration

The effect of the concentration of substrate (hyaluroniec
acid) upon the velooity of the hyaluronidase cabtalyzed
shown in Figure 8, The basis for the mathematical
tmamnt of .this type of daba was first formulated by
Michaslis and Menten (74), however the estimation of the
mwmwaﬁa complex dlssociation constant m,; snd the
maximum velocity (V) is resdily accomplished by the less
cumberscme method of Lineweaver and Burk (72 )o T2 _qu of
this method for the ¢sleulation of Ks and V for a typlcal
hyaluronidase catalysed resction is shown in Figure 9. The
slope of the line in Figure 9 iz Ks/V and the ordinate inter
cept 1s 1/V. Prom this data Ks and V are readily obtainable

Several such determinations were run on different hyaluro-
nidase hyaluronic secid systems, The results with their |

resction is
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Flgure 7. The enzymatic hydrolysis of hyaluronic
acld plotted as a first order reaction. The lines
were drawn by the method of least squares. The slope
is equal to 2.303/k in each case, :
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accompanying stendard deviations are shown in Table VIII,

The large varisnces demonstrated in Table VIII indicates that
the system 1z not especlally well sulted for such precise

~ studies, | Mvw, m velues ewama from these experiments
aré adamts to indicate m magnitude of the phyuieal eon
atants involved in m hysluronidase catalyzed resction,

TABLE VIII

Typloal Values of Ks# and Vi Obtained with
Hyaluronidase Catalyzed Systems

3.30 x 10°2 5400
3,04 x 10°2 14,08
2,27 = 10°2 2.20
5.51 x 102 6400
5,90 x 102 6,10
142 x 1072 1.56
5,30 x 10™2 - T.81
TR T T TR ;

YV =» .72 £ 2,29
#Ks » The dissocliation constant of the ensyme substrate complex
#4V 3 The maximum reaction veloelby,

-~ oA oW

A ‘bﬁ!ﬁﬂ wers run aither :tn duplicate or triplicate,
It was found necessary to maintein the mnaﬁiem# at low
temperaturs (4° %o 69¢), At higher temperatures, hence necess:
érily lower enzyme concentrations, ‘the reaction proceeded in a
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Pigure 9. Calculation of max. velocity (V)
and enzyme =- substrate dissociation ccnstant (Kg)
by the method of Lineweaver and Burk. The line was
drawn by the "least square™ method.
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manner analogous to a gero order reactlon, It was only
when the reaction velooity could be restricted (lower

temperatures) that the ensyme ¢oncentration sould be

ralsed to the level where the resction veloocity would res~
pond to changes in the substrate concentrstion.

Gy The Energy of Activation

In 1887, Arrhenius pointed out that a reasonable
equation for the variation of rate constant (k) with tempera=-
ture might be

The quantity Ea ia known as the energy of activation of the
reaction,

If Ea can be assumed to be temperature independent the
above equation can be integrated to the form

,%frﬁ

where A is the conatant of integration. This is the
classsical Arrhenius squation,

log k2 = BEa

It is obvious from this that a plot of the logaritim
of the rate constant (k) against the reciprocal of the absgo~
lute temperature should be a stralght line with a slope
equal to
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From this date the activation energy for the reaction i
readily cslculated,

Flgure 10 1llustrates the Arrhenius diegram for the
hyeluronidase catalysed systen, The slope of the strailght
line 1s 3,0x103 and from this the energy of activation (Ea)
1s caleulated to be 13.7 K~calories,

De The Effect of Temperature Upon the Degree of Inhibition

Ideally in temperature at&dien of this type the only
varisble in & aystem of ensyme, substrate, inhibitor, and
time would be the temperature itself, It was reasoned,
however, that if the time interval was kept constant, regard-
less of the various temperatures at which the testa were
run, the end of each test would find the reaction in a
different stage of completion, An enzymic reaction may be
studled at different stages by varying the time interval of
reaction, Table IX indicates the variation in percent
inhibition found at various atages of substrate hydrolysis
in & typical hyaluronidase catalyzed reaction.

The large standard deviation observed within the 5 minute
group is to be expected, In this short interval those
errors involved in the timing of the test are\maggzriad. The
overall standard deviation (5,06%) of the inhibitory values
’faund at various stages of the reaction 1la rather large.

For this reason the reaction intervals, at the various
temperatures, were chosen so as to allow the hydrolysis of
the substrate to proceed to the same degree of completion

in every case.
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The variables in these studies were, therefore,

temperature and time, The results of the temperature
experimenta are shown In Figure 1l and 12,

Per Cent Inhibitlion of Hyaluronidase at Various
Stages of the Hydrolysis

Tube

O @OV FWH |

10

5 15

5

10 min, 21 23,5 2,90 %
G min. 23 24,5 1.73 %

20 min, g 19,0 3.25 %
20 min, 15 |

E.

Mean % Inhibition = 20,5 %

Overall 5td, Deve = +5.06 %

The Determination of Hyaluronidase Inhibitor in
Honkey Serum

A linear relationship between hyaluronidase inhibited

and the amount of inhibitor would seem to indicate that the

blood plasma inhibltor forms s stoichiomeiric, non-dissocisble



% Inhibition

15

10

53

T ’.-’.
P4
o
7
V4
[ J
V4
- /
7/
/
/
R /
/
/
[ ]
J
/
o 7/
/1 ® = mean values
o”
2 ] 4
0 10 20 30 L0
Temp OC

Figure 11. Effect of temperature upon
inhibition. Per cent inhibition values
calculated by "k" ratios.



% Inhibition

1 b h

0 10 20 30 4,0
Temp. °c

Figure 12, Same data as presented in
Figure 11 calculated by the "least square"
method.



ES

compound with hyaluronidase, If this proved to be the case

then a method similer to that of Kunitz (73), might be

adgpted to the determination of hyeluronidase inhibitor in

animel sors, In order to determine if this linear relation=

ship existed, various serum ﬁiluaﬁim‘wem made with pH

6,0 buffer to cbtain various inhibltor oconcentrations.

The degree of hyaluronidsage in&iﬁ.bi‘bim was axprwuw' an

per cent inhibition., Thie value can be determined either

from the degree of substrate hydrolysis (Figure 13) or

by means of the "k" values obtained from the first order

relationship, The sgreement between the values obtained

by the two methoda is fairly good as shown in Figure 1l.
When one plots ;»@mntaga inhibition versus decreasing

inhibitor concentrations, the relationship between these

values approaches & linear function (Pigure 15)., Unfortus

nately at the serum concentrations necessary to produce a

completely linear relationship, the degres of inhibition esn

no longer be messured with precision.

¥. The Type of Inhibition Involved in the Hyaluronidase

Serum Systen

Inhibitors of enzymic reactions are frequently divided
into two types: competitive and nonwcompetitive, Come |
petitive inhibition may be desoribed as the competitive
between the inhibitm? and the substrate for specific groups
on the enzyme; thus, the éa@ruae in en‘smia activity 1s
dependent upon the relative concentratlon of both substrate
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and inhibitor. In nonscompetitive inhibition the combination
of inhibitor and enzyme does not interfere with the specific
groups of the anayma‘whiahubiaﬂkﬁha substrate and, hence,
inhibition depends solely upon the concentration of the
inhibitor, |

 The method used was based upon the mathematical formu=
lation of Lineweaver and Burk (72), for competitive inhibie
tion., Competitive inhibition is indicated by an inorease in
the slope of the reciprocal of the veloclty versus the
reciprocal of the substrate (1/v; 1/(3) plot accompanied by
no slgnificant change in intergept. Such is the case in the
hyaluronidase~serun system as may be seen in Figure 16,

The effeet of the competitive inhibitor is to inerease

the alope of the control line by the quantity g@kxéglg

Ks = dissociation constant of {ES)

(I) s concentration of inhibitor

K1 = dissociation constant of (EI)
From this relationship it is possible to calculate Ki. In
thig csse, however, the use of serum for inhibitor precluded

an aceurate evaluation of (I).



1/v x 102

enzyme,substrate and serum

enzyme and substrate only

1/(8)

Figure 16. The competitive inhibition of
hyaluronidase by normal monkey sera,



61
VI, DISCUSSION

The studles presented here were designed mainly to
clarify two closely related osccurencesj the rise in the serun
level of hyaluronidase 1:;111’511:@» during the sourse of
poliomyelitis and secondly, the physieal nature of the inhle
bition of hyaluronidase by normal serwm,

The fact that the blood of a number of mammslisn species
brings about the inhibition of hysluronidase has been kuown
for some, time, This ocecourence h due to the presence of a
fphysiologlical® or nonwspecific inhibitor as contrasted to the
apecific antibody produced in mipeme to the antigenic
stimulus of some specific hysluronidase, A rise in the serum
level of this non-gpecific inhibitor has been observed in
monkeys injected with the virus of poliomyelitis by way of
the intranssel end intracerebral routes. Those animals
which falled to exhibit clinical mmmyauﬁia, as well as
all the animals injested by means of the gastro-intestionsl
route, demonstrated no rige in phyalalogiul inhibitor levels.

Animals injected via m imraumbral md intrenssal
routes rarely show a virus sntibody titer in leas than two
months following injection, On the other hand, those animal
injected via the gaatm‘-mtaaﬁwnﬂ route routinely exhiblt
a titer shortly preceeding or concomittant with the first
symptoms of paralysis. The possibility of a reciprocal
relationship existing between virus antibody and enzyme inhi-
bitor (mentioned in the experimental results) should not be
ignored., If this relationship could be assumed to be correct
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it would appear that the presence of humoral virus antibody
may be related to the fallure of physiological inhibitor
levels to rise. The presence of & group common to both
the virus particle and the physiologicel inhibitor molecule |
might then be speculated wpon,

~ The rise in the serum inhibitor levels of injected
animals was observed to be rapid, This rise either occured
with or preceeded shoritly the first signs of paralysias.
This; in conjunction with the observation that no inhibitor
rise ocoured in animals not exhibiting clinical symptoms,
would aeppear to indlecate that the rige in inhibitor is not a
defense mechanlam bubt, on the other hand, a consequence of
cellular damage.

The presence of both hyaluronidase and hyaluronic acid
in some tissues (75), suggeats the consistancy of the ground
substance may be controlled by a delicately balanced
hyaluronlic acid-hyaluronidase system, What role the physio~
logioal inhibitor plays in such a system is not understood as
yot.

The role of hyaluronidase in viral infections is
believed by some to be different than that in baoterial
infections, The spreading effect of the hyaluronidase can
only ald the virus in view of its intracellunlar habitat
whereas the same effect serves to render most bacterla more
reaﬂiiy accessible to the host defense mechanisms, Durane
Reyuals (19), has stated that the critical concentration of
virus per unit area 1s an infectious unit of virus., This
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opinion is based upon the observation that testicular
extract always enhanced and never suppressed the lesions
of vaceinia, Shope fibroma and Virus III,

Relatively 11§tie information 1s as yet avallable
regarding the ah@mia%ry of the hyaluronidese inhibitor of
nammallaen #sra. The various purification procedures are
of smell value becauss of the spparent instabllity of this
substance, The fact that this inhibitor is heat lsbile has,
in fact, been used to dlstinguish this activity from the
antibodies formed againsat specific hyaluronidase which are
much more heat stabile. The possiblity that the inhibitory
properties of serum were dus to the presence of the breakdown=
produsts of hysluronic acid was investigated, The results
obtained from thess experiments indisate this 1s extremely
unlikely,

The actlon of serum on hyaluronidase remains an

intriguing but poorly understood phencmen Although

frequent reference is made to nonespecific or "physiologlecal
inhibitor" nothing is lnown ag yet of the in vive action
of this substance,

Inhibition of hysluronidese by normal humen sera has
been ascribed to salt formation between serum albumin and
hyaluronic acid suggesting that 1nh1§1tian was primarily
due to an effect upon the substrate rather than on the
enzyme (11). Haas (35), on the other hand, concludes (on
the basls of time and temperature) that the inhibitory
substance 1nkthn blood 1s an engyme, The results of the
kinetic studies reported here indicate that neither of the
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above theories 1s correct.

The enzymatic hydrolysis of hyaluroniec acid was found
to be essentially first order in nature when a highly refined
substrats preparation was utilized under optimal conditions,
It was found, however, to bs possible for the reaction to
proceed as e zero order resction in the presence of a large
excess of subsirate, It 1s not unliikely that this is the
cage in vivo, The effect of tsmgaraﬁura upon the reaction
in the presence and absence of inhibitor was observed. The
data thus obtalined proved adequate for the calculation of the
heat of #ceivatian; an important physical oconstant. A
refined ﬁurbidimatria;meth@d was devised which proved precise
enough to measure the substrate enszyme dissociation constant
by either the classical method of Michaelis and Mentoen (7h),
or the more refined method of Linsweaver and Burk (72), From
this seme type of experiment it was possible to establish
the inhibition of hyaluronidase by serum as being competitive
in nature,

The preciseness of the resulis obtalned in these kinetic
studies, especliaelly those in~whiah\narnm,ﬁna used, would
geem to indicate that the imhibitory substance is less come
plex in nature than previously thought, On the basis of
these observations 1t 1s felt that morse sophlsticated
methods might be successfully applied toward the elucldation
of the nature of the physioclogical inhibitor of the serum.
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SUMMARY

' The nature of the rise of non~specific hyasluronldase

in poliomyelitis infected monkeys was established,

Animals infected with the virus of poliomyelitis by
means of the gastroeintestional route failed to
exhiblt a riae‘in.nanpapeairio inhibition., Those
animals infested by either the intranasal or intra=
cerebral routes exhibited a rise iﬁ serwn inhibitor

levels at or near the onset of paralysis.

A nossible relationship between virus antibody levels
and the level of physiologlsal inhibitor 1s suzgzested,

The kinetics of the anaymie hx&ralyﬁia of hyalurenic
acid was studied in some detail by'maans of én
improved turbidimetric method, The reaction order,
engyme~substrate dlaseeliation éanstant, and the energy

of asetivation were obtalned by meauns of these studies,

The kinetics of the inhibition of hyaluronidase by
normal monkey serum wore studied, The type of
inhibition involved in this reaction was found to

be competitive 1n nature,
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