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INTRODUCTIGN

There 1s, presently, a great deal of interest in the
protedlytic enzymes produced by bacteria and their possible
use in surglical debridement. MNost of the investigations
deal with the proteolytic enzymes of the énaerobes, such

as the Clostridium group. It was thought that some atten-

tlon should be given to thevproteolytic enzymes of the
aerobes., Strains of many aerobic bacteria were tested

and several strains of Proteus vulgaris were chosen as being

the best producers of the enzyme in question. Therefore,
the purpose of this dissertation 1s to prepare filtrates of

cultures of Proteus vulgaris rich in proteolytic enzymes,

to isolate, purify, and study the properties of the enzymes.
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HISTORICATL: BACKGRQUND
Production of Enzyme by Bacteria

Kendall and Walker (22) were the first investigators
to study the mutritional requirements of P. wulgaris for
the production of the proteolytic enzyme. They found that
if dextrose was added to a gelatin medium,'the enzyme was
not produced until the dextrose had dissasppeared. The addi-
tion of a culture filtrate containing the enzyme to a
dextrose~gelatin substrate had the same effect as on a
gelatin substrate. They concluded that dextrose inhibits
the formetion but not the action of the enzyme. The suthors
than went'on to state that the enzyme was liberated into the
medium to hydrolyse proteins. The products then entered
the cell to be used as a source of energy. Thus, when a
sugar is introduced, it 1is used as the source of energy.
Kendall et, al. (21) continued this work. They demonstrated
ﬁy following the protein nitrogen, NPN, polypeptide nitrogen,
amino nitrogen, and NH5 in the growth medium and in gelatin
hydrolysed by culture filtrates that the cell-free enzyme
hydrolyses the gelatin without the formetion of NH%. Jones
(19) confirmed the fact that sugars inhibit enzymé production.
He showed that the conclusion: of Kendall et. al., as to the
brotein-sparing action of sugars, was justified since he found

that sugars did not inhibit production of enzyme due to changes

in pH as he maintained the same pH throughout the growth period.



Jones (20) lafer added to the proof by showing a decrease
or complete lack of NHB or indol produced by the bacteria
with inereasing concentrations of sugars.

Haines (14) showed that NH,' could be used as the only
sourcé of niﬁrogen in the pro&ﬁction of the -enzyme and was
as effective as certain amino aclds used singly.

Merrill and Clark (27) demonstrated that NH * could be

4
used as the only source of nltrogen provided that ca** ang
Mg** were present. Without these ions, the growth of bacteria

was normal but no enzyme was found in the media. Haines (13)
(14) (15) showed that Mg’ stimulated growth without increased
enzyme production, while catt increased enzyme production
without an increasse in growth. Gorini €11) stuaied this
problem further. He found that the enzjmewwas inactivated
by those anions which precipitate or form a complex with Ca**.
As the ionization constant or solubility produet of the Ca ~
anion combination decreased, the amount of inactivation in-
creased. If Catt 1s addea immediately after the addition of
the anion,.there 1s no inactivatibn. However, if the catt 14
added after some time has slapsed, there 1s no enzyms activity.
He concluded that Ca'® served to stabilize and activate the
enzyme. Citrate ion was not very effective in the inactivation
of the enzyme of P. vulgaris X19.

There has been a difference of opinion as to the optimum

pH for the production of the enzyme. Dernby (5) claimed that
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it was pH 6.0 - 7.0, whereas Merrill and Clark (27) claimed
it to be pH 8 -~ 9. “

Properties of the Enzyme

Dernby (5) states that the dptimum pH of enzyme activity
18 6.5 - 7.5 for gelatin liquefaction and 7.0 - 7.5 for Witte
peptone. Haines (14) (15) claims the setivity to be greater
at pH 8 than at 7.5 or ¢ for gelatin hydrolysis. Gorini (11)
claims the pH optimum to be 7 - 8 for gelatin. -
Herter (16) was the first investigator to determine the
effeof of the eﬁzyme on more than one substrate. He showed
that the enzyme hydrolysed casein as well as gelatin but
falled to hydrolyse egg albumin. Jones €1l9) found that gela-
tin, casein, and fibrin were hydrolysed and that the hydrolysis
of all three ran parallel. He concluded that the hydrolysis
was brought about by only one enzyme. Although the hemolysis
of erythrocytes was included as & test of the proteinase, he
could not be certain of the absence of a lipase. |
Many bacteria, especially anaerobes, produce proteolytic
enzgymes which are activated by Fe++, cysteine, and maximally
by a combination of both. Weil et. al. (33) claimed that
the/proteinase of P, vulgarlis was activated in the same manner.
Jones (19) found that there was some actlvity remaining
after heating the enzyme at 100° C. for 5 minutes and that it
was completely destroyed only after heating at 100° C, for

15 minutes.
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‘Purification of the Enzyme

Only two 1nvestigators have attempted the purification
of the enzyme. Jones (19) prepsred a white powder which was
active in dilutions of 1:10,000 by removing the water from a
culture filtrate in a desiceator in the presence of 32304,
rubbing the powder with 95% ethyl alcohol to remove peptones,
and then filtering and drylng the resultant precipitate.
Walker (32) precipitated the enzyme with safranin,. The
precipltate was sctive for 1 month when washed with absolute
alcohol and dried. The aufhor was unable to separate the
enzyme from the safrénin. Nevertheless, the enzyme was active

when placed in protein solutions.



EXPERTMENTAT, TNVESTTGATION

I. THE TETERMINATION OF PROTEQLYTIC ACTIVITY

Many methods have been described in the literature for
the determination of proteolytic activity. It was, therefore,
necessary to make a critical survey in order to determine which
methods would give the most information and yet be practical
for the determination of a large number of samples.

1t seemed necessary to select one method to use as a
rapid screenling process. This method, slthough not strictly
quantitative, would have to show differences 1in enzyme activity.
Those assays which require serial dilutions in order to deter-
mine the end-point were conslidered tooc cumbersome. That which
was finally chosen was a modifiéatiOn of the procedufe of
Burdon (2).
| | A. Film-Strip Method

Reagents:
1. A developed and fixed X-ray film cut into 1" x 1/8"

stfips. ) )
2. Buffer solution:
>During the earliest part of this work, 8 phosphate
buffer at pH 7.0 was used. Tater, a 0.2 M tris (hydroxymethyl)
sminomethane ("tris™) buffer; made up to pH 7.4 écoording to
Gomori (8), was used. |

3. Sodium citrate: 10% solution.



Kol

Procedure:

Five ml. samples of dilutions of enzyme in buffer are
placed in test tubes and 1 ml., of the citrate solution is
edded. The tubes are then placed in & water bath at 37° C.
until the temperature of the test mixture has reached 37° C.
The film strips are then placed 1n tubes at Yzero™ time.

The time at which the film begihs to clear is called "start®
time. The time at which the film is completely clear 1is )
called the "finigh" time.

" 1. Reproducibility of Method

It was first necessary to establish the reliability of
this procedure. The enzyme used in this preliminary experi-
ment was obtalned by preciplitating the enzyme from a 2-day
culture of gL‘vulgaris by an equal volume of saturated
(NH4)2804 at pH 5.5 and reconstituting the precipitate in
1/10 the original volume of phosphate buffer. Four tubes
of the enzyme-buffer-citrate mixture were made ﬁp. In all
four tubes the "start" time was 15 minutes and the "finish"
time was lé min&tes. ) i ’

2., BRole of Sodium Citrate

The observation that sodium citrate reduced the time
neceséary to clear the film was, at first, thought to be
due to an activating effect on the enzyme. This was shown
not to be, since the citrate had no effect when the formol
titration was used as a measure of activity. It was then

thought that citrate acted as a complexpforming agent which

removed some inhibiting cation. In order to test this
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possibility, the effect of various cations was determined
by adding 3 drops of a 5% solution of each of the appropriate
salts to 1 ml. of a 5% sodium citrate solution, 4 ml. "trist
pHE 7.4, and 3 ml. of enzyme. These solutions were then
tested by the film-strip method. The results are given in
Table I. |
It can be seen that Ca™, Ba**, Mn**, and Zn** have mno
effect. Mgtt, Fet*, sn*™, and cu*t cause some inactivation.
It was concluded thet none of the catlons tested could explain
fhe_citrate "activation.™ The only remaining possibility was
that enocugh of the colloidel silver from the film was oxidized
to silver 1ions, which caused inactivation of the enzyme unless
tied up in & complex with citrate. To show this, the next
experiment was performed. |

Five ml., of a dialysed culture filtrate were pipetted
into each of three tubes. To the first was added 1 ml. of
10% sodium citrate; to the second, 1 ml. of a 10% NE, C1
soiution; and 1 ml. of Héo, to the third. All solutions
were adjusted to pH 7.4 and the film-strip method was then
carried out. After 1 hour, the film was clear in the tube
containing citrate. The film in the tube with NH4+ was
clear after 3 hours, while the film in the tube in which
only water was added did not clear after 6 hours of incuba-
tion. It has been observed that phosphate ions and amino
acids were also.effective in removing the Ag* inﬁctivation,

although not as effectively as the citrate ion.



TABIE I
The Effect of Cations on Enzyme Activity

Cation None Ce't Batt "t 2zt Mg et sttt 0™

time (mins. ) 45 = 45 45 45 45 . B0 55 55 80




B. Formol Titration

There have been-many good quantitative methods proposed
for the measurement of proteclytic activity. However, most
have one serious disadvantage and that is that only the tri-
chlorcacetic acid-soluble fraction is tested. Thus, any
proteolytic activlity occurring before reaching the stage of
solubility in the trichloroaoetic acid solution is not ob-
served. Such assay methods include the biuret methed (6),
Moore and Stein's adaptation of the = ninhydrin method (28),
and Frame (7) and Russell's {30) sodium [ -naphthaquinone
procédure.- Sherman and Neun (31), in an excellent article,
have tested several of the beﬁtef known me thods and reported
favorably on two of them: the Van Slyke amino nitrogen method
and the Volhard-ILdhlein procédure. This last method has the
disadvantage mentloned previously. Pope (29) describes an
assay using copper sulfate which, he claims,‘checks with the
B Van Slykse method.v However, both the Van Slyke and the Pope
methods are rather tedlous to perform. For this study, the
formol titration which also checks with the Van Slyke method
(31) was chosen.
A The problem of choosing a substrate then arose. Unfor-
tunatély,4casein, bovine albumin and globulin, and msny other
eaglly obtainable and standardized proteins precipltate out
at the pH obtalned on the addition of formaldehyde. Bovine
- fibrinogen is not sufficiently soluble to be of any usse,

especielly in kinetic studies. Gelatin, a substrate used



by a large majority of workers in the study of bacterial
proteinases, was chosen as thé most suitable protein sub-
strate. |

Two variations of the formol titration have been used
for this work, both of which were adgpted from the method
of Iselin and Niemann (18). The first was performed by
titfating ta the phenoiphﬁhaléin snd-point using a semi=
micrc burette, whlle the second was a potentiometric titra-
tion using a miero burstte. ‘ ‘

Mbthod I

Reagents: '

1, "Tris"™ buffer, pH 7.4: The buffer is diluted 125
with distilled Hy0. | |

2. Gelatin substrate: A 3% solution of pure food
gelatin is made in the dilute "tris" buffer. The solution
is adjusted to pH 796, steriliz;d in“the autooléve, and
stored 1in & refrigerator until used. '

3. Formaldehyde: adjust 35 - 40% formaldehyde to pH
7.0 using N NaOH.

4, Thymol crystals.

5., NaOH: Standard NaOH (approximately 0.0l N) is used
to perform the titrations. |

5. Phenolphthaleint A 0.2% solution in 95% ethyl

glcohol.



‘Procedurez _

To 4 ml. substrate add 1 ml. H,0 and 3 ml. enz&me_solue
tion. Add thymol by scratching the crystal with the thumb-
nall in order to keep the particle size as small as possidble.
Mix by inverting the tube four to five times. Pipette 1.00 ml.
of the mixture, 1n duplicate, into 2-dram ﬁials, allowing equal
drainage time for all samples. Add 1 ml. of formaldehyde and
1 drop omly of the phenolphthalein solution. Titrate this
" mixture with 0.01 N NaOH until the first faint pink is ob-
served. To perform'thegtitration, use a geml-micro buretts
with a caﬁillary tip, inserting the tip below the surface of
the liquid to be titrated. The contents of the vial may be
mixed during the titration by moving the burette with a
6ircu1ar motion... This motion causes the vial to spin.

Wipe the burette tip after each bitration.

The above constitutes the zero time titration. The
remaihing enzyme-substrate mixture is then incubated at
37° C. for four hours. At the end of this time, 1.00 ml.
Asamples are removed and the titration is repeatéd. The
difference in the mumber of microequivalents of NaOH used
in the titrations 1s recordsd.

1. Choice of Buffer

i g™ buffer was chosen as the result of the following
experiment: a 6% gelatin solution, pH 8.0, was made up to 3%
by the addition of equal volumes of three different buffers:

tyris," phosphate, and borate. The enzyme preparation was

- -



obtained from (NH4)280 precipitation at pH 5.5 of a 3-day

4
culture filtrate of P. wulgaris. The reconstituted precipi-
tate was dlalysed against running fap Béo for 18 hours. Equal
volumes of substrate and enzyme were mixed and allowed to in-
cubate 18 hours at 37° C. The results will be found in ﬁhble
II. | '

The fact that boilled enzyme did show activity will be ex-
plained later (pg. 46). A possible explanation for inhibition
by phosphate.cén be found in papers that have been written on
this subject. Gorini (11) demonstrated that Ca++ is necessary
for the stability of the proteinase of P, wvulgaris. This was
confirmed by Merrill and Clark (27) and by Haines (13) (14)
(15). Gorini showed that when substances which were known to
breéipitate calcium were added, there was a decrease 1in activity
depending on how ﬁightly bound the Ca** became. Phosphates
were included among those reagents which inhibit_in this manner.
However, there 1is no 1mﬁediate explanation for the inhlbition
Ey the borate buffer.

2. Reproducibility of Method

A series of 10 tubes was prepared, all made up in the
same menner. Bach tube was titrated in duplicate. Calcula-
tions from the results glve a standard error of the mean of
+ 0.3 microeq.

3. Optimum pH for Enzyme Activity
The followlng experiment was performed 1In order to ascer-

tein the pH optimum for the enzyme: A series of "tris" buffers



. TABIE IT
The Effect of Various Buffers on Enzyme Activity

Buffer microeq. NaOH

4 used
“Tris“' 100
_éhospﬁate 82

Borate : 28

Boiled enzyme :
in Phosphate . 22




1o

was made. Aliquots of 6% gelatin were adjusted to a similar
serles of pH values. Equal volumes of "tris" buffer and gela-
tin having the same pH were then mixed‘and the pH was checked
for each mixture. The enzyme used was derived from an alcoholie
precipitation of a culture filtrate. The assay of activity was
performed in the manner described. |

The results, given in Table III, show that a pH of 7.4
ig optimal for enzyme aotivity. Tt can be calculated that
those values on either side of the optimum are Jjust within
the range of the standard error for the determination.
Therefore, 1t is best stated that the optimal pH 1s in the
range of 7.30 = 7.45. "

The results in this experiment check well with the
previous literature. Gorini (11) states that the optimmm
pH for activity is 7 - 8, whereas Dernby (5) claims it to
be 6.5 - 7.5. | o

4, Correlation between Enzyme Concentration
and mieroeq. NaOH Used

Various dilutions of a samplewof enzyme wers made,
These samples were then sssayed in the usual manner. The
fesults are found in Graph I. |

It can be seen from Gréph I that there is a fairly good
straiéht line relationship between enzyme concentration, in
the range indicated, and assay vdlue. The fact that the
straight line does not go through zero is of no great con-
sequence since the deviation is well within the error of the



TABLE ITIT
The Effect of pH 6n.Enzyme Activity

pH microeq. NaOH
. used
8.0 1.5
7.80 | 1.7
7.70 1.4
7.45 2.2
7.40 2.6
7.30 2.2

7.22 1.6
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determination. Turthermore, the lower values have 1little

meaning, especlally those below 1.0 microeq. NaOH,

C. Formol Titration - Method 2
Reagents:

1. Formaldehydei 35 - 40% HCHO adjusted to pH 7.0
just before using or stored under'liquid pe trolatum.

2., Gelatlin substrates 60 gms. of Eastman Kodak
purified gelatin 1s dissolved in 800 ml, hot water and cooled
quickly, T this 1s added 25 ml. of 0.2 M "tris." The mix-
ture is adjusted to pH 7.4 using 10% NaOH_aﬁd the volume made
up to 1000 ml. The substrate is placed in 100 ml. lots in .
250 ml, flasks, sterilized in the autoclave and stored,
sealed with Parafilm,

5. Thymol crystals.
| 4. YNaOH: Standard 0.2 N NaOH stored under liquid
petrolatum. ' -

5. Caprylic aleohol.

Aggaratusé

) 1. A Rehberg micro burette of 0.1 ml. capacity (Macalaster
Bicknell Co., Boston). |

| 2. A Beckman model H-2 pH meter equipped with 4990-29

and 4970-29 electrodes with special 24" leads.

3. Several Beckman 5 ml. beakers:

4. A 2" x 4" board with two rows of holes made to
accommodate the béakers.

5. A tank of nitrogen.
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The apparatus is set up as 1llustrated in Fige 1. It is very
important that the burette tip be below the surface of the
liquid. ’

Me thodz:

. To & 3 ml. gelatin substrate are added 3 ml. H,0, 2 ml.
enzymé solution, and thymol, in the manner described pPre-
viously. The contents of the tube are mixed by inverting
Severalgtiﬁés. After 3 hours Incubation at 37 + 0.1° C.,
1.00 ml. samples are removed and pipetted'into the 5 ml.
beakers'whioh contain 1 ml. of the formaldehyde. A drop of
caprylic alcohol is added to each besker to prevent foaming.
The samples are then titrated. The NaOH is slowly added
ﬁhiie the beaker is manually rdtéted'and_a stream of Né is
bubbled through the :-solution. When a pH of 7.80 1s reached,
the titration 1s complete. Subtract the titration value of a
substrate-water control from the value obtéined, to get the
final <value. The mumber of mieroliters thus obtalned 1s
then multiplied‘by the normaelity of the NaOH to obtaln the
results in microeq.

l. Choice of end point
A gelatin-water blank was made up and & 1,00 ml., sample
plus 1 ml. formaldehyde was titrated. The plot in Graph IT
was obtained by recording the pH after the addition of various
amounts of NaOH. The point of haximum slope, pH 7.80, was

taken as the ehd péint.



The Apparatus Used in the Second Method

of the Formol Titration
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2. Reproducibility of method

A test was made by performing six single determinations
using identicai preparations of enzyme for each. It was
shown that even single determinations by this method are far
superior to those obtalined by the first method, since the
standard erfor of the mean is #* 0.13 microed.

3. Correlation between enzyme concentration
and microeq. NaOH used

A gseries of varying concentration of enzyme was meade
and assayed in the prescribed memner. The results are found
in Graph ITII. |

It would seem from.the plot in Graph IIT that, although
the relastlonship between enzyme concentration and microeq.
- NaOH used is not a straight 1ine, there is a good correlation

at this relatively low enzyme concentration.

-II, PURIFICATION OF THE PROTEGLYTIC ENZYME OF PROTEUS VULGARIS
A, Choicé of Bacterial Filter

The first step in the purification of an enzyme from the
me dium in which bacteria are grown 1s the removal of the
bacteria.

The rélative value of three types of filters was tested,
a Seitz filter 2" in diameter, & 4" Selas filter, and a 2" '
Mandler filter. \As the culture was pagsed through the fiiter,
the filtrate was collected in'succeeding 17 ml. quantities.
These were tested using the film-strip msthod. |
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From the results listed  in Teble IV, it will be seen
that the Mandler and Selas filters are equally effective in
allowing the enzyme to pass through, while the éeitz filter
tends to adsorb the enzyme.

B. Alcoholic Precipitation

The technique used in the addition of alcohol to the
cultufe filtrate was a modification of that employed by _
Askonas (1). His apparatus was clumsy and allowed inadequate
control of tne-rate of alcohol addition. The apperatus used
in this work (see Fig. 2) consisted of a 50 ml. burette, the
tip of which was connected to glass-tube coil. The other
end of the coil prbjected above the surface of the lce-salt
bath, In which the coil was immersed, and adjusted to deliver
the precooled alcohol into the metal besker. A stirring motor
was used to agitate the ice water in order to prevent local
over-heating around the beaker. A stirrer was also provided
to prevent local high concentrations of aleohol in the beaker,

The burette was filled with 70% {v/v) ethyl alcohol or
acetone and the-stopcock opened until the coil was completely
filled. The sample of dialysed culture filtrate was  placed
in the metal beaker and stirred slowly to prevent fgaming.
¥nen the temperature of the culture filtrate fell below 1° C.,
the alcohol or acestone was run in, at a rate such that the
temperature never exéeeded 2° C., until the proper amount was
added. The addition proceeded dropwlse at first, but was
added more repidly aefter about 5 ml. had been added. (If



TABLE IV
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The Effect of Bacterial Filters on the Filtration of Enzyme

Filter Seitz Mandler Selas

ml. 0O-68|69-108| 0 - 17 )18 -~ 125| 0 - 17| 18 - 108
start >50 35 - 40 | 35 - 40 30 > 50 30
finish 40 40 40 40
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two such set-ups are used simultaneously, 1t 1s possible to
perform at léast six precipitations per hour.) The suspension
was centrifuged ab 4000 R.P.M. for 10 mimates at 0° C. The
precipitates were reconstituted to 1/10 the volume of the
culture filtrate before dialysis.

It was found that the optimum conditions for precipita-
ting the enzyme with alcohol were a 30% (v/v) final concen-
tration of alecohol at pH 4.5 and a final ionic strength of
0.016. A 7-fold increase in purity was obtained with a 93.6%
loss of activity. The optimum conditions for acetone were
a 5% (v/v) final concentration of acetone at pH 5.0. The
addition of a wide variety of cations did not improve the
yileld. A 9-fold increase in purity was thus obtained, but
93% of the enzyme was lost.

' The above methods were abandoned in favor of the method
described next.
D. Adsorption and Elution Using Kaolin

The use of kaolin in the purification of a proteolytic
enzymé has been applied previously to the enzymes of the
Clostridium group. Van Heynigen (17) adsorbed the enzyme

of Gl. histolyticum at pH 5 and eluted it at pH 9 as the

last step of his purificétibn. Madinaveita (24) used kaolin
to separate the spreading factor from the proteolytic enzyme
of Cl., welchil. The proteinase was better adsorbed at pH 6

and eluted by 0.4% ammonia water. The spreading factor was

best adsorbed at pH 4 and eluted by'pyridine, without eluting

the proteinsase.
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1. General technique

The general technique used in the isolation of the
enzymé will now be described to avoid repetition later.
Keolin was added to a sample of dialysed culture filtrate,
ﬁreviously.adjusted to the proper pH, and the mixture shaken
for 20 mins. The mixture was then éentrifuged.and the super-
natant liquid discarded. The ksolin was then washed by re-~
suspending it in the propér solution, recentrifuging and
then pouringloff the supernatant liquid. The enzyme was
eluted by resuspending the kaolin in the pfoper eluent and
then removing the kaolin by centrifugation.

2. .Optimum conditions for adsorption and washing

- An expefiment,was performed to determine the optimum

pH at which to adsorb the enzyme. .This experiment consisted
of adding 2 gms. of kaolin to 5, 90 ml. aliquots of the
dialysed culture filtrate, previously adjusted to the pH
values given in Table V by means of 10 ml. of McIlvaine
citrate-phosphate buffer (26). The kaolin was washed twice
with 30 ml. of & 1:3 dilution of McIlvaine buffer at the
same pH used in the adsorption. Thé enzyme was eluted with
25 ml. of 0.3% ammonia water. The enzyme solution was
filtered thfough Celite to remove the ksolin left in suspen-
sion after a preliminary centrifugation.' This wes done since
the kaolin remaining in the eammonisa watef solution interfered
with the nitrogen determination. The solution was dialysed

overnight agalinst rumning tap water.
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TABIE V
The Effect of pH on Enzyme Adsorption

microeq. NaOH mg. N microeg.. NaOH
pH of adsorption used . ml. + mg.N
5.0 4,8 0.0060 800
5.5 5.4 0.0058 930
6.0 . 3.8 0.0050 1100
6.5 1.8 0.0016 1120

7.0 - 0.6 0. 0004 1500
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The results in Table V show that the greatest amount of
enzyme is obtained when pH 5.5 1s used for adsorption. How-
ever, as the pH is increaséd, the purity increases. Despite
this latter faét, pH 5.5 was chosen as the most valuable
since a very much greater amount of enzyme 1s adsorbed at
this pH.

The next experiment was performed by adsorbing the enzyme
from 5, 90 ml, asliquots of dialysed culture filtrate, adjusted
to pH é.o by 10 ml. of MeTIlvaine buffer. The kaolin was washed
twioé with 30 ml, of a 155 dilution ofvbuffer et various pH
values, | The enzyme was eluted, filtered, and dialysed as
befors. |

Ehe results in Table VI show that as the pH of the wash
solution is»increased, the énzyme is eluted. Eherefore, by
increasing the bH of the wash solutlion, a puref enzyme pre-~ .
paration cannoct be obtained without concurrent loss of enzyme.

3. Optimum amount of kaolin

To determine the proper amount of kaolin reguired to
adsorb the enzyme, the followlng experiment was performed:
Varying amounts of kaolin were added to 90 ml. aliquots
of dialysed eulture'filtrate, adjusted to pH 5.5 with 10 ml.
of McIlvalne buffer. The kaolin was washed twice with a 1:3
dilution of buffer at'pH 5.5. The enzyme was eluted with 25 ml.
of & 0.3% ammonia water Solutign; The eluent was diaslysed
overnighé against running water. The results are found in

Tgble VII.



TABLE VI

The Effect of pH of Wash
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mieroeq. NaOH mg. N microeg. NaOH

pH of wash usged ml. mg. N .
6.0 3.8 0.0034 1100
6.5 2.2 0.0003 7300
7.0 0.8 0. 0004 2000
7.5 0 - 0.0027 0

8.0 0O 0
TABLE VIT

The Determination éf'Optimﬁm Amount of Ksolin

microeq. NaOH

mg.N

microceq. NaOH

kaolin (gms.) used mg. N
0.5 5.é 0.0103 3560
1.0 4.9 0.0094 520
2.0 5.5 0.0095 580
3.0 4.5 - —_——
4.0 3.7 0.0085 380
5.0 3.3 0.0110 300
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The resultes show that as the amount of kaolln used 1is
decreased below 1.0 gms. or increased above 2.0 gus., the
yleld and purlty of enzyme fgll, Since the results from the
"use of 1.0 and 2.0 gms. of kaolin are not significantly dif-
ferent, 1.0 gm. of kaolin/100 ml. of solution was chosen as
the optirmum amount. v
4. The proper number of washings
The enzyme from three 90 ml. aliquots of dialysed culture
filtrate, adjusted to pH 5.5 with 10 ml. of buffer, was ad-
sorbed on 2,0 gms. of kaolin. The keolin from the three
samples was washed a varying mumber of times using 30 ml.
of a 113 dllutlon of buffer at pH 5.5. The enzyme was eluted
and dlalysed as before, * '
As 1indicated by the results in Table VIIL, washing aids
in vemoving impurities, Wi thout decreasing the yield of enzyme,
5. Proper buffers to use in the
’ washing and elution
The following solutions were made up for this expsriment.

Wash éolutions:

a. MeIlvaine buffer: a 133 dilution of buffer at pH 5.5.

b. Acetate buffer: 2.72 gms. of NaOhc was dissolved in
400 ml. of water and the pH adjusted to pH 5.5 using 0.1 N
HCl. The volume was then made up to 500 ml. (0.05 M. ).

Eluting golutions:

8, McIlvaine buffer, pH 8.0.
b. UTris" buffer, pH 8.14.



28

TABLE VIII

The Effect of Increasing the Number of Washings

No. of

microeq. NaOH . mg. N microeg. NaOH
washings used’ ml. mg. N
1 5.4 0.0140 390
2 5.5 0.0095 580

3 5,1 0.0072 710
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¢c. Ammonis water, 0.15% as NH,.

To each of 8, 90 ml. aiiquoté of ocflture filtrate, ad-
justed to pH 5.5, was added 1.0 gm. of kaolin. The isolation
of the enzyme was then carrisd out as hefore using'different
wash solutions and eluents. All eluents were dialysed over-
night againsat running tap water. The enzymes were then assayed
using the second formol titration method.

The results in Table IX, column "a" show that the wash
solutions in order of deoréasing'usefﬁlﬁess are McIlvailne,
acetate, and water, while that of the eluent are ammonie
water, "tris," and McIlvaine buffers. However, as shown
in column "b," after storing the enzymes a short period of
time, the decreass in activity of the énzyma, obtained after
using the McIlvaine buffer as the wash solution, is great
enough to nuilify i1ts advantage over acetate buffer as a
wash solution. This is not surprising since a ph@sphate is
used as a salt in the McIlvaine buffer system. For this
reason, acetate buffer was chosen as the wash soiution and
ammonlia water as the eluent.

é. Percentage recovery

The following assay was performed on the results of
a 1arge—scale purification. In this experiment, McIlvaine
buffers were used for the washing and elution. The'volume
of eluent was 7% that of the culture. The resulfs are found
in Table X. '
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TABLE IX

The Effect of Different Buffers as Wash and Eluting Solutions

‘mieroceq. NaOH used

Wash soln. Eluting soln. . a# . b
McIllvaine McIlvaine - 4.20 -
_wafer -. McIlvaine . 2,14 -—-
‘McIlvaine i gt 5.72 2. sé
Acetate "irrggh | 3.38 —e-
water | dlris& | 2.58 e
McIlvaine NE 40H“ 6.20 5,16
Acetate NH@OH : 5.68 3.11
water NH@OH 3.48. L -

% Time of incubation: 2.25 hours.
35k Assay after storing enzymes at 4° C. for 24 hours.

Time of incubation: 1 hour.



31

TABLE X

Assay of Enzyme

. : - microeq. NaOH mg. N
Enzyme source Dilution used ml,
Undialysed media -—- -—— 0.720
Dialysed media 1.00 1.6 0.0100

| 0.67 1.2

0.33 0.8
Dialysed eluent - 1,00 - 0.0059
‘ | 0.67 2.2

0.50 1.9

0.33 1.6

0.17 1.1
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The following calculations may be made from the resultss

1. Since 0.33 ml. of eluent is equivalent 1o 1.0 ml.
of dilalysed filtrate, there is +three times as much enzyme in
the eluent. If a 100% yield were obtained, we would expect

the eluent to be O?bV or 14 times as strong. Therefore, we
can calculate (3/14 x 100) a 21% recovery of enzyme.

2. If we assume that'the énzyme concentration for the
undialysea filtrate 1s equal to that of the dlialysed filtrate,
we can perform the following calculation: 1 ml. eluent has
3 times the amount of enzyme as the culture filtrate and
Qégggg or 0.0082 as much nitrogen. Therefore, we find that

’ 3.0 :
a §.0082 or 270-fold purification was obtalned.

3. Using the values obtained for the dlalysed culture
filtrate and spplying the same reasoning, we find that a

0.0100

8.0 x 5 5057

or 6-fold purification was obtained over the

dialysed filtrate.
7. Electrophoretic data

The enzyme used in the electrophoretic determination
resulted from.the purification as described on page 84.

Seventy-five mg. of dried enzyme was dissolved in 5.0
ml. of "tris" buffer, pH 7.6. The ionic strength was increased
to 0.1 ﬁy thé use of NaCl. The enzyme solution was dlalysed
for 18 hours against "tris™ buffer of the same composition.

Most of the brown color was removed by freezing the enzyme
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solution, thawing, and removing the less colored supsrnatant
liquid. The enzyme solutlon was then analysed by electro-
phoresis. The pictures, taken at 70 minutes and 141 minutes,
are shown in Figs. 3a and 3b.

The content of the electrophoresis tube was separated
into 5 components; the top and bottom of the ascending and
descending limbs, and the U-tube, as indicated in Fig. 3b.
Five drops of each were diluted with 5 ml. of Eéo and assayed
by the second formol method, determining rate constants (a
practice which will be deseribed later). It should be stated,
at this point, that there are two proteoly%ic enzymes isolated
by adsorption on, and elution from, kaolin. One is heat re-
sistant, while the other is heat labile. By heating the
enzyme at 70° C. for 0.5 hours, it is possible to destroy
’all the heat-labile enzyme without appreciably effecting
the -stable enzyme. The result: of the assay of the total
of Vboth enzymes 1s givén in Graph IV and the result: of the
agsay of the heat-stable one 1is given in Graph V.

The fact that we find both héat-labile and -stable enzymes
in the active portions containing one boundary leads us to two
explanations: either both enzymes move together at pH 7.6 to
form one boundary pesk, or that oﬁe is too dilute to show on
the pattern. On examining the ratio of heat-stable enzyme to
total enzyme (CGraph V), we find that the order is: top of the
éscending > bottom of the agcending = U-tube > bottom of the

descending. This 1s the result one would expect if the
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The Electrophoresis Pattern Using a "Tris" Buffer

et pH 7.4. /2 = 0.1

ASCENDING LIMB DESCENDING LIMB

™Mmes: 141 minas.

A+B cut
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DESCENDING LIMB
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boundary peak consisted of both enzymes with the leading
part of the boundary being the heat-reslistant enzyme.

. The fact that the top of the descending column has no
enzymé is predictable.

Two electrophoresis patterns were made at pH 5.5 with
an acetate buffer of 0.1 lonlc strength. These are shown inm
Figs. 4 and 5. In Fig. 4, three distinct peaks are in evidencs
{A, B, and C). ﬁpon_assaying the verious portions, it was
fdun& that there was no activity in the top of the ascending
limb. In other words, peask "C" was not a proteolytic enzyme.
The reméining portions were active. As shown in Fig. 5, a
éeparation was made between peaks ¥A® and "B."™ The results
of the assay of the 5 portions for—b;th to%al&enzyme and heat-
stable enzyme (the activity after heating 30 mimtes at 809 C.)
are given in Table XI.
The folldwing caleulations can be made using the data in

Table XI and Fig. 51
. 1. Enowing that the length of the Tiselius cell is 50 mm.
and that the paftern is 46 mm. in length,‘we mey determine the
length occupled by each section of the "cut." Next we can cal-
culate the proportion of enzyme, rapre;entea by the two peaks,

"that is found in each section.

Section Peak A Pesak B
Top asc. 9/30 0
Bottom asc. 1 15/20
Top desec. 0 12.5/18
Bottom desc. 28/32 1
U~tube 1 1



The Elec‘trophOI‘GSiS Pattern Ugj_ng an Acetate Buffer

et pH 5.5. /2 = 0.1

T™me: 63 mins,

Tmes 155 mins.

ASCENDING LIMB DESCENDING LIMB
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TABLE XTI
Asgay of Portions of Electrophoresis Cell
| Corresponding to Fig. 5

, - Total Heat-stable Heat-stable

Portion enzyme enzyme total
Asc. top 0.735 0.215 0.29
Asc. bottom 2.48 0. 67 0.27
Desc. top 0.125 0 0
U - tube 2.48 0.67 0.27
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2. Tet us assume that peak "A" is the heat-labile enzyme
and peak‘"B," the heat-stable enz&mé. Therefore, the top of
the ascenéiné limb contains only heat-sféble enzyme and the
top of the descending 1imb is made up of only the heat-laebile
enzyme. Knowing that the heat-stable enzyme occupies only
9/20 of the top of the ascending I1imb and that its rate con-
stant 1s 0.735 x 10”3, we can calculate a rate constant of
2.45 x 1072 for this enzyme. Tn the same manner, & rate
constant of 0.18 x 10~° is obtéined for the heat-labile
enzyme. Also, from the ratio of heat-stable/total enzyme
in the top of the ascending limb, it follows that 29% of
the activity of the heabt-stable enzyme 1s left after'heating.

3. The caleculated results may now be obtained for the
remalning 3 portionss:

Bottom of the ascending 1imb

total enzyme = 2,45 x 1.0 + 0.75 x 0.18 = 2,59
heat-stable enzyme = 2.45 x 0.29 = Q.71
heat-stable/total = 0.71/2.59 = 0,275

Bottom of descending limb
total enzyme = 2.45 x 0.875 + 0.18 x 1.0 = 2,32
heat-stable enzyme = 2.45 x 0.875 x 0.28 =
heat-steble/total = 0.62/2.32 = 0.27

U-~tube
total enzyme = 2.45 4+ 0.18 = 2.63
heat-stable enzyme = 2.45 x 0.29 = 0,77
heat-stable/total = 0.77/2.63 = 0.29

Although the calculated results for the bottom of the

descending 1limb are double those obtained by assay, the

figures check rather well. Therefore, we can say that peak
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"BY is the boundary of the heat-stable enzyme and peak TA"
is ‘the boundary of the heat-leabile enzyme. o
A list of the mobilities of the various peaks is given

in Table XIT.

ITI. PROPERTIES OF THE PRUTEQLYTIC ENZYME
A. Substrates Hydrolysed

Many authors have used gelatin as & substrate to demon-
strate the proteolytic action of P. wvulgaris. Jones (19)
was the only investigator to use more than one substrate.
He showed that casein and fibrin afe also hydrolysed. 1In
fhe course of our expsrimental work, several other protéins
have been tested.

The following substrates were made up and assayed by the
first formol titration methods:. |

1. Raw tendon: Two very thin pieces of tendon, approx-
imately 1 em. in dlameter, were placed in 5 ml. of 1:6 "trig™
buffer, pH 7.4. | | -

2. 'Autoclaved tendon: @mne plece of tendon, previously
sterilized in the autoclave, was placed in 5 ml. of 1l:6 "tris”
buffer, pH 7.4. i )

3. Ribonucleic acid: A saturated solution of RNA was
made in 0.01 N NaOH, Equal volumes of this solution and l:é
"tpis® buffer, pH 7.4, were mized and adjusted to pH 7.4.
’ 4. Desoxyribonuoleic acid: This was made up és was the

RNA except that 0.02 N NaOH was used to make a saturated solu-

tion.
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TABLE XIT
Mobilities of Enzymes at pH 5.5 and 7.4

TMme Mobilities x 10~°

Fig. pH’ {mins. ) Peak (Cm.2/V. - sec.)

Ascending Descending

3 a 7.4 70 A+ B - 4.84 - 4,55
3 b 7.4 141 A+ B - 4.80 - 4.48
% 5.5 63 - 1.78 - 1.10
5.5 63 B - 3.1% - 2.94
5.5 63 c - 11.9 - 12.1
5 5.5 126 A - 1.23 - 1.00
5.5 126 B - 3.70 - 2.90
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The results in Table XIIT show that RNA is not hydrolysed,
raw tendon and DNA are hydrolysed slightly, while autoclaved
tendon is hydrolysed sappreciably.

An experiment ﬁas prerformed to determine the optimum pH
of’enzyﬁe activity when dried skimmed milk was used as a
substrate. A 6% solution of Difeo dried skimmed milk was
divided into 30 ml. portions and adjusted to the pH valuss
listed in Table XIV using 10% NeOH. Seven ml. portions
of each plﬁs 1 ml. of enzyme were éssayed by the first formol
titration method. The results show ﬁhat, as with gelatin,
pH 7.4 1s optinum.

B. Activation and Inhibilition of Enzyme

Cysteine and FeCl, have been used to activate the pro-

teinases of the Clostridium group (17) (25) {25). Weil et al.

(33) state that the proteinase of 2; Quigafié was slightly
éctiVated by cysteine, slightly inactivated by Fe*t and gfeatly
activated by a solution of both. In order te check these re-
sults, the experiment described next waé performed; A solu-
tion of cysteine hydrochloride (20 mg./ml.), a solution of
FeS0, (2.9 meq./ml.), and a 15% sodium citrate solution were
made up. To tubes containing 4 ml. of gelatin substrate were
added various combinations of these reagents. All solutions
were adjusted to pH 7.4, 1 ml., of enzyme was added, and the
first formol method was then performed.

The results - given in Table XV show that cysteine and

Fet* inactivate the enzyme in the following decreasing order
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TABLE XIIT
The Effect of Enzyme on Different Substrates
Autoelaved
Substrate RNA DNA Raw tendon tendon
microeq. NaOH used 0.0 0.4 0.4 4,3
TABLE XTIV
The Effect of pH on the ﬁydrolysis of Casein
pH 6.8 7.0 7.2 7.4 7.6 7.8
0.9 1.3 l.4 1.6 1.3 0.6

microeq. NaOH used
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TABLE XV
The Effect of Ferrous Tons and Cysteine
on Enzyme Activity

Cysteine Citrate Eéo microeq. NaOH
{ml.) {ml.) fml. ) (ml.) used

1.0
1.1
- 5.1
2.5
l.4
0.9
1.7

O ¥ O H O ¥ o +
©C P H O O ¥ ¥+ O
o K +H +H H O O O
TN T o S SRR S SURN v I V)

2.7

% Precipitation in Absence of Citrate
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Fet*, and cysteine - Fe™™. When

of inactivation: cysteinse,
citrate alone was added, there was no differenceﬂinrcomparison
with the results When no solution was added. It will be noted
that citrate must be present to prevent the précipitation of

Fe++

the cysteine - mixture. (Weil used a citrate buffer.)

These results differ greatly from those reported by Weil.

IV, ENZYME KINETICS
. A. Stabllity Toward Heat

Jones (19) stated in his article that the proteolybtic
enzymé of P. vulgaris was not deﬁtroyed'until'it was boiled
for 15 mimites. '

In order to determine the thermal inactivation rate of
the enzyme, & series of experiments was performed by heating
1.2 ml. aliquots of enzyme for various intervals of time and
then analysing 1 ml, of each by means of the first formol
titration method. The log of midroeq. of NaOH used was
plotted against time of heating. This experiment was repeated,
heating the enzyme at different temperatures. The results will
be found in Graph VI, » ‘ '

From the‘resulfs in Graph VI, it was concluded that there
are two enzymes present iﬁ the pfeparations derived by the
adsorption-elution technique. ©One 1s only slightly inactivated
at a temperature of 80° C. {This is called the heat-stable
enzyme.) The other enzyme 1s destroyed quite rapldly at 60° C.
{This is called the heat-labile enzyme. ) ‘
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B. Relationship of enzyme-substrate concentrations

The remainder of the work was done using the second for-
mol method.

In order to ascertain the per cent hydrolysis represented
by sach microeq. of NaOH used, the following exbariments were
performed: 10 ml. of a'stroné enzyme solution were added to
each of three gelatin solutions which, when made up to a final
volume of 32 ml., represented 1%, 2%, and 3% gelatin solutions
as mede up for assay. These were incubated 18 hours at 37° C.
Portiohs of these solutiéns were diluted with water to represent
the amount of end products formed by varylng percenbtages of
hydrolysis of the original substrate. These were titrated in
the usual manner (Column &, Table XVI). A titration value for
the unhydrolysed gelatin was then obtained and from this value
was calculated the titration value of the unhydrolysed gelatin
remaining after the partial hydrolysis (Column b). By adding
the values in Columns a and b, the total value; representing
the titration value for end products plus unhydrolysed gelatin,
was obtained (Column c¢). If the value for the unhydrolysed
gelatin is thén subtracted from the total, the value for the
milliliters of NaOH used 1s obtained which can then be con-
verted into mierocegs. of NaOH (Column d). These values were
then plotted {(Graph VII). - .

Graph VIT shows that the values obtained with 2% and
3% gelatin do not check with those calculated assuming that

the 1% gelatin was 100% hydrolysed. In order to determine
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TABLE XVI
The Relation Between Theoretical % Hydrolysis and
Amount of Sodium Hydroxide Used

theoretical microeq. microeq. microeq.

end products substrate microeq. NaOH

% gel. hydrolysis {a) {v) total used
1 0 0 5. 56 5. 56 0

8.34 1.55 5.08 6.65 1.07

16.7 2.73 4.58 7.31 1.75

33.3 5.22 3.71 8.93 3.37

50.0 7.95 2.78  10.71  5.15
2 0 0 . 10.32 10.23 0

8.34 2.42 9.47 11.89 1.57

16.7 4.52 8,60 13.12 2.80

25.0 6.93 7.75 14.68 4.36

. 33,3 - 9.08 6.88 15.96 5.64

41.% 11.45 6.02 - 17.47 7.15

50.0 13.90 5.17 19.07 8.75
3 0 ) 15.88 15.88 0

8.34 3.26 . 14,54 17.80 1.92

16.7 \ 6.20 13,23 19.43 3.55

25.0 9.85 11.91 21.76 5.88

41.7 16.10 9.25 25.35 9.47

50.0 19.50 7.93 27.43 11.65
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bthe actual eamount of hydrolysis in the original samples after
incubation, the biuret reaction was employed. The results

are given in Table XVII. By multiplyling the siopes of the
lines in Graph VIT by'fhe per cent hydrolysis actually found,
we can calculate'ﬁhe per cent hydrolysis represented by each
microceq. of NaOH used. These results are found in Tebls XVIII.
If we then multiply the % hydrolysis/microeq. NaOH by the pé?‘
cent ‘gelatin, we'ébtainAvalues of 5.2, 4.8, '‘and 5.0 for 1%,
2%, end 3% gelatin fespectivély. The average of these numbers
is 5.0. Using this value as a basis, we can now calculate the
% hydrolysis/microeq. NaOH for each per cent substrate used by
the formula 5.0/% substrate.

Using the above figures, one can calculate that gelatin
oéntains 20 microeq. of peptide bonds for sach per cent con-
centratlion of gelatin as agsayed.

An experiment was performed determining the rate of
geveral dilutions of an enzyme preparation with 1% gelatin
es the substrate. Thls experiment was repeated with other
concentrations of gélatin, all made from the é% golatin
"tpis" buffer solution described on pg. 13. The results are
slven in Graphs VITI through XIT. ‘

It will be seen from these graphs that & plot of the
log of the per cent unhydrolysed substrate against time
gives the curve for a typiecal first order reaction.

If the enzyme concentration is plotted against the rate

constant for a firast order reaction, Graph XIII is obtained.
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TABLE XVIT
The Determination of % Hydrolysis

Dilution :
Hydrolysed tested Opt. % gel.
gel. (%) (% gel.) density wunhydrolysed hydrolys is
3 « 254 . 155 .156 : 39
2 .333 .194 .196 41
1 417 .208 .210 650

unhydrolysed .200 .198 0] 0

N TABIE XVILI
The Relationship Between True % Hydrolysis
 and Amount of Sodium Hydroxide Used

4 % hydrolysis ., | % hydrolysis
" % gel. _ microeq. % hydrolysis®¥ microeq. NaOR
1 | 10.4 50 5.2
2 5.7 41 ' 2.4
3 4.5 39 1.7

% From Graph VII
#% From Table XVIT
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When 1% and 2% gelatin solutions are used, there 1s mno rela-
tion between enzyme concentration and the rate constant. How-
ever, when a 3%, 4.5%, or 6% gelatin substrate 1s used, the
relationship is a direct proportion. Since this is true, a
‘ uﬁit of enzyme activity may now be established: one unit of
enzyme activity is defined as that enzyme concentration which
gives a rate constant of 0.0001 when determined at 37° C. by
the second formol method using a 3% gelatin-"tris" buffer
solution as substrate. _ » ) i

Another experiment was performed'using 8 0.25 dilution
of one enzjme preparation and varying.the concentration of
gelatin used. A plot of log per cent unhydrolysed substrate
against time is given in Graph XIV. Now, if a correction fac-
tor for all concentrations of ehﬁyme given as 0.25 is gpplied
so that the rates glven for this concentration in Graphs VIII
through XII is the same as for the 0.25 concentration in o
Graph XIV?ﬂe can adjust all the values so that all concentra-
tions are equivalent. If we plot per cent gelatin against
rate constants for the various dilutions of enzyme, the plots
in Graph XV are obtained.

It is evideﬁt, from Graph XV, that there is a definite
amount of substrate inhibition.

A1l of the above experiments were repeated wusing the
heat-stable enzyme remaining after heating both enzymes for
2 minutes at 100° C. A'plot of enzyme concentration vs. rate

constants is found in Graph XVL. The enzyme concentrations
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were then adjusted in the manner described previously. A
plot of substrate concentration vs. rate constants at five
different enzyme concentrations is shown in Graph XVII.
Again, 1t is evident that there is substrate inhibition.

In the case of the simpler system, heat-stable snzyme
alo'ne; we may wrlite the followlng equations to explain the
kinetics of the reaction (12):

(L) e + 8 =63 — products

(2) es *+ {(n --1)8 == 88, inactive

If the rate of product formation in equation (1) is

dependent on the concentration of es, then: -

(3) £9%3§§l = Ki and

(os) (sB-1) _
(4) _e?gsny = Fé

Let es = p and es = q. Then, from (3) and (4), we

obtaih:
(5) (e =p -~ q)8 = pKi and

(6) pstl= qk,

From (5) and (6)1
68 - pS - pEKy pSnPl
(7) q=—37 —= =

= V = kp, we obtain

zg

By solving for p, and since

ke S

(8) V= 5s¥% +gu/k, =
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Since the concentration of e is unknow, ke can be expres-
sed as Vﬁ, the maximum velocity. Then, by mathematical manipula-

“tilont

K

It will be seen from equation (9) that a plot of 3 vs. S

n
will give a straight line, when 5 1s negligible, with a slope

of %L and an intercept of El at 8 = 0, The value 5= 1g negligible

m Vm

for small values of S. Thus, the equation reduces to the
typical Michaelis-Menten‘expression.

In order to substitute the values given in Graph XVIII
into this equation, the values for the rate constants mist be
converted to veloclty constants. Graph XVIIT 1is obtalned by
plotting the Michaelis-Menten equation'uSihg the wvelocity
constants for the heat-stable enzyme. The values for the
Michaelis-Menten constant, Ké, are obtained by dividing the
intercepts by the slopes. '

Before it is possible to determine K.s for the heat-labile
enzyme, it is necessary to know how much of the heat-stable
enzyme 1s 1nactivated when the total enzyme is heated to
eliminate the heat-labilelenzyme. The amount of Inactivation
was determined by heating a sample'of the mixture at 100° C.
for 1 mimate to inactivate the heat-lsbile enzyme. Determina-

tions of activity were made before and after reheating at
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~ 100° C. for 2 minutes. It was found that 56% of the heat-~

stable enzyme remained. If we double the rate constants

for the total enzyme (enzyme concentrations in Graph XV are
1/2 those in Graph XVII) and divide the rate constants for
the heat-stable enzyme'by 0. 56, and then convert these values
into velocity constants, we can obtain the veloclty constants
for the heat-labile enzyme by subtraction. The substitution
of these values into the Michaelis-Menten equétion glves the
results shown in CGraph XIX,

Thus, K for both enzymes is about 50.

It can be shown that the velocity constants for the heat-
labile enzyme divided by the concentration of substrate glves
values which increase as substrate concentration incresases.

The reverse is true for the heat-stable enzyme. This shows
that the heat-steble enzyme is imhibited by the substrate.
The heat-labile enzyme may or may not be inhibited by the
substrate.

Inspection of Graphs VIIT through XII shows that the first
order curves of log (100 -_%'ﬁydrolysis)'#s. time do not extra-
polate back to 0% hydrolysis at zero time. Also, 1t will be
noted that as the enzyme concentration increases, the apparent
initial substrate concentration decreases. To explain this,
one may postulate & rapid initial rate of hydrolysis which
becomes first order before the first sample can be analysed.
Because gelatin is a heterogeneous mixture, there was the

possibllity that different fractions hydrolysed at different
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rates. The next experiment was performed to determine whether
the different sizes of the molecules had any effect. A 6%
solution of substrate was dislysed 2 days against tap water.
The pH was readjusted to 7.4 and the "tris" buffer was re-
placed so that a 3% solutlon of dlalysed gélatin was com-
parable to a 3% sclution of undlalysed substrate. The results
of the hydrolysis of both by the same enzyme preparation shows
(Graph XX) that dialysis decreases the apparent initial sub-
strate concentration. In eother words, the larger molecules
seem to be hydrolysed féster, thus glving a very rapid initial
rate.

To explain the above effect mathematically, one can
assume the hydrolysis of a large molecule results in the
formation of a smaller molecule plus some amount of product.
The smaller molecule is then hydrolysed to form additional
product. {This, unguestionably, is an oversimplification of
what actually takes place.) This sequence of events may be

represented as follows:

X
A —>

The reate of breakdown of A and B is

A _ '
(1) - - xA and

dB
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The formatlion

and €4).

(3)

(¢)

apy
at
ap
2 _
gt ~ B

i

xA

Integrating equation (1) gives

(5)

In & = - xt-+fc or

{(6) A= cle“Xt

(a)

At t = 0, cq

of &, thus giving

(7)

A Aoe .

From éqﬁation {2)

(8)
(9
(v)
(c)

dB = xA dt - yB 4t or, from (7)
dB = xﬁoe"xt dt - yB dt. o
et B = uv. Then B = u dv + v du.

Also, let v du = =~ yB dt = - yuv dt.

Expression {9) becomes

(10) w av + v du = x&oe'Xt at - yuv dt.

This now can be separatedlinto two equations.

(11) w dv = xAbe’Xt at and

(12) v du = - yuv dt.

From équétion (12)

71

of Pl and P, 1s expressed by equations (3)

mst equal the initial conecentration

(13) %? = -y dt or, on integration £e.g. (6) to (7)3,

0

€14) u = u_e~Yb




72

 From equation (10) we derive that

{15) uoe"yt av - uoyve"'yt dt = xﬂbe°Xt dat - uoyve'“yt dt.

(1s) uoe=yt av = xAbe'Xt dt or
(17) av = ¥ o (7 = 2}t ¢,
. Qo
xe (7 - %)t B .yt
8 = + ¢ =Y from €14).
(18) v u, (v - xJ) ¢ Yo ° c ?

C
(d) Iet c = ﬁl‘ At t =0, B=0, A=A and (18)
. 4 o .

becomes

(e) 2, ¢, =0 or
- {y - X) 1

xA
&) o = -y

Thus, equation (18) becomes
' xA o (¥ - %)t <A

. o . - o] = yt
(19) == == Be or

= Beyt. and

In the formol titratidn, the sum of the concentrations of
A+ B+ Pg is a constant equal to Ab' Thersfore, Pg = Ab - A - B,
From (7) and (21) | |

22) P, = A -~ A e~Xt _ _xho -xt _ o-¥t).
(32) P = 8o = BT - ooy (077 - 0T
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A
c = o - - -xt & "yt

(25) ?2 G_-—_JET (y X Ye Xe ).
_Agein, because of the nature of the formol titration Pl = A - A
which gives

= _ o-xt

(24) P, = Ao(l o )

Now, to get total product

(25) P, + P_ = A {1 - e~Xt) 4 A, {(y - x - ye~%t 4 xe=7%)
cl 2 o . (v - x) .

or
e -xt -xt t
(26) P + P m (Zy - 2x - Bye + Xxe + xe“y )¢

If instead of the formation of 1P1 or le, we form in-
stead nPl + mP2, equation (25) is modified by a factor of n

times the first expfession-and m times the second. Also, if
the reaction starts with some amount of B present which can
be called Bo, then to (25) and (26) mast be added B°(1 - e'yt),
which 1is mﬁltiplied byvm if ‘more than one P2 is formed. |

A plot of (26) + B, (1 - e'yt) is given in Graph XXI,
where x = 0.1, y = '0.001 and B, -"1036. The second plot shows
whet happens if the x and y values are doﬁbled by doubling
the enzyme concentration. It is evident that the apparent
initial concentrations of sﬁbstrate are less if the first
order reaction is extrapolated back to zero time. However,
the apparent initial concentration is ihdependent of enzyme
concentration which is not the case experimentally. In order
to explain this discrepancy, one can pestulate that the regac-

tion A —» B is inhibited by the reaction products. To test
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this postulate an experiment was performed in which varying
concentrations of end products from a previous hydrolysis
were lntroduced into the reaction at zero time. All titration
values were corrected for the titration values of the reaction
products introduced. The results (Graph XXII) show that as
the amount of reaction products incresases, the apparent initiel
concentration of substrate increases. This is What.would be
expected if the reaction A—3 B Were_inhibited by reaction
products. it is also apparent that there 1s no appreciable
inhibition of the second reactlon, under the conditions given,
since there 1s no change 1in slopes up to an amount of end
products equivalent to 12.4% hydrolysis.
C. Effect of Temperature on Reactlon Rate

In order to determine the molar energy of activation of
the sﬁbstraﬁe before hydrolyslis can occur in the presence of
enzyme, the next experiments were performed. Velocity con-
stants were determined for the isolated heat-lablle and heat-
stable enzymes at 30° and 40° C. The experiment was repeated
with a different concentration of the enzymes at 35° and 45° C.
The rate constants obtained are given in Table XIX., It should
be noted that 1t was necessary to determine the initial rate
constant for the heat-lablle enzyme by extrapolating a plot
of rate constants of individual samples vs. time back to
zero time. This was necessary as there was some inactivation
of enzyme with time. The molar energies of activation, TR

given in Table XIX, were obtained by substituting the rate
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TABLE XIX

™

The Determination of Qlo and Molar Energy of Activation

for Heat-lebile and Heat-gstable Enzymes

E x 1 =
Enzyme Temp. Rate Const. x 10~% Qlo (cal./mole)
Labile 30 0.9
“ 40 1.6 1.8 1.08
35 2.1
45 3.7 1.8 1.11
Stable 30 2.93
40 5.15 1.76 1.07
35 2.90
45 5.33 1.84 1.16
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constants found into the definite integral of the Arrhenius
equation. The @, values given are somewhat lower than would
be expected;
D. Reproducibllity of rate measurements
Five sémples of enzyme plus substrate were made up in

the same manner and the rates were determined. The results,
given in Graph XXTITI, show that the reproducibility of this
method 1s good ana, thereforse, differenoes obtained in com-

parative studies have a high degree of reliability.

vV IMPROVEMENT IN ENZYME PRODUCTION LN CULTURES OF
|  PROTEUS VULGARIS

Although not of primafy importance in this work, it was
thought that some attempt should be made to improve the pro-
duetion of enzyme liberated into the culture medium by the
bacteria. i

A. The effect of caleium in the media

The culture medium used throughout this work was made

by addihg 15.0 gms. of Difco casamino acids and 5.0 gns.
of Difco yeast extract to each liter of distilled water.
The medium was adjusted to pH 7.8 - 8.0, dispensed in 1 -
1.5 liter quantities in 3-liter Fernbach flagks and steri-»
11zed in the autoclave for 20 minutes at 15 lbs./in.2 pres-
suré. » E

Many authors (13) €14) €15) (33) have claimed that

calcium increases fhe'yield of the pfoteolytic enzyme from
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P. vulgaris without a concurrent increase in the mumber of
bacteria. Gorini €11) demonstrated that the caleium was a
means of stabilizing the enzyme.

Bscause of the above information, an experiment was
performed to determine whether added calcium improved the
quantity of active enzyme. To 100 ml. of medium in & -

250 ml. flask was added 1 ml. of & 0.4% solution of CaCls,.
An aliquot without added calcium served as a control. The

- culture media were inoculated with P. vulgaris and ineubated
48 hours at 37° C. The cultures ‘were filtered to remove the
bacteria and the filtrate tested for enzyme using the film-
strip method. Table XX lists the results.

Because of the fact that added calcium décreased the
yield'of enzyme, i1t was considered necessary to determine
whether or not the medium had enough calcium in it without
further addition. @ne gm. of casamino acids plus 0.33 gums.
of yeast extract were fused using & NaNOS fusion mixture.
The ash was dissolved In distilled water and analysed for
calecium by the oxalate-permanganate method. It was found
that each liter of medium contained 1é + 2 mg. of caleium,
which was 1/10 the amount used by Gorini. Since the smount
which was added to the flask in the first experiment was the
same. as used by CGorini, it was concludsed that lé mg. Ca/liter

was cloger to the optimum amount.



TABIE XX

The Effect of Calcium on Enzyme Activity

Calcium conc. 0.004% None

start 65 65 60 60
finish | 80 80 65 65
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B. Optimum pH of the medlum and optimum
| ‘time of incubation
"Seven 100 ml. aliquqts.of culture medium were adjusted

to a series of pH values before sterilization. Each was
inoculated with 1.0 ml. of a 48 hour culture of P. vulgaris,
and incubated at 37° C. At varying intervals of time, 9 ml.
samples were femoved and the pH recorded. The samples were
sterllized by the addition of 1 ml. of a saturated solution
of phencl in water. The enzyme splutions were then diaiysed
againgt running water for 18 hours and agsayed by the second
method of the formol titration after 3 l/4lhours*incubation
(Table XXI). N

.~ Although the results are novtvclear cut, they indicate
.that the optimum time of incubation is from 70 to 96 hours
at an initial pH of 7.5 - 8.1. It is interesting to note
that the pH climbs steadily with time until i1t reaches the
same maximum in all flasks after 96 hours.

The above results are in accordance with the findings
reported By Merrill and Clark (27), who stated that the
optimum initlial pH for the production of the enzyme was
pH 7 - 8. Dermby €5), however, found it to be pH 6 - 7.

The fact that tﬁe largest percentage of enzyme produc-
tion occurs durihg the time of maximum growth indicates that
the enzyme 1s secreted by the bacteria. Additionel enzyme
is liberated during the period of autolysis. These observa-
tions, uslng P. wvulgaris, confirm those of many authors work-
ing with other bacteria (3) (8) (10) (4).
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Optimum Time. and pH of Incubation on Production of Enzyme

Final

Initial Time mieroeq. Final Time microeq.
pH (hrs.) NaOH used  pH  (hrs.) NaOH used DpH
6.5 25.5 5.16 7.28 45 3.47 7.90
6.6 25.5 3.81 7.35 45 3.90 7.97
6.9 25.5 2.92 7.79 45 3.59 8.18

7.2 25.5 5.06 7.58 45 3.25 8.03
7.5 25.5  (4.43)  8.00 45 3,95 8.29
7.8 25.5 - 4.02 7.95 45 4.05 8.23
8.1 25.5 4.00 8.18 45 4.10 8.37
6.3 70.5 3.78  8.23 96 _— 8.69

6.6 70.5 3.66 8.23 96 3.32 8.70
8.9 70.5 3.90 8.27 96 3.78 8.70
7.2 70.5 3,25 8.26 96 3.61 8.67
7.5 70.5 . 4.14 8.43 96 4,32 8.80
7.8 70.5 4.36 8,32 96 3.85 8.77
8.1 70.5 4.07 8.47 96 4.40 8.79
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C. Comparison betwsen production at room
temperature and at 37° C.

- Two 100 ml. aliquots of medium, adjusted to pH 7.8, were
inoculated with 1 ml. of a Z24-hour culture. éhe flesgk was
incubated atASV? C. while +the other was placed out in the
laboratory. Nine ml. samples were removed at the stated~times,
phenolized andvassayed es 1n the preceding experiment.

The results in Table XXIT indicate that‘the yield of
epzymé is greater when incubéﬁion is carried out at room
temperature. This is in égreement with the findings of
Gorini (11),

Vi. THE LARGE-SCA&E.PRGDUCTIGN'@F‘ENZYME

' After many léfge-écaleviots of enzyme had been produced,
the method about to be described was evolved. Twelve liters
of culbure media gontaining 15 gms. of casamino acids and
5 gms. of yeast extract per liter of solution at pH 7.8 were
dispensed in 8, 3 1{ Fernbach flasks and sterilized in the
autoclave. The medium in each flask was inmoculated with
approximatelj 5 ml. of a 24-hour culture of P. wvulgaris.
The cultures were incubated 4 days at room temperature. A
filter was prepared by packing a 1" layer of Johns-Manville
nigh-flow filter cell on top of a 1/2" layer of Johns-Manville
Celite in a 10" Buchner funnél, equipéed with a 2 1. suction
flask. The bacterial cultures were filtered. The filtrate

was adjuéted to pH 5.5, 120 gms. of kaclin were'added, and



TABLE XXIT

The Effect of Tempefatﬁre on Production of Enzyme

microeq.

NaOH
Temperature - Time usged
Room 24 2.05
Reom 72 5,61
379 C. 24 1.75
37° C. 72 2.80
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the mixtﬁre stirred for 20 mimutes. The kaolin was allowed
to settle and the supernatant liquid-was siphoned off. The
kaolin was then isolated by filtration through a 10" Buchner
funnel and washed with 4, 125 ml. portions of 0,04 @4écetate
buffer, pH 5.5. The enzyme was eluted by passihg 1l 1. of a
0.15% ammonia watér_solution through the kaolin. The eluent
was dialysed against cold tap water for 3 days. The voluwme
of the eluent was reduced te about 200 ml. by perﬁaporation
and then frozen. After thawing out, the solution was filtered
to remove the precipitate. The enzyme was then obtained as a
dry powder by lyophilization;

Graph XXIV gives the rate constants of the enzyme at
various steps in the production, as obtalned by fhe second
method of formol titration. Using the following facts, we

can calculate the ylelds

volume of disalysed culture filtrate: . 12,000 ml.
volume of eluent: _ , 1,000 ml.
volume of pervaporated eluent: 106 mil,
dilution of dialysed culture filtrate assayed: 1/16
dilution of eluent assayeds: 3/64
dilution of pervaporated eluent assayed: 1/112
rate constant of dilalysed culture filtrate: - 0. 00064
rate constant of eluents , 0.000886
‘'rate constant of pervaporated eluent: 0.00064

The percentage yield of eluent is 86/64 x 64/3 x 1/16 x
1000/12,000 x 100 or 15%. The overall yield is 34/34 x 112/1 x
1/16 x 106/12,000 x 100 or 6%. A loss of (20-6)/20 or 60% |
occurred during pervaporation. If 1 unit éf enZyme is con-
sidered %o have a rate constant of 0.0001, and since the

yield of dry powder was 300 mg., we can calculate an activity
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of 112 X 106 x 6.4 or 250 units per mg. of dried powder,
300 ‘

assuming that there was no loss of actlivity during the

lyophilization.
VII. SUMMARY AND CONCLUSIONS

1. The optimum conditions for the production of proteolytie
énzymes in cultures of P. ﬁulgaris are an initial pH of
7.5 - 8.1 and a 3 - 4 day incubation periocd at room tem-
perature when a casamino aclds-yeast extract medium is
used.

2. The method of purification found to be most suitable is
édsorption of the enzyme from the culture filtrate on
1 gm. of kaolin per liter of soclution at pH 5.5, washing
the adsorbed enzyme with an acetate buffer at pH 5.5,
and elution using & dilute ammonia water solution. The
dry énzyme obtained from the elusnt contains at least
three proteins, two of which are proteolytic enzymes.
The boundaries formed by the two enzymes on electrophoresis
were identified. The more rapld-moving component at
pH 5.5 and C/S of 0.1 is & relatively heat-stable enzyme.
The other active component is a heat-labile enzyme.

3. The results from the study of the rate of inactivation of
the enzyme preparation at temperatures of 60 - 100° C.

again indicate the pressence of two enzymes.
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By determining the velocity constants of the two enzymes

with varying concentration of substrate and substituting

these values 1n the Michaelis-Menten equation, a value of
approximately 50 is obtained for the Michaelis-Menten
constant. _

It was found that the heat-stable enzyme 1s partially in-
hibited by the gelatin substrate.

A unit of enzyme based on rate-constan£ de terminations
is suggested.

It was observed that the apparent initial concentration
of substrate appeared to be less than the actual amount

when the first order plot of rate constant was extrapolated

to zero time. To explain this discrepancy, it is postulated

thet there is an initial rapid breakdown of larger molecules
and a slower. breakdown of these products to still smaller
fragments., The kineties are expressed mathematically in
an equation,'which, when plotted using assumed values for
rate constanfs, appears to be similar to plots from experi-
mental data,

4

Molar energies of activation are found to be 1.1 x 10

for both enzymes.

cal.
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ABSTRACT
l. Methods of Assay

Two variations of the formol tltratlion were developed
to determine proteolytic activity. The first used phenol-
phthalein as an end-point indicator while the second was a
potentiometric titration with an end point of pH 7.8. The
standard error of the mean for the two methods were # 0.3 and
+ 0.13 microeqs. respectively. The substrate used was a 3%
gelatin solution with a tris (hydroxymethyl) aminomethane
buffer‘at pH 7.4, the optimum pH of enzyme activity.

2., Production of Enzyme in Bacterial Cultures

The culture medium used contained 15 g of Difco casamino
scids and 5 g of Difco yeast extract per liter of distilled
water. The medium was adjusted to the proper pH, dispensed in
1.5-11ter amounts into 3-liter Fernbach flasks. The medium
was then sterilized by heating for 20 minutes at 120 C, Ten
ml of a 24~hour culture of P. vulgaris was used as the inocculum.

The results of experiments showed that the optimum con-
ditlons for the production of the enzyme were an initial pH
of the medium of from 7.5 to 8.1 and a 4-day incubation period
at room temperaturs.

3. Purification

The purification of the enzyme was attempted by pre-

cipitation using organic solvents. The optimum conditions
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for precipltation were a 30% (v/v) alcohol concentration at
pH 4.5 and an ionic strength of 0.016 or a 5% (v/v) acetone
concentration at pH 5.0, The yieldé were too poor to be of
use.

The method of purification which was finally evolved
used kasolln as an adsorbing agent. Cultures of P. vulgaris
were flltered through Celite. The pH of the filtrate was
adjusted to 6.5 and 10 g of.kaoiin woere added to sach liter
of filtrate., After mixing for from 10 to 20 mimutes, the
kaqlin was allowed to settle and the supernatant liquid was
' dlscarded. The keolin was washed on & filter using 4 or 5
portions of & 0.04 M acetate buffer at pH 5.5. The enzyme
was eluted using a 0.15% ammonia-water solution to one tenth
the volume of the culture filtrate. The mixture was filtered
end the kaolln dlscarded. The'enzyme solution was dialysed
against tap water. The enzyme could then be isolated as a
dry powder by pervaporation follbwed by lyophilization. A
15% - 20% recovery of enéyme was obtained after elution and
a 8% over-all recovery was obtained with a 5-fold purification
as compared to & sample of a dialysed culture filtrate.

Elsctrophoretic data showed that there were three main
components in the isolated, driéd enzyme. ©One component with
a mobility of -12.1 x 10-% cmP/volt-sec for the ascending limb
at pH 5.5 and an lonic strength of 0.1, was inactive while two
components, with mobilities of -1.23 and -3.70 om®/volt-sec



xix

under the same conditions, were active. The more rapld
active component was found to be a heat-labile enzyme, while

the slower was relatively heat stable.
4, Properties of the Enzymes

Casein, autoclaved tendon, gelatin, and fibrinogen were
hydrolysed by the enzymes while raw tehdon, Ribomucleic acid
and Desoxyribonucleic acid were not.

Gysteine, Fe++, and cysteine + Fe**,were found to inhibit
the enzymes. Mg++, Sn++, and Cu** inhibited the enzymes,

++

Ca+*, Ba*+, Mn ', and Zn+* had no effect.

5. Enzyme Kineties

The first step necessary for the study of the kinetics
of the enzyme system was to determine the per cent hydrolysis
repregented by each microeq. of NaOH used in the titration
and the concentration of gelatin, as“microeq. of peptide bonds.
To determine these facts, various concentrations of gelatin
were incubated 18 hours with a .concentrated preparation of
enzyme. The amount of hydrolysis was then detérmined by
the biuret method. A series of tubes was made up represent-
ing a series of percentages of hydrolysis and titrated. 1%
was found that there were 20 microeqgs. (20 microeq. NaOH) of
peptide bonds per % substrate. -

The results of the determination of the thermal inactiva-

tion rate of the enzyme demonstrated that there were, in fact,



two proteoljtic enzymes, 2 heat-stable and a heat-labile
enzyme, a fact also demoﬁstrated by the results of the
electrophoretic study.

In a determination of per cent hydrolysis at increasing
periods of time, it was found that the hydrolysis proceeded
according to a first order rate and that the rate constant
was proportional to enzyme concentration. Therefore, a unit
of enzyme was proposed making one unit equivalent to a rate
.econstant of 0.0001 using abs% concentration of gelatin sub-
strate when incubated at &7 C.

The rate constants were determined for substrate con-
centrations of 1 = é% and varying enzyme concentrations. It
was found that the rate constants for equivaient enzyme con=
centrations decreased as the substrate concentration increased.
Thus, 1t may be seen that there was substrate inhibition of
the enzyme preparation.

The determinations of rate consbtants with varylng sub-
strate and enzyme eoncentrations were repeated for the heat-.
stable enzyme obtained by heating the mixture at 100 C. for
2 minutes. Agaln, there was noticeable substrate inhibition
of enzyme activity.

In order to determine the activity of the heat-labile
enzyme, it was necessary to determine the amount of heat-stable
enzyme left after heating the enzyme mixture. By heating the
mixture to destroy the heat-labile enzyme, & sample of heat-
stable enzyme was obtalned. Fifty-six per cent of the enzyms
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was found to remain after heating the sample of heat-stable
enzyme at 100 C. for 2 minutes. By dividing the rate con-
stants of the heat-stable snzyme by 0.56, the values for
the heat+stable enzymelin the mixture, before heating, were
obtained. |

In order to substltute the values into the Michaelis~
lMlenten equation, it was necessary to convert rate constants
into velocities. This was done for the values for the enzyme
mixture and the hest-stable enzyme corrected for loss on heat-
ing. By subtracting the reaction veloclty caused by thé heat-
stable enzyme from the reaction velocityAdf the enzyme mixture,
for the same concentration of enzyme, the veloclity of the heat-'
labile enzyme was obtained. By substituting the velocity and
substrate values into the Michaelis-Menten equation, a value
of 9 x 104 M was obtained for the Michaelis-Menten constant
for each enzyme calculated separately.

It was noticed that the plofs\of the first order reaction
did not extrapolate back to 0% hydrolysis at zero time but to
gome posgitive value. As thg concenfration,of enzyme increased,
the value of substrate at zero time increased. In other words,
there was a fast initial reaction. The value of the intercept
at zero time was greater when the gelatin was dialysed and the
buffer replaced. Thls fact indicated that the initial reaction
wa.s the hydrolysis of the larger molecules. To explaln these
findings mathematically, the following simplified sequence of

reactions was postulateds:
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L R=Ex  B=Y
A — 47,5 - P2, where P, and P2 are the pro-
B

ducts which are titrated after subtrabting the titration value
of the substrate. Thus, the ekppessions for the breakdown of

A and B and production of Pl and P2 are

dA _ R dB _ -
(3) T %k, and (&) g5 = 7B

By chaﬁging B, in equation {2}, inte values of A, integrating,
éonverting these into expreésions af rate of product formation v
and finally adding the equations for the formetion of products,
we obtalned the following expression for the production of
total products: A

A
(5) Py = 7 ‘ox (2y - 2x - Zye'Xt + xo~Xbt 4 xo~TE),

Since the substrate contains an Initial amount of B, a value
of B,(1 - e'yt) must be added to equation (5).
It will be seen from equation €5) that if x is greater

%t w111 become negliginhle as compared

than y, the values of e~
to e~ Y% and the expression would reduce to a first order reac-
tion after a short period of time. However, it was found by
plotting the equation that the zero-time intercept was indepen-
dent of enzyme concentration,'which is contrary to experimental

findings. Therefore, it was postulatérd that the initial reaction
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was inhibited by reaction products, whereas the secohd reac-
tion was not. This was actually found to be the case when
reaction rates were determined for a series of reactions
when end products,‘represehtihg up to 12% hydrolysis, were
introduced at zero time. ‘;

The reactlon rates were determined at 30°, 35°, 40°, and
45° for the two enzymes isolated by electrophoresis. From
these rates a § of 1.8 and a molar energy of activation

of 1.1 x lO4 cal. were found for both enzymes.
6. BSummary

The production and purification of the proteolytic

enzymes of Proteus vulgaris are discussed. Kasolin was

used as an adsorbent in the purification. Subsequent
elution yielded a preparation containihg two proteolytic
enzymes and an inactive fraction. The active fraction con- -
sists of & relatively heat-stable enzyme and a heat-labile
enzyme, The kinetics of these two ehzymes was: studied to
determine.the Micheelis-Menten cdnstanta, effects of substrate,
effect of end products, the molar energy of actlvation, and
the inactivation'by heat. A unit of activity based on reac-

tion rates is proposed.
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