' THE DETERMINATION OF CARBON DIOXIDE IN FERMENTING MIXTIURES
Theeis by

Howard Merlin Winegerden

In Partial Fulfillment of the Requirements

for the Degree of Master of Science

California Inetitute of Technology,
Pasadena,California,

1927



THE DETERMINATION OF CARBON DIOXIDE IN FERMENTING MIXTURES

By Albert L. Raymond* end Howard M, Winegarden

* National Research Fellow in Chemistry



Introduction

In connection with a research on enzymic behavior it was necessery to
develop a simple snd expeditious method for the determination of the carbon
dioxide formed during fermentations., The most suitable method of carbon di-
,;xide analysie appeared to be the procedure evolved by Cain and Maxwell?l
for the determination of carbon in steel, They absorbed the carbon dioxide,
formed by combustion,in known volumes of barium hydroxide solution,end follow-
ed the precipitation of barium carbonate by measurements of the electrical
conductivity of the solution, The idea has been applied by Spoehr and McGee?,5
to thg determination of carbon dioxide in their estudies on plant respiration.
This paper describes the development of this general method so as to render it ap~
plicable to studies on fermentation.

The technique whichwas finally adopted coneisted in liberating the
caerbon dicxide from the fermentation mixtures by sheking,carrying it by means
of a stream of air,free from carbon dioxide,to the absorption vessels con-
taiﬁing barium hydroxide,and messuring the change in resistance of the
‘barium hydroxide solutions,

We wish to thank Professor A.A.Noyes for grants which made possible

this investigation.

Conductivity of Barium Hydroxide Solutions

Before undertaking the carbon dioxide determinations,it wes necessary
to determine the conductivities of pure barium hydroxide solutions, The
~conductivities found in the literature are almost exclusively at 25°C., and are
not in very good agreement. As we wished to employ both 30°C, and 37°C.,we
determined the conductivity at these temperatures over the concentration range of
0,12 to 0.065 N.,and in addition repeated the observations at 25°C, for &om-

‘Parison with previously published dats.



In melkting these determinations the usual precautions were observed. Qon-
‘ductivity water of specific conductance of from 0.8 to 1.2 x 10‘6 mhos wee prew
pared by redistilling thé laboretory supply of distilled water first from mcid
permangenate and then from barium hydroxide,all im a current of air free from
carbon dioxides The potessium chloride employed as a conductivity standerd wase
Beker's c.p. twice recrystallized. The barium hydroxide was Merk's c.p. similarly
treated, Sodium carbonate was used as an acidimetric standard and was prepared
by gentle ignition of pure sodium bicarbonate,which in turn was secured by sat=
urating with carbon dioxide a cooled solution of Baker's c.p. sodium carbonete,
Various samples of the final carbonate preparesd as above,gave reproducible
analyses, Baker's c.p. hydrochloric acid was diluted and standardized against
the sodium carbonate using methyl orange as indicator. In all titrations the
neutral solution was boiled to expel carbon dioxide,cooled,and the end-point
redetermined. The final value chosen for the normality of the hydrochloric
acid was the average of five determinations in which the greatest difference
was 0.,15%. The barium hydroxide solutions were standardized againet this hydro=-
- chloric acid,using the average of three or four determinations,which in general
showed differences of not more than 0.25%.

The temperature of the thermostat was read to 4 0.01° by means of a stand-
ardized thermometer, Barium hydroxide solutions éf various concentrations were
immersed in the thermostat,and after allowing them to come to temperature,their
resistances were determined with a dip electrode., The thermostat temperature
was then changed end the determination repeated. Measurements were made on a
portion of each sample at 2500.,30°0.,and 5700. At each temperature the cell-
constant of thdelectrodea was determined by immersion iﬁ an accurately prepared
potassium chloride solution both before and after measuring the conductivities;

In no case did the eell-constant undergo appreciable change during the measure-

ments,



After several preliminary experiments,the data given in Table I were

' secured in three runs,as indicated in the first columm., Each sample was used

at tne three temperatures,and the normalities given in column two are those

which the solutions would have at 20°C, For convenience in our later work, the

' concentrations were recalculated and expressed in ﬁilligrams of carbon dioxide

per 100 cc. of solution,by which is meant the milligrams of carbon dioxide
stoichiometrically equivalent to the barium hydroxide in 100 cc, of solution,

Thus 0.1 N. solution is expressed as 220 mg. 002/100 cc, These values appear in
column three. The last three columms in the table give the specific resistances as

calculated from the observed conductivities and cell constants.

Zable 1
Norm.oat MgCOg per Specific Resistance
Run 20 100 cc. 25° 30° 37°
1 0.1131 248.9 43.43 bo.13 36,16
0.1000 220.0 ' 48,78 45,04 40,60
0.0907 199.6 53.21 bo,12 4h 30
0.0817 - 179.9 58,63 54.12 48.85
0.0723 159.¢ 65.40 604,33 54,42
0.0633 139.3 73.68 68.13 61.48
I 0,103 228.6 - 47.05 43,45 39.25
07954 209.8 51.00 47.07 42,49
0.0862 189.6 55.91 51 .64 46.61
0.07TM 169.7 61.90 57.15 5t.5
0.0680 149.5 69.49 64.15 57.28
IIT  o.1172 257.9 42.12 38,94 35.15
0.1092 240.2 44 80 41.50 37.41
0.0910 200.3 53.15 40,11 44, 32

0. 156.4 66.70 61.52 55458
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1
For comparison with the data of Cain and Maxwell ,and Spoehr and MeGee?rD
they are all plotted in Fig,I, A single point falling in this region determined

by A.A.Noyee4 is included.

Figure 1
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Apparatus and Method

The electrical equipment for the determination of conductivities differed
but slightly from that employed by Oain and Maxwell‘. A Weibelﬁ.type A.C, galvano-
meter operating on the 110 v. 50 cycle light circuit,supplied 6 v, A.C, for the
bridge. The galvanometer wae of loﬁ-resistance,and we therefore substituted a
low-resistance Kohlrausch bridge and a four-dial Curtis box for their self-con-
tained bridge. An adveantage of this change will be discussed later, The instru-
nents were manufactured by Leeds and Northrup and gave complete satisfaction,
Resistances up to 1000 ohms could be measu;ed ‘Yo within 0,05%,which was greater
accurécy than we required. Carbon dioxide determinations were made with an
accuracy of ¥ 0.0006 mg./cce of absorbing solution,or * 0,15 mg. for a 250cc.
cell,

For convenience as well as for reproducibility and accuracy in the carbon
dioxide determinations,it was decided at the outset to immerse both the fermenta-
tion vessels and barium hydroxide solutione in a single large thermosiat. One
equipped with the usual stirrer and regulator and capable of maintaining a desired
temperature to within i 0N2 degrees was employed throughout,

For transferring the carbon dioxide to the absorpiion vessels,a stream of
air free from carbon dioxide was used. The air was purified by passing it
through a calcium chloride tower and then through three soda-lime towere in
. series. By refilling the most used one of theée every three Lo four weeks and
moving the towers in & counter-current fashion,no trouble was experienced
from carbon dioxide in the gas stream, A pressure regulating device,consisting
of an eight inch U tube about one fourth filled with mercury,was connected to
the air line by means of a large T tube. If the line pressure exceeded the
desired value,the gas stream escaped through the mercury. This was found to

give as close regulation as was necescary. To maintain constant rates of gas



flow,a piece of glass cepillary tube was placed in the line following the
presaure regulator. By suitably choosing the size of the capillary and the
amount of mercury in the U tube, the gas flow was easily adjusted to any desired
value. For our work we found 200 ec. of air per minute to be satisfactory.

An exactly conatant rate of gas flow is,however,probably unnecessary,as will

be indicated later.

After trying several types of gas absorbers,we decided that the design
of Weaver and Edward36 was best suited to aur purpose. It is a compact and
very efficient absorber,even at high rates of gas flow. Their original design
was simplified and the lower stopcock omitted,as illustrated in figure 11,

The absorber is for 250 ce. of solution but may be altered to permit the use
of any quantity. The gas estream enters through the tube A,carries the absorb-

ing liquid up the spiral,and finally escapes through the outlet B,

Fig. II.
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- The spirals were built of tubing which was 8§ mm, inside diameter,and although
‘,éonsiderable precipitation of barium carbonate occurred in them, the absorbers
could be used for several runs before cleaning and refilling. A Hifficulty
which has been experienced,however,is that the injector may become clogged
during a run. To avoid this the constriction could be omitted es the bubbles
are still small enough to produce efficient absorption at low rates of gas
.flow. A soda-lime tube was attached to the small upper outlet of the absorber
io Prevent carbon dioxide entering from the air,
A further ;dvantage of this type of absorber is that is admirably suited
to the use of pipette conductivity cells,which were inserted through the rubber
- stopper C and left in place. The cell which we employed is illustrated in

figure III.
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The upper electrode is sealed into the tube A,which also serves to insulate the
lead wires The connecting wire to the lower elecirode is stretched along the
side of the cell and held in place by the two-hole stopper into.which the two
tubes are inserted. The open tube B serves to admit air free from carbon dioxidp,
"in order to blow out the contents of thelelectrode a3 well es to mix the solution
in the absorber. The cell is immersed so that the upper electrode is below the
liquid level,and the pipette need therefore be only blown out,as it refills
of itself. It was found by blowing out the contents three or four times that
the solution was uniform,and further mixing produced no changes in resistence.
A three-way stopcock was connected to a source of air,free from carbon dioxide
in such a way that the electrode might be alternately blown out and allowed to
refill by merely turning the stopcock.

In order to liberate the carbon dioxide from the fermenting mixtures it
was desirable to expose as large a liquid surface as possible to the gas stream.
For this reason thg fermentation tube illustrated in figure IV was employved,

the horizontal part of the tube being half filled by 20-25 cc., of solution,

Rig, IV
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Solutions could be added or withdrawn through the straight tube with a pipette

~ without disconnecting the current of air free from carbon dioxide which entered
through the branch tube. The straight tube was capped,except during such
removals or additions. ~In order to accelsrate the evolution of carbon dioxide,
the tube was fastened with small clamps to a rocking table immersed in the thermo-
stat, The table was oscillated by means of a small electric motor fitted with

a worm drive and so arranged that both the frequency and the amplitude of the
oscillation could be changed. After some preliminary experiments an amplitude

of 4 6 degrees from the horizontal and a frequency of about 120/min. were adopted,

In our final apparatus we mounted six identical sets side by side in the
thermostatl, the shaking table being built to accomodate six tubes.,,The air
lines for trensferring the carbon dioxide and for blowing out the pipette
electrodes were manifolded. Gas-washing towers filled with water were placed
in the air lines and immersed in the thermostat to saturate the incoming air
and prevent evaporation.

For convenience an automatic pipette delivering exaqtly 250 cc. was used
to fill the absorption vessels, A further time-saving device was made possible
by our electirical hook-up. The cell constants of our different electrodes
were in general noi the same. However,by setting the four dial resistance bex
to correspond to the constant of the cell employed( the setting takes bué a few
seconds) it was possible to compensate for these differences. The strength of
the barium hydroxide solutiones were then calculated from the data of Table I
and plotted as a function of the bridge reading. The graph was found to be

very useful,as the calculations were otherwise quite tedious.

Reliasbility of the Analytical Method
The observation of Spoehr4 that the constant of an immersed cell is subject

to change due to precipitation of barium carbonate, led us to- examine this



gquestion. We found that removing the cell from solution and allowing carbon
dioxide from the eir to form barium carbonete,as suggested by Spoehr,did
produce a change in the cell constant, However,as long as the electrodes were
kept completely immersed no appreciable change in cell constant was observed
during a run. This is presumebly due to the fact that the barium carbonate

is largely precipitated in the spiral before coming into contact with the
electrodes,changees in cell constant being due to the precipitation of bharium
carbonate upon the platinized surface and not to adsorption of previously
precipitated barium carbonate,

It was observed,however,that the resistance of the barium hydroxide
solutions increased slightly when kept 24 to 48 hours. in our cells. This
occurred,nevertheless,even in the absence of carbonate,but was not of sufficient
magnitude to introduce appreciable error, The cause of thies phenomenom
wae not investigatsd.

An additional difficulty which we had anticipated was that the precipi-
tation would bef%low as to require & correcting factor, To exemine this possi-
bility,resistence determinations were made one-half,one,and five minutes after

introducing carbon dioxide and again after ten to twenty-four hours. Changes -

19

~after one minute were found to be negligible as long as the solutions always ’

contained a relatively large excesa of barium hydroxide,as was the case in the
range of concentrations which we employed.

In order to show thet the method actually gave correct results on carbon
dioxide,we prepared samples of gas by gdding;measured volumes of standard
sodium carbonate solution to an excess of dilute sulphuric acid, A stream of
air,free from carbon dioxide,was bubbled thru the mixture and then through the
absorber, After 15 to 20 minutes the amount of cafbon dioxide as determined

by the change in resistance was compared with that from the amount of carbonate
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used. The differences were always less than one percent,and were systematically
in the direction which would indicete that not all of the carbon dioxide had

been evolved from the acid solution,

Rate of Evolution of Carbon Dioxide from Solution

Using the apparatus described above the rate of removal of carbon dioxide
from solutions was investigated. Figure V illustrates the results obtained, The
graphs represent the carbon dioxide removed in different periods of time,the

removal being expressed in percent of the total amount originally present,.

Fig V.
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In the first éxperiment 20 cc., of mercury were placed in the fermentation
tube,and the carbon dioxide introduced in the space above. The shaker was started
and the air stream turned on. In one half minute 953 of the carbon dioxide was
precipitated as carbonate,as shown by Curve I. The total amount present was
‘taken as being the value after 10 minutes,as this was identicel with the results.
at 3 and 5 minutes.

The experiﬁent was then repeated with the exception that 20 cc. of water
saturated with carbon dioxide were substituted for the mercury, In this way
Curve II was obtained. For comparison,this second run was repeated, except that
the shaker was not operated., The readings were continued and the value at 24
hours was taken as representing the total amount present. The data for the first
50 minutes are given in Curve III.

From curves I and II may be seen that removal of the gas from the space above
the liquid is,for all practical purposes complete in one minute,but that the rate
at which carbon dioxide escapes from the ;iquid into the gas space is in comparison
very sloﬁ. From the data for Gurve III the rate of escape from an.unagitatéd
liquid was found to be 4% per minute at the start,dropping rapidly to 2% per
‘minute. From the agitated liquid, the rate of escape was. about 60% of the re-
sidual carbon dioxide per minute. This illuetrates the extireme importance of
the shaking. In,creasing the shaking,placing beads in the tube,and using a
corrugated tube that broke up the liquid surface more thoroughly,each produced
slightly better results,but not enough to compensate for certain mechasnical dis-
Vadvantages. With different mechanical arrangement,which would allow very violent
shaking, it shouldbe possible to still further increase the rate of removal.

The rate of gas flow was found,as mentioned above,to be of but slight con-
sequence. By shaking the mixture with the air strean off,stopping the sheking,
and turning on the air,abcurve almost identical with Curve III waee obtained.

The average rate in this case was about 55% of the residual carbon dioxide

removed per minute,

If we assume 50% per minute to be certainly obtainable,it is possible to
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calculate the limitations of the method, If carbon dioxide is being produced at
e constant rate,then the error in observation the first minute after the beginning
of such production will amount to 50% of the production, The second minute the
error will be only 25%,and the third minute only %2%,etc. Similarly,if some
acceleration {either positive or negative) in the rate of production suddenly
occurs, then after % minutes this will be reported to within about 3% of the incre-
ment. For small uniform acceleration, the error is not gppreciable. It may there-
fore be stated that the method may be used with negligible errors for uniformly
accelerated changes,while for inetantaneous changee the error is negligible after
five minutes, Observations may, therefore,not be made lees than fiveiminutes after
some sudden change in rate. As an example,there may be included the results

(Fig. VI) on a fermentation enploying live yeast.

Fig. VI
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At the point P saturated mercuric chloride solution was introduced. This reagent
causes an almost immediate cessation of fermentation,but the observations do
not report thie fact for several minutes,as may be seen from the curve,

A further factor which must be coneidéred in this connection is the pH
of the solutiones. In the experimentis just reported,since the solutions were
unbuffered, the p" was between 4 and 7. In this region the carbon dioxide is
largely present as COp (or H2005). If ,however,the solution ies made more
alkaline, the proportion of carbon dioxide as 003" and HOO5' increases,as shown

+ in Table II. Since 50% of the total carbon dioxide is removed per minute in

Table é;
Percent of total . pH _
present as 4 5 6 7 8 9
HOO5™ 0.3 2.9 | 23.0 75.0 | 96.8 | 93.9
cos™ - - 0.001 0.09 0.6 5.6
COz + Hy005 95,7 | 971 . 76.9 25.0 | 2.6 | 0.5

the acid solutions, it might be expected that 50% of the free carbon dioxide
(003 not present as HCO3™ or 005' ) would be in general removed per minute,
This was investigated experimentally. Buffered solutions were substituted for
the water and the shaker was operated throughout., To obtain the total amount
originally present,the solutions were acidified after 30 to 50 minutes, end
shaken until equilibrium was reached. OCurves IV,V,and VI in Fig, V represent
the results at pH 7,8,and 9,respectively. It may be seen that tae rate of
evolution is much less in theee.more alkaline solutions,

The rates which would be predicted from the fraction present as 002 + H2005

at tne different hydrogen ion concentrations were compared with rates actually
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observed at 10, 20, and 30 minutes. In the calculetions it was assumed that

55% per minute is evolwed at pH 5, (Table III).

Table III
Calc. rate ~___Observed rate
nH % per min. 10 _min. : 20 nin, 30 min,
4 57 - - - -
5 57 - -
s 13 | 52 - » -
7 § 4 § 12 g 1" | 10
8 1.5 6 4 3
9 9.3 2.2 é 1.2 0.9

We may taerefore conclude that without employing correction factars;the
metnad is not easily applicable in its present form to investigations in alkaline
media,

Applications

A particular advantage of the method is that it is ideally suited to
investigations on aerobic and anaerobic fermentations,as a change from com-
pressed air to compressed nitrogen is all that is required, A disadvantage
involved in the application of the procedure to biological studies,however,
lies in the difficulty of securing sterility., The tubes may be easily sterilized,
buﬁ the air siream and connections may present difficulties. Our own work has
been confined to enzyme systems,and we have therefofe used an inhibiting agent
in the mixture. Toluene,which is most often used for this purpose,is too
volatile,and we have eﬁployed instead a 1:5070 concentration of gentian violet,
At this concentration there is no appreciable inhibition of zymese,but no live

Yeasts have been observed even after 3 or & days.,
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Summary

The specific resistances of barium hydroxide solutions from 0.12 to
0,065 N. have been determined at 25, 30, and 37°.

‘The fate of the evolution of carbon dioxide from adueous solutione under
varioue conditions has been examined.

A method’has been developed for the rapid and accurate determination of the
carbon dioxide formed in fermenting mixtures., The method is applicable to either
eerobic or anaserobic investigations. The advantages and limitations of the

method are pointed out.

| .
Cain and Maxwell, Jour. Ind. Eng. Chem,,11, 852 (1019),
2Spoe‘nr and McGee, Ibid, 16, 128 (1924).

: 5Spoehr and McGee, Carnegie Inst. Publ,325 (1923).

4A.A.Noyes, Carnegie Inst.Publ.,63,254 (1907).

5E.E.Weibel, Bur. of Stand. Sci. Paper, 297 (1917).

6Weaver and Edwerds, Jour. Ind. Eng. Chenm.,7, 534 (1915).
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Introduction

Co-zymase is one of the essential components of the eompléx
enzyme mixture which effects alcoholic fermentation in the ab-
sence of living cells. 'the separation of the mixture into "zy-
mase’ and "co-zymase" was first accomplishsd by sarden and Youngﬁ
by means of ultrafiltration through a gelatin impregnated Chamber-
land filter candle. he residvue and filtrate as thus prepared
possessed, separately, no fermentative action, but when mixed were
found to produce a rapid fermentation. The active constituent of
the residue was named zymase, While that constituent of the fil-
trate responsible for the reactivation of the residue was named
CO-zymase.

Yhe mechanism of the activation of the zymase was investigated
by zuler and myrbachz, who came to the conelugion that the co-
gymase was involved in that stage of the process in which inorganic
phosphates are convsrted to carbohydrate esters. ‘the same author34
have described a comprehensive and successful series of experiments
on the purification of co-zymase. |

A complete knowledge of the properties and function of co-
zymase would be of extreme importance, a8 1t should throw consider-
able lizht upon the mechanism of enzyme action as a whole, and
should in adaition have important bearing upon the entire guestion
of carbohydrate utiiization. it has been shown, for example, by
ﬁeyerﬁof5 that a substance, either identical with, or very similar
to co-zynase exists in most animal tissue, and the demonstration of
a complete identity of the two would have important metavolic con-
notations. |

In view of the imporitance of the field, as well as of the
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interest of one of us® in the pronlem oy carbohydrate utiiization,
we decided to attempt an extension 0f the work of muler ani Myr-
bach on the surification of co-zymase. at the beginnin-, however,
we found that our yeast produced much less active enzyme prepars-
tions than those of suler and myrbach, as regards both the zymase
and co-éymase content, and also that the technic of the above
authors with lead precipitation, wnich enabled them to secure an
initial purification of from ten to thirty fold, was in our case
practically useless.

#e therefore abandoned our original intention and have instead
studied the purification produced in our material by a variety of
reagents. L1n the investigation we have repeated much of the work
done by zmuler and ayroach, and sevsral differences have been fourid,
wnich apresr difficult to explain solely upon the basis of the
lower initial purity of our materisl. u8 certain of the experi-
ments show distinct promise, we hope 19 be able to extend the work
upon & material of considsrably hizher orizinel purity, such as
was employed by muler and iyrbach.

#e desire to thank 2rofessor a.ad. inoyes for grants and facil-
ities whicun allowed us to pursue these studies, and rrofessor

Keu. Polman For his constant interest and encouragement.

waterials ana wechnic 0F 4888Y.

the yeast which we employed throughout was a bottom yeast
supplied by the zastside Drewery7 in Los uangeles. L1t was ob-
tained fresh, %ransported imuediately to Easadena, end used the
same day.

#0r analyzing extracts for co-zymase activity, the analytical
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procedure adopted was similar to that employed by muler and nyr-
‘bach. then zymin (scetone-dried yeast) is washed with water, the
¢o~-zymase is largely removed. ‘the washed material is therefore s
source of zymase practically free from co-zymase, and on addition
of the latter is again capable of producing fermentation. sulsr
and kyrbach found on adding co-zymase extracts to such washed zymin
that within reasonable limits of concentration the maximum rate of
carvon dioxide production was proportional to the amount of extract
added. OUur experience in general confirmed this, as well as the
fact that it is necessary 1o keep the phosphate concentrastion con-

o5

(o1

stant throughout. AlL solutions were adjusted to pa 6.3 -
before testing, but even in those cases in which all precautions
were observed, we found variations of & to 10 per cent in certain
analyses and our assays are theretore only reliable within these
limits.

In order %o prepare our zymin the prodecure of Alberta was
usged. pFresh yeast was filtered through canvas in a small plate
and frame press under five to fifteen pounds pressure. the press
was then blown out with compressed air to secure partiasl drying,
and the yeast was pressed in a hand press to remove as much water
88 possible. #whis drying was facilitated by making cakes of the
washed yeast, wrapping them in sheets of filter paper, and placing
them between pads of blotting paper. The bundle was wrapped secure-
1y in ceanvas, and pressed at about 300 lbos. per sg. ia., producing
s friacle, light-colored product. “his was converted to zymin in
800 gram lots by pessing it through a ten mesh sieve into three

liters ot c.p. acetone. after stirring for ten minutes, the aceitone



~was removsd vy suction filtration. 4Yhe partly dried yesst was

next introduced into one liter of fresh écetone for two minutes,
filtered, ground with 500 cc. or ether for toree minutes, and again
filtered. “he almost white powder which resuiiled was air-aried.

Although the procedure appears gulte simple, we found it
difyicult to prepare an actively fermenting zymin from our yeast.

Un suostituting technical acetvone for the c.p. materisi, a completely
inactive preparziion resuitea, as was the case when the acetone wes
added with stirring to the yeast insiead oi the reverse as descrived
aovove. usven btnose lots which were prepaced by apparently identical
procedures showed considerable differences in setivity. uhe experi-
mentai wori to be reported was, therefore, pertormed with two very
similar lots wihich were, incidentally, the vest which we secured.

FOT aSSsy purposes, the_zymin wes freed of co~-zymase by mixing
with eight parts of water ane centrifuging. this ws=Shing was re-
peated twice more, and the zymin then produced almost no fermenta-
tion in the absence of added co-zymase. the zymin was freshly
washed as needed.

‘‘he solution used for making the assays was prepared as follows.
kleven grams o:f zymin were washed as above, and dilutea to a total
weight of 48.4 gms. (44 cc.) oy adding distilled water and a small
amount of “zymophosphate™ solution. rhere werc then added 1l8.9 cc.

of & solution of the following composition:

uagHPO, «onpl 13.3 grams
KHgorOq 16.6 "
Glucose 583.0 "
Gentian violct 0.73 ¢

Distiiled water to 1000 cc.

‘the mixture was made nomogeneous by stirring and shaking, and 10.0 cc.
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were removed and added to 9.0 cc. of the co-zymase solution to be
tested (or & lesser amoant diluted to 9.0 cc.). The final concen-~

tration in this fermenting mixture were:

Na.HPOy 0.013 molal
P

KHgPO4 ‘ 0.020 "
Glucose 10.0%
Gentian violet 0.125%
Zymin 10.0%

The "zymophosphate solutiorn" was added because of its known
property of reducing the incubation period of fermentation. <he
"gzymophosphate” was prepared from the first zymin washes by precipi-
tation first as a barium and finally as a lead sall. Lead was pre-
cipitated with hydrogen sulfide, the latter removed in vacuo, and
the resulting solution adjusted to pH o.4. 11t had no co-zymase
sctivity, énd enough was added to diminish the incubation period to
from o to £ hours.

‘the gentisn violet was added as an antiseptic, and at the above
concentration we ooserved no growths for the periods over which we
worked (two to twelve hours), and there was no inhibition of the
enzyme action.

‘the pd of the mixture was 6.4, andi the total phosphate concen-
tration was optimum for our yeast.
ror determining the carbon dioxide formed an electrometric®
method devised for the purpose was employed. Headings were made at

15 minute intervals, and the maximum rate was taken as s measure of

the co-zymase actiivity of the sample.



Typical fermentation curves are given in #iz. 1. in these the
rates of carbon dioxide production are plotted as a function of the
elapsed time. osurves L and LI were obbtained with different guanti-
ties of co-zymese, using the gliucose-phosphate mixture deseribed
above, while vurves LII and LV are the corresponding ones for runs
employing twice the concentration of phos:ihate, other factors be-
ing unchanged. the longer periods vefore attainment of the maximum
raive in the latter case are characteristic of high phosphate con-
centrations, as are the larger maximum rates for the seme co-zymase

eoncentration.
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i1t is of interest that at no time did we find co-zymase pre-
parations wnich gave curves markedly different from those of rig. I.
With many of the purified preparations, however, an incubation
period of from one %o three hours was observed, and as "zymophos-
phates™ have been sitated to remove these lsg pericds, we added such
preparations, as mentioned before, %o our fermentation mixtures.

pydrogen ion goncentrations were determined throughoct by means
of indicators, the colors being checked with electirometrically
standardized buffers. [n addition to Clarik and Luo's sitandard set
of indicators, we employed phenolphthselein, thymophthalein, and in
a few cases, methyl blue. -

#0r convenience in reporting our results, we have defined a
"unit®™ as being that quantity of co-zymuse required 1o produce &
maximum rate of fermentation of one mg. of carbon dioxide per hour.
We have also used ﬁuler‘s.activity coefficient, whkich is defined as
the maximum rate of carbon dioxide production in ¢c. per hour,
divided by the solid content Qf the sample expressed in grams. JLhe
symbol Aco was sugzested by zuler to designate this unit and has been
employed throughout this paper. the aco, except where otherwise
noted, refers to the ash-free material. 3Solids were determined by
dry.ng to constant weight at 105-1107v and ash by igniting st dull
red untii: the residue was gray or white in color.

cxtraction of vo-gzymuse from Yeast

Our co=-zymase solutions were prepared by extracting yeast wivh
hot water, a procedure which has been shown by others to destroy the
zymase activity without appreciably impairing the co-zymase. sresh
and washed yeasis were both investigated, but as the only difference
between the two extracits lay in the fact that those from the washed

yeast eonteined slightly less solids, the latter were not extensively



employed.

in order to obtain an efficient extraction, various factors
were examined with s view to determining the optimum yield of co-
zymase, without regard to the purity of the resultant product.
satches of 10 to 20 liters were prepared by adding yeast to water at
90929, stirring two to three minutes, and cooling as rapidly as
possible by immersing the metal container in running water.

the efifect of concentration of the yeast upon the yield was
studied, and it was found that the efiiciency of the extraction in-
creased largely with decreasing concentration down to 0.1l gm. fresh
yeast per cc. solation. Hore dilute extracts were not examined, as
solutions of much lower activity required too extensive evaporation
before they could be used.

Acidity was also examined with regard to its effect on the
yield, glacial acetic acid and sodium carbonate being added to the
hot water to vary the acidity. 1nhe pd was determined and the solu=-

tion neutralized to pu 6.4, and tested. Yhe resulis are included in

Table 1.
Table I.
xeagent HOAc Control Nazcoz
voncentration (g/L) 5 1 1 5
pH of extract 3.8 4.0 6.0 7.0 10.0
Activity (Units/cc.) 3.6 3.6 4.7 2.9 2.5

Klectro Uialysis

No attempts appear to have been made toward purifying co-zymase
by means of electiro-dislysis. 4s the method offers great possibili-

ties with those substances which migrate under the influence of an -
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electric field, we decided to investigate the results with our mater-
ial.

A cell was built consisting of seven 50 cc. compgrtments, in &
row, and separated by parchment paper‘partitions. There were placed
in the compartments in order: i, copper sﬁlfate gsolution (1 molal)
and a copper electrode; 1I, potassium chloride {O.1l m.); LII, potas-
gsium chloride (O.#m.) ad justed to the desired pd; LV, co-zymase |
golution similarly adjusted; v, VI, and VII were duplicates of iIi,
11, and 1 respectively. ‘rhe potassium chloride solution in il and
VI prevented contemination of that in LIl and V.

o see if the pu of the solution affected either the magnitude
or direction of migration of the activity, a set of four experiments
was performed covering pd range of 2 to 10. A4 potential drop of
4 volts/em. was maintainsd in the co-zymzse solution and 1000 to
1800 coulombs passed in 40 to 60 minutes. In the case 0f experiment
IIi, the apparatus was kept in the ice-box to decrease the destruction
due to the alkalinity. ‘the pa did not change appreciably during the

run. ‘fhe activities of the solutions are given in ishle 1I.

table LI.

Asetivity (Units/ce.)

mxpte. po Anode Center vathode
IV 2.0 0.2 1.4 0.3
iI 4.4 0 2.7 0
1 6.4 0.2 3.2 0.2
11T 9.7 0 2.3 0

in no case, therefore, was an appreciable amount of co-zymase trans-
ferred to the potassium chloride compartments, although tests showed

the parchment paper was permeable to the co-zymase over the entire
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pi range employed.

In view of the fact that the paper was permesble to the co-
zymese and yet gractically no transference occurred in.an nour, it
seems Jjustifiable to conclude that the co-zymase carries no appreciable
fraction of the current over the pn range examined. Whether this is
due to its being present at low concentration, or to its having a low
degreé of ionization, or to both, can not be determined from the
above data. However, the possibility of purifying cerude solutions

by this means seems to be definitely excluded.

Alcohol Precipitation

A8 alcohol has been suggested for purifying co-zymase, we per-
tormed a number of experiments with this reagent. we found that an
alcohol conceniration of 40% produced a fine flocculent precipitate
and left the majority of the activity in the solution, but that 80%
alcohol, on the other hand, produced a less satisfactory separation
and frequently occasioned consideravle losses of activity.

1t seemed well tb learn, therefore, how much puritication was
'being produced,and a set of experiments was performed with this in
mind. 4 co-zymase solution was concentrated five fold in vecuo and
divided into two portions. 7the first was brought up to 80% by the
addition of 95 alcohol, and the fractions separated. (Table 1I1)

pable 1IL

tield (%) Aco
ury Ash-free
riltrate 59 ' 28 38

rrecipitate 48 30 41

Uriginsl 26 6
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vo the remsining portion of the concentrated solution alcohol was
added to 40% snd the filtrate was then brought up to 80% as before.
{fable LV} <1he Aco was determined on each fraction and the yields
caloulated. <the yields are expressed as the percentage of the
original co-zymase, present in the different :ractions. +vhe failure
to add up to 100% is presumably dune either to varying phosphate con-
centrations in the different ifractions, or else to the removal of

some inhibiting material. ihis phenomenon was frequently observed.

yable LV
1ield (%) Aco
ury Ash~free
407 precipitate 11 15 29
80% b bl 36 42
~ 80% filteade 61 31 44
original - 26 36

it will be seen that even though there were apparentlﬁ no losses of
activity, the purification wes not appreciable in any case. it
must be noted that these experiments were’performed only upon erude
solutions and the possibility, therefore, remains that different

results might be obtained on a purer material.

Lead rrecipitation

bue to the great success of muler and Myrbach using lead pre-
cipitation as g means of purifieation, we attempted to repeat their
experiments with this reagent. +‘he procedure evolved by them con-
sisted in s precipitation at pe 6, which left the active material in

the filtrate, followed by precipitation of the activity at pH 10.
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We employed both washed and unwashed yeast and prepared an ex-
tract exactly as they described. Frecipitation at po 6 guve a
mixture which was very difficult to filter and which was turbid
after centrifugation. Practically none of the activit§ passed into
the precipitate. Sdliﬁ determinations indicated only very slight
inecresse in the Aco.l Bulsr and myroach, on the other hand, obtained
three fold puritication and reported no mechanical difficulties.

At pH 10 we found the asctivity to be again almost entirely in
the filtrate. “his is contrary to the results of the above autnors,
who found precipitation %o begin at ph 8.5 and be complete at pd 10..
We &lso duplicated our own results witn pi &6 filtrates to which
additional lead acetats had been added, indicating that the differ-
ence in the alksline precigitation was not due to insufiicisent lead.
Po agscertain whether we were dealing solely with s concentration
eftfect, we evaporated & sample of our material %0 one sixth volume
in vacuo and repested the experiment. Again the activity remained
almost completely in the filtrates, both at pn 6 and 10.

In view of these facts, as well as the one mentioned avove
that tne precipitation is not aéﬁsatisfa:tary at pd 6, we decided
to modiry Euler's first procedure as follows. Batches of co-zymase
solution were prepared by adding 2% kg. of fresh yeast to 15 L of
water at 90-92°. he solutions were filtered immediately and
gooled. Centrifugation probably would have been preferable but no
continuons centrituge was available. une cooled, filtered solutions
were placed in a large glass container capdble of holding 25-30 L
and a hot concenﬁrated lead acetate solution was added to the ex-
tent of 7.5 g. of lead acetate per liter. The pH was then adjusted
to 9.0 by the aadition of 6 N. NaOH with constant stirring, and the
mixtuore was allowed %o settie for one or two minutes. ‘[he super-

natant portion was occasionally perfectly clear and filtered rapidly
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giving a light yellow, crystal clear solution. When this wes not
the case, additional portions of 0.5 g/L of lead acetate were added,
and the pH readjusted after each addition to 9.0. In no case did
we need to add mofe‘tian 8% g/L total lead acetate to produce perfect
Qsecipitation. T"he phosphate contentlo of the solution dropped
from an average of 0.35 mg/cc. to sbout 0.007 mg/ce. which aéaounts
for a large portion of the added %ead.

these final solutions, after neutralization and removal of
lead, ebntained from 90~100% of the activity of the originsl ex-
tract,out solid determinstions showed only slight changes in Aco.
A Tew expeéiments chosenrat random are given'tb illustrate these

points. (Table v)

Zable V
Expt. . Remarks Yield (%) Aco
Dry Corr.
19 Orig. unwashed 36
Precipitated 109 39 73
40 Urig. unwashed 50
Precipitated 96 45 73
41 Orig. washed 73
Precipitated o7 62 130
66 Orig. unwashed _ : 21
Precipitated 90 _ 20 32

The solid content of the final solution may be corrected for those
jons added during the precipitation which would be carried through
into the filtrate. These include Ha* and N03' from the base and

acid used and Ac- from the lead acetate. 4“he final column of the
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table gives the activities corrected by these factors, from which
it may be seen that an actual slight purification did result in
each case.

Solutions prepared as above, still containing a sﬁall amount
of lead, were quite stable. .Unlike the original boiled yeast
extracts, they exhibited little tendency to develop mold or bac-
terial growths, and lost less than 50% of their activity on bveing
kept in the ice~box for two or three weeks. AS mentioned above,
inorganic phosphates were 2lmost completely removed by the lead
precipitation;'and therefore did not interfere with additionsl
reagents. #or these resasons, we adopted this precipitation as
standard ,and the further work described in this paper was largely
done on such lead treated solutions, from which excess lead was
not removed. 40 distinetion will be made between such sclutiouns
prepared from washed and unwashed yeast, as no differences in
their behavior were observed.

in order to determine the effect of higher pd on the preci-
pitation of the active material, we added lead acetate in differ-
ent concentrations and tried pn values of 10.5 and 11. ‘the be-
havior was quite variable and appeared 10 depend upon the parti-
cular bateh of material employed. Hor example, 1ot no. 41 made
0.005 M. with lead acetate, gave a precipitate containing 79% of
the activity at pH 10.5 and 72% at pZ 11.0, while another, lo%t
no. 66, using lead ion concentrations of 0.00b, 0.01, and 0.015 M.,
at pH's 10, 10.5, and 11 gave a maximum precipifation of 27e. It
is possible that the differencés between Euler's results and our
own regarding the precipitation =t pH 10 are dependcnt upon the
same factors that must be operating in the cases cited. 1In any

event, the lead is not a satisfactory precipitant until these
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apparent anomalies are understood.
In those cases in which the lead did precipitate the activity,
the purity was considerably increased. 7The results obtained for

lot no. 41 are given in Table VI.

Table VI
Ppt. pH Yield (%) Aco
Dry Ash-free
Orig. - 73
10.5 79 358 524
11.0 72 | 291 413

Although this lot gave the most.effective purification which we
gecured with lead, it was but seven fold incerease over the ori-
ginal material. In view. of the fact that similar precipitations
in the hands of zZuler and uyrbach produced 10 to 30 fold increase
over their original,'the above results do not appear particularly
encouraging.

there is one further point to be noted in connection with the
experiments on lead, regarding the poisoning of zymase by that
substance. A duplicate experiment was performed, using in one case
the lead treated co-zymase solution directly, and in the other an
identical guantity from which the lead had been removed with hy-
drogen sulfide. ‘'he two runs were identical in fermentative
activity within the limits of experimental error. an gnalytical
determination demonstrated a2 lead concentration of 000048 M. in the
fermentation mixture, which would seem to excesd the "trace™ which

Euler and iyrbach found produced poisoning.
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Yereury Precipitation

The results with mercury as a precipitant for co-zymase were
particularly interesting, as they showed certain peculisrities
that do not appear to have been previously noted, in dbiological
purifications. |

wercuric chloride is by far the most common mercury salt
employed in biological work. Due, however, to its low degree of
ionization, it might be predicted that less precipitation would
occur with this salt than with mercuric nitrate, for example, at
the same molalities; Yhis was verified experimentally. On adding
Hg(cﬂ)g, 1gClg, and ng(N03)2 of the same concentration to the lead-
treated solution, there were observed, respectively, no, slight,
and heavy precipitation. “his is in exact correspondence with the
degree of ionization of these salts.

More quantitative experiments were therefore performed with
HzClg and ﬂg(HOg)g. to samples of co-zymase solution, HglClg
golution was added to concentrations of 0.0025, 0.005, and/0.0075 B,
the pH was adjusted to 7.g - 8.0, and the precipitate centrifuged
off. The addition of a few drops more of Hgllg solution produced
no precipitation or opalescence in the filtrates, indicating
"complete precipitation” in each case. it was therefore of great
interest that not only did the yield of active material carried
down by the precipitate inerease with increasing concentration of
Hguls, but the Aco's likewise progressively increased. the data

are given in vable VvII.



i7.
Table VII

Hguly conc. rield (%) ~ Aco
Dry Ash-free
orig. 20 31
0.00256 256 75 139
0.0056 42 125 185
0.0075 65 117 192

‘the abbve experiment was then repeated with Hg(NOz)o at the
same concentrations. uwhe clear solutions, after centrifuging off
the precipitate, were tested with more of the reagent and further
precipifation was found to occur with the 0.0025 and 0.005 M.
concentrations, but not with the 0.0075. 1in this case, the yields

increased as before, but the purity underwent a constant decrease.

{Table VIIL)
Table VIII
iolal Yield (%) ACO
. ' Dry Ash-free
Orig. 20 .31
0.0025 45 135 214
0.005 57 106 166
0.0075 75 106 140
in order to elaborate upon these observations, the experiments

were repeated in a more acid medium.

and the same concentrations of mercury as above.

A pd of 6.5 - 6.7 was employed,

rrecipitation was

practically complete with the nguls at 0.0025 . and with the

4g(NU3) g at 0.005 w.

in this experiment the results were similar to

those at the higher pH, but the yield was in each case lower, as

illustrated in wable 1X.



18.

fable 1IX
Precipitate Orig. HgCly ﬂg(H05)2
gonc. molal 0.0025 0,006 0.0075 0.0025 0.005 0.0075
Yield percent 12 37 38 42 46 59
Aco (ash-free) 31 47 83 121 93 93

the results confirm the experiment of guler to the extent that
HgClp to "complete precipitation" in neutral or acid solution is a
poor precipitént, Yhey are, however, quite different in their
final interpretation, for they indicate HglUls to have considerable
possibilities in the purification, if used in larger quantities
than necessary for ‘‘complete precipitation”.

‘he experiments are also of importance in connection with
biological purifications employing mercury, as they indicate inm-
portant differences resulting from different salts of this element,
and serve a8 well to invalidate "complete precipitation" as &
relisble guide. |

Silver Precipitation

Silver, like mercury, was found to be a fairly satisfactory
precipitant for co-zymase. Our preliminary experiments indicated
approximately neutral solutions to be satisfactory, and the effect
of concentration was therefore investigated at pH 7.2 - 7.3. ‘tThe

results are iisted in Table X.

Iable X
Gonc. (molal) 0.0 ' 0.0025 0.005 0.0075
Yield (%) 48 61 63
Aco (ash~free) 30 173, - 206 203

Attempts to increase the above yields by altering the acidity

met with failure. Occasionsal batches, however, gave yields of 75%
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to 85% at the above pH. As the Aco was likewise fairly high, as
will be observed above, it would appear that silver might perhaps

i_be profitably employed.

nemovel of metals as Sulfides

In the case of the three metals described above; lead,
mercury, and silver, it was frequently observed that the loss in
total co-zymase wWas very great. Tnis was assumed to be'due to the
fact that when the metals were removed as sulfides, as a prelim-
inary to the tests of activity, some of the co-zZymase was atdsorbed
on the precipitated sulfides. An experiment was undertaken to ex-
emine this possibiliity.

To pairs of samples of co-zymase solution,the avove three ions
were added to a concentration of 0.007d k., and the pH was adjusted
in one of each pair to 10 and in the other to 5. Without removing
any precipitate, the solutions were saturated with hydrogen sulfide,
filtered, and the hydrogen sulfide removed in vacuo. The solutions
were then tested and the losses in activity thus determined. 7They
are listed below in “Pable XI in percent of the original amount
present.

Taple XTI

Percent Loss in Activity by the Precipitation of Sulfides

pH Lead merecury Silver
b 6 - 16 22
10 .0 9 2

In purer samples the above phenomenon was of even greater mag-
nitude. With silver, in particular, we had great difficulty,and in a

few cases losses of as high as 60% and 80% occurred. As the precipi-
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tation of the sulfides is besti accomplished in aecid solutions and as
it is here that the greatest losses occur, this factor must be given
close attention. Wg avoided the difficulty as best we could by pre-
ecipitating the sulfides from dilute solutions, in which\case the
losses were much lower. The matter is of interest hecause of its
general béaring‘cn the problem of biological purificstions by means

0f the heavy metals.
Cadmium

Tarning from the heavy metals, we examined the behsvior of
cadmium, iron, and aluminum hydroxides. Cadmium was not particular~
ly effective in earrying down the activity, as indicated by the
table below (XII). <“he experiments were performed by adding a
solution of C4Cly to the desired molality, adjusting the solution
to pH 10.b - 10.7, centrifuging off the precipitate, neutralizing
both portions, and removing the cadmium as a sulfide. Preliminary
experiments had shown Qractieally no losses from precipitation of

cadmium sulfide,

Teble XII
Conc. (molal) 0.00b 0.0075 0.01 Orig.
Yield in precipitate (%) 9 24 37
Aco (ash-free) 39 42 42 30

It will be observed that not oniy are the yields low, but that al-
most no purification results.

Iron

As the precipitation of iron hydroxide in the co-zymase solu-
tions was found to be difficult, the nydroxide was freshly prepared,

washed, and added to the co-zymase solution to 0.05 molal. The
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solution was made alkaline to pd 10.1 - 10.2, and shaken for ten to
-twenty minutes. On centritfuging off the precipitate, neutralizing,
and testing, 88 of the original activity was found to remain in
the filtrate, while.the precipitate was insetive. The 12% loss
might~we11 have been a result of the alkalinity of the solution.

In any event, iron would not appear to be a useful reagent.
Aluminuom.

The use of aluminum hydroxide as an allsorbent for the co-zymase
activity has been discussed by kuler. He found that the hydroxide
was quite an effective adsorbent at pH 10, and deduced the Aco of
the material to be rather high. He did not, however, utilize the
method.

On original extracts, untreated with lead, we found aluminum
hydroxide to be quite ineffective. Aluminum sultate was added to
give aluminum ion concentrations of 0.005, 0.01, and 0.015 molal,
and then HaOH to bring the pH to 10. #the precipitates were centri-
fuged off and both portions neutralized. Table XIIX gives the

distriobution of the co-zymase in per cent of the original.

table XIII
Gone. (molal) 0.005 0.01 0.015
Frecipitate 3 7 25
¥iltrate 90 -6l 59

However, in repeating the experiment, with the exception that a
lead precipitated solution was employed, more promising results

were secured, as indicated in Table XIV..
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Table LIV

Conc. (molal) 0.0056 0.01 0.015
Precipitate 77 103 75

Filtrate 33 4 0

The difference in the behavior with the two solutions may
perhaps be acecounted for by the sbsence of phosphate in the lead
precipitated materigl, as aluminum phosphate, which 1is surely
formed in the original msterial, may intertere.

The problem of recovering the activity from the hydroxide still
remained. Two methods were examined and both found to be useful.
‘the first consisted in dissolving the precipitate in a minimal
quantity of 6 H. hydrochloric acid, diluting, and neutrglizing. In
the second method the precipitate was suspended in water and adjust-
ed to pd 5.9 - 6.1 and kept in the ice-box for 12 to 24 hours. As
the mixture became more slkaline on standing, it was read justed once
or twice during the period. |

Both methods were found to give filtrates containing the major
portion of the acitivity. 'the second procedure, moreover, resulted
in a fairly puré product, the Aco being increased, for example, in
one experiment from 30 to 275 {ash-free] by precipiteting at pH 10
and reversing the a&gorption at pd 6.0. kxepeating the aﬁeorption

and reversal once more caused an increase to only 335.

Miscellaneous.

The remaining reagents which we employed were examined only
casually and will, for this reason, be only briefly mentioned.
Barium, in accordance with the statements of muler, was found

to produce no precipitation of the activity, even in solution as
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alkaline as pH 10.5.
| Tannic acid was likewise found t0 precipitate none of the
activity from dilute solutions, and concentrated solutions were
not investigated. ‘The filtrate from the tannic acid pfecipitation
wes noted to develo; only faint precigitates with either phos-
photungstic or silicotungstic acids.
Silicotungstic and phosphotungstic acius were both tried, but
without particular sucecess. <Considerable loss of activity in gen-

eral resulted with no very great increase in the purity of the co-

zZymsse preparstion.

Summsaxry

Electro dialysis and a number of reagents have been examined
with regard to their applicability to purifying co-zymase extracts.

Lead saltis were fodnd to give variable results. The experi-
ments of Huler and syrbach could not be duplicated on the available
co-zymase extracts.

kercuric chloride and nitrate were found to effect different
results. ‘the experiments appear to have considersble bearing on
biological purifications with this element.

Mercury, silver, and gluminum were found to be most useful.

Pasadena, Californis.
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