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in frozen beef after storage wiiclhh would distinguish it from fresh beef,
a frozen beef knuckle six hundred and ten days old was boiled without
seasoning and eateun. The flavor was identical with that of fresh beef
nor was it possible for oue not knowing the age or source of the meat
to distinguish it fromn fresh meat. We may say that similar tests of
frozen poultry have resulted siiilarly.

On the whole the results of the various lines of work reported in this
paper, chemical, histological and bacteriological, indicate that cold
storage, at teniperatures below -—0.9° C. at least, is an adequate and sat-
isfactory method for the preservation of beef for a period of five hundred
and fifty-four days and probably for a much longer time.

I, ABORATORY OF SWIFT AND COMPANY,
CHICAGO.
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1. Summary of Previous Work on the Laws of Action of Inverlase.—
Iu most plants and animals there occurs a substance that changes cane
sugar to iuvert sngar, whiclt is a mixture of equal parts of dextrorotatory
d-glucose aud levorotatory d-fructose.”

This inverting substance, whicli plays sucli an important part in plant
and animal life, has never beeu obtained in a pure condition because it
does not cryvstallize from its solutions. Although there is souie evidence
indicating it to be an albuminoid its exact comnposition is unknown.
Its synthesis takes place exclusively in the tissues of living organisms.
Its presence in plants aud aninials is known only from the fact that cer-

! Published by permission of the Secretary of Agriculture. Read at the New
Haven meeting of the American Cliemical Society, June 3o-July 2, 1908.

* For proof of its very wide if not universal distribution in the plant world see
Kastle and Clark, Amer Chem. [., 30, 422—427 (1903). It occurs in the intestinal
walls of all mammalian animals that have been examined. For its occurrence in
bees, locusts, butterflies, spiders and many other insects (excluding, however, the
silk worm) sce Axenfeld, Zenfralblait fir Physiologie, 17, 268 (1903). O’Sullivan
and Thompson state that ‘‘probably all organisms which have the power of assimila-
ting cane sugar contain invertase.”
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tain of their juices invert cane sugar and tliat this action can be pre-
vented by previously heating the liquid to boiling, which is the general
process for destroying enzymes. Acids also invert cane sugar, but their
activity is in no wise diminished by boiling. This euzyme, or possible
mixture of enzymes, has been named invertase (called also invertin
and sucrase), and although its composition is unknown the laws of its
action can nevertheless be accurately studied. Several such investiga-
tions have been made during the last twenty years, but owing to an over-
sight the experimental method by which the subject was generally studied
involved a source of large error and the conclusions of the various work-
ers are getierally erroneous and discordant. In the first paper of this
series! a description of the error in question, namely, the neglect of the
mutarotation of the invert sugar, was presented in detail and reference
may accordingly be niade to that article for further information on this
point. Notwithstanding this error in the metliod of measurement of
the inversion, some of the conclusions of previous observers remain valid
when it is corrected. A summary of these conclusions will now be given,
which is restricted, however, to the quantitative laws of the actionn of
invertase. TFor a summary of the present state of knowledge on the
occurrence, preparation, partial purification, and selective action of
invertase, reference may be made to any of the several treatises on en-
zymes.

That the inversion by invertase is a catalytic reaction iu the course
of which the activity of the invertase is not altered or destroyed was
first proved by the experiments of O’'Sullivan and Tompson’ on the uni-
molecular order of the inversion reaction, but is more directly shown
by the experiments of Henri,® in which cane sugar was added after differ-
ent intervals of time to portions of a cane sugar solution which was under-
going inversion by invertase; it was found that the added cane sugar
in each case began to be inverted by the invertase at the same rate, ir-
respective of how much sugar the invertase had already inverted. That
the inversion by invertase is a reaction of the first order was shown by
O’Sullivan and Tompson from experiments in which the error above re-
ferred to was avoided. Their conclusion that the reaction is uniniolec-
ular was afterward disputed by Duclaux* and has since then been gen-
erally considered to be conclusively disproved by the later work of Henri.®
As the writer pointed out, however, in the previous article, the experi-

I THIS JOURNAL, 30, 1160-1166 (1908).

2 J. Chem. Soc., 57, 834~931 (18g0). The following frequent references to these
authors all refer to this article.

8 Z. physik. Chem., 39, 194~216 (1901).

¢ Tratté de Microbiologie, Vol. 2, 129-169 (1899).

5 Lois générales de 'action des diastases, Paris, 190s.
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utents of lleuri on the order of the inversion are erroneous ou account
of the neyglect of the nnrtarotation aud there is 1o longer any valid reason
for not accepting thie coaclusion of O'Suliivan and Tompson that the iu-
versiors is a reaction of the first order. Thie rate of action of invertase
is proportiomai to thie quantity of this substance present; this was first
shiown by O'Sullivan and Tompson.  Aud in dilute solutions the rate
1s proportionai to the concentration of the sugar, but in stronger solu-
tions (above 3 per cent.s it is not even approximately proportional but
decrcases and becomies practically zero i the strongest solutions; this
behavior has been described by nearly all investigators and lias been
considered by Duclaux! as excluding thie reaction from the unimolecular
class,  Agalust tlils objection it is to be said that proportionality between
the rate amd tie coneentration ol sugar is not to be expected from tle
theory of unimolecular reactions except in dilute solutious and there
sicli proportivitality does hold. The rate is indeed proportioual to the
concenttration ol the sugar to about o.1 wolal and from evidence soon to
be published the present writer regards as correct the hyvpothesis of
O'Sullivan aund Tompson that the decrease of the rate iun concentrated
sugar solutions is due principally to tlie high viscosity of the mediun.
Lastly, O'Sullivan and Tompson showed that the rate of inversion by
invertase increases rapidlv withh the temperature but thiat above s0-60°
the invertase is rapidly destroved by thie lieat.

These are the Tnundamental facts that have been established by ex-
periments 11 which the usual error of thie measurement caused by neglect-
ing the mutarotation of the fnvert sugar was avoided; nawely, the purely
catalvtic action of thie mvertase, the proportionality of the rate of in-
versionr to the conccutration of the invertase and of the sugar in dilute
solution, the lack of proportionality to the sugar concentration in strong
solutions, the unimolecular character of thie inversicn, and the accelera-
tionn of the rate by increase of temperature.  With exceptiou of the pe-
culiarty slow rate of inversion in concentrated sugar solutions the above
facts are Tullv analogous to thie laws of the common catalytic reactions
of clicnnistry, a well-kuown tvpe of whiclr is the inversion of caue sugar
by acids.

2. Purposc of Thie Invesiigation.—-The present investigation was under-
taken inn order to learnt the general laws of the action of invertase on cane
sugar.  Most of what are at present called the laws of action of invertase
are ouly empirical fornntlas of no theoretical significance, and thev are
generally erroncous cven as lar as they go, because the measureulents
of tlie inrversion by invertase have alistost alwayvs been made by the polari-
nietric ntethod without avoiding its serious error of mutarotation. It
1$ necessary, tlierefore, to start again at the begiuning, and by a correct

1 Loc. cit.
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method of mieasurement, to study the action of invertase. The author
liolds that sonie of the laws of its action have alreadv been established
(see previous section) particularly through the classical investigation of
O’Sullivan aud Tompson, but as their results have repeatedly been dis-
puted by other investigators, who, however, neglected the error caused
by the mutarotation, it is believed that a second investigation of them
is required to decide conclusively between the contradictory views.

3. Preparation of the Imvertase—In unearly all of the experiments de-
scribed in this article a solution of invertase was used which was pre-
pared by the autolvtic digestion of yeast according to the method of
O’Sullivan and Towpson. Ten pounds of fresh brewers’ yeast were
washed and drained on a Buchkuer funnel until the mass becaine firin
and it was theu set away in a covered glass jar for two weeks at an aver-
age temperature of 22° At the end of this time the mass of yeast cells
had ligquefied aud on filtration gave a brow fluid wlich was then treated
with animal charcoal and filtered through a layer of infusorial earth.
This filtrate was perfectly clear, it was colored faintly yellow and pos-
sessed very strong iuverting power. When one volume of it was added
to two volumes of a 10 per cent. cane sugar solution ut 30° it was found
that within the first half minute 75 per cent. of the sugar was inverted.
The invertase solution showed an optical dextrorotation of o.25 circular
degrees in a 40 cm. tube at 30° with sodium light. It was distinctly
acid, a considerable quantity of acid, probably acetic, having been pro-
duced in the liquefaction of the yeast. The stock supply of it was sat-
urated with toluene to prevent the growtli of micro-organisms and kept
in an ice box. After being preserved in this manner for a onth, it was
still perfectly clear and there was no perceptible change in its color or
invertiug power.

A second supply of invertase was prepared from brewers’ yeast by
mixing five pounds of the washed and pressed yveast with twice its bulk
of a mixture of equal parts of coarse sand and ground glass, and allowing
it to dry in the air for thirty-six hours. The mass was then finely ground
in a mill, extracted two hours with a liter of cold water, filtered in a lever
press, the extraction and filtration repeated and the filtrates combined
and passed by suction through a laver of infusorial earth. The result-
ing pale vellow yeast extract was preserved in a bottle in an ice box,
toluene having been added as an antiseptic. This extract was not so
active as the first supply, one volume of it acting upon two volumes of
a 5 per cent. cane sugar solution inverted 50 per cent. of the sugar in two
minutes, but on the other hand it was free of acid and was therefore
more suitable for some of the experiments.

4. Method of Measuring the Raie of Inversion with the Polarimeter.—
In measuring the rate of inversion of cane sugar by acids the solution
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which is uudergoing inversion may he kept in the observation tube of
the polarimeter, aud its rotation read at successive instants; as the change
of rotation in this case is proportional to the quantity of invert sugar
formed, the equation of tlie unimolecular reaction may be written
YoV . . . . .

n lo »,;:’-,-;-» = k, where { is the time at which the rotation is », and
r, aud 7 are tlie rotations before any and after complete inversion,
and k is the velocity coefficient.

1n measuring tlie rate of iuversion of cane sugar by invertase the above
method is not applicable o account of the fact that in this case the change
in rotation is not proportional to tlie quantity of invert sugar formed.
If the experiineut be carried on for invertase as described above for the
inversion by acids, the polarimetric readings will give a rate of iuversion
but this rate is the apparent rate of iversion only, not the real rate.
To obtain the latter rate it is necessary to take into account the muta-
rotation of the invert sugar, o correction which is negligible in the case
of the inversion by acids because these are powerful accelerators of the
mutarotation, but wlich is large (20-30 per cent.) in the case of the in-
version by invertase. The influence of this slow secondary reaction upou
tlie rotation could be overconie and the inversion by invertase followed
polarimetrically like that by acids, if some substance were krnown which
would greatly accelerate the mutarotation without affecting the action
of tlie invertase, but as acids aud bases are the only substances kiiown
which powerfully accelerate the mutarotation and as both of these pre-
veut the action of invertase, it seems impossible to neasure the real
rate directlv by the polarimeter from a solution undergoing inversion
by invertase. O'Sullivau and Tompson iueasured the real rate of in-
version by invertase by adding a drop of caustic alkali solution at suc-
cessive iutervals to portions of a sugar solution that was uudergoing
iuversion and then observing the reading in the polarimeter. They
state that the alkali stops the action of the invertase and brings the muta-
rotation of the invert sugar to completion almost instantly, so that the
rotation of the solution is then a correct measure of tlie extent of inver-
siomn at the time the alkali was added. During the first few of the present
experiments, this method of O’Sullivan and Tompson was followed,
but it was later given up for the reason that the excess of caustic alkali,
which must be used to make certain that the invertase is destroved, rapidly
attacks the mvert sugar and the polarimetric readings become quite
erroneous. This is shown directly by the following experiment in which
5 cc. of 5 per cent. caustic soda solution were added to 100 cc. of a 20 per
cent. solution of pure fructose at 30°. linmediately after the addition
of the alkali, the polarimetric reading of the solution was -—18.0°, after
fifteenn minutes ---17.6°, after four hours —16.0°, after twentv-four hours
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—10.0°, showing that the caustic alkali was rapidly destroying the fruc-
tose. On account of this objection to the use of caustic alkali, a 0.2
molal solution of sodium carbonate was tried in its place, as the alkaline
carbonates are known to be much less destructive of the sugars. It
is true that this strength of sodiumn carbonate will attack both glucose
and fructose at 30°, but the action is so slow that no change in the rota-
tion is noticeable within several hours after the addition of the carbonate.
The following experiment shows this and also a point of equal import-
ance, namely, that this strength of sodium carbonate stops the action
of invertase instantly. A 10 per cent. solution of pure cane sugar being
divided into three portions of 100 cc. each, to the first was added 10 cc.
of the sodium carbonate solution, followed by 5 cc. of an invertase solu-
tion, to the second 13 cc. of water, and to the third 5 cc. of the same
invertase solution, followed after fifteen minutes by 10 cc. of sodium car-
bonate solution. If the sodiuin carbonate instantly stops the action
of the invertase the first portion should show no inversion, its rotation
should be equal to that of the second portion, since the dilutions of the
two portions were made the same; this was found to be the case, the
rotations of both solutions being 37.75°. That the added invertase was
active is shown by the fact that the third portion in which the invertase
had acted during fifteen minutes gave a reading which showed that 10
per cent. of the sugar had been inverted during this time. Lastly the
rotation of this third portion, after the addition of tlie sodium carbonate,
was constant during at least two hours, showing that no appreciable
destruction of the sugars takes place during this time. Other experi-
ments were also made to find the rate of the destructive action of sodiun
carbonate in the above strength on solutions of cane sugar, glucose, and
fructose, respectively. To 100 cc. of each of these three solutions were
added 10 cc. of the sodium carbonate solution and the rotations observed
during two days, the solutions being kept at 25-30°.  The results are
given in Table I, from which it is seen that no one of the sugars is appre-
ciably changed within two hours, that cane sugar is unchanged after
two days, but that during this time both glucose and fructose have been
considerably altered.
TaBLE I.—ActioN OF Na,LO, OoN CANE SuUGAR, GLUCOSE, AND FRUCTOSE.

Rotation.

‘Substance. Immediate, 2 hours, 24 hours. 2 days,—‘
Canesugar.............. 50.65 50.65 50.70 50.65
Glucose..............ven 10.0§ 10.0§ 9.35 8.60
Fructose................ —I11.82 —I1.82 —10.85 —9.95

The mutarotation of both glucose and fructose is strongly accelerated
by sodium carbonate, but the strength of the carbonate solution that
has been used to stop the action of the invertase is not sufficient to make
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the mutarotation instantancous. Direct experiments in which crvs-
talline glucose and fructose were respectively dissolved in water coutain-
ing 10 per ceut. of the above carbonate solution showed that the rota-
tion had 1ot become quite coustant five minutes after the dissolving
of the sugar, thougl seven ninutes were in both cases sufficient for the
completion of the nntarotation.

Thie practical rule from these experintents for measuring the real rate
of inversion by invertase is to add at a given time 10 cc. of a 0.2 molal
sodiuin carbomate solution to each 100 ce. that is withdrawn from the
solutionn undergoiny inversion and to wait longer than seven ininutes
but not longer than two liours before reading the rotation in the polarim-
eter. Under these conditions the rotation is a correct indication of
the amount of inversion that had taken place at tlhe tine of addiug the
alkali,

The action of iuvertase has been found by O’Sullivan and Tompsou
to be very seusitive to small amounts of acid; a trace of alkali will stop
its action entirelv but acids in small quantities accelerate it. In larger
amounts they retard its action and in still greater concentration they
again accelerate the inversion, though this last effect is unot related to
tlie invertase but is due to the inverting power of tlie acids themselves
(Kjeldahl). The following experiments were made at 30° on the rate
of fnversionn by a constant quantity of invertase of 5 per ceut. solutions
of caue sugar i pure water and inn hvdrochloric acid solutions of ditfereut
strengthis.  After the invertase had acted eight and fifteen minutes re-
spectively portions of the solutions were removed, sodium carbonate
solution added (see above) to stop the action of the iuvertase and to
contplete the inutarotation, and the quantity of cane sugar inverted
was thien estimated from the polarimetric reading of the solution. The
data are given in Table IT.

TABLE 1L~ INPLUENCE OF WEAX HCl ON THE ACTION OF INVERTASE.

Ivxperintent No. 1. 2. 3 4 5. 6.
HC! concentration

mol/liter............ Pure water 0.00062 0.002§5 0.0050 ©0.C075 0.010
Rotation after 8 min... §5.20 —o0.2 —0.25 —0.40 —O0.I3 0.40
Rotation after 15 min. . 2.36 -—2.23 -—2.2§5 —2.2§5 —2.20 —2.07
b= I log Yo 7%

¢ ¥ o— T
(average)..... ... ... 0.026 0.082 0.082 0.083 0.079 ©0.073

‘['lie Totation at the start (ry) was the same for all the solutions, 10.20°,
and likewise the rotation after cowplete inversion, (v ), —3.11°% 1In
the last line of the table are shown the average velocity coefficients cal-
culated by the usual formula. From Tig. 1, which shows the relation
between the velocity coefficient and the concentration of hydrochloric
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acid, it is seen that the rate is enornmiously influenced by small additions
of acid to the neutral solution but that for a considerable range of acidity
it is practically constant. On account of the extreme sensitiveness of
the rate in neutral solutions to small additions of acid it is important

100

1

T~

2

8

RATE OF INVERSTON

3

%% 02 007 008 T ~70
CONCENTRITION  HCY,

Fig. 1.—Effect of dilute HC! on the activity of invertase.

in studying the influence of other factors upon the action of invertase
that the solutions be always very slightly acid; accordingly in the ex-
periments hereafter to be described five drops of glacial acetic acid were
added to each liter of the sugar solutions. This acidity is not enough
to cause appreciable inversion by its own action, but it serves to make
the rate of action of the invertase independent of the very small amounts
of acid or alkaline impurities that frequently get into the solutious by
accident.

The estimation of the extent of the inversions was in all cases made
by the polarimetric method. The polarimeter that was used is a triple
field nicol prism instrument of the Landolt-Lippich type made by Schmidt
and Haensch.! Its scale is graduated in tenths of circular degrees and
was read to hundredths. Sodium light was used. The observation tubes
which contained the solutions under examination were 40 and 50 cm. long
respectively and their considerable length allowed an accurate measure-
ment of the rate of inversion in dilute sugar solutions, the total change
of rotation, for instaiice, of a 5 per cent. sugar solution during inversion

! The instrument is the one that was used by Dr. H. W. Wiley in an investiga-
tion on the influence of temperature on the rotation of cane sugar, THIS JOURNAL,
21, 568-596 (1899).
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in the 40 cm. tube is 17.3° and is thns large enough to allow its course
to be accurately followed. In some of the glucose and fructose muta-
rotation measurements in whicli more concentrated solutious were used,
the polarimetric readings were wade with a 35 em. observation tube.
The polarimeter tubes were surrounded by metal jackets through which
water from a thermostat flowed, keeping tle solutions at constant teni-
perature. ‘Tlie pumping of the water from the thermostat through the
jacket was accomplished by a simple device which can be strongly recom-
niended for experimental work of this kind. The stirrer of the thermo-
stat is a hollow brass T tube and by means of a mercury scal at its top
an air-tight and almost frictiouless counection is made to a rubber hose
which leads to a glass tube coutaining a thermometer and thence to the
mlet of the jacketed observation tube. [Irom the outlet of the sanie a
hose passes to the therniostat,

To start the circulation of the water in tlie combined stirrer and pump
the passage is first filled by removing the end 4 (Fig. 2) from the bath
and applying suction to it; when
all the air has been drawn out, 4
is again sunk iu the theriostat.
H leaks in the circuit occur, they
may geuerally be stopped by paint-
ing with shellac or flexible collodion.
After the circuit is comipletely filled
with water and absence of all leaks
iy ascertained tlie electric motor
which drives the stirrer is started.
The revolution of the T stirrer
(8o r. p. ) throws water by
centrifugal force fromn its lollow
ends and a suction is thereby made
at the eud -, causinug a rapid
streamr of water to flow through
Fig. 2.—~Constant temperature bath with  tlje circuit. A small laboratory

stirrer and pump combined. uotor has Dbeen found quite suf-
ficient to drive the combined stirrer aud pup.

5. The Unumoleculay Ovder of the Inversion.-—1u the first paper of this
series an experiment was described whicli shows the considerable differ-
ence between the real and apparent rates of inversion by invertase, and
attention was there called to the fact that while the uniniolecular velocity
coefficient of the apparent rate increases regularly during the inversion
thie similar coefficient for the real rate is satisfactorily coustant through-
out the reaction. In order to eniphasize this poiut furthier aud also to
present data on it which will be used in another conucction later in this

e from Polarimeter

Mercury
Sealed
—

Joint 7% Polarimeter

Jeale (=10
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article a second experiment similar to the previous one is here described.
A solution of cane sugar was prepared containing 4.6 grams sugar per
100 cc. solution and to one liter of it five drops of glacial acetic acid were
added and a few cc. of a strongly active invertase preparation. A por-
tion of the solution was observed at intervals in the polarimeter in a tube
kept accurately at 30° and these readings gave the apparent rate of in-
version. From time to time 50 cc. of the stock solution, which was kept
in the thermostat at 30°, were removed, 5 cc. of two per cent. sodium
carbonate added to stop the action of the invertase and complete the
mutarotation, and the rotation then read in the polarimeter. These
readings show the real inversion at the time the alkali was added and
they are given in the third column of Table III, the corresponding ap-
parent inversions being in column two. In colunis four and five are
given the velocity coefficients of the apparent and real rates of inversion
as calculated from the unimolecular reaction formula. The constancy
of the coefficients for the real rate proves that the reaction follows the
mass action law, and the regular increase in the coefficient of the apparent
rate which approaches that of the real rate as a limit is quite similar to
the increases of Henri's experiments and proves beyoud question that
unless the mutarotation of the invert sugar is overcome the polarimetric
readings give wholly incorrect values for the rate of inversion.

TABLE III.—REAL AND APPARENT RATES OF INVERSION BY INVERTASE.

Rotation. ! logio Yo -
t ¥ — ¥
Time, Acid solution. Alkaline solution, ——————~ ——
Min, (Apparent inversion). (Real inversion), Apparent. Real,
o TN 12.20 12,20 cieeen aeaeen
LT 10.75 9.57 0.0083 0.0I57
3 T 8.07 5.89 0.0087 0.0146
2 i e 5.45 2.97 0.0096 0.0I51
L TR 3.25 0.83 0.0103 0.0155
50 i e 0.80 —1.17 0.0109 0.0159
65. i —0.85 —2.24 0.0114 0.0159
oo —2.17 —2.87 0.0I12 0.0I41
B0 e —3.72 —3.72 e e
Average......... ... 0.0153

In Fig. 3 are given the two curves of inversion, the real and the apparent.
It may be noticed from it that the apparent curve is almost exactly
linear during the first third or nearly half of the inversion, after which
it slopes off to the logarithmic form. This characteristic has been em-
phasized particularly by several investigators, and two of them, Baren-
drecht! and Armstrong,? have devised hypotheses to explain it, but these
workers have mistaken the apparent inversion for the real inversion and

L Z. physik. Chem., 49, 456—482 (1904).
2 Proc. Royal Soc., 74, 195 (1904).
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their hypotheses to explain the deviation of the iuversiou froni tlie wass
action law are accordingly uniecessary.
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Fig. 3.-—Real (I} and apparenut (IT) curves of inversion hy invertase.

6. The Efject of Concentration of Invertase on the Rate of Inversion.—
It is generally agreed among investigators that the rate of the inversion
is proportional to the concentration of the iuvertase. The quauntitative
data of O’Sullivan and Towmpson are the most valuable because they
appreciated and avoided the error of mutarotation in their measure-
ments. They have found that the time required for the inversion of
74 per cent. of the cane sugar of a certain solution at 15.5° by varying
amounts of invertase was as follows: 0.15 g. invertase preparation, 283
niinutes; 0.45 g., 94.8 win.; 1.5 ¢., 0.7 mm. These times are inversely
proportional to thie amonuts of the invertase as tlie respective products
are 424, 427, aud 460, and it is therefore to be concluded that the rate
of inversion is directly proportional to tlie conceutration of the invertase.

In the present work the influence of the conceutration of invertase
on tlie rate of inversion lias been carefully studied and the results shiow
conclusively that thie above proportionality liolds in both dilute and con-
centrated solutions of cane sugar. In the experiments a siall quan-
tity of invertase solution was diluted to various strengths and equal
portions (10 cc.) of these dilutions were then added to 100 cc. portions
of thie stock solutious of caie sugar, the coucentrations of the resulting
solutions being 45.5, 90.9, and 273 grans caite sugar per liter respectively.
To obtain a weasure of tlie rate of inversion these solutions were allowed
to proceed in reaction at 30° during au interval of tiine which was pro-
portional to the dilution of the inmvertase. If the rate is proportional
to tlie concentration of the iuvertase, these solutions of the sane strength
of cane sugar but of different invertase coucentrations should all shiow
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the same extent of inversion after these proportionate intervals of time.
The data are condensed into Table IV, from which it may be seen that
this conclusion holds. The rate of inversion is therefore proportional
to the quantity of the invertase.

TABLE IV.—INFLUENCE OF CONCENTRATION OF INVERTASE ON THE RATE OF INVER-
SION AT 30°.

Concen- Concen- Per cent. inversion.

tration of Time of tration

invertase, ! action, X time. 45.5 g.11. 90.9. 273.
2.00 15 min. 30 73.2 45.3 I1.2
2.00 30 60 93.0 74 .2 22.0
I.50 20 30 73.2 44.8 I1.2
1.50 40 60 92.8 74.5 22.7
1.00 30 30 72.9 45.3 I1.5
1.00 60 60 93.0 4.7 22.3
0.50 60 30 72.9 45.2 11.4
0.50 120 60 92.7 74.5 22.6
0.25 120 30 73.1 45.2 10.9
0.25 240 60 92.7 74.7 21.9

7. Theory of the Inversion of Cane Sugar by Invertase.—Since the invert
sugar which is formed in the iuversion of cane sugar by invertase shows
mmutarotation it is to be inferred that one or both of its constitueut sugars,
glucose and fructose, are liberated from the cane sugar in a form which
afterwards changes partially to a second form of the sugar. O’Sullivan
and Tompson in their work recognized this initial liberation of the invert
sugar in a forn: which shows mutarotation but as at that time it was not
known that fructose shows 1uutarotation they considered the phenonienon
to be due entirely to the glucose and concluded that it is set free as the
form of glucose that is now known as a-glucose. This conclusion cannot,
however, be retained without further evidence hecause it is now known
that fructose as well as glucose shows mutarotation and it is quite possible
that the mutarotation of the invert sugar is due largely or entirely to
the fructose. Quantitative evidence is needed, but before the experi-
ments on this point are described it is necessary to enter into certain
theoretical considerations.

Let it be assumed that the first products of the inversion of cane sugar
by invertase are glucose 1 and fructose 1, these names being given pro-
visionally until the later experiments which are based upon this theory
shall show exactly what forms of these sugars are the initial products.

The mutarotation of the invert sugar is to be considered as due to the
establishment in solution of equilibria between glucose 1 and its second
form, glucose 2, and fructose 1 and its second form fructose 2. The in-
version is an irreversible reaction but the establishment of the equilibria

! As invertase is not known in the pure state, its concentration can only be ex-

pressed relative to some arbitrary solution of it. The concentrations here given were
obtained by the successive dilution of the solution marked 2.



1576 C. 5. HUDSON.

of the 1 and 2 forms of glucose and fructose respectively is due to two
reversible or balanced reactions. The inversion of caune sugar by
invertase may therefore be provisionally represented by the [orinula:
/glucose 1 Z ylucose 2
X fructose 1 <—Z {ructose 2
In studying the rates of these depeudent and therefore complicated
reactions it simplifies matters considerably to regard the balanced reac-
tions as irreversible, according to the following provisional plaur:

cane sugar

/,fresll glucose —> stable glucose
cane sugar
fresh fructose —> stable fructose.

This simplification will introduce uno error if it is remembered that
by stable glucose and stable fructose are meant the mixtures of the 1 and 2
forms of these sugars in their respective equilibrium proportions, and by
fresh glucose and jresh fructose the amounts of the 1 forms of the two
sugars that are present in solution in excess of the amounts that are in
equilibrium with their respective 2 forms.

Start with A mols. cane sugar i1 unit volume of solution at coustant
temperature, and let there he present in the solution at the time 7. w
niols. fresh glucose, x mols. fresh fructose, 3 niols. stable glucose, = mols.
stable fructose. Then the rates of formation of these four substances
at the time ¢ are:

(1) T'resh glucose, dw/gs =k, (A — (' + 1) ) — kyw.

(23 Fresh fructose, dx/ gy =k, (A — (w + 19) — kx.

(3) Stable glucose dv/d; = k.

(4) Stable fructose dz/qs = kyx.

In these expressions, the k's are the velocity-coefficients of the respec-
tive reactions. ‘The solution of these four equations under the condi-
tions which obtain that at the time zero, w, x. 3, z, dy/dt and d=/dt are all
zero, is

. kl ] —ky
(D) w = A ];—_—-Vkl 'l‘_(_r t——t; 2
6) x = A | bt ok

) k3'—k1 e

- e kl —kat k.! ‘kxt_
A‘—I € ~——k;-—~]€e

B k k
L Y kgt U8 —&yt
t kff—kl ¢ ka —‘kle ]

Dy

(8) == A

During the first part of the progress of the reaction, the quantities
of the fresh sugars in the solution, w and x, increase, they then reach a
maxiium at a certain time ¢ max., and finally become zero when all the
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reactions are completely ended. The times at which the maximum
amounts of the fresh forms are present in the solution are obtained by
writing the first differentials of equations (5) and (6) equal to zero and
solving, giving the respective values,

for fresh glucose, tmax = 2 log kZ/le‘, (9)
kz'_'kl
/
and for fresh fructose, tmax = 2;&]‘32—% (10)
3T ™

The maximum quantity of either of the fresh forms present during
the reaction is best found by obtaining from (9) or (10) the time at which
this maximum quantity is present and substituting the resulting value
for ¢ in equations (5) or (6).

Tt will be seen fromn these equations that an accurate knowledge of
the rates of the mutarotation of glucose and fructose, giving values for
the coefficients k, and k,, is necessary to the quantitative study of the
inversion reaction as a whole. These measurements are given in the next
section; after their presentation the work will return to a study of the
details of the inversion as outlined in the above theory.

8. The Rates of Mutarotation of Glucose and Fructose—It is well known
that the mutarotations of glucose and fructose are unimolecular reac-
tions. The wvelocity coefficients at 30° have here been measured in
pure water, in weakly acid solutions, and iu solutions containing inver-
tase, the niethod being the same as that previously described by the
writer.! The data are given in Tables V and VI.

TABLE V.—RATE OF MUTAROTATION OF GLUCOSE AT 30°.
Rotation at time (minutes).

C . HC1 = 4
Na. n?:ITliter. o. 5. 7. 10, 13. 16. 22. w A= logn :—r:
1 Dis. water 50.90 46.21 44.57 42.25 40.22 38.45 35.75 24.65 0.0166{0 016
2 ‘ 50.90 46.20 44.50 42.25 40.35 38.55 35.80 24.65 o.oxﬁSS ' 7
3 Inver.sol. 48.80 44.70 42.90 40.80 38.31 36.56 33.84 23.60 o.017olO 16
4 ” “47.70 43.78 42.37 39.48 38.06 36.20 33.80 23.10 0.0163S )
5 0.05% 50.90 41.60 38.9I 33.49 33.05 30.90 28.25 24.65 vo38010 018
6 0.05 50.90 41.45 38.85 35.40 32.62 30.85 28.30 24.65 o.o385§ 10393
Time o 4 5 7 9 II 13 ®
7 0.10 50.90 39.45 37.46 34.50 32.19 30.15 28.99 24.65 0.060 lo 0620
8 0.10 50.90 38.81 37.07 34.12 31.61 29.71 28.36 24.65 0.064 S '
9 0.20 50.90 34.47 32.50 29.37 27.65 26.27 25.95 24.65 0.105 0. 10%
10 0.20 50.90 34.99 32.17 29.25 27.58 26.61 25.81 24.65 0.105 °

Invertase does not accelerate or retard the mutarotation of glucose
(see Table V, experiments 3 and 4), and in this respect differs remark-
ably from the acids, which accelerate both the mutarotation and the
inversion. Indeed, it is on account of the absence of any accelerative
action by invertase on the mutarotation that the successive steps of

! THIS JOURNAL, 29, 1572 (1907).
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the inversion can be studied. In the case of the similar inversion by
acids the mutarotation is so strongly catalyzed by the inverting agent
that the apparent and real curves of inversion coincide and it is there-
fore impossible to study the successive stages of the inversion by acids.
On account of this lack of tlie possibility of experimeuntal evidence on
this subject the recently published lypothesis of Julius Meyer' that
a-glucose and a hypothetical substance which he calls a-fructose are
the first products of the inversion of cane sugar by acids cannot be con-
sidered as other than a hypothesis which is ot subject to experimental
test, because there is no evidence whatever nor is there in the nature
of the case likely to be any to show the successive stages in the inversion
of cane sugar by acids. Any inferetice on this subject mmst at present
be drawn exclusively from the behavior of cane sugar to the other in-
verting agent, invertase, as the successive stages in the inversion of cane
sugar by acids cannot be realized experimentally on accouut of the fact
that acids are far more powerful catalysts of the mutarotations than
they are of the inversion.

TABLE VI.—RATE OF MUTAROTATION OF FRUCTOSE AT 30°.
Rotation at tine (minutes).

Cc . HC1 L Yo 7=
No. r?xglc/liter. o 2,5 3 4 5 - 9 - 45 = - log ro—/w
1 Dis. water 62.30 ..... 43.59 44.00 42.36 40.91 ..... 39.75 ©0.187 { 0.186
2 ‘O 62.30 ... .. LS. 43.77 42.55 40.91 ... .. 39.75 0.184 S '
3 ©0.0005 62.30 ..... 47.82 45.97 44.55 42.05 41.33 39.75 0.146 | 0.140
4 0.0005 62.98 350.65 49.02 47.10 45.44 42.42 41.69 30.18 0.134 S '
5 0.0010 62.30 50.35 48.85 46.40 45.40 43.00 41.93 39.75 0.126 l 0.128
6 0.0010 62.30 30.08 48.79 46.34 44.90 42.59 41.50 39.735 0.130 S
7 0.0040 62.30 30.18 49.11 46.92 44.53 42.87 41.53 39.75 0.128 ﬂ 0. 170
8 0.0040 62.30 49.24 49.03 46.75 44.93 42.41 41.49 39.75 0.132 S i
9 0.0100 62.30 ..... 45.77 43.75 41.43 ... 40.10 39.75 0.201 ﬂ 0.196
10 0.0100 62.30 46.235 ..... 44.09 42.354 40.80 ..... 39.75 0.191I S '

The rate of mutarotation of glucose in pure water and hydrochioric
acid solutions can be represented by a linear relation between it and the
hydrogen ion concentration, k, = 0.0167 + 0.44 (H'), but in the case
of fructose the relation is more complicated, a minimum rate being ob-
served in dilute acid solutions similar to the less pronounced minimum
which has been found in the case of glucose at 25°° The measurement
of the rate in alkaline solutions will probably throw light on the exist-
ence of this minimum in weakly acid solutions and the discussion is there-
fore deferred until these data are obtaiied.

9. The Form of Glucose that is Liberated from Cane Sugar by the Action
of Invertase—From the data of the previous section it is seen that at
30° the mutarotation of fructose (k, = 0.186) is eleven times faster in

1 Z. physik. Chem., 62, 59—88 (1908).
2 THIS JOURNAL, 29, 15711576 (1907 ).
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water than that of glucose (&, = 0.0167); on this account there can never
be much fructose in the solution undergoing inversion by invertase in
comparison with the amounts of fresh glucose present, and the drop
in rotation between the apparent and the real curves of inversion at this
teniperature must be due almost entirely to the mutarotation of the
fresh glucose. It would appear therefore that if the inversion of cane
sugar could be accomplished almost instantaneously by a very active
invertase solution any subsequent change of rotation of the inverted
sugar would be due almost entirely to the mutarotation of the freshly
formed glucose and that the velocity coefficient of the subsequent change
of rotation would be identical in value with that for the mutarotation
of glucose. The following experiment to test this conclusion was per-
formed, in which 50 cc. of an approximately o.54 normal cane sugar
solution were mixed with 25 cc. of yeast liquor (sample one of section
3) at the time indicated as zero in the accompanying Table VII, and
the polarimetric rotation read after successive intervals, no alkali of
course being added as the apparent rate of inversion was being meas-
ured. The initial rotation was found by measuring that of a separate
mixture of 50 cc. of the 0.54 cane sugar solution with 25 cc. water, as
it was observed that the yeast liquor was very nearly optically inactive.
The final constant rotation was obtained by adding three drops of strong
caustic soda to the solution in the polarimeter tube but it was then neces-
sary to observe the rotation in a much shorter tube (50 mm.), because
the addition of the caustic alkali caused the solution to become cloudy.

TABLE VII.—APPARENT RATE OF INVERSION OF CANE SUGAR AT 30° BY STRONG IN-

VERTASE.

Time (t) (Pvfit:a}g%r: 1 Yo—"® Yo
Min. alkali). 7 logw 5 5= Time (v). 71080
[ T 33.50 ... e
B 11.88 0.0G99 e e
4o, 7.32 0.099 .. i
S 4.77 0.093 ..o
6. i 2.70 0.088 e
T 1.67 c.o81 .. L.
8. 0.61 o.076 .. ...
[ T —0.35 0.072 . i
) o TN —1.35 o.06g .. Lo
1300 —3.57 0.063 o Start
6.0 —4.90 0.057 3 0.0323
I9. . v —6.03 0.054 6 0.0334
23 —7.15 0.050 10 0.0336
29 s —7.92 0.044 16 0.0287
30 —8.22 0.045 17 0.0307
. —10.22 0.000 e e

Average........iiiiiiiiin i, 0.0317
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TaABLE VIII.—RATE OF MUTAROTATION OF GLUCOSE IN THE SOLUTION OrF TaBLE VII.

Time (t). Rotation (r}. ¢ o8 V/c— //,f

O e 93.75
1 min 00.90 0.0284
o 84.090 0.0313
G e e 80 .40 0.0306
N 76.32 0.0304
L= P 72.85 0.0301
8 P 68.01 0.0284
SO 48.55 L

Average.. ... ... ... 0.0299

The real rate of inversion in the experiment was very great: a portion
of the solution in which the invertase had been destroyed by heating
within three seconds to 80° after acting for only half a minute on the
sugar showed that 72 per cent. of the sugar had beeun inverted in this
time. This would indicate that the rate of inversion was so great that
the solution may be considered to be practically free of caie sugar after
the first minute. As the mutarotation of the fructose is also practically
conipleted within the first ten minutes according to the values of its rate
found in the previous section, the change of rotation of the solution after
this time is here considered as due only to the mutarotation of the glu-
cose and accordingly in column four of Table VII are given the values
of the velocity constant of the portion of the change of rotation which
occurred after the first ten minutes, this portion of the change of rota-
tion being considered an independent unimolecular reaction. The values
so obtained are sufficiently coustant to prove that this portion of the
apparent inversion is a unimolecular reaction. Conceruning the value
of the velocity coefficient here found it is to be noted that the rate of
mutarotation of glucose in this solution was greater than the rate for
pure water because the yeast liquor contained free acetic acid due to
the large quantity of acid yeast liquor used, but the rate was accurately
measured by dissolving anhydrous glucose in a mixture of water and
yeast liquor in the same proportions as were used in the inversion and
the data are given in Table VIII. The free acidity of the solution as
shown by a comparison of the observed rate of mutarotation with the
formula of the previous section was about 0.05 normal.

The agreement between the velocity-coefficient of the apparent in-
version in its later stages (0.032) and that of the mutarotation of glucose
in tlie solution (0.030) shows clearly that the two reactions are identical,
and that at 30° the difference between the real and the apparent curves
of inversion is due almost entirely to the glucose. Column three of
Table VII gives the values of the unimolecular velocity coefficient cal-
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culated under the assumption that the rotation is the true measure of
the extent of inversion, and the regular and large variation of this co-
efficient is quite apparent.

Bv the aid of equations (3) and (6) of section 7, together with the val-
ues of k, and k, found in the previous section, the amounts of fresh glu-
cose and fresh fructose that are present at any instant in the solution
which is undergoing inversion may be calculated. Now the difference
in rotation at any instant between the apparent curve of inversion and
the real curve, here called the drop of rotation, is determined by the
amounts of fresh glucose and fresh fructose in the solution at that instant
and by the difference between the specific rotations of the fresh and stable
forms of these sugars. As has just been shown, at 30° the drop of rota-
tion is due almost entirely to the glucose and as the quantity of fresh
glucose present at any instant can be calculated and as the drop in rota-
tion can be measured, the specific rotation of the fresh glucose can be
found. In the following tables the experiments of Tables III and VII
of this article together with that of Table IV of the previous article,!
are used as the basis of such calculations. In the first column of each
is given the time (#) since the beginning of the inversion, in the second
the drop (D) or difference in rotation between the apparent and real
inversion curves at the time ¢, in the third the number of mols. (W) of
fresh gliicose per mol. of cane sugar at the start that are present in the
solution at this time as calculated from equation 3, Section 7, using the
values of k, and k, that are given at the head of each table, and in column
four are given the similar values for fresh fructose. In the fifth colunin
the values of the specific rotation of the fresh glucose are calculated from
a formula which can be derived by simple reasoning, specific rotation =
52.5 + %D . ?—;i . DV, 52.5 being the specific rotation of stable glucose,
66.5 the specific rotation of cane sugar, » the rotation of the solution of
the experiment before any inversion took place, 342 and 180 the molecu-
lar weights of cane sugar and glucose respectively, D the drop in rotation
of column 2, " the molal per cent. of fresh glucose from column 3. In
this calculation it is assumed, as has been mentioned, that the fresh fruc-
tose is so swnall in amount at any instant compared with the quantity
of fresh glucose then present, that the drop may be considered to be due
entirely to the fresh glucose. A comparison of columns 3 and 4 shows
that this assumption is fully justified in these experiments at 30°.

These experiments show that the fresh glucose has a specific rotation
of 100-125°  There are three forms of glucose known, «-anhydrous
glucose and its monohydrate, and S-anhydrous glucose. Of these the

1 THIS JOURNAL, 30, 1164 (1908).



1582 C. S. HUDSON.

TABLE IX.—CALCULATED SPECIFIC ROTATION OF FRESH GLUCOSE.

Experiment A. & = 000542, k, = 0.0167. k, = 0.186, r = 24.30 (From previous
article).

Time. Min. Drop in Fresh gliicose. Fresh fructose. Cale. sp, rotation
(4. rotation D. (w). (). of fresh glucose.
30 2.38° 0.176 0.021 128
DO o 303 .17 0.018 142
90.. 1.75 0.137 0.010 118
110 .o 1.15 0.112 0.008 106
130 ...t .. 0.04 0.08¢ 0.006 109

Experiment B. k, .= 0.0153, k¥, = 0.0167, k&, = 0.186, r = 12.20 (From Table III).
RN 1.18 0.148 L 133
13 2.18 0304 L. 127
23 2.48 0.352 ... 125
33 o 202 0.340 126
50 1.97 0.280 123
[ % R P 1) 0,210 121
Q0. ...... PR 0.70 o.116 L 113

Experiment C. &, = 1.11, bk, = 0.030, k, = approx. o.40 (From Table VII).
13 6.63 0.393 116
6. oo 3.30 0.319 L. 113
X PRt S (') 0.238 ... 114
23 o oo y07 0194 .. 112
20 2030 0126 L 121
R0 2.00 o117 L 117

first two have the sanie specific rotation which has been found by a great
miany observers to lie between the limits 100-115°7% and the third has
the specific rotation +20° There is no question on comparing these
values with that found above that the fresh glucose which is first formed
in the inversion of cane sugar by invertase is a-glucose. Similar ex-
periments on the drop of rotation at lower temperatures where the muta-
rotation of fructose takes place more slowly will enable one to determine
the specific rotation of the fresh fructose. These experiments will be
perforined as soon as cool weather sets i

10. Summary.—7The contents of this article may be sumimarized as
follows:

(1) On account of the neglect of the mutarotation of the invert sugar
in studying the inversion of cane sugar by invertase a series of erroneous
conclusions on the laws of the action of this enzyme has become widely
accepted. These couclusions are directly opposed to the results of a
classical investigation by O’Sullivan and Tompson on the action of in-
vertase. The measurements of the present article show clearly that

!'In caleulating = it is to be remembered that since the velocity-coefficients are
here expressed in terms of decimal logarithius, it is necessary 1o substitute 10 for

e in equations 5 and 6.
? Lippmann. Die Chemie der Zuckerarten I, pp. 283—4.
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the conclusions of O’Sullivan and Tompson are correct. Their work
has been extended as described below.

(2) Data on the velocity of mutarotation of glucose and fructose at
30° in water and.in solutions of hydrochloric acid and of invertase are
given. Invertase does not affect the rates of mutarotation while acids
accelerate them strongly. This fundamental difference between the
action of acids and invertase on the products of the inversion of cane
sugar causes the action of invertase, as measured polarimetrically, to
be apparently irregular as comipared with the actiou of acids. This
is due to the influence of the mutarotation of the invert sugar on the
polarimetric reading and when this difficulty is corrected the inversion
of cane sugar by invertase proves to be a catalytic reaction of the first
order. The disagreeing results of O’Sullivan and Tompson and their
critics are thus explained.

(3) The acceleration of the mutarotation of glucose at 30° by hydro-
chloric acid is such that the rate is a linear function of the concentra-
tion of the hydrogen ions, but in the case of the similar acceleration for
fructose a minimum rate occurs in weakly acid solutions, which is similar
to but much more pronounced than the minimum that has been previously
found for glucose at the lower temperature 25°.

(4) The action of invertase is very strongly accelerated by the addi-
tion of minute traces of acid to the neutral solution but further small
additions of acid are without further effect. Data on this unexplained
phenomenon are given.

(5) The inversion of cane sugar by invertase is accurately proportional
to the concentration of the invertase in both dilute and concentrated
sugar solutions.

(6) A theory of the separate steps in the inversion by invertase is de-
veloped and from it in combination with data on the differences between
the real and the apparent polarimetric curves of inversion it is shown
that the glucose which is liberated from the cane sugar by invertase has
the specific rotation 100-125° and must therefore be the form which is
usually designated a-glucose (specific rotation 106°). A similar deter-
mination of the form in which fructose is liberated from cane sugar is
planned. The same method can be applied to a determination of the
forms in which the various hexoses are liberated from the glucosides
and the di- and tri-saccharides by the action of enzymes, and in this way
light may be thrown on the constitution, and possibly the synthesis,
of these sugar derivatives.



