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In order to make useful comparisons of similar enzyme systems from different
organisms, or of the response of a given system to different chemical agents, some
understanding of the possible effect of changes in the conditions of assay is essen-
tial. This requirement becomes especially conspicuous in attempts to correlate
results from laboratories whose techniques are not identical, as illustrated, for
example, by certain discrepancies that will be discussed below. In commencing
a series of studies intended to bring to light the distinctive properties of insect
cholinesterases (ChE’s), we have therefore found it expedient to examine in detail
the effects of altering our experimental conditions, and have already reported the
results of tests in which the activity of fly head ChE was measured in relation to
the composition of the suspending medium (Chadwick, Lovell and Egner, 1953).

Another factor with significant influence in vitro on the rate of hydrolysis of
acetylcholine (ACh) by ChE is the hydrogen ion concentration. For most ChE’s
that have been studied in this connection, enzymic activity was maximal somewhat
on the alkaline side of neutrality, fell rather sharply at still higher pH values, and
declined more gradually as hydrogen ion concentration was increased. The per-
tinent references are discussed by Augustinsson (1948) ; see also Table IV below.

Three studies of the problem with insect material have been reported. Tahmisian
(1943) found a relationship of typical form and a pH optimum of 8.5 with the
enzyme from developing grasshopper eggs. Stegwee (1951), working with central
nervous tissue of the beetle, Hydrophilus, and the roach, Periplaneta, recorded
rather sharp optima at pH 7.4. Data of Babers and Pratt (1950) with fly head
suspensions are in contrast with these and all other reports in that they indicate
a peak in activity at about pH 5.75. In their preparations, ChE activity was main-
tained near half peak level between pH 6.25 and 9.00, and decreased abruptly at
higher pH values, as at values below 5.50. They comment (p. 61) that “this
activity over such a wide pH range not only was unexpected but is also unex-
plained”; however, the most unusual feature of their results is the position of
the optimum.

At the time their work was published, our investigations of the same problem
were already in progress, and it was apparent immediately that our observations
did not agree fully with theirs. We therefore extended the scope of the experi-
ments, first in order to establish more firmly the nature of the relationship between
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pH and the activity of fly head ChE, and secondly with the hope of reconciling
the differences between our data and those of Babers and Pratt. In addition,
since the reduction in activity at low and high pH was found to involve some
irreversible inactivation of the enzyme, we made measurements of this aspect of
the process.

EXPERIMENTAL

Culture of flies (Musca domestica 1..) preparation of head suspensions, and
our application of Glick’s (1937) titrimetric method of measuring ChE activity
have been described in an earlier report (Chadwick, Lovell and Egner, 1953).
In the present experiments, data were obtained at 25.0 degrees C. on 20-ml.
aliquots, containing the equivalent of 20 heads each, with three suspension media.
Of these, the first was buffer: NaCl, 26.30 gm.; KH,PO,, 3.85 gm.; NaOH, 1.00
gm.; H,O, to one liter. This solution was designed to promote maximal enzymic
activity, which had been found to require the presence of a salt at about 0.5 N
concentration ; and was buffered lightly, so as to minimize fluctuation of pH during
assay and yet retain sufficient sensitivity for accurate determination of the rate
of production of acid. Since our results with this medium differed considerably
from those reported by Babers and Pratt (1950), whose suspensions contained
glycerol, a second series of observations was made with head tissue ground and
assayed in 30 per cent glycerol. In a third set of experiments, the brei was sus-
pended in de-ionized water. With all the suspensions, pH was adjusted to the
desired level by addition of NaOH or HCI.

The total acid production during test periods of approximately 15 minutes was
corrected by subtraction of the acid produced under conditions that were identical
except that the enzyme had been inactivated by exposing the stock brei overnight
or for a longer time to 1 X 10-° M diisopropyl fluorophosphate (DFP). The net,
or enzymic, activity was then converted into micromoles of ACh.Br hydrolyzed per
ml. (z.e., per head) per hour.

The rate of permanent inactivation of fly head ChE at low and high pH was
determined on aliquots that were incubated at the desired pH value for definite
periods of time, and then readjusted rapidly to pH 8.0 before addition of ACh.Br
for assay.

In all these experiments, the concentration of substrate at the beginning of
measurement was 0.015 M. Other concentrations were used in a few experiments
for special purposes, as cited in the discussion.

REsuLTs

Average rates of enzymic hydrolysis of 0.015 M ACh.Br at various pH values
in the three media tested are given in Table I. The data have been plotted in
Figure 1 as percentages of the average value determined for these tissue samples
in buffer at pH 8.0.

Also shown in Table I are the corresponding corrections for non-enzymic
hydrolysis. These were evidently not identical in the several media. As pointed
out in our previous paper, such variation results in part from the fact that pH
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is not truly constant in our method of measurement. Each addition of NaOH
during titration pushes pH to the alkaline side of the chosen value, and, for a
given amount of alkali, such excursions are greater the more weakly buffered the
solution. Error from this cause is not overly significant at pH &8.0 and below,
but increases rapidly in more alkaline solutions, where the rate of non-enzymic
hydrolysis of ACh is rising steeply with increase in pH. Since ChE activity, as
measured in well buffered solutions, increases but slightly above pH 8.0, the
error resulting from fluctuation of pH in the experimental samples is largely in
the nonenzymic fraction and should theoretically be compensated by the nearly
equal error in the controls. In practice, however, we found it difficult to obtain
satisfactorily consistent results at pH 9.5 and 10.0.

In order to supply some indication of the range of variation encountered, we
have computed standard errors for the means in each series except for those

TaBLE I
Enzymic activity of fly head ChE as a function of pH

pH 4.0 5.0 5.5 6.0 7.0 7.5 8.0 8.5 9.0 9.5 10.0

In buffer

Net rate*® nil 0.34 1.97%* 2.05 4.05 4.39 4.88 5.08 .24 4.64 1.17

+s.e. — 0.03 —_ 0.13 0.18 0.11 0.10 0.24 0.22 0.36 0.83

nekdE 4 10 5 9 10 i 1] sl 10 13 10 10

Correction — —— —0.03 —0.03 [ —0.07 | —0.09| —0.24 | —0.56 | —1.52| —4.78 | —13.60
In de-ionized water

Net rate* nil 0.54 1.42 1.66 2.24 2.54 215 1.66 2.88 1.46 0.88

=+s.e. —_ 0.07 0.18 0.24 0.21 0.24 0.12 0.16 0.51 — —

nkEk 6 10 10 10 10 10 17 10 10 5 5

Correction — — —0.01 —0.02 ( —0.04 | —0.28 | —0.56 | —1.21 | —=3.10| —7.63 | —22.17
In glycerol, 30 per cent

Net rate* nil 0.44 0.88 1.27 1.42 0.98 1.37 0.88 Al 0.63 0.15

n¥ok 5 5 5 6 5 5 13 5 5 5 5

Correction - — - —0.01 | —0.02 | —0.25| —0.54 | —1.14 | —2.63 | —4.24 | —7.25

* Average net rates, standard errors, and corrections in micromoles ACh.Br hydrolyzed
per ml. (= per head) per hour.

LSS5,

** n, number of tests.

All runs at 25.0 degrees C.; ACh.Br, 0.015 M.

where only 5 determinations were made at each pH level. We report these
calculations with some hesitation, first because of the relatively small “n,” and
secondly because the measurements at different pH values in a single series were
not wholly independent. For example, aliquots of a stock brei which showed
more than average activity at one pH value tended to give higher than average
measurements at all pH levels. Thus, the sampling was not truly random, and
on this account the standard errors listed in the table should not be relied on for
estimates by the t-test of the significance of differences between means.

The second table shows the average activity remaining in samples that had been
incubated at the indicated pH values for 30 minutes and then readjusted to pH
8.0 for assay. In Table III are recorded the results of exposing samples to pH 4.0
for different periods of time, up to two hours. Some few additional data pertinent
to these experiments are cited in the discussion.

Table VI shows ChE activity as a function of pS at two pH levels, viz., 6.0
and 8.0.
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Ficure 1. Variation in ChE activity of fly heads as a function of pH. Curve A. Residual
activity after 30-minute exposures at indicated pH values; all measurements at pH 8.0 in buffer.
Curve B. Specific activity at indicated pH values, computed by correcting Curve C for degree
of inactivation shown in Curve A. For fuller explanation, see text. Curve C. Activity meas-
ured during 15-minute exposures at indicated pH values in buffer. The open circles give the
mean values, and the vertical bars indicate the limits for =3 s.e. Curve D. Activity measured
during 15-minute exposures at indicated pH values in water. Curve E. Activity measured during

15-minute exposures at indicated pH values in 30 per cent glycerol. All data shown have been
corrected for non-enzymic hydrolysis.

TaBLE II

ChE actwvity of fly head suspensions after 30 minutes exposure at various pH values

Average enzymic Average enzymic
B {?)g:,lzgl‘vt) ogl\j;erpvzetrioorf s pH (gg'g;ﬂ) oll\j;e?vbaﬁ oct':s
3.0 1.0 1 8.0 100.0 10
359 1.9 5 9.0 93.2 5
4.0 41.9 4 10.0 85.6 5
5.0 75.0 4 10.5 83.2 5
6.0 81.1 S 11.0 272 5
7.0 93.4 5) 12.0 nil 2

All runs at 25.0 degrees C.; ACh.Br, 0.015 1/; samples readjusted to pH 8.0 for measurement.
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TasLe III
Rate of inactivation of fly head ChE at pH 4.0 as a function of duration of exposure

Time exposed
MInUEes: & uio. -0 0 15 30 60 90 120

Activity in per

cent 100 65.9 41.9 30.1 24.9 20.5
Number of
observations 20 5 4 4 4 4

All runs at 25.0 degrees C.; ACh.Br, 0.015 A ; samples readjusted to pH 8.0 for measurement

DiscussioN
1. ChE activity as a function of pH

Examination of the measurements in buffer convinces us that the ChE of our
fly heads differs little, in respect to the effect of pH on activity, from most other
ChE’s hitherto studied (cf. Table IV). The optimum is clearly on the alkaline
side, being at least as high as 8.0 and probably as high as 9.0.

In aqueous suspensions or in 30 per cent glycerol, activity was generally low
in comparison with observations at corresponding pH values in buffer, with the
rates in glycerol somewhat less than those in water. These data provide a further
demonstration of the activating effect of 0.5 N salt and the depressant effect of
glycerol, to which we called attention earlier (1953). In water or glycerol there
appeared to be little significant change in ChE activity over the pH range from

TABLE IV

PH optima of ChE's from various sources

Source of enzyme pH optimum Authority
Eggs, developing, Melanoplus 8.5 Tahmisian, 1943
Erythrocytes, human 7.6 or above Plattner et al., 1928
Erythrocytes, human 7.5 to 8.0 Alles and Hawes, 1940

Serum, human
Serum, human

8.2 or above
8.0 or above

Plattner et al., 1928
Easson and Stedman, 1936

Serum, human 8.4 to 8.5 Glick, 1937

Serum, human 8.0 to 8.5 Werle and Uebelmann, 1938

Serum, horse ca. 8.5 Glick, 1938

Serum, horse 7.2 or above Kahane and Levy, 1936

Serum, horse 8.0 to 8.5 Werle and Uebelmann, 1938

Heart extract, frog 7.5 or above Loewi and Navratil, 1926

Electric organ, Electrophorus ca. 8.5 Wilson and Bergmann, 1950

Gastric mucosa, pig ca. 8.5 Glick, 1938

Brain, rat (also rabbit, guinea pig, ca. 8.4 Bernheim and Bernheim, 1936
cat, dog)

Brain, cat ca. 8.5 Glick, 1938

c.n.s., Periplaneta, Hydrophilus 7.4 Stegwee, 1951

Heads, Musca 5.75 Babers and Pratt, 1950

Heads, Musca

8.0 or above

This paper




144 CHADWICK, LOVELL AND EGNER

6.0 to 9.0, in agreement with the findings of Babers and Pratt (1950) ; however,
variation in our measurements was considerable and the curves are quite irregular.

Neither in these media nor in buffer could we find any evidence for an activity
peak in the neighborhood of pH 5.75, as reported by Babers and Pratt. This
led us to attempt one final comparison, in which activity at pH 5.75 and 7.0 was
measured under conditions as nearly like theirs as we could make them. For this
purpose, tissue was prepared in 30 per cent glycerol and diluted 1:6 for assay,
which was carried out on 9.0-ml. aliquots that contained 150 mg. of tissue and
0.045 M ACh.Br. Babers and Pratt had used 3.0-ml. samples containing 50 mg.

TABLE V

Comparison of ChE activity of fly head suspensions in 5 per cent glycerol at pH 7.0 and 5.75

pH 7.0 pH 5.75
ml. 0.02 N NaOH per 3 ml. per 20 minutes
1.00 1.05
1.05 1.03
0.98 1.09
1.03 1.02
1.01 1.01
Average 1.01 1.04
*Correction —0.04 —0.01
Net 0.97 1.03

* Correction values from Babers and Pratt (1950). All runs at 25.0 degrees C.; ACh.Br,
0.045 M ; tissue, 150 mg.; total volume, 9.0 ml. Data computed to 3.0 ml. volume for sake of
comparison with results of Babers and Pratt.

of tissue, but this volume was too small for our electrodes. As in their tests, acid
produced was titrated with 0.02 N NaOH over a 20-minute test period. Five
replications were made. The results, corrected for non-enzymic hydrolysis with
values taken from Babers and Pratt (1950), are shown in Table V.

These data suggest the following comments. First, activity was nearly equal
at both pH values; i.e., evidence for a pronounced peak at pH 5.75 was not forth-
coming. Secondly, as was to have been expected, activity per unit weight of tissue,
or per head, was intermediate at pH 7.0 between the values previously found with
suspensions in water and in 30 per cent glycerol, respectively. Finally we may

TasLE VI
Activity of fly head ChE as a function of substrate concentration at two pH levels
Molar : 0.001 0.003 0.01 0.03 0.10
concentration
of ACh.Br Average enzymic activity in micromoles per head per hour
pH 8.0 4.83 Skl 5.29 451 2.83
pH 6.0 1.22 IS7T 2.37 2.44 fhr/ il

Each datum is the mean of 5 determinations. All runs on aliquots of the same stock brei in
buffer at 25.0 degrees C.
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note that the activity of our preparation, at both pH levels, was more than twice
the peak value reported by Babers and Pratt (1950). Unless some undetected
difference in our methods of preparing the tissue can be held responsible, this
observation indicates a possible strain difference between their flies and ours;
and should strain differences of this magnitude exist, they could conceivably extend
to a shift in the pH optimum from above 8.0 to 5.75. This, however, seems very
unlikely in view of the bulk of evidence (Table IV) in favor of an alkaline pH
optimum for ChE’s in general. The remaining alternative is to ascribe the obser-
vation of Babers and Pratt to fortuitous variation in the activity of different breis;
1.., to a somewhat unlikely coincidence of sampling errors, that led them repeatedly
to exceptionally high values at pH 5.75. This solution does not appeal to us,
since it is obviously indemonstrable and because the same sort of inference could,
with equal justification, be applied to our own data; but all our efforts to find a
more satisfactory explanation have failed.

Theoretical reasons for anticipating an increase in optimal concentration of
substrate as conditions of measurement depart from the pH optimum have been put
forward by Wilson and Bergmann (1950). The data in Table VI bear on this
question, and do in fact indicate a slight shift of pS,,.. in the predicted direction
at pH 6.0 as compared with pH 8.0. Although it is of interest that this shift
should appear in our results, the presence of the effect will hardly demand correc-
tion of the pH-activity data in Table I and Figure 1, for the following reasons.
The magnitude of the shift is small, the optima are relatively flat, and the standard
concentration of 0.015 M ACh.Br used routinely in our experiments is already
somewhat above the optimum for pH 8.0.

2. Inactivation of fly head ChE

The reduction in activity of fly head ChE at hydrogen ion concentrations that
depart appreciably from pH 8.0 is not wholly reversible. This fact raises a question
as to what portion of the activity change observed at different pH levels 1s due to
an effect of pH on reaction rate, and what portion to permanent destruction of a
fraction of the enzyme. Obviously, data such as those in Table I must reflect a
summation of both these processes.

We have attempted in a preliminary manner to separate the two effects by
measuring the irreversible inactivation of ChE that results when the suspensions
are exposed in buffer to different pH values for a constant period of time. The
interval chosen was 30 minutes, this being somewhat longer than the average total
exposure during our routine 15-minute determinations. As indicated in Table II,
the percentage inactivation observed under these conditions remained within
moderate limits until one passed below pH 5.0 or above pH 10.5. Other observa-
tions not given in the table showed that, within this pH range, there was little if
any additional loss of activity during exposures of as much as two hours; and
further that subsequent incubation of the samples at pH 8.0 for as long as 18 hours
caused no reversal of the loss that had already occurred.

That inactivation did not take place instantaneously was demonstrated by a
series of tests at pH 4.0, where suspensions were held for periods varying from
15 minutes to two hours, before return to pH 8.0 for assay (Table III). Here
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the process of inactivation was rapid for the first 30 minutes, and followed a
slower course thereafter. Both segments of the relationship have the characteristics
of a first order reaction, as indicated in Figure 2. %

Below pH 4.0 and above pH 11.0, inactivation was rapid and extensive. As
a matter of fact, the enzyme, together with large amounts of eye pigment, was
precipitated from aqueous suspensions of head tissue at about pH 5.0 to 5.1.
Some 75 per cent of the original activity could be recovered if this precipitate

2.0 =a

it | = A

LOG PER GCENT ACTIVITY
-~
/

| | ] | 1
0 30 60 20 120
EXPOSURE TIME IN MINUTES

Ficure 2. Rate of inactivation of fly head ChE in buffer as a function of duration of exposure
at pH 4.0. All measurements made at pH 8.0. For further details, see text and Table III.

was quickly re-suspended in buffer at pH 8.0; but it was evident that the enzyme
had been altered, since it was no longer as soluble as before precipitation. It was
now easily re-separated by light centrifugation. According to Augustinsson (1948),
the isoelectric point of several other ChE’s has been reported as about pH 4.5.
He also notes that precipitation at this level results in more or less permanent
solubility changes.

By combining the data of Table II, which show the fraction of enzyme still
active after half-hour exposures at the various pH values, with those of Table I,




EFFECT OF pPH ON FLY HEAD CHOLINESTERASE 147

which give the rates at which similar aliquots were able to hydrolyze substrate
while at the same pH levels, it is possible to construct a corrected curve that
compensates for changes in the relative amount of active enzyme. Such a curve
is shown as B in Figure 1. The divergence from Curve C, which embodies the
uncompensated activity data, is slight. This is because 30-minute exposures at
pH wvalues between 5.0 and 10.5 inactivated only small fractions of the enzyme,
while the effect of pH on reaction rate was already considerable, well within these
limits. The compensated curve (B) emphasizes the activity peak at pH 9.0, since
the proportion of active enzyme has already begun to fall in this region, whereas
the measured activity per unit of tissue has increased slightly above the value
determined at pH 8.0. The results also show incidentally that the drop in activity
at still higher pH levels is not due wholly to denaturation of the enzyme, since the
measured activity decreased more rapidly than the enzyme was destroyed.

These data suggest a pI of about 8.0 as a suitable compromise for experiments
where an approach to maximal activity of fly head ChE is desired. Although the
true optimum probably lies as much as a full pH unit to the right of pH 8.0, the
increase in enzymic activity over this range is slight, whereas the correction for
non-enzymic hydrolysis is rapidly becoming larger. At pH &.0, this correction is
less than 5 per cent of the average total activity measured under our conditions;
1.e., with tissue concentration at one head per ml.; temperature, 25.0 degrees C.;
substrate, 0.015)/; and salt present in the buffered suspension at about 0.5 N
concentration. The correction could be still further reduced by shifting to even
lower pH levels, but only with increasing sacrifice of enzymic activity.

SUMMARY

1. Variation in activity of fly head cholinesterase (ChE) was measured titri-
metrically at 25.0 degrees C. with ACh.Br 0.015 M as substrate, as a function of
the pH of the assay medium over the range from pH 4.0 to 10.0. Ground tissue
obtained from Musca domestica L. was suspended at a concentration of one head
per ml. in three media: (1) buffer of composition NaCl, 26.30 gm.; KH,PO,,
3.85 gm.; NaOH, 1.00 gm.; H,O, to one liter; (2) 30 per cent glycerol; (3)
de-ionized water.

2. Enzymic activity was greater in buffer than in the other media. The pH
optimum was definitely on the alkaline side, being at least as high as pH 8.0 and
probably as high as 9.0. In glycerol or water suspensions, enzymic activity
changed little between pH 6.0 and 9.0.

3. Some permanent inactivation of the enzyme was observed in half-hour
exposures at high and low pH values. This effect was measured over the pH range
from 3.0 to 12.0. Between pH 5.0 and 10.5, the degree of inactivation was moderate
and essentially complete within 30 minutes. The time course of the process was
followed at pH 4.0 for intervals from 15 minutes to two hours, and appeared to
involve a rapid phase during the initial 30 minutes and a slower phase thereafter.
Both phases had the characteristics of a first order reaction. Inactivation of ChE
resulting from exposure to low or high pH was not reversed during subsequent
incubation of the sample at pH 8.0 for as long as 18 hours.

4. Correction of the pH-activity curve to allow for changes in the relative
amounts of enzyme that result from permanent inactivation requires only minor



148 CHADWICK, LOVELL AND EGNER

alterations, since the effect of pH on reaction rate makes itself felt within pH limits
where the degree of permanent inactivation is slight.

LITERATURE CITED

ALLES, G. A., anp R. C. Hawkes, 1940. Cholinesterases in the blood of man. J. Biol. Chem.,
133: 375-390.

Aucustinsson, K.-B., 1948. Cholinesterases. A study in comparative enzymology. Acta
physiol. Scand., 15 (Suppl. 52) : x + 1-182.

Bagsers, F. H,, anp J. J. Pratt, JR., 1950. Studies on the resistance of insects to insecticides.
I. Cholinesterase in house flies (Musca domestica 1..) resistant to DDT. Physiol. Zool.,
23: 58-63.

BernuEIM, F., anp M. L. C. BernuEIM, 1936. Action of drugs on the choline esterase of the
brain. J. Pharmacol. Exp. Therap., 57: 427-436.

Crapwick, L. E, J. B. LoveLL anp V. E. EcnEr, 1953. The effect of various suspension
media on the activity of cholinesterase from flies. Biol. Bull., 104 : 323-333.

Easson, L. H., aAxp E. Stepman, 1936. The absolute activity of choline-esterase. Proc. Roy.
Soc. London, Ser. B, 121 : 142-164.

Grick, D., 1937. LXXII. Properties of choline esterase in human serum. Biochem. J., 31:
521-525.

Grick, D., 1938. Studies on enzymatic histochemistry. XXV. A micro method for the
determination of choline esterase and the activity-pH relationship of the enzyme.
J. Gen. Physiol., 21: 289-295.

Kauang, E., anp J. Levy, 1936. Sur I'hydrolyse diastatique de l'acétylcholine par le sérum.

C. R. Acad. Sei. Paris, 202: 781-783.

Loewr, O, anp E. Navratir, 1926. Uber humorale Ubertragbarkeit der Herznervenwirkung.
X. Mitteilung. Uber das Schicksal des Vagusstoffs. Pfliigers Arch., 214: 678-688.

PratrNer, F., O. GaLeHR AND Y. Kopera, 1928. Uber das Schicksal des Acetylcholins im
Blute. IV. Mitteilung. Die Abhangigkeit der Acetylcholinzerstorung von der Wasser-
stoffionenkonzentration. Pfliigers Arch., 219: 678-685.

StEGWEE, D., 1951. Studies on cholinesterase in insects. Physiol. Comp. et Qecol., 2: 241-247.

Tauwmisian, T. N., 1943. Enzymes in ontogenesis: choline-esterase in developing Melanoplus
differentialis eggs. J. Exp. Zool., 92: 199-213.

WERLE, E., ANp H. UeEBeLMANN, 1938. Zur Kenntnis des Blutegeltestes. Arch. f. exp. Pathol.
u. Pharmakol., 189: 421-432.

WiLson, I. B, anp F. Bereamann, 1950. Acetylcholinesterase. VIII. Dissociation constants
of the active groups. J. Biol. Chem., 186 : 683-692.



ImEE BHL

Biodiversity Heritage Library

Chadwick, Leigh Edward, Lovell, ] B, and Egner, V E. 1954. "THE RELATIONSHIP
BETWEEN pH AND THE ACTIVITY OF CHOLINESTERASE FROM FLIES." The
Biological bulletin 106, 139-148. https://doi.org/10.2307/1538707.

View This Item Online: https://www.biodiversitylibrary.org/item/17275
DOI: https://doi.org/10.2307/1538707
Permalink: https://www.biodiversitylibrary.org/partpdf/2050

Holding Institution
MBLWHOI Library

Sponsored by
MBLWHOI Library

Copyright & Reuse

Copyright Status: In copyright. Digitized with the permission of the rights holder.
Rights Holder: University of Chicago

License: http://creativecommons.org/licenses/by-nc-sa/3.0/

Rights: https://biodiversitylibrary.org/permissions

This document was created from content at the Biodiversity Heritage Library, the world's
largest open access digital library for biodiversity literature and archives. Visit BHL at
https://www.biodiversitylibrary.org.

This file was generated 25 August 2023 at 14:12 UTC


https://doi.org/10.2307/1538707
https://www.biodiversitylibrary.org/item/17275
https://doi.org/10.2307/1538707
https://www.biodiversitylibrary.org/partpdf/2050
http://creativecommons.org/licenses/by-nc-sa/3.0/
https://biodiversitylibrary.org/permissions
https://www.biodiversitylibrary.org

