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SUMMARY

1. Dilute, aqueous solutions of beef heart lactate dehydrogenase (LDH), (fhe
modal enzyme) have been stabilized under standardizea conditions permitting a
retention of 1007 enzymatic activity for over 20 months:

2. Significant stabilization of E. coli B asparaginase and ﬁig heart malate

dehydrbgenase was also achieved in dilute aqueous medigg

3. Lactate dehydrogenase was insolubilized in an enzymatically active form,
by being covalently bound to the insoluble éuPport, diazotized Cellex PABT
Optimum binding ratios were derived and studies completed permitting the
regeneratioh of bound and unbound eﬁzyme; ;c:

4., Antibodies to LDH were successfully produced in rabbits. - Such antibodies
were to be used as enzyme stabilizers.

5. Other studies, including the selective alkylation of non essential sulf-
hydryl groups of LDH by reaction with jy-chloropropylthiosulfate were per-
formed, A

Two communications and three papers describing this work have been pre-

pared for publicaticn.
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1. inéroductiou

Considerable success has been achieved during the two year life of
this contract (1967-1969). After a Eonsiﬁeration of a number of model énzymes
. during the.fir;t contract year (beef heart lactate dehydrogenase, E. coli B
asparaginase, and pig heart malate déhydrogenase), we focused our efforts
: during the second year on beef heart‘lactate dehydrogenase,. /

During the first conﬁract year, fhe major portion of our work was
devoted to the stabilization of the model eﬁzymeé in liquid 3u1utiq?. Dif;
ferent criteria of stabilization were established: (a) stability towards
inactivation when stored in dilute solutions at 4 # 2° for extended periods
of time (1-12 months) and (b) stability towards short temm thefmal or dilutionr
inactivation. Such studies were designed to determine whether suitable aédi-
tives and media different from the classical aqueous media) could be used for
enzyme stabilization, as well as to identify any solvent limitations that
could impose restrictions on the use of media for the synthesis of solid sup-
ports or the preparation of selective sulfhydro derivatives. The approach
used in these initial studies was based on the fact that enzymes in their
natural or intracellular environment, do not exist free in aqueous solution.
Rather, they are both bound and stabilized by such éomponents as the proteins,
carbohydrates, lipids and other structures that constitute taeir natural en-
vironment. We sought to dete.mine whether enzymatic reactions could occur
in mixtures of organic-aqueous systems, such as water-dioxane, water-
tetrahydrofuran, water-ethanol, water-methanol, etc. 1In addition, we wanted
to be able to compare thé enzyme's activity and its stability in the organic
solvent mixture to the corresponding activity and stability in classical
aqueous solution, Our choice of enzyme system was based on the following
criteria: (a) The enzyme must be involved in synthesis of some biologically

-2 -
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important product at the expense of ATP; (b) The enzyme must use a cofactor
in its teac:iOn,rother,than merely metal ions which are involved in simple
' hydrolyﬁié procésées: (é) The en:ymé must be avéil;ble in sufficient quanti-
ties.and in_a high degree of burit&.
A Many of_;hese requirements were met by the model enzymes herein described.
During the two years co;eréd'by this report, our efforts and accomplishments
- can be summarized as follows:
YEAR T :
1. The chemical synthesis of the sodium salts of chhloroethylﬁhiosulfate
- and y-chloro-N-propylthiosulfate to serve as potential selective élkylating
agents for non-essential sulfhydro groups on the enzyme. Upon subsequent bio-
chemical eyaluation of ;hese compounds, the initial results appeared promising,
however bu&getary restrictions did not permit an intensive study of these com-
pounds.

2. Two different criteria of enzyme stabilization were established: stabili-
zation to thermal inactivation and stabilization to long-term storage. -

3. Selective additives and solvent stabilization studies were performed on

_ three model enzymes, lactic dehydrogenarse, pig heart malate dehydrogenase, and
E. coli B asparaginase. |
XEAR 2
1. The use of solvent-protective colloid mixtures for the stabilization
éf,a_model'enzyme - LDH.

2. The preparation of enzymaticaliy active, insolubilized enzyme derivé—
tives, by means of the covalent bonding of beef heart lactate dehydrogznase onto
the solid support diazotized Cellex PAB. Considerable attention was given to
—studies concerﬁing both the mechanism of the reaction and the stability of the

insolubilized product.

COLLABORATIVE RESEARCH, INComre




II. Methods

A. Enzyme Assays

1. Assay forprctic»Dehydroggnasel}

Lactic dehydrogenase was measured by following the oxidation -
of NADH, at 340 my, as iltustrated by the following equation:

. Enzyme

. R,
_ pyruvate + H' + NADH . L-Lactate + NAD

pH 7.4 4

The reaction mix;ures contained pyrubate (1 umole); NADH2 (0.2 umole); potas-
sium phosphate buffer (80 uymoles, pH 7.4) and enzyme (0.3 ug) in a final volume
of 3.0 mi. tTﬁe reaction was run at room temperature (aw25°) and was followed
by measuring the decrease in absorbance at 340 my (abscrption maximum for
NADHZ) as a function of time for 1 minute, During this interval, the reaction
is linear and produces a change in absorbance of about 0.1.

2. Assay for Asparaginasé

Asparaginase activity was mcasured. by determining the amount

of ammonia formed (as ammonium sulfate) according to the following equation:
N
6>

) - Enzyme -
HBNOCCHZ?HCOO ——— GOOCCHZEHC%) .,,+ NH,
NH3$ - : 113

The reaction mixtures contained: asparagine (4 umoles); potassium phosphate
buffer (25 ymoles, pH 8.6) and enzyme (10 pg) in a final volume of 0.55 ml.
The reaction was run at 370 for 10 minutes and terminated by the addition
of 0.10 ml of 6% TCA. The progress of each reaction was determimed by
measuring the amount of ammonium ions present in solution as follows: (1)

3 ml H20 was added to each tube, and the NH3, evolved after the addition of
1 ml of saturated Na2C03, was distilled over into a trap, containing 2.5 ml

of 1% stoa, by bubbling compressed air'through the system; {2) each sulfuric

COLLABORATIVE RESEARCH INC
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acid trap was then brought up to 10 ml (with HZO)f (3) 2.5 ml Nessler's reagent
was added to each (the contents mixed well), and the absorbance was immediately
_ measured at 480 muy. Under these conditions, the reaction is linear and pro-

duces about 20 pmoles of ammonia/mg/min.

3. Malate Dehydrogenase - Enzyme activity was measured by studying the

, as illustrated by the following equation:

ra_e of oxidation of NADH2

NADH + H+ % oxaloacetate Enzyme NAIS+ + L - malate

pH 7.4

3 ,
The reaction mixture contained: potassium phosphate buffer (280 umoles:

pH 7.4); NADH, (0.2 u mole); oxaloacetate (0.3 pmole) and enzyme Q.24 ug)

2
in a final volume of 3.0 ml, The reaction was carried out at room tempera-
ture (25 i’ZO) and was followed by measuring the decrease in absorbance at
340 mu (absorption maximum for NADHZ) as a'function of time for 1 minute.

During this interval,’the reaction rate is linear and produces a change in

absorbance of about 0,14 0.D. unit,

B. Measurement of Stabilizing Effect.

Introduction - The ultimate success of such an enzyme stabiliza-
tion study will be influenced to a large part by the methods available for the
measurement of the degree of stabilization produced ielative to the control.

Successful stabilization procedures should be readily adaptable for use with

the various model enzyme systems envisioned, It is precisely such a procedure that

we feel we have developed in the measurement of the effect of various additious
towards the thermolability of the enzyme under certain standard conditions.

1. Thermal inactivation assay for LDH

a, Principle - The thermolabiiity assay for beef heart lactic

dehydrogenase is based on the observation that under appropriate conditions of

COLLABORATIVE RESEARCH, INC.
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enzyme concentration, pH and buffer ionic strength, the thermal inactivation
at 37° appears to be a function of the incubation time. Approximately 30
minutes is required for 50% inhibition of lactic dehydrogenase activity.
The extent to which the enzyms is protected from 50% thermal inactivation
1s then a measure of the efficacy of the additive under study. By such means,
one can readily quantitate and hence correlate both the-s%abilizing and labeliz-
ing effects of various diverse compounds. |

b. Procedure - Stock dilutions of a crystalline suspension (in
55% saturated ammonium sulfate) of beef heart lactic dehydrogenase (Worthing-
ton Biochemical Corp.) containing 90 pg enzyme/ml can be stored in the cold
(4 to 70) for at least 1 month with no detectable loss in enzymic activity.
This as well as all subsequent enzyme dilutions are prepared with 0.1 M potas-
sium phosphate buffer, pH 7.0. All dilutions of the stock enzyme solution are
used on fhe day of preparation. To test tubes containing 0,10 ml of enzyme
(3 pg/ml in 0.1 M potassium phosphate buffer, pH 7.0) were added 0,10 ml of
water of the compound to be tested (dissolved in water), the contents mixed
and incubated at 370 (final enzyme concentration 1.5 pg/ml). Thermal inacti-
vation is stopped by the addition of 2.6 ml of 0.03 M pbtassium phosphate
buffer (pH 7.4) that is kept at room temperature. Under the conditioms
described above, when water is added to the enzyme (the control), about 50%
of enzyme activity is lost in 30 minutes (Figure 1) as compared to the t°
(zero incubation time at 37°) sample, The amount of enzymatic activity re-
maining after such treatment is then determined by the addition of 0,20 ml
of "pooled reaction mixture" (containing NADH2 plus pyruvic acid), mixing
and measuring the decrease in absorbance at 340 mu as previously described.

During this period, the extent of thermal inactivation is a function of the

CCLLABORATIVE RESEARCH, INC
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time of incubation (Figure 1). By this procedure direct measurement of the
efficacy of an added reagent over that of the control is readily made.

2, Thermal Inactivation for E, coli B Asparaginase

Stock dilutions of purified (lyophilized powder) E. coli B asparaginase

(Worthington Biochemical Corp.) containing 2,5 mg enzyme/ml (in 0.14 M NaCl) can
be stored frozen (-200) for at least several months with no detectable loss in
.enzymic activity, A11.d11ution of the stock enzyme solution are used on the
day of preparation. Tc test tubes containing 0.10 ml of enzyme (250 ug/ml

in water) are added 0.10 ml of water or the compound to be tested (dissolved

in water), the contents mixed and incubated at 600 (final concentration 125 g/
ml). Thermal inactivation is terminated by plunging the tubes into an ice bath.
Under the conditions described above, when water is added to the enzyme (the
control), approximately 50% of the enzyme activity is lost in 5 minutes

(Figure 2) as compared to the t, (zero incubation time at 600) sample. The
amount of enzymatic activity remaining after such treatment is then determined
by the addition of 0.35 ml of reaction mixture (containing asparagine and
potassium phosphate buffer), mixing and incubating at 37° for 10 minutes.

The reaction is stopped by the addition of TCA; the amount of NH4+ formed is
then determined by Nesslerization as previously described. During this period,
the extent of thermal inactivation is a direct function of the time of in-
cubation (Figure 2). By this procedure, a direct measurement of the efficacy
of an added reagent over that of the control is readily made.

3. Dilution Inactivation Assay for Pig Heart Malic Dzhydrogenase

a) Principle

The dilution inactivation assay for pig heart malic dehydrogenase

is based on the observation that under appropriate conditions of enzyme

COLLABORAT!VE RESEARCH, INC.
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concentration, pH and buffer concentration, the ice-bath temperature inactiva-

tion appears to be a function of -he incubation (dilution) time; Approximately

IR

30 minutes {8 required fo;VSOZ inhibition of pig heart malic dehydrogenage
activity, The degree to which the enzyme is nrotected from 507 dilution
inactivation is then a direct measure of the efficacy of the additive or
solvent un&er study. By such means, one.can quantitatively measure and hence
compare, the usefulness of various additives and solvents as enzyme stabilizers.
b) Procedure

Stock uilution of a crystalline suspénsibn (in 70% saturated ‘ammonium
sulfate) of pig heart malic dehydrogenase (Worthington Biochemical Corp.)
containing 24 ug enzyme/ml. can be stored in the cold (4 to 7°) for at least
one week with no detectable loss in enzymic activity, This as weil as all
subsequent enzyme dilutions was prepared with 0.1M potassium phosphate buffer,
pH 7.4, To test tubes containing 0.010 ml, of enzyme (24 ug/ml. in 0.1M
potassium phosphate buffer, pH 7.4) were added 0.190 ml, of water or the
compound to be tested (dissolved in water), the contents mixed and incﬁbéted
at 4° t_2° (final enzyme concentration 1.2 pug/ml.). Under thesé conditions,
when water i1s added to the enzyme (control), about 507 of the enzyme activity
is lost in 30 minutes (Figure 3) as compared to the to (zero incubation or
dilution time at 4 t_Zo) sample, The amount of enzymatic activity remaining
after such treatment is then determined by the addition of 2,6 ml. of 0,10 M
potassium phosphate buffer, pH 7.4 and 0.20 ml. of a "pooled reaction mixture"
(containing NADH2 plus oxaloacetic acid), mixing and measuring the decrease
in ab;orbance at 340 my at 15 second intervals for a total elapsed reaction
time of one minute. During this period the exter: of dilution inactivation

is a function of the elapsed time after the dilution is made (Figure 3). By
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this procedure, the efficacy of an addel stabilizer over that of the control

(water) is readily evaluated.

C. Preparation cf Enzyme Coupled to Solid Support
1, Diazotization of p-aminobenzyl cellulose (Bio-Rad Cellex PAB)

A cold solution of sedium nitrite (5 ml., 14% w/v) was added
to a suspension of CelleerAB in cold hydrochloric acid (1 gm/25 ml 2N). The
mixture was allowed to react for 1 hr at 0°C. The diazotised adsorbent was
collected by filtration and washed with portions (50 ml) of a solution
cohfaining sodium acetate (5%, w/v) and urea (5%, w/v) and finally deionized
water. The product was stored moist at 40 in a tightly sealed container until
used.

2. Coupling of Lactaée Dehydrogenase to Diazotized Cellex PAB

Diazotized Cellex PAB (1 g.) was added to LDH (5 mg.) in a

final volume of 5 ml. The mixture &as stirred at 4° for 2 1/2 hours, centri-
fuged and the precipitate washed with portions (3-5 ml) of sodium chloride
solution (1.0 M).4 The supernatants were found to possess nn detectable
enzymatic activity and were discarded. The filter cake containing the LDH
coupled to the diazotized Cellex PAB was storad moist and cold (40) until
assayed (see results).

D. Binding of IDH to Carboxym.thyl Cellulose (Bio-Rad Cellex CM)

1. Preparation of CDI Activated Cellex CM Support
A 57 suspension (w/v) of carboxymethyl cellulose (CMC) was washed
twice with distilled water, twice with 0.03M potassium phosphate buffer, pH 7.4
and stored as a 57 working suspension in 0,03M phosphate buffer, pH 7.4 (40)
until ueed. To replicate 500 mg samples of the 5% working suspension of CMC,
was added 0,5, 2.5, 10, 25, 62, 125, 250 or 1250 mg of l-cyclohexyl-3-(2-morpho-

linoethyl )-carbodiimide metho-p-toluenesulfonate (CDI). The mixture was reacted,

COLLABORATIVE RESEARCH, INC.
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with stirridé, at room tenper#tu:e for 30 minutes; then chilleq to 4° and
‘immediately used for the enzyme coupling step.
7— 2. Coupling of Lactate Dchydrogeqasg to CPI Activated OMC Supbort

- ‘l;o ;ach éDI éctinted oMC sﬁppoi't mixture, 2.5 mg of dialyzed LDH
Haéradd’ed, and the contents reacted ui'thrstitring at 4° for frt;n 2 to 18
hoers. At the conclusion of the resctiom, the mixture was filtered, and
washed sud;essi:vely with porfipns (6~10’nl)’of cold spdiun; chloride solution
(1.0 M) and potassium phosphate buffer (0.03M, pH 7.4). The washed filter

. cakes were 'suspend'é'd in 10 ml of additional buffered and immediately assayed

(see results). ‘ ‘ -~

' E. Procedure for the Production of Anti-LDH Sera in Rabbits

1. Pt\}paratiop of Antige;nic _Suspension

a)rPreparation of the adjuvant. The adjuvant- was obtained by
mixing ;9 parts of light mineral oil (Drakol 6 VR - Pennsylvania Refining Co.;
and 1 part Mannide Monooleate (Arlaéel A-Atlas éhemical Co.)

b) Emulsification - kto each ml of salt-free LDH (2 mg/ml) was added
an _e;mal velume of the adiuvant. Emalsiohs were prePargd Ey forcing fhe contents
back and forth through a 1.0 ml glass tuberculin syringe fitted with a 20 gauge
needle. The process was continued until a drop of f:he emulsion expelled through
the ﬁypodémic- ﬁeedle into a bezker of cold water retained its shape.

2. Immizat—,:"."f,e Protocol - threersubcutaneous inje-tions spaced at
1 ﬁonth intervals, 7the dose rate being 0.2 mg LDH (1 mg/mlremul_sion), per injgc’
tion. “

3. Serum Collection - animals are to be bled 1 week after injections

one and two, and thre: weeks and three morths respectively after injection

three. ' -

'COLLABORATIVE RESEAKCH, INC.




PART 111 Biochemistry - Results

A, Beef Heart Lactate Dehydrogenase

1. Stabilizacrion of Beef Heart Lactate Dehydrogena:: to Long Term Storage

by the Presence of Various Additives

Dilute aqueous solutions of beef heart lactatekdehydrogenase
(LDH) were stabilized by the use of various organic additives. Continuing
long term studies of such combinations‘held for prolonged storage in tﬁe cold
‘(40) have been followed. (Figures 4-7). Final concentrations of from 20 to
407 DMSO (w/v) were excellent stabilizing agents for LDH under our experimental
conditions. LDH wvhen stored in the presence of 407 DMSO possessed apprgximately
657 of its original activity after storage for 20 moﬁths. Lower concer . ations
were found to be less effe:tive stabilizers, i.e. LDH in the preséﬁce of 307
DMSO had about 307 of its initial activity after 20 months storage while LDH
lost all of its activity in 16 months when stored in the presence of 207 DMSO..
‘However, all concentrationsrof DMSO investigated were far superior to the control
which lost 80% of its activity in 3 months (Figure 4). |
The success of these exﬁeriments, namely the stabilizing property of DMSO,

led us to stud& other solvent mixtures as is shown in Figure 5. Dilute solutioms
of LDH (1.5 mg/ml) stored in the presence of from 10 to 40% DMSO plus 0.57%
gelatin have retained virtually 1007 of their original activity after 19 months
storage. The control (water rather than DMSO-gelatin additives) possessed
approximately 107% of its original activity under otherwise identiﬁal conditions.

. As a result of systematic investigations involving the effectiveness of
protein additives (gelatin and bovine serum albumin) as well as selective
organic compounds (ethyl alcohol, methyl alcohol, isobutanol, etc., ) we have

been able to devise '"optional" storage conditions for LDH. Utilizing our rapid

- 11 -
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thermal‘inactivation screening technique, organic compounds were chosen for

long term stabilization studies, As can be noted in Table I dimethyl formamide

which originally demonstrated initial stabilizing pr;perties for LDH in the

thermal dilution assay, was not effective in prolonged stotgée. After one month

férmanide containing samples had deteriorated to approximately 10% of their

 original activityrwhile the control retained 29%. Studies involvingrer*yl
acetate (Table I) demonstrated values approximating the control figure of 29%
after one month of storage (40), while both of the éforementioned samples had
no LDH remaining at the end of six months (comtrol =-152). -

Other solQen;s, such as methyl and ethyl alcohol were only partially ef::
fective in stabilization of LDH (Figure 7, Table 1I). At six months the

- aqueous control had only 15% éf itsroriginal activity while the alcphol
samples averaged approximately 40%; in ten months the activity of the alcohol
saﬁpleé was about 25% versus 13% for the control. Final twenty months samples
showed values of 10% to zero while controls were zere.

Isobutanol in our initial experiments was shown to be an effective
stabilizing Agent. Hoﬁever, upon prolonged storage higher concentrations
demonstrated less stabilizing capabity than lesser amounts. (Table I).

For example, at the end of one month, samples containing one and five percént
isobutanol retained 707 of the original LDH activity while 20% had 467 activity.

‘Subsequently, in 20% isobutanél the LDH fell to 18% in 6 months, 12% in 10
months and zero at 20 months, while the samples containing one and five per-
cent decreased to 507 in 6 months, 407 :a 1" months and 25% in 20 months.

We have successfully extended the activity of dilute aqueous solutions of

LDH to 16 months by using the proteins, gelatin and bovine serum albumin as

COLLABORATIVE RESEARCH, INC.
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protectants. Gelatin proved to be an excellent agent for stabilizing LDH
towards long term storage; the LDH retained approximately 70% of its-original

activity after 16 months storage. However, lower concentrations though less

-~ effective were nevertheless superior to the control. (Table I, Figure 6).

Bovine serum albumin used under identical storage conditions demonstrated
little advantage over the use of water. (Table I).

2. Preparation and. Properties of Insolubilized LDH A

a. Preparation

LDH has been successfully coupled to diazotized cellex PAB (an
insoluble support) resulting in an insoluble derivative possessing gnzymic
activity. Under standard binding conditions, activities in the range of
0.02 to 0.4 0.D. units/min./mg. were obtained. Maximum enzymic activity for
the insolubilized coupled LDH was obtained when a binding ratio of 0.5 g of
adsorbent was reacted with 0.2 mg>of LDH (Fig 8). As evident from this figure,
when the proportion of LDH is increased with respect to the diazotized cellex, the
activity of the produce décreases, indicating possibly the formation of exces-
sive covalent bonding. This &ptimum relationship i; further demonstrated by
a second series of experiments (Fig. 9) where, when the amount of adsorbent was
held constant and progressively lower levels of LDH were reacted, lower levels
of enzymic activity were observed,

b. Properties - Ability to carry out sustained enzymic reactions

When coupled LDH was comvpared to frée LDH with respect torits
ability to carry out sustained enzymatic activity in the presence of sequeﬁtial
substrate (pyruvate 4 NADH) additions, it was found to be far supérior to the
native enzyme as can be seen in figure 10 - report VII. Whereas fhe rate of
the reaction with the uncoupled LDH rapidly decreased with successive addi-

tions of substrate (curve b), the reaction rate as catalyzed by the PAB coupled

COLLABORATIVE RESEARCH, INC.
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enzyme wa; virtually independent of the number of substrate additions after
the first addition (curve a).

Initial experiments, studying the effect of drying on LDH coupled to
diazotized cellex PAﬁ did nét appear promising. For when‘rep}icace samples
Sf coug}ed enzyme were driea by the foilowing methods; freeze drying,'Rinco
evaporator oc solvent dryiag by ethaﬁol, methanol or acetone in the presence

or absence of DMSO, the dried products bossessed neo detectable activity.

c. Stability of LDH coupled to diazotized Cellex PAB stored in aqueous

solution at various temperatures.

Insolubilized LDH-PAB cakes, having an initial activity ofA0.D. =
0.260/min. were suépeuded in 0.03 M bocassium phoéphatg»buffer, pH ?.; and
stored at 370, Zgo; 4o:and -200. - The cakes were assayed after various periods
of storage, and the rééulté are shown in Table II. As is illustrxted; the
cakes and their residual buffer supernatants maintain a high d2gree of activity
for at least 2 weeks. The washed cakes on the other hand, retain only about
507 of the initial enzyme;agt;vity'after 2 days storage. In all céseé, stofage
of 1ns°lubilized enzymes at737o resulted in completé iractivation after 24 hours.
After storage forv7 days, only the sampie stored at -20° was found to possess
activity, From Table II it appears that when bound LGH is storeq in an aqueous
medium it generally uncouples, with the degree of this reversal being dependeﬁt

upon the storage conditions.

3. .Binding of LDH to other insoluble supports

A number of attempts were made to bind LDH to carboxymethy! cellu-

lose (Cellex CM*) in the presence and absence of a water soluble carbodiimide**.<

* 1 - Cyclohexyl-3-(2-morpholinoethyl)-carbodiimide metho-p-Tolueneéulfonaﬁe
Aldrich Chemical #112451).
2 Cellex CM-Bio-Rad Company

COLLABORATIVE RESEARCH, INC.
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To date, none of our preparations have shown significant enzymic activity,

4, :§:udies on the Effect of 1-Cyclohexyl-3(2-morpholinoethyl)-carbo-

diimide methc- p-toluene sulfate (IDC) on BHLDH Activity

The wate:-snldﬁle carbodiimidg derivative (IDC) is known to pro-
duce cross-linking in prot;eins5 and to modify carboxylic acid groups in enzymes
vy producingfacylureas.6 As we had the intention of using this reagent in
ou: experiments with BHLDH, it was nécessary to investigate, first of all, its
etfect on this enzyme, Thergfore,rICD was reacted with BHLDH in 50, 250, 500
and 5600 excess (on a molar basis) with BHLDE in the cold (4 to 70);%or 18
hours and thén the enzyme was gséayed. The results, summarized ianable 111,
although only preliminary at that timé,;nevertheless show that BHLDH could
sa.ely tolerate up to about a 250 fold molar excess of ICD with no apparent
inhibitjon of enzyﬁe activity. BHLDH suffered an approximately 50% loss in
enzyme activity by treatmemt with 500 fold molar excess of ICD. Thermostability
studiet had been planned f@g the ICD reacted BHLDH.

5. Stimulation of LDH Antibodies in Rabbits -

Antibodies to LDH have been produced in rabbits following the proto-
col described in the Methods Section. The antibodies appeared in éhe serum
in trace amounts after the second injection and in significant quantities after
the third injection., Using Quchterlony Agar Diffusion techniques, a positive
band of precipitating antigen-antibody was found with 90 » LDH/ml antigen level,.
Although our plamn was to prepare isolated enzyme-antibody complexes and
to examine them for their stability and enzymatic activity under various storage

conditions, time and budgetary restrictions did not permit this.

COLLABQRATIVE RESEARCH, INC.
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B. E. coli B. Asparaginase
p— .

In order to extend our model enzyme studies, the effect of a series of
organic compounds in protecting E. coli B asparaginase against thermal inacti-
~ vation was investigated. .The standardized conditions for the thermal inactiva-
tion of the asparaginase are described in complete detail.in the methods section
of this report., The compﬁﬁnds chosen for our initial studies were those whose
effects on the thermostabilization of beef heart lactic dehydrogenase had already
Seen investigated. The reagents investigated were: methanol, ethanol, n-propanol,
n-butanol, acetone, glycerol, tetrahydrofuran, dioxane, dimethylsulfoxide,
'formaldehyde, acetic anhydride, dimethylfofmaﬁide, ethylacetate, isopropanol, -
bovjne serum albumin and gelatin. A summary of the results is presented in
TabieiFVand Téble V. The most interesting of these complunds, as judged by
their ability to protecttthe4enzyme against thermal inactivation, were ethyl-

acetate and acetone.

C. Pig Heart Malate Dehydrogenase (MDH)

1. Stabilization to Dilution Inactivation

A third model enzyme system and one that was intrinsically more labile,
pig heart malate dehydrogenase (MDH), was chosen in order to extzad the scope
of our studies on enzyme stabilization. A slightly different type of assay was
developed for MDH, namely a dilution inactivation procedure; this assay is de-
scribed in complete detail in the methods section of-this report.,

A systematic investigation was wmade of the effect of the previously
investigated organié compounds on reducing the susceptibilicy of MDH towards
dilution inactivation. The reagents investigated included the following;
methanol, ethanol, n-propanol, isopropanol, n-butanol, iso-butanol, acetone,
dioxane, fetrahydrofuran, dimethylformamide, echylacetgte, dimethylsulfoxide,

" dimethylsulfone, hexamethylphjsphortriamide and glycerol, A summary of the

COLLABORATIVE RESEARCH, INC.
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results is presented in Table VI. The most promising of these compouﬁds, as
judged by their ability to protect MDH against dilution inactivation, were
ethanol, i-propanol, acetone, dioxane and glycerol. All of these compounds
exhibited Eoncentration ranges over which they preserved 907 or more of the
original activity. With i-propanol, acetone and glycerol,-there was even the
suggestioh of enzyme activation, i.e. greater than 100% of the original activity

being present.

2. Stabilization of MDH to Long-term Storqgg; Dilute sqlutions of MDH (1.2 ng/
ml) can be stored in the presence of geiatin, glycerol and ethanol mixtures
4+ 20) with retention of enzyme activity. Arsummary of results showing
longj;erm’stabilization of MDH (16 weeks) in the présence of gelatin-slycerol-
ethanol mixtures is presented in Figure 11. It is evident thatrthe enzyme
samples that remained in contact with the additives gelatin, glycerol and
-ethanol mixtures have retained a considerable portion of their original activity;
whereas the control (water) lost virtually 1007 of its activity during overnigﬁt
storage. The most effective addi;ive'for the long-term stabilization of dilute
solutions of MDH appears to be a mixture of 0.17% éelatin plus 707% glycerol;
where dilute MDH solutions retained a significant portion of their original

activity (257%) for over 35 weeks.
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Part IV  Chemistry Results

One of the objectives of our program was to determine whether the selective
blocking of sulfhydryl groups, non-essential éor enzymatic activity, wouid be
of potentjal value for the stabilization of enzymes. AOur‘apprpach w;s to pre-
pare an alkylhaloth;osulfate that would be capable of reacting.selectively

with nonessential-SH groups to yield a stablz S-substituted  derivative.

We chose to é&nthesize7 a haloethylthiosulfate, which after transformation

_ to the disulfide, woulZ undergo an intramolecular nucleonhilic displacement

as follows, yielding an intramolecular cyclic éulfonium salt{; With such a
reagent ClCHZCHZCHZSSO3Na, sul fonium-type cyclizgiiogﬁigyolvgs the protein §
exclusively and cyclization to theAhaloalkyl S is prevented by virtue of

an unfavorable ring-size. The reactions between such an aslkylating reagent

and an enzyme leading to a stable thiocyanide can be represented as follows:

e ) il
RSH + CICH,CH,CH,SS0; -ty Rsscnzcuzcuzcl
I
&
RSSCH,CH,CHCl ———————® RS -S.__
/ TCH,
CHe=CH, /
T2
11
R-Ig"‘— S\ CH
Kk 2
Chy City + KCN —— RSCH,CH,CH,SCN
IT 1I1

where RSH represents a protein with a free -SH Function,
Before reacting the j-chloropropylthiosulfate with LDH (or other enzymes),
we felt it was necessary to become acquainted with the properties of this

- 18 - COLLABORA TIVE RESEARCH, INC.
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compound and to study its reaction with simple -SH compounds. After initial

studies with cysteine, which appeared to be too susceptible to oxidation, we

 chose glutathione (GSH) as the model compound.

Tt thiosulfate I &és'found to be stable in water and in aqueous solu-
tions of sodium acetate for as long as 24 hours. The compound was a strong alky-
lating agent as indicated_by its vigorous reaction with y-(nitrobenzyl)pyridine
(the so-called NBP reagents). Alkylating agents such as di(B-chloroethyl).
amine give an intense blue color with this reagent under appropriate condi-
‘tions, both in solution and on paper chromatograms. On the other hand, the
thiosulfate I was rapidly converted to another alkylating cbmpound (IV) of
undeﬁermined structure in the presence of godium hydroxide or sodium bicarbonate.

 GSH reacted with I only slugéishly iéfaqueeug soiution, and paper

chromatography revealed the forma£ion of s;kg;al;éy-products. One of these
was apparently GSSG, formed‘by oxidation of GSH. On the other hand, the
d~sired reaction (formation of I1) readily occurred in the presence of 3 or
6 equivezlents of sodium acetate, When 1 ml of 0.1 M GSH was treated first
with 1 ml of 0.1 M adueous thiosulfate I, and then with 1 ml of 0.3 ** sodium
acetate, and the resulting solution chromatographed on thin layer plates
(after standing for 1 hr at room temperature), a new compound giving a ninhydrin-
positive reaction was formed at the expense of both GSH and I. This compound
was presumed to be compound II, however budgetary and time restrictions pre-
vented its isolation and characterization by conventional means. (For chroma-
tography data, see Table VII).

Employing conditions analogous to those found to be successful for the
alkylation of glutathione, namely one hour incubation of 1 equivalent of T.DH
with 1 equivalent of aqueous thiosulfate in the presence of 3-6 enuivalents

of sodium acetate, followed by conversion to a stabl: thiocyanide by incubation

COLLABORATIVE RESEARCH, INC.
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with an equivalent of KCN, LDH reacted only sluggishly (if at all) with the

thiosulfate. Further work along these lines, in order to optimize conditions,

was curtailed because of budgetary cutbacks.
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Figure 1

Effect of Preincubation at 37° on BHLDH Activity
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Figur. 2

Thermal “nactivation Curve - Aspafaginase
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TABLE I
Stabilization of Lactate Dehydrogenase

Summary - Percent Activity

Compound Time (Months)
(wfv) 1 * 6 10 20
S - Dimethyl 9 0
- 10 . Formamide (1] 0
20 ' 12 0
0.3~ Ethyl 1 36 0 . -
0.6 Acetate ) 29 0
1.2 16 0
"~ 2.5  Methyl |l 50 37 | 2. 11
5.0 . Alcohol 55 35 11 0
D (I R 51 48 26 9
L 2.5. Ethyl : 50 30 9 o
©--5.0  Alcchol : 60 48 . 39 ]
10 ) 60 52 s 35 11
0.025 Bovine ' 42 30 - 15 0
0.05 Serum _ 37 28 - 17 0
0.10 Albumin 28 24 127 0
9.25 Gelatin 86 | 81 90 58%
0.5 : - 1 88 76 70 70%
1.0 - - |l 60 59 - 70%
1.0  Isobutanol 70 57 : 43 25
5.0 70 53 37 25
1 144c* - - -
20 46 18 12 0
10 DMS04+0.5 Gelatin]l101 114 ‘108 67%%
20 DMS0+0.5 Gelatin]| 116 1 1o 110 - 110
30 MS04+0.5 Gelatin||110 110 106 98
40 LMS0+0.5 Gelatin]{118 1. 103 120 111
20. DMSO 91 50 28 0
30 95 , 76 . 62 28
40 - - ||104 100 : 100 65
‘Water Control ' 29 15 13 0

* 16 montas
**  Contaminated Sample -

COLLABORATIVE XESEARCH, INC.
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TABLE II

Stability of LDH Coupled to Diazotized Cellex PAB
Stored in 0.03M POA pHV7.4 at Variquis Temperatures (OC)

% Activity - Cake + Supernatant % Activity - Washed Cake
37°  28° 4% -20° | 3°  28° & -2)
2 hrs 160 - 140 120 160 93 100 100 100
1 day 65 - . - : 0 - - -
2 days 77 120 140 69 0 46 62 34
7days O 250 210 35 0 0 0 35
14 days 0 77 35 31 0 0 0 0
- 35 -
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TAbBLE 11

Effect of icnl on BHLDH Activity

Molar Conc. ICD - - Molar Ratio ICD2 , 7 Apparent Activity
LDH '
o : 0 | 100
-4 : ;
3.5 x 10 : 50 ~ 100
1.8x10° - 250 100
_ 3.5x 103 500 72

3.5 x 1072 o 7 5000 - , 20
1

1-Cyclohexyl-3(2-morpholinoethyl )-carbodiimide metho-p-toluen
sulfate

Molecular weights of BHLDH and ICD are 140,000 and 423.6 respectively.

, ] COLLABORATIVE RESEARCH, INC.
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TABLE IV

Effect of Organic Compounds on Asparaginase Thermostabilization

% of Activity at Solvent Concentration (vlv)l

Compound
o 0z 5% 10 207
Methanol . 50 68 55 45
< - Ethanol ' 50 56 38 35
n-propanol . 50 17 9 9 -
i-propamol 50 432 20° at
n-butanol - 50 52° -5
Acetone ) 50 7 52 44
Glycerol 50 56 46 50
Dioxane - ' - 50 55 - 34 10
Dimethyl sul foxide 50 .- 31 10
Dimethyl formamide 50 63 71 39
Ethylacetate - 50 977 go® 13°
Tetrshydrofuran 50 65 25 12

Enzyme activities normalized to 507 activity for zero concentration or-

ganic compound present in control.

Values shown are observed E. coli B

asparaginase activities after preincubation (60 -10 min.) at concentrations
of organic compound shown and assayed as described (Cf. Assey for Enzymic

Activity).

1.25% (v.v) Isopropanol
2.5% (V/V) lsopropanol
5.07% (V/V) Isopropanol
1.25% (V.V) n-butanol
2.5% (V.V) n-butanol

0.6251(V/V) Ethylaéetate

2 5% (V.V) Ethylacetate

1.25% (V/V) Ethylacetate -

- 37 -
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, FABLE V ‘
Effect of Organic Compounds on Asparaginase Thermostability

Compound 4% rActi‘vity at Compound Concentration (W/V)

i oz | .oos% .05 .5%
Bovine Serum Albumin 7 50 - 55 . 50 60 -
Gelatin 50 50 41 | 50

- 38 -
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TABLE VI

Effec- of Organic Compounds on Pig Heart Malic Dehydrogenase
Dilution Inactivation

% of Activity at Compound Concentration (V/V)1

Compound 0% - 1.5% 2.5%7 5% 10% 20% 30% - 40% 507 60% 70%
A Methamol © 50 - - 51 63 62 59 63 66 40 20
Ett.anol s - - 75 72 8 8 16 719 68 62
n-Propamol 50 - - 74 18 77 3%t u - - - -
i-Propanol S0 - - 8 - 99 105 - - - -
" n-Butanol 50 84 67 - - e - - e e
i-Butanol 50 79 88 - - - - - - - -
Acetone 50 - - 76 .77 95 99 109 101 8 -
Ethylacetate 50 572 - 4 11 - - - - - -
" Dioxane so - - 8 9% 77 77 - - - -
Dimethyl- . so - ~ - . 65 - 58 62 - - - -
formamide ) . .
Dimethyl- 50 - - 50 32 42 38 - - - -
sulfoxide : :
-Dimethylsul fone50 - - 48 25 83 - - - - -
Hexamethyl- 50  -° - - - - e - - - -
phosphortri-
amide ,
Glycerol 50 - - 59 57 82 96 109 9% 107 109
Tetrahydrofuran50 - - 59 63 73 78 21 - - -
Formaldehyde 50 3 - - - - - - T - -
Acetaldehyde 50 3 - - - - - - - - -

1 Enzyme activities normalized to 507 activity for zero concentration organic
compound, Values shown are observed 313 hcart malic dehydrogenase activi-
ties after dilution elapse time (4% 2 ) of 30 minutes at concentration of
organic¢ compound shown and assayed as described, (Cf. Assay for Pig Heart
Malic Dehydrogenase Activity.) All values are 5% error.

1.0% (V/V) ethylacetate.

These compounds inhibited the enzyme at zero time, and hence were
eliminated from further consideration.

-39 -
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Rf Values on TLC Plates (Cellulose F, Merck);“

TABLE VII

Y
X

emccce-cccccema-- Solvent «~=~----cc-ccacnaaa-
Compound prUOH-ACOH-HZO methanol-pyridine-water
6 :2:2 4 :2:1
e , : ‘ 1 1
Cl(CH,), SSO., . Na (I) 0. 54 0.76
. 2’3 7773
: GsH 0.14? --
Reaction product (II) 0.532 --
GsS G 0.01% --
v - 0.92!

x Run at 4° for § hr.

Detected by the NBP

reaction

Detected with niﬁhydrin

- 40 -
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VI

Publications and Communications to Scientific Meetiags

The following Communications have been made on the work reported in this
document:

"Stabilization of Lactic Dehydrogenase by Organic Solvents''*
156th National Meeting, Am, Chem. Soc., Atlantic City, 1968.

"Stabilization of Malic .Dehydrogenase by Organic Solvents'"*
1st Northeast Regional Meeting, Am, Chem. Soc., Boston, 1968

The following paper hagé been publisﬁed:

"Stabilization of Lactate and Malate Dehydrogenase by Organic
Solvents'., Biochem. Biophys Acta 191, 466 (1969). * :

The following paper is in preparation:

"The Effect of Dimethylsulfoxide on Beef Heart Lactic Dehydrogenase"

* Abstracts and paper form part of this report, see pp. 42-46

- 41 -
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{ STABILIZATION OF LACTIC DEHYDROGENASE BY ORGANIC SOLVENTS. Harvey George, - Joan
McMahan, Katherine A. Herrington, Collaborative Research, Inc., Waltham, Mass. 02154

Beef heart lactate dehydrogenase has been found to be partially stabilized by a
number >f diverse organic solvents, the most promising of which is dimethylsulfoxide
(DMS0). Two different parameters were established by the authors for the measurement
of jenzyme stabilization, namely, thermostability and long term storage in the cold
(4 ). With the first, a thermostability criterion was established, whereby in the
absenge of any stabilizing agent, BHLDH was 507 inactivated by -a 30 minute incubation
at 37 . The second procedure involved long term storage at 4 , where in the absence
of DMSO the enzyme was completely inactivated in eight weeks; in the presence of 20
‘to “30% DMSO (V/V), the enzyne possessed complete activity. The former procedure
proved very effective for tho rapid screening of many compounds, only the most promis-
ing of which were tested by the second method. Some of the other organic solvents
which were tested and found to be partially effective include the following: methanol,
ethanol, propancl, n-butanol, i-butanol, acetone, dioxane, and dimethylformamide.

*This work herein reported is supported by the Nationaereronautics
and Space Administration and is based on Research Reports prepared
for the #mes Research Center, NASA, under Contract No, NAS2-4525,
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ceemmet  STABILIZATINN OF MALIC DEHYDROGENASE BY ORGANIC SOLVENTS. * Harvey George, Mary
Elizabeth Elliott, Joan McMahan, Collaborative Research, Inc., Waltham, Mass. 02154

~ The stability of pig heart malic dehydrogenase has been found to be enhanced by a
number of different organic solvents, The efficacy of enzyme stabilization by a given
solvent was determined by two different parameters, namesy, pulse inactivation and long
term storage (both procedures carried out in the cold, 4 ). With the first, a pulse
criterion was established, whereby in the absencs of any stabilizing agent, PHMDH was
507 inactivated by a 30 minute incubation at 0-2 . The second procedure involved long

‘term storage at &4 to 7 ., The former procedure proved very effective for the rapid
screening of various potentially interesting compounds, only the most promising of
which were tested by the second method. Some of the organic solvents which were
tested and found to be partially effective include the following: methanol, ethanol, -
propanol, n-butanol, i-butanol and- dioxane. -

*This work herein reported is supported by the National Aeronautics
and Space Administration and is based on Research Reports prepared
for the Ames Research Center, NASA, under Contract No. NAS2-4525,
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Reprinted from

Biochimica et Biophysica Acta
Elsevier Pubiishing Company, Amaterdam - Printed in The Netherlands

BBA 63415 .
Stabilization of lactate and malate dehydrogenase by organic solvents

Many enzymes are rather unstable and exhibit a tendency to denat:re upon
storage, even at low temperature. There is thus a great need to develop methods for
preserving enzymes in a stable and fully active form. Much work has been done on the
preparation of insoluble derivatives of various enzymes, beginning with the work of
NELSON AND GRIFFIN!, who adsorbed invertase on charcoal and alumina and found
that the bound enzyme was active. KAy? has recently reviewed the methods of enzyme
insolubilization which have been thus far used. Observations on the stabilizing effects
of various additives have been published from time to time. A number of enzymes
can be stabilized by adding reducing agents, chelating compounds, competitive -
inhibitors, co-enzymes and substrates or their analogues. Recently, TAKEMORI ¢t al.3
reported that benzoy! alcohol dehydrogenase from Pseudomonas sp., homogentisicase
from bovine liver and alcohol dehydrogenase from yeast are stabilized by lo'v concen-
trations of acetone and ethanol. The present communication describes a phase of our
current work on the stabilization of enzymes in which organic additives have been
used in an effort to stabilize lactate dehydrogenase (EC 1.1.1.27) and malate dehydro-
genase (EC 1.1.1.37).

Lactate dehydrogenase (beef heart) was observed .0 have a half-life of from 2 to
3 weeks when stored in the cold {4 4+ 2°) at an enzyme concentration of 1.5 pg/mlé.

TABLE 1

EFFECT OF ORGANIC COMPOUNDS ON STABILITY OF BEEF HEART LACTATE DEHYDROGENASE

Values expressed are for beef heart lactate dehydrogenase after long-term storage in the cold
(4 - 2°). After storage for the time periods indicated, 0.z0-ml aliquots were transferred to the
assay reaction mixtures and assayed as described in Fig. 1. Higher enzyme concentrations (e.g.
53~100-fold) also have a stabilizing activity, providing approximately a 509, incres.e in enzyme
stability over the time intervals shown. All values are 1+ 5% error. Methanol and ethano! con-
centrations; %, (v/v).

Compound-  Comen. %, Activity after stovage time (weeks)

(%)
o z 4 I2 24 36
Cortrol 100 65 20 18 18 16
Gelatin 0.2§ 104 118 86 84 8t 63
0.5 106 118 88 86 76 70
1.0 100 97 6o 60 59 60
Bovine 0.025 96 76 42 29 30 1x
serum 0.05 95 76 37 28 28 18
albumin o.10 100 7?2 28 22 24 18
Methanol 2.5 100 70 50 44 37 26
5.0 100 80 35 53 35 16
10 too 65 51 (34 48 28
Ethano! 2.5 100 72 50 39 3o 8
5.0 96 8 60 46 48 36
1o 93 93 6o 51 52 37
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% Activity

° i 2 3 . s
Storage Time (months) ] Storage Time (manths)

Fig. 1. Stability of lactate dehydrogenase in organic solvents. Enzyme (1.5 ug/ml) was stored at
4 + 2° in o.002 M potassium phosghate buffer (pH 7.0) containing different concentrations of
additive. At the intervals indica’ed, 0.20-ml aliquots-were transferred to the assay reaction
mixture. The assay reactisn inixthres contained: pyruvate (1 ymoie); NADH (0.2 gmole); potas-
sium phosphate-bulfer (30" psmoles; pH 7.4)-and enzyme (0.3 #g) in a final volume of 3.0 ml. The
reaction was nt room temperature (25 4 2°) ‘aild was followed by measuring the decrease in ab-
sorbance at 340 My as a function of time for r min. Dimethylsuifoxide concentrations (v/v):
BN 40%; O—O. 30%: A—A, 20%.. €—@. none.

Fig. 2. Stability of malate dehydrogenase in organic solvents. Enzyme (1.2 ug/ml) was stored at
4 + 2°invi0os5 M potassium phosphiate buffer (pH 7.4), which contained different concentrations
of additive. At the tinies if.dicated, 0.06-ml aliquots were transferred to the assay reaction mix-
tures and assayed as described in Table 1I. The malate dehydrogenase samples were made up as
follows: A—A., 0.1% gelatin plus 3¢9, ethanol; A—A, 0.1%, gelatin plus 70%, glycerol; O—O,
70% glycerol; @—@, none.

The addition of dimethyl sulfoxide, ethanol or methanol ca: - d signi “cant stabilization
of lactate dehydrogenase to long-term storage in the c¢id (4 + 2°)% Thus, in the
presence of 409, dimethyls_lfoxide, the enzyme retained .64 ot its original activity
after storage for g months. Experiments shown in Fie. 1 inuicote that after 1-month
storage, lactate dehydrogenase (1.5 ug/ml) at 4 - »° and pH 7.0, lost 50, of its
original activity but that no inactivation occurred ., *“:: presence uf 409, dim=thyl
sulfoxide. -

As shown in Table I, whereas gelatin protects against inactivation for 7 months,
bovine serum albumin does not; in addition, methanol and ethanol also offer some
stabilization.

Pig heart malate dehydrogenase had a half-life of about 30 min when stored in
the cold (4 4 2°) in a final concentration of 0.1z ug/mi®. Of the compounds tested,
ethanol, ¢-propanol, n-butanol, i-butanol, acetone, dioxane and glycerol were the
most effective in partially stabilizing this enzyme (Table II). Mixtures of glycerol and
gelatin were found to result in significant stabilization of malate dehydrogenase not
only in short-term studies out also during long-term storage in the cold (4 & 2°)5.
In the presence of 709, glycerol and 0.19, gelatin, the enzyme (1.2 ug/ml) was found to
possess 1009, of its original activity af*er storage for 7 weeks as shown in Fig. 2. The
control (no additive) had a half-1i" of §~10 h.

The mechanism by which these enzymes are stabilized by solvents and added
proteins requires study. It seems possible that stabilization is associated with mainte-
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TABLE Il

EFFECT OF ORGANIC SOLVENTS ON STABILITY OF PIG REART MALATE DERYDROGENASE

—Enzmunwtmmuprmednp%unmtyhsmpbmmmmmof
organic compound. Values cxpressed are foo pig heart malate dehydrogesiase after 30-min incu-
bation. The reaction mixtures contained: oxaloacetate (0.3 umoie). NADH (0.2 mmole): potas- -
sinm phosphate buffer (280 pmoles; pH 7.4) and enzyme .24 psx) in a final volume of 3.0ml.

© . The reaction was run at room temperature (approx. 257) aud was followed by measuring the

decrease in absorbauce at Momp(ahsoqmon maximum forNADH)asafqnchonofhme Al
valmm _ts,,etmr

Cdul}oainl" ’ ,qf«drmyd mbenlma'lh-hon (vlv) ’
% 5% w% 20% 3% »% so% 60% 70% -
Methanot 50 53 h3 62 59 63 65 40 20

* Ethano! 5o 75 72 8. 8 36 79 68 6z
#-Propano! 5. 74 B 77 ¥ n - - -
i-Propanol 50 8s i . ] 10§ = — - - —

. l-Bnh!lal 50 8{. 67“ — —_ — — _ .
i-Batarol - 5o 79. 8% — - -—_ - - >
Acetone 0 . 76 77 9§ 99 109 O St --
Dioxane so Re o4 77 77 — - —
Dimethyisulfoxide 50 50 32 2 38 - o -
Dimethyisulfone 50 48 — 83" — — — - —_—
Glycerol 50 39 57 38 96 100 93 107 o9

. Temhydmfmn 50 59 63 73 78 28 — — —

" 1.5% {viv).
**2.5% (vfv).
159 (viv).

‘nance of the enzymes in the “native’” or “active’’ conformationa} state, by exclusion
or rcplacement of water molecules. -
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