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I INTARODUCTION

Insulin, the internal cecretion of ths islets of
the panéreas, was first isolated by Bénting and Best
in 1221-22 by extraction of normally enzyme-free macer-
ated pancreas of foetal calves with Ringer's solution..
By using acidified alcchol which inhibits enzyme action
more aged pancress could be utilized (1). Collip (2),
observing that insulin is soluble in 80% but insoluble
in 90% alcohol, obtalned more potsnt and less toxic ex~
tracts with this mediumn,.

Present day methods of purification are based upon
extraction at acid or alkaline pH with water or organic
solvents followed by fractional precipitation. The
relatively pure materisl is then crystalliized in the
presence of zinc.(3)

Some of the properties of insulin, of interest in
connéction with the work to be discussed, are tabulated

as foilows:

1. Crystalliization

Insulin was first obtalned in crystalline form by
Abel and his assoclates (4) in 19268, In agreement with
Dudley (5) they rsgarded sulfur as an integral part of

the molecule. Guided by this observation they isolated

(1)
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the hHormone in crystalline form from those fractions
having a high Jabile sulfur content.

Although soluble in acid and alkali, insulin is
perticularly inscluble in distilled water near its lso-
electric point. Crystallization, however, must be czr-
ried out within a pH unit 2lkaline to the 1isoelectric
noint,. Solution of the problem of crystallization, aslde
from special featurss to be mentlored, invelved findin
condlitions under which usable concentrations (about 0.2%)
of insulin could be brought into solution (supersaturated
with respect to erystallization) at the correct pH. The
solubllity of insulin increases with increasing salt con-
centration and, up to 20-30%, with the presence of some
organic solvent such a2s acetone or alcohol. Highly buf-
fered solutions, in scme instances wlth the addition of
acetone, are therefore used for crystallizing the prcsein
(6,7,8)e In most cases acetate or phosphate buffers at
pH 5.,8-6.5 have been used although earlier experimenters
resorted to a variety of organic reagents (brucine, saponine,
or digitonin) (4,9), Pure acetate or phosphate buffers
are usually utilized for recrystallization.

Scott (10) observed that insulin would only crystale—
lize in the presence of such divalent ions as zinec, cobalt,

nickel, or cadmium. The cerystalline protein always con-
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tains traces of these elements ranging from 0.3% (usual
ash content) to 0.06% (11,12) depending upon the pH of
crystallization. In the presence of ample metal ion and
8t pH 5.9-8.0 X-ray diffraction data (38) show that 3 zinc
ions per molecule of insulin are combined in the crystal.
The zinc saturation value of 1nsulin, obtained by
preclpitating insulin at pH 6.5 from solutions containing
various amounts of zinc is 2.72-2.48% or 29.2-37.4 equiva—‘
lents of zinc per mole of protein (assuming M=35,000) (13),
After crystallization the value does not exceed 1.73%.
Since 30 to 35 free carboxyl groups are estimated for in-
sulin, it is considered that zinc combines with these (13).

The crystalline product is, therefore, a zinc insulinate,

2. Molecular Welght

The most recent, and probably most accurate estimates
of the moleculer weight of insulin come from the original
sedimentation data of Sjogren and Svedberg (14) and a re-
cent determination of the diffusion constant by Polson (15).
From the combined dates Polson published a molecular weight
of 41?000. Redetermination of both the sedimentation con-
stant and diffusion constent by Miller and Andersson (16)
indicated a molecular weight of 46,000. Crbwfoot, and
Crowfoot and Riley (17,18,19) from X-ray diffrsction data
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o
calculate a rhombohedral unit cell of a=44.3 A, a=115°
ond a molecular weight of 39,500 (dry) and 52,400 (wet).

3. Shape
The X-ray diffraction data gilven above lndicate a
low ssymmetry and calculations by Neurath (20) based on

aiffusion data indicate an axial ratio of about 363

4, Amino Acid Composition

The elementary composition is similar to that of the
average protein except for the unusually high sulfur con-
tent-3.2% accounted for by 12.5% cystine.  Phosphorous
has been shown not to be a constituent. Du Vigneaud (21)

describes the constitution of crystalline insulin as fol-

lows:

Constituent Percent Constituent Percent
zine 0.52 glutemic acid 30,00
lysine 2.26 leucine 30,00
arginine 3.22 cystine 12.50
histidine 8.00 phenylalanine ?
tyrosine 12,20 proline ?
ammonia 1.65

Ultraviclet absorption studies show a characteristic

. . [+]
absorption band between 2500-2800 A. This band has been
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aseribed to the cystine andéd tyrosine content of the hor-
mone., Crammer and Neuberger (22) have utilized the
chenges in the ultraviolet absorption spectrum with pH

to establish the pX values of the phenolic group of tyro-
gine in diiodotyrosine alone and in various protelns. 1In
insulin it is shown that the phenolic groups are free to
icnize and that the pK is displaced towards higher values
due to the negative charge of the molecules in alkaline
solution.

The number of peptide bonds (23) per nitrogen atom
is 0.75 * 0.005. The nitrogen content of ash-free,
moisture-free insulin is eczalculated to be 15.54% (24),

Careful measurements by Wintersteiner and Abramson (25)
and by Howitt and Prideaux (26) establish the isolectric
poin%t of crystalline insulin at pH 5.3-8.35, Scott and
Pisher (11) have shown that the optimum pH for the érystaln
lization of insulin lies over the range of pH 5.8~8.3
varying in different solutions.

From electrometric titrations 1n aqueous and alco-
holic solutions Harrington and Neuberger (27) have cslcu-
lated the acid binding cspaclty of insulin to be 45t 2
groups per molecule and the base binding capacity to be
80~70 groups per molecule, Similar values for the acid

binding capscity of ash-free amorphous insulin have been
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determined by Harvey, Howitt and Prideaux (28).

5, Chemical Reactivity

Insulin undergoes most of the reactions of a typi-
cal protein (29). It is pracipisated from aqueous solu-
tions by such reagents as tannle, picric, tungstic, tri-
chloracetlc, phosphoric, and flavianic acids, Positive
t28ts and reactions include the Biuret, Millon, Pauly,
ninhydrin and Sullivan test for cystine. Negative tests
include the tryptophane reaction (Viosonet, Hopkins-Cole,
Acree) sodium nitroprusside test for free sulfhydryl
groups and the Moliasch test, After reduction sulfhydryl
groups meke thelr appearance.

Insulin may be acetylated, couplad with methyl io-
dide, dlazotized (30), or treated with formaldehyde with
elther 1lttle ilnactivation or partially reversible inac-
tivation, Reactlons such as iodination, reduction, oxi-
dation, and trestmen’ with sirong alkall irreversibly in-

activate the protein,

(a) Effect of Reducing Agents

The effect of cysteine and glutathione on crystalline
insulin was first studied by du Vigneaud et al (40), who
f21t reason to belisve that the action of cysteine was

falrly specific for the reductlon of the disulfide group~
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ing. They observed that reduced 1lnsulln was physio-
logically inactive and did not give the characteristic
heat precipitate, Reoxidation did not restors elther

of these properties, Since then several investigators
(33,45,46,47) have extended this work to other reducing
agents with similar results. Wintersteiner (45) and
White and Stern (46) concur in the opinion that inactiva-
tion is diminished by 50% after the reduction of 1 to 3
disulfide groups with complete physiological inactiva-
tion after the reduction of 30% of these linkages. Miller
and Anderson (47) in an ultracentrifuge study of insuliln
reduced with thioglycollate observe the followling physilcal
changes with lncreased reduction: 1) gradual trans-—
formation inte an alkall soluble, acld inscluble deriva-
tive and 2) increasing numbers of inscluble particles
of much greatsr size than the native proteln as well as

a few smail fragments. Insulin and serum albumin, both
having a high cystine content, show similar physical
changes after reduction while egg albumin which has a low
proportion of cystine remains unchanged. These data
suggest that ths denaturing action 1s a result of reduc-

tion and not a side effect of the resagent (47).

{b) 3ffect of Alkalil

The sffect of dilute alkall on insulin has been
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studisd by three groups of investigators with special
refarence to the relationship between the physlological
inactivation and the splitting out of hydrogen sulphide.
Jensen and Geiling (42) observed that insulin treated
with 0.O01lN NaOH at 0°C.for 1 to 48 hours produced no
marked change in activity, while O,03N NaCH at 0°C.for
15 hours produced a 30% decrease. . After 3 hours there
was no detectable hydrogen sulphide while after 35 hours
the solutions gave a strongly positive test, They found
no relation between inactivation and the appearance of
hydrogen sulphide. Jensen, Zvans, Pennington and Shock (43)
gtudled insulin treated with 0,033N NaOH at 34° for 3 hours,
These investigators found the protein had been irrever-
8ibly inactivatsd with the splitting out of ammonia. They
also obsérved a decrease 1n cystine %o one-half 1ts orig-
inal value. Insulin treated with 0.033N NaCH at 36° for
1.5 hours was rerorted by Freudenburg and Munch (44) to
be completely inasctive with a2 portion of the available am-
monis split out. They observed no relation between the
appearance of hydrogen sulphlide and inactivation. They
also observed that the rate of ammonia liberation was not
associated with eilther of the other two phenomena.
Du Vigneaud, 8ifferd and Sealock (33) found that insulin
treated with 0,04N NaOH at 25°C.for 12 hours was completely

inactive and 4id not yield a heat precipitate.
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{c) Bffect of Urea and Guanidine Hydrochloride

The denaturing effect of urea and guanidine hydro-
chloride on proteins has been studied extensively with
reference to their effect upon the availlability of ti-
trable groups. The proteins investigated have been

categorized by Neurath (41) as follows:

1., Proteins which give no test for sulfhydryl
groups but do so after treatment with concen-
trated guanidine hydrochloride: serum al-
bumin (48), egg albumin (49), edestin (50),
excelsin (80), horse globin (50), and tobacco

mosaic virus (51).

2., Proteins which give tests for sulfhydryl groups
nelther in the native state nor after treatment
with concentrated guanidine hydrochloride:
amandin (50), insulin (29),.

3. Proteins which contain free sulfhydryl groups,
whose number is increased after treatment with
concentrated guanidine hydrochloride: myosin (51),

and ursase (52).

v

4. Proteins contalning free sulfhydryl groups the

" number of which is the same after treatment with



cencentrated guanidine hydrochloride: 1liver

nucleoproteins of several mammaliam specles (53).

Denaturation of serum albumin by urea liberates Adi-
sulfide groups corresponding to nearly'all of the cystine-
cysteine content of the protein (48), Sulfhydryl groups
are nct liberated by urea treatment but are liberated by
guanidine hydrochloride, The disulfide groups seem %o
be more easlly expcsa2d than the sulfhydryl groups and
may be unmasked by reagents not sufficiently strong to
similarly affect the sulfhydryl groups.

Free sulfhydryl groups may be abolished by the addi-
tion of glycine or ammonium salts to solutions of native
myosin (51).

In all of the proteins in which guanidine hydrochlo-
ride liberated sulfhydryl groups the maxlmum proportion
of groups 1s exhibited in 5 Molar solution; higher concen-
tratlons prcduce no further offect. Urea, in similar
concentrations, produces a much smaller effect, and in
some instances no effect. The proportion of sulfhydryl
groups observed ls independant of the protein concentra-
tion (50,51).  3gg albumin treated with urea or guanidine
hydrochloride exhibits the maximum number of sulfhydryl
groups, for sach cencentration of these reagents, within

half an hour at 25°0, Further standing up to 3 hours
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shows nelther an increase nor a2 decrease in the numbter

of these groups (42).

Zgg albumin is scluble in urea and guanidine hydro-
chloride at the isoelsctric polnt but whsn these reagents
are removed or water is added the proteln becomes in-
soluble. A correlation is shown between the solubility
and the liberation of sulfhydryl groups. when insuffi-
clent urea is added to liberate 211 of the groups only

a portion of %the protsin is insoluble (39).

The corpuscular proteins all possess higher viscosity
in urea sclutions than 1n water. Solutions of myosin
snd tobzcco mosaic virus are considerably less viscous in
urea soluticns than in water. Changes in hydration are
negligible in comparison with changes in molecular asym-
metry. It is belisved that the changes in viscosity and
frictional ratio are largely, if not wholly, due to changes
in molecular shape (41).

Solution of a2 number of proteins in urea produces
changes in molecular weight from that obssrved in water
alone, while scme show no observable difference. There

¢ no obvious correlation, however, between the liberation
of sﬁlfhydryl groups and the changes in molecular weight.
(For references see (41), p.210-221.)
Greenstein (41) hes recently reported thst solutions

of pure amorphous insulin concentrated by negative pressure
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dislysis to 2% gave a negative cyanide-nitroprusside
reaction but that a positive reaction was obtalned after
previous treatment with high concentrations of ursa or
guanidine hydrochloride, The zuthor has observed a
positive cysnide-nitroprusside reaction in 211 2% solu-

ions of amorphous or crystalline insulin amounting %o
30% of the total sulfur. Jensen alsoc reports a posi-
tive cyanida-nitroprusside reaction for insulin ( (29)

p. 42,50).

8. The Heat Precinitate of Insulin

The formation of a precipitate during heating in
dilute acid was independently observed by Blatherwick
et al (31) and du Vigneaud, Geiling and Zddy (32). The
latter found that a 0.5% soluticn of insulin in 0,.1N
hydrochloric acid formed a flocculent precipitate at
100°C, Precipitation was complete after 1.5 to 2.0
hours. Both groups of workers found that treating the
precipitate with dllute alkall yielded a product which
had 80% or more of the activity of the original protein.
Gerlough and Bates (8) and du Vigneaud, Sifferd and
Sealock (33) have published extended observations on the
conditions under which the heat precinitate forms.

Using slightly different conditions, Langmulr and

Waugh (34) reported that a 2% solution of amorphous in-
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sulin at pH 2.0 after heating for 30 minutas at 100°C,
formed a clear %thixotropic gel which showed intense
atatic double rofraction, After dilution of the gel
flow double refraction appzared. From double rafraction
neasurements Waugh (35) conecluded that insulin had been
modified %to form highly asymmetric fibrils. More re-
cently, electron mlicrographs of thes doubly refracting
precipitate by C. E. Hall, of this departmant (36), con-
firm the presence of fibrils having average lsngths and
widths of about 16,000 K and 140 K.

Waugh (37) has demonstrated ths connection betwsen
th2 heat precipitate and fibrils, The former is shown
%o be ccmposed of spherocrystals constructed of radially
oriented fibrils. The spherite structure is relatively
stable in acid and at pH's up to 11.0 but rzpidly dis-
perses into fibrils at pH'e 2bove 11.5, Knowing the

structure of the heat precipitate in terms of fibrils
. 2

‘indicates that determinaticns msde on the heat vrecipi-

tate are in reality determinations of fibril forming ca-

h}

seclty and enables one Yo polint out the significance of
certain data of Gerlough 2nd Bates (8) and du Vigneaud,
Sifferd and Sealock (33) with respect to fibril formestion.
When added to the unpublished datz of iWeough this indicetes

[=4

thet fibrll formation is a reaction which takes place
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ithout any dsmonstrakle chemleal change in the protein

1,

molecule - %that lg, without the libarstiocn of ammonia or
sulfhyéryl Zroups, or the ap
uwets. Revsrsed spherites (8,33) show stout 80% of the
activity of the ecrizinal insulin,. In sddition (37),
carefully reversed fibrils may bYe crystallized to yield
cryetals having the same physical and chemical charactsr-
isticeg as native insuliln. SBuch sxperiments suggest thst
an insulin, cuite similar to the native protein, may be
released from the flbtrous modification.

Insulin fibrils ars stable a2t pH's at which native
insulin and crystalline insulin arz culilte soliuble and in
cases unstable, indicating that some alterstion in struc-
ture may have taken place or that those groups which con-
tribute tec the 1labllity of the molecule ars now strongly
bound in the fibrous form. This pronounced alteration
in solubility further indicates that the bonding between
insulin "molecules" is not of crystalline character (pre-
sumably Zine lons binding carboxyl grcups on adjacent in-
suiins (38)) but is considerably stronger and more acid
and 2l1kall stabla, The experimental data toc be revorted

furnish further evidence in this ccnnecticn,
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Il ZXPIRIMEINTAL TECHNIGUES

(1: PFibril Formation

—

Fibril formation was estimated by twoc methods -
the 100° method and the 37° method. In the earlisr ex-
periments the ability of ftreated insulin %o form fibrils
was measured by dissolving a known weight of the material
in 0.04N hydrochloric acid in 2.0% concentration. The
solution was sealed into a pyrex tube 200 X 8 mm., and
heated in a water bath at 100°C, By rocking the tube,
so thet the solution flowed from one end to the other,
static or flow double refraction could be observed when
the cooled sample was held at a 45° angle between verti-
cal crossed polaroids. ’

Waugh (37) observed: 1) Freezing and thawing
gradually diminished the length of fibrils formed at
100°C. and 2) when a 2.0% solution of native insulin
in 0.04N hydrochloric acid to which a small amount of
short fibrils had been azdded was allowed to stand for
48 hours at 37°C. all of the added native protein was
converted into fibrils. The author has fﬁund that 5 mg.
of short fibrils would convert 10 mg. of native insulin
into fibrils if allowed to stand for 48 hours at 37°C,
The fibrils could then be separated quantitatively from
any protein which had not been converted.

s m wm T cwmm e rem e e mian SWS semm e e gue heas  mads G e e e e e e e i e o

(15)
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Short fibrile were prepared by heating a 2.0% so-
lution of insulin in 0.04N hydrochleric acid at 100°C.
in a sealed ampule for 4 to 10 minutes, or until fzaint
flow double refraction could be demonstrated. The
cooled ampule was lmmersed in s freézing mixture of ace-
tone and dry ice for 2 minutes, The frozen msterial was
then thawed and rsheated at 100°C. for 4 minutes. This
process produces a clear gel containing long fibrils.
After coollng the gel was again frozen for two minutes
and thawed and this cycle repeated. 5 mg. portions of
short fitrils were added immediately to 10 mgs, of test
material dissolved in C.5 ml. of 0.04N hydrochloric acid
in a weighed centrifuge tube and placed at 37°C. for 48
hours. After the rezction had been completed the fi-
brils were separsted as follows: 3 ml, of pH 5.8 ace-
tate buffer was added to esch tubs and allowed to stand
fcr one minute, The buffer causes the fibrils to
clump strongly. 9 ml. of 0,00LN hydrochloric acid was
then added with stirring and the tubes allowed to stand
for ten minutes. The tubes wers centrifuged, throwing
the clumped fibrils down firmly and the supernatant dis-—
carded. The material was washed three times more with
C.001N hydrochloric acid for ten minutes each time to

remove soluble insulln or other scluble non-fibrous ma-
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terial, After the final washing the tubes were dried
in a vacuum dessicator and welghed. The weight of
fibrils was recorded. Control experinments showed that
of 5 mg. of short fibrils treated as above 4.1 mg. could
be recovered. Therefore, 4.1 was subtracted from the
total milligrams rscovered after,drying, the difference
being the milligrams of active protein converted. In
those experiments where no fibrils were formed from the
test samples a much lower figure was obtalned varying
from 3.0 to 4.1 mg. This may be due to physical inter-
ference by the non-fibril forming molecules inhibiting
the free asscclatlon of the short fibrils into longer
ones. Where 2ll of the test material wae converted
into fibrils control experiments lndicated an average

recovery of 12.3 mg. after drying.

2+ COrystallization

Crystallizing ability was estimated by the method
of Waugh (37) a variation of the method of Romans, Scott,
and Fisher (3). 10.0 mg. of insulin were dissolved in
1.0 ml. of 0.04N hydrochloric ascid, 5.0 ml, of 0,33N
acetic acid were added and then, repidly, enough 0,033N
ammonium hydroxide to reach pH 7.5-8,0,. Four drops
(0.13 ml.) of zinc solution (containing 0.25 mg. of zinc,

as zinc chloride, per ml.) in pH 5.9 acetate buffer were
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added slowly =2nd the pH of the final solution slowly

ad justed to 5.9~€.0. The solution was allowed to

stand undisturbed for two days at rocm temperature and
then placed in the ice chest for from 3 to 5 days. The
yield of crystals was measured in calibrated capillary
tubes, especlally constructed for the purpose. Control
experiments with 10 mg. o¢f native insulin yielded a con-
gtant amount of crystals (13.5 mm.) as measured along
the length of the capillary tubes (37). Weighed
samples (37) indicate a conversion factor between milli-

meters and milligrams as follows: (mm.)(}) = mg.

3. Cvanide-nitroprusside Reaction

The presence of unrestricted disulfide linkages was
estimated by a seml-quantitative cyanide-nitroprusside
test. 5 mg. of test material was reduced with 1 ml.
of 5% aquecus sodium cyanide over a pariod of 10 min-
utes, The color produced by the addition of 0.5 ml.
of 1% aqueous sodium nitroprusside was compared immedi-
ately with previously prepared color standards. It
wes found that a mixture of Tashirn's indicator and
neutral red indicator in =cid solution produced a color
which matched fairly well that produced by insulin in
the presence of sodium cysnide and sodium nitroprusside.

Standards were prepared which corrssponded to the amount
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of cystine ecuivalsnt to that contained in varying
amounts of insulin. 12.5% of cystine and a2 molecular
welght of 40,000 were used for calculations.

It is felt that the method was dependsble within
2bout *+ 4 percent units and served as a suitable stand-
ard for comparison of the changes in availability of
the disulfide groups. Freguent controls with known
quantities of native insulin always yielded the same re-
sult using reagents up to 30 hours old. Mirsky (39)
has observed a correlation between the sulfhydryl groups
reacting with sodium nitroprusside and those reacting
with ferricyanlde from which ferrocysnide eguivalent to
the number of titratable sulfhydryl groups is formed.
This is evidence of the acceptability of the nitro-

prusside reaction.



III REZSULTS

1. Effect of Reduction (Chart I)

Solutions were used containing 5 mg./ml. of in-
sulin and 10 mg,./ml., of sodium cyanide. Reductlons
were carried out at 30°C. from 5 to 18C minutes.

These conditions were describsd by du Vigneaud,

Sifferd and Seslock {(33) as the lower limit for inac-
tivation of crystalline insulin, the reaction golng to
complation after 180 minutes, The protein-cyanide
solution was dialyzed against distlilled water in an at-
mosphere of nitrogen to minimize reoxidation. The
dialysate was precipitated at pH 5.3 and the preclipi-
tate dried in vacuo after washing with distilled water
and centrifugation. It should be pointed out that
dialysis added a constant time increment %o sach tresat-
ment estimated to be 30 minutes. Short tfeatments
should, therefore, be carrizd out by some other method
such as isocelsetric prescipitation after the cyanide
treatment. All tests were performed on the dried
meterial,

At five nminutes crystallizstion had been destpoyed
andvonly 24,5% of the sample could be converted into
fibrils, Longer treatment cbmpletely eliminated fi-

bril formation, Of the starting material, 25 to 30%

(20)
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was recovered by precinitatlion at the isoelzseciric
point., In one experiment the clesar supernatant 1li-
gquid was dialyzed to remove the salt produced by the
igsoelectric adjustment and an additional 3.45 precipi-
tated after this step. The resulting supernatant was
dried in vacuo and an additional fracticn recovered
which represented 34.4% of the total recovery. This
latter fraction, whils not possessing the abillity to
form crystals, showed 76-88% fibril formaticn.
Nitroprusside tests on a2ll fractlions precipitated
st pH 5.30, washed, and dried were negative. Standard
cyanide-nisroprusside tests revealed the presence of 5%
of the sulfur, =8 disulfide, available to the reagents.
However, nitroprusside tests performed on the original
orotein cyanide solution showed that 20% of the disul-
fides had been reduced to sulfhydryl after 180 minutes
(Chart II). During washing and drying there is evi=-
dently a re-oxidation of sulfhydryl groups to disulfide
groups, the dried material yielding fewer avallable di-

sulfides than native insulin,

2. Effect of Alksli (Chart III)

All reactions were carried out with 0.2% concentra-
tion of the protein. AT ter completion of the reaction

the pH was adjusted to 5.3 and the resulting precipitate
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centrifugsd and drisd 1in vacuo. In some cases, the
supernatant was dlalyzed agalnst distilled water and
drisd 1n vacuo.

In one set of experiments using 0.075N sodium hy-
droxide at 0°C. for 1 to 40 hours the percentage of
fibril formation meintained lower values than the per-
centage of crystallization. In another later experi-
ment using the same conditions the values for crystal-
lization were lower than thoss for fibril formation.
In both sets of experiments, however, the rate of loss
of fibril forming capacity parallelsd the rate of loss
in erystallizing capacity (Fig. 1). No great re-
liance, other than pointing out the concommitant dis-
appearance of crystallizastion and fibril formation, is
placed on these experiments.

According to Freudenburg and Munch (44) insulin
2t oH 10.5 and 37°C, for 15 hours becomes inactive
without the liberation of hydrogen sulphide or ammonia.
The author has repsated this experiment st 37°C. and
30°C. At 30°C, the resulting product had normal crys-
tallizing and fitrlil forming capacity. Since all
kndwn crystalline insuline have blological activity
this material would be expected to be fuliy sctive,

An earller experiment, at 37°C., produced a material
having fibril forming capacity. Crystallization was

not measured.



0.5% protein solution tested in the presence of the reagent

Sulfhydryl
Time as alk, labile
sulfur

min, i%i

1 0

5 0

30 5

90 10
180 20
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3, Bffect of Guanidine Hvdrochloride {Chart IV)

Reactlons were carrizd out with 1% concentration

of the proteln for 24 hours, Af1

et

er complation of the
reaction the solutions were dialyzed against distilled
water to reﬁove the reagent. Any »nrecipitate formed
on dialysls was centrifuged and dried (fraction I),

The supernatant was adjusted to pH 5.3 and the precipl-
tate removed and dried (froction II).,  Subsequent al-
teratione in pH failed to yield any further precipitate
from the frequently cpalascent supernatant.. The latter
was dlalyzed to remove salt, ln instances yielding a
small third precipitate (fraction III). The final
supernatant was evaporsted to dryness in vacuo (frac-
tion IV},

Preliminary experiments were run with 2,4,8 and
11M guenidine hydrochloride at pH 5.2 (the pH of the
guanidine plus protein, the pH of guanidine alone rang-
ing from 4.1 to 2.5 with increasing concentration) at
30°C, and 24 hLours, In 211 of the later experiments
8M guanidine hydrochloride at 24 hours was used 2% two
temperatures (0°C., and 37°C.) and three pH's (pH 2.0,
7.0, and 9.0).

At pH 5.2 and 30°C, and guanidine hydrochloride con-

centratliong ranging from 2 to 11M from 60 to 92% of the
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protein was recovered in the [irst fraction, This
fraction showed normal crystallization and normal fibril
formation, indicating the stability of the protein to-
wards guanlidine at the lsoelzctric point.

At pH 7.0 and 0°C, and 37°C. the bulk of the pro-
tein was recoversd in the first and fourth fractions.
All fractions showsd normal fibril formation and normal
or slightly reduced crystallization. One case at 0°0,
showed a large reduction in both oropertiss in the first
fraction. Since the yield in this instance was very
small the results may be attributed to poor sepsration
and the co-precipitation of insoluble impurities whict
are expected to come down with the first fraction.

At pH's 2,0 and 9.0 and 37°C. the pro%ein revealed
its greatest reactivity, At 0°C, practically normal
properties were exhibited EF both pH's, At pH 2.0,

37°C. the first fraction, representing 94% of the total
recovery, showed no crystallization and normal fibril

formation, At pH 9, 37°C. the fourth showed no crys-
tallization and 59% fibril formation. The first frac—
tion showed 100% fibril formation while the second and

third fractions showed a marksd diminution in both

properties,
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4, ©ffect of Urea (Chart V)

mpreatment was carried out with 1% protein solu-
tions. Preliminary experiments involved 8M urea at
30°C, for 24, 48, and 96 hours and 12M urea at 30°C.
for 24, 36, 51, 96, 144, and 192 hours. All prelim-
inary experiments were at about pH 7.0. The results
indicated that later tresatments should be carried out
with 8M urea at 24 hours. Zxperiments were performed
at 0° and 37°C. with pH's 2.0, 7.0, and 9.0,

With 12M urea at pH 7 after 24 hours, 96% of the
protein was recovered in fraction I which showed 74%
crystallization and fibril formation at 100°C, After
368 to 192 hours the bulk of the protein appeared in
fraction II in which no erystallizstion was observed
but fibril formation appeared at 100°C,

With 8M urea, 24 hours st pH 2.0, 7.0, and 9.0,
at 0°C, thers was a small observable decrease 1ln =rys-
tallization while fibril formation: remained normal.

At this temperature, z2s In the case of guanidine hydro-
chloride, there was no marked difference in reactivity
among the pH's studied except for a different distribu-
tion'ih the frections., Recovery was best at pH 7.0
and 9.0 because the bulk of the protein precipitated

at oH 5.3, while at pH 2.0, 34% of the starting material
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precipitated on dialysis and the remainder could prob-
ably have been recovered from the opalescent supernatant.

At pH 2.0 and 37°C,, 89% of the recovery was in
fraction II which shoWed 65% crystallization and no:mal
fibril formation.

At pH 7.0 and 9,0, and 30 to 37°C,, the greatest
effects were observed. At pH 7.0, fraction I from two
experiments, representing 14 to 23% of the recovery,
showed ndrmal fibril formation and in one case normal
crystallization and in the other a slight diminution.

In fractions II and IV, out of nine fractions, eight
showed no crystalllzation and one a reduction to 15%.
In seven out of the nine, normal fibril formation was
measured, the other two samples beilng too small for es—
timation. The nine fractions, mentioned above, repre-
sent about 90% of the recovered protein and over 90% of
the starting material. .

At pH 9.0, 80 to 90% of the protein was precipi-
tated in fraction II and gave O to 7.4% crystallization
while fibril formation remained normal.

In no case using urea has fibril formation been se-
riously affected while there has been a complete loss in
crystallization in many instances,

N
In experiments 1nvelving both guanidine and urea,

1t is unfortunate that the smaller fractions were not ob-
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tained in sufficient amounts to have completed tests

for crystallization and fibril formation.

5, Availlability of Disulfide or SBulfhydryl Grouns

Netive insulin, 0.5%, dissolved in 5% sodium cyanide
gives an immedlate reaction with nitroprusside equivalent
to 25-30% of the total sulfur present., With 1% sodium
cyanide 5% of the disulfide groups appear after 30 min-
utes and this increases to 20% after 180 minutes.

Ureza in all concentrations studied does not liber-
ate any disulfide or sulfhydryl above that found in ns-
tive insulin, Guanidine hydrochloride in 8M concentra-
tion makes all of tThe disulfide bonds available, but does
not break any c¢f them to sulfhydryl.

Insulin treated with sodium cysnide, alkali (0.075N
for 1 tc 36 hours), or urea, showed no sulfhydryl and
5-10% available disulfide groupings, after precipitation
or dialyesis, 2nd drying. These quantities are somewhat
smaller than those found in native insulin. The mete-
rial resulting from guanidine hydrochloride treatment,

4 to 11 M, after dislyeis and arying, yields 20-25% fres
disulfide groups, . about egquivalent to that found in na-

tive 1nsulin, The material froa 2M guanidine treatment
has ahout D% of the disulfidess avallable, a decrease

from native insulin similar te that found with scdium
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cyanide, alkall, and ursa.

All dried samples, when dissoived in urea or gusni-
dine, yield disulfide groups of the same magnitude as
those found with native insulin, Thus dried protein
from 8M gzuanidine treatment, which had 100% of the di-
sulfides avallable in the presence of the rsagent, now
exhibits the usual 25-30% if dissolved in 38M ursa, and

100% if dissolved in 8M guanidine hydrochloride,



IV DISCUSSICON

Ever since corpuscular protelns have teen considered
unique molecular entities, methods have been sought by
which specific properties of theee protelns could be al-
tered without producing a general degradation. It has
been hoped that such studies would give clues as to the
internal structure of the protein molecule.

Hopkins (54) was the first to demonstrate the libera-
tion of sulfhydryl groups by the action of concentrated
urea without concurrent degradation of the protein. This
seemed to be a valuable method of attack and the specific
groupings such as sulfhydryl, disulfide, hydroxyl of ty-
rosine, and others were assayed before and after the ac-
tion of urea snd other mild reagents. Although the ma-
Jority of work of this nature has been done on the disul-
fide and sulfhydryl groups,recent years have seen techniques
developed for measuring changes in molecular welight, elec-
trophoretic diffusion, molecular symmetry, solubility,
and crystallization, A review of the important dats in
vthis connection is that of Neurath, Greenstein, Putnam
and Zrickson (41).

‘Insulin, an important corpuscular protein, is par-
ticularly sulted to these studles whereby one hopes to

correlate changes in properties with changes in struc-

(29)
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~ ture, In sddition to its characterization by blologi-
cal activity, crystallization, chemical and physical
properties, the insulin molecule demonstrates the in-
trinsic reaction of fibril formatlon. This reaction is
specific %o the extent that it does not take place after
bonde, such as disulfide, have been broken; yet does teake
place after other demonstrable changes in structure have
occurred. In the present study four reagents were used
to effect structural changes, 1) sodium cyanide,
2) sodium hydroxide, 3) urea and 4) guanidine hydro-
chloride. In each case the resultant product was tested
for deviztion from the native insulin by the use of three
standard reactions; fibril formation, crystalllization,
and avallability of disulfide and sulfhydryl groups. Thils
particular seriss of reagents was chosen for the following
reascns: 1) Reduection by ecyanide produces gross changes
in which specific bonds are dlsrupted, 2) alkali produces
large or small changes depending on the concentration and,
in addition, its effects on meny properties of insulin
have been studied by others, 3) urea and guanidine hydro-
chloride in most cases produce slight changes involving
shape, symmetry, aﬁd the avallability of specific groupings.
Under appropriate conditions all of the reagents

studied show profound effects on crystallization while
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_come at the ssme time appear %o have little effect on

fibril formation, These reagents are nct only different
with respect to the extent to which they will affect the
nroperties of the insulin molecule but they have differ-
ent modés of action. Alkall seems to cause crystalliza-
tion a2nd fibril formation to disappear at about the same
rate (Fig.1). Guanidine hydrochloride in &M concentra-
tion definitely abolishes crystallization with some evi-
dence that under more drastic conditions fibril formation
will disappear. Urea, on the other hand, with all con-
centrations, times, and pH'e studled affects only crystal-
lization leaving the fibril forming capaclty unaltered.
Thue the reagents are arranged in descending order of re-
sctivity when crystallization and fibril formation are
consldered. If one were to consider the availabllity

of disulfide groups a different order wculd be evident
since 8M guanidine liberates all of the disulfides while
5% sodium cyanide and ‘8M urea reduce or mske available
26-30% of the total disulfide linkages.

Some of the characteristic properties of each re-

agent follow,

Alkali: The concommitant disappearance of crystalliza-

tion and fibril fcrmation suggests that alkall, if it af-
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fects a given molecule at all, produces sufficlent change
%o eliminste both of these properties. Concentrated al-
kall 1s known to split out hydrogen sulfide from insulin.
This therefore suggests that the above menticned effects

result from alterations in the dlsulfide groupings. Cen-

Erom—ineulin (42, 43, 44).

Urea and Guanidine: In the native state a corpuscular

protein is considered to be in a compact configuration
from whose surface many hydrophyllic groups vrotrude and
in which polypeptide chains of aminc aclds are stabilized
by cross linkages of different types. Urea and guanidine
apparently affect the molecule by loosening or breaking
these cross linkages, allowing the protein to fold into
new configurations where nossibly nsw cross linkages are
made (41). In many instances, groups not available in
the native proteln are made reactive by the action of
these resgsents. Some proteins undergo considerable
changes 1n symmetry, with or without evidence of aggrega-
tion or dlsaggregation.

If the effects of urea and guanidine are the result
of chemical reactions they should, uniess they possess
zero activetion énergy, be affected by temperature. They

should also be influenced by the number and stability of
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cross linkages, a factcer which depends upon pH in many
instances. Thus any given reagent would be eXpected

to exert a greater effect if stabilizing forces in the
molscule had previously been altered by acid or alksaline
environment.

The extensive literature contains scanty reference

to pH as an important variable. Mirsky (39) treated

egg albumin with guanidine and measured the availability
of sulfhydryl groups between pH's 4.4 to 7.8, The
availlabllity became slightly greater as one receded from
the isocelectric point {(pH 4.56).

In the present series of experiments pH asnd tempera-
ture are ccnsidered with respect to their effect on crys-
tallization and fibril formation. It 1s interesting
that insulin has 1ts greatest stabilityvin 8M guanidine
hydrochloride at pH 5.3, the isoelectric point. At pH
7.0 it 18 still relatively steble, while at pH 2.0 it is
unetable with resnect to crystallization and at pE 9.0
unstable with respect to both crystallization and fibril
formation. With urea, insulin is relatively stable at
pH 2.0 2nd becomes unstable with respect to crystaliiza~
tion at pH 7.0 and 9.0. This reagent doee not affect
fibril formation at any of the pH's or temperatures

studied. The data in general suppdrt the expectation
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that a protein will be most stable at 1ts liscelectric
point.

Temperature exerts é noticesvle effect on the rate
at which the several reactions take place, wlith no ap-
parent initliation of new reactions at the higher tempera-
tures. The data are insufficlent to allow one te czl-
culate activation energles.

Cne of the most interesting features of the present
study has been 2 separation of the treated proteln into

different fractions on the basis of solubility charac-

oo

teristics,. After treatment with urea or guanidine hy-
drochloride, a portion of the protein, varying in quan-

tity with concentrations, times, and temperatures, be-

comes insoluble after dialysis, A soluble fraction can
be precipitated by adjusting the pH to 5.3, In in-
stances, these two fractions represent only a portion of
the total starting material, If the clear or opalss-
cent supernatant obtained after the last pH adjustment
1s dialyzed to removs salf, a third, usually small, frac-
tion may be ottained. Upon}drying of the final guper-
natant, an aporeciable precipitate can frequeﬁtly be re-
coversasd,

In 21l experiments the four fractions rspresented

approximately 90% of the starting meterial. The most
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striking change from the native protein is %o be ob-
served in the fourth fraction. Native insulin is par-
ticularly insolubles in distilled water at the isoel=c~-
tric point, while this fourth fraction 1s so soluble
that it cannot be recovered by isoelsctric precipitation
after dialysis. In all instances this fraction showed
a complete in=ability to crystallize, although fibril
formetion was normal. |

These various fractions point to a progressive
change in solubllity provertiss of the molecule which,
except for the fourth fragtion, do not appear to be 4i-
rectly related to a loss in crystallization or fibril
formation. The native protein which is insolublzs in
distilied water at pH 4 to 7.5, as observed during elsc-
trometric titrations, increases its solublility until 1t
is soluble from pH 6 to 7, but can be precipitated at
the isoelectric peint, while another pertion is solubls
at all pH's and can be recovered only by evaporating
the solvent.

No reliance is placed on the integrity of the frac-
tions obtained. Without previous knowledge it ceemed
necessary to test each as if it were different from the
the others. In general, any particular treatment di-
vided the insulln into two fractions - an inscluble frac-

tion (I or II) and a2 solubie fractisn {(IV). Guanidine
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divided the protein inte twe main fractlons I and IV
while urea treatment converted the bulk of the protein
into a single fraction either II or IV. In all cases
fraction III was negligible,

Zxamination of the series of fractions resulting
from individual treatments reveals a general trend in
whizh the first more insoluble fractions have more nor-
mal properties than the later more soluble fractions.
Thus 1f fraction II shows alterations, later fractions
show the same alterations. Outside of this tendency
there seems to be no absolute consistency of any one
fraction with respect to crystallization and fibril
formation, Cne can pick out examples from fractlons
IT 2nd IV which ars normal (8M guanidine, pH 2.0, 0°C.,
fraction II; 8M guanidine, pH 7.0, 0°C, fraction IV)
or which lack erystallization properties (8M ursa, 37°C.,
pH 7.0,fraction IV). Consideration of the data ob-
tained from material reduced with sodium cyanide re-
veals insoluble and soluble fractions which have neither

crystallization nor fibril forming capacity.

Fibril Formation and the -§-§- Bond: It appears that

the sulfur of the molecule is not directly involved in
the fibril forming linkage. This conclusion stems from

the following: 1) The breaking of one or two disulfide
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bonds per molecule, out of a total of twenty-three bonds
of which seven or eight are generally available, lsads
to an irreversible loss of physiological activity, even
though reoxidation be allowed to take place (33,4E,46).
2) No more free disulfides are demonstrable in fibrils
than in native insulin. 3) Regenerated insulin fibrils,
as "heat precipitate" (8,31,33 ) have the same physiologi-
cal activity es native insulln. If any disulfide bonds
had been broken, as indicated from reduction experiments,
one would expect the regenerated material to be inactive.

In agreement with others (33) reduction of insulin
by sodium cyanide abollshed fibril formation., In addi-
tion, crystallization properties were lost. This sug-
gests that fibril formatlon requires some special molecular
configuration, but not necessarily that found in the na-
tive protein. |

Reduction by cyanide, however, involves reduction
of only 25-30% of the total disulfide groups. Treastment
with guanidine, which makes available all of thé disulfide
groups, may not abolish fibril formation. Fibril forma-
tion, therefore, while 1t demands that disulfide linkages
remain intact, does not demand that they mzintain abso-
lutely fixed positions within the framework»of the in-

sulin molecule.
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It is fslt thet a further characterization of the
main fractlions with respect to crystallization and fibril
formation and possibly biological actlivity together with
measurements of molecular size, shape, and weight would
yield data affording a more definitive solution to the

problem of the internal structural changes in the molecule.



v SUMMARY

The protein insulin has been studied with reference
to the effect of four mild reagents: 1) sodium cyanide,
2) sodium hydroxide, 3) urea, and 4) guanidine hy-
drochloride; on three characteristic properties:

1) fibril formation, 2) ecrystallization, and 3) avail-
abllity of disulfide and sulfhydryl groups. A quantita~
tilve method for the estimation of fibril formation as well
as a semi-guantitative adeptation of the cyanide-nitro
prusside reaction has been developed; The material re-
covered from each trestment has been fractionated by
solubility methods and studles made on the dried fractions.

Alkall seems to abollish crystallization and fibril
formation at about the same rate, After urea treatment
crystallizétion is frequently abolished with no concurrent
affect on fibril formation. Guanidine affects crystal-
lization immedlately, fibril formation diminishing much
later, Those fractions insoluble at the isocelectric
point heve been changed least while the more solubls frac-
tlions, obtalined by drying the supernatents, have under-
gone the greatest changs.

The initial position of the disulfide bonds in the

molecule does not seem to be necesseary for fibril forma-

(39)
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tion but the latter reazction is =bsent in those instances
where free sulfhydryl groups are formed by reduction.

Loss of erystallization and fibril formation, and the
apoearance of sulfhydryl groups, measure the succession
of minor changes occurring during the first stages of
structursl modification. Crystallization is the most
delicate known indicator of change, yet 2ll of the disul-
fide bonds may be made available with 8M guanidine without
destroylng this property. Fibril formation, an intrinsic
property of the protein, may occur after crystallization
has been abolished. This reaction, which does not take
place after reduction of disulfides, indicates the second
stage of molecular change.

It is hoped that simultaneous determinations of other
factors, such as change in size and symmetry, will enable
one to understand more precisely the succession of events
which lead to the ultimate abolition of all unique prop-

arties of the protein.
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