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I. INTRODUCTION

It seems probsble that a better understanding of the
mode of physiologlical action of proteins and peptides will
be possible when thelr chemleal structure is known, That
this is well recognized is evidenced by the repeated attempts
to develop methods for establishing the relation of one
amlino acld to another 1In these complex substances, One such
method, originally employed by Abderhalden and Stix (1) and
recently improved and extended by Sénger (2), has made
possible a proposed aequanc@ for all the amino acid residues
in inéulin¢ A structure for only one other proteln, clupein,
has been suggested (3), but the residue sequence was based
on an hypothesis shown to be untenable (L)

There have appeared s number of reports of the chemical
prcpérties of insulin thaet cannot be readily cor?elated with
the structure advanced by Sanger. DBecause of this, and
because of the desirabllity of 1lnvestigating the structure
by an independent method, the present work was undertaken.

"It was belleved thét some information could be obtained
by means of an amino scid residue sequence method previously
developed in these laboratories (5). In addition, it was
hoped that a procedure mare'direét and raplid thaen either this

or that of Sanger could be evolved., In this connection, the



reaction betwsen an isocyanate and the free smlno groups of
amino acids and proteins was investigstoed, since previous
work in these laboratories indicated that phenylisothio=-
cyanate can be made to resct with proteins in & stepwlise
fashion, one amino acid residue being removed in each suc-

cessive step.
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II. HISTORICAL
As Purity of Insulin

With the crystalllizetion of bovine insulin by Abel
(6) in 1926, the hormone became avallable for the first
time in & high state of purity. Investigations of crystal-
line samples by modern technligues have generally indicated
complete homogeneity. Electrophoresis, ultracentrifuge,
and solubllity curve measurements geve evidence for no more
than a single substance (7), nor could insulin be resolved
into more than one component by chromatographic procedures
(8)s However, countercurrent distribution studies, in which
900 or more transfers were made, produced two blologically
active éry&hallina.p?otains from several semples of crystal-
line pork, beef, and sheep insulin (9)e The major component
in each species represented from 504 to 90% of the sample
(10) and was usually present in twice the emount of the other
biologically active protein. There was evidence also for
small amounts of materlal other than the two principal
constituents. |
| If this investigatiosn can be taken as proofl that there
exisﬁ more than one molecular spec¢cles in erystalline insulin,
then structural work to date must be viewed with considerable

cautions The questions arise whether established amlno acld
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sequences have all orlginated from the same molecule, and
1f so, whether the major or minor component of insulin has

been studied.
Be Holecular Welght

The molecular welght of insulin has been extensively
investigated. Through the use of the ultracentrifuge,
S j8gren and Svedberg (11) obtained a value of 35,000. Crys=-
tallographic work indicates that three ldentlical units of
molecular welght 12,000 aggregate to form a trimer of molec-
ular weight 36,000 in the solid state (12)., Outfreund (13)
haes also presented evidence that insulin has a mihimum
molecular weight of 12,000 and that,in aqueous solution,
this monomer may aggregate into tri- or tetrameric moleties
depending on the pH and protein concentration., On the basis
of ultracentrifuge and light scattering experiments, Tietze
and Neurath (1L) are in accord with a minimum value of
12,000, but Harfenist and Cralg (10) have sugg@stsd a mini-
mum weight of 6,500 for bovine insulin purified ﬁy counter-
current diatribution» Their method for molecular weight
determination consisted in treating insulin with 2,4-dinitro-
fluorotenzene for fifteen minutes. A product belleved to
represent Insulin substituted with only one dinitrophenyl

group per molecule of insulin was isolated by countercurrent
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distribution. Colorimetric estimatlion of the amount of
dinitrophenyl groupe in a given weight of the derivative
provided the necessary data for calculation of the molscular

weight.
C, Amino Aecid Composition

ﬁavpraathetic group has been found in insulin. With
the exception of a small and variable amount of zlne,
crystalline samples appear to be composed entirely of amino
acids, all except mathiamina,'tryptopham, and hydrorxyproline
belng present. Heports on the amino acid campw#iticn have
come largely from thres laboratories. ¥Fromageot (15) ana-
lyzed a sample of crystalline bovine insulin by means of =&
combination of quentitative paper chromatograephy and indi-
vidual chemiecal determinations for some of the amino acids.
Tristram (16) has summarized the results from Chibnallts
laboratory, where most of the values were obtalned by
titration of the acetyl derivatives of the amino acidai
separated on s8illca gel columns. #iecroblological éssay of
the amino acids of insulin was carried out by Brand {(17).
The results of these investigations are listed in Table 1.
For comparison, the numbers of residues of eamch amino acid

in the structure proposed by Sanger (18,19) are included.



The Amino Acid Composition of Insulin

(Results expressed as number of residues
per molecule of insulin, M.W. = 12,000)

Table 1

Amino acid Tristram Brand Fromageot Sanger
(16) {(17) (15) (18,19)
glyecine 7 7 T 8
alanine - 6 6
valine 9 10
leucine 12 12 13 12
isoleucine 2
proline 3 2
phenylalanine 6 6 6
half-cystine 12 11 12 iz
arginine b4 2 2 2
histidine Iy i ) L
lysine 2 2 2 2
aspartic acid & 6 6
glutamic acid 15 16 16 il
serine O 6
threonine 2
tyrosine g 8




The data of Tristram, Fromageot, and Sanger were
abt&ineﬁ with samples of bovine insulin. Brand does not
mention the species from which his sesmple was obtained,
Harfenist and Crailg (20) examined the amino acid content of
the principal component obisined by countercurrent distri~
bution of beef, pork, and sheep insulins and found that
while most of the amino acids were present in ildentical
amounts in the thres specles, there were significant vari-
ations in the guantities of six amino aclds. Th&ir results

are presented in Table 2.

Table 2

Varlation in Amino Acid Composition of Insulin
Obtained from Different Specles

(Results expressed as number of residues
per molecule of insulin, M.w. = 12, 000)

Amino Acid Beel Pork Sheep
1soleucine 2 Ly 2
valine 10 8 10
glycine 8 8 10
alanine & L 6
threonine 2 l 2
serine 6 6 L

8&The results of Harfenlst and Cralg (20) are rounded
to the nesrest whole number and converted to M.W. = 12,000.
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Sanger (21) had previously published results of a "seml-
quantitative"” analysis of four amino acids in pig; ox; and
sheep insulin. His experiments, while less precise than
those summarized in Table 2, indicated simliler differences.
It seems sbviaﬁa that at least small variations in the
srrangement of amino acid residues are present in insulins
obteined from different species, but as yet no gresat dif-
fer@neas in physliecel or physiological properties have b@en‘

detected.
D. Sequence of Amino Acld Residues

The problem of the sequence of the amiﬁo acid residues
was attacked by Sanger (2) in 1945 with the aid of an
improved reagent which reacts with free amino groups. Elime
iméting hydrogen fluoride, 2,li-dinitrofluorobenzene reacts
raplidly in mildly alkaline solubtions with the free amino,
hydroxyl, phenolie, thiol, and imldazole groups of protelins
to vield arylation productes that are resistant to hydrolysls
under conditions which result in hydrolysls of peptide bonds.
In contrast to the fres amiﬁo aclds of the hydrolysate, those
acids that have been substituted on phe o~amino group are
ether«-soluble and highly colored. They can be extracted,
separated chromatogrephically, and estimated colorimetrically.

By this procedure Ssanger found that in s molecule of insulin



{(MsW. = 12,000), there were six free amino groups. Two of
these were the amino groups of glycine, two the groups of
phenylalanine, and two the £~amino groups of lysine. TI%
was concluded that there were four peptide chains in insulin,
two of these having glycine as aminoid terminus (V-terminal)
and two having phenylalanine,

Reasoning that the peptide chains might be held together
by the dithio linkege of cystine, Sanger attempted to sepa-
- rate the chains by oxidizing the -8«8«~ bond with performic
acid (22). He succeeded in isolating several fractions, two
of which A and B, were belisved to represent the entire
insulin molecule. The yleld of fraction A was grester then
25% of the starting material, of fraction B, somewhat less.
Each of the two fractions was indi§1dually submitted to the
2,4-dinitrofluorobenzene reagent, and each product was
partially hydrolrzed with concentrated hydrochloric acid
for eight davs at 37°. This treatment afforded a number of
low moleculer welght dinitrophenyl-peptides which could be
separated chromatographically. The structures of the peptides
wers Stu&ieﬁ igdividuailg; Sanger ﬁas able to show that
fraction A contained the pentapeptide glycyl=isoleucylevalyl-
glutamyl=glutamlic acid, while fraction B contained the fol-
lowing sequences! phenylalanyl-valyl-aspartyl-gzlutanlec acld
and threonyle=prolylelysyl-alanine. Since no peptldes were

obtained which did not fit into these sequences, he concluded



that "the insulin molecule is built up of two palrs of very
gslmilar, if not ldentical, polypepitide chains® (22),

In addition to dinitrophenyl-peptides, partial hydrolysis
of the insulin fractions A end B yielded a ﬁﬁmber of other
peptides which were separated by means of paper chromatography,
jonophoresis, and ifon-éxchange columns (23,2L). The struc-
tures of many of these, 83 well as some addltional peptides
obtained by enzymic digestion of the insulin fractions (18,
19), were examined. The tedious investigations enabled
sahgar to conclude that the insulin molecule was made up of
four open peptide chalns which were held together by the
dithlo bonds of the cystineurgsidueﬁ. Two of the chalins
were reported to have the structure phe, val, asp, glu, his,
l@u; cys, gly, ser, his, leu, val, glu, ala, leu, tyr, leu,
val, eys, gly, glu, arg, gly, phe, phe, tyr; thr, pro, lys,
ala. For the other two chains, also id@ntiéal, the reported
sequence was gly, iso, vel, glu, glu, cys, cys; ala, ser,
val, cys, ser, leu, tyr,'glu; leu, g¢lu, asp, tyr, cys, asp.
An examination of the order in either fraction reveals no
simple periodic arrangement of the amina‘acids. On the
basls of the cystine diﬁtrihuﬁién in tha‘four chalns of
insulin, Sanger has proposed possible configurations for

the molecule (25). These are illustrated in Figure 1.
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G represents a glyeyl chaln.
P represents a phenylalanine chain.

Figure 1

Proposed Conflgurations for Insulin

There has been a reluctance on the part of some
investigators to accept Sanger's c@mclméians, and in fact
there have been a number of reports which actually contra=-
diect his findings. Bull (26) has suggested that the enzymes
Sanger used to obtaln certaln pe@tidem ﬁay have caused some
rearrangenent in amino acid sequence. ﬁé also feels that
a more precise determination of the molescular weight of the
fractions as well as their isolation in a purer form is
desireble. There 1s also tﬁe difficulty that some dinitro=-

phenyl-amino acids are rather easily hydrolyzed (27), and



the effect of performic acld oxidation on a native protein
is not completely understood. Some peptides obtained in
the partliel hydrolysis of fraction B were not examined, and
three small peptlides did not it into the proposed saqﬁémce
(23)s Probably the grestest reason for questioning the
validity of Sanger's conclusions is the fact that thore is
no assurance that all of the insulin molecule has been
investigated. In the performic acid oxidation two fractions,
labeled X and M and representing 20 to 30% of the oxidized
insulin, wers not studled for amino acid sequences. Banger
aémiﬁa that these Iractions may "contaln another chain of
the insulin molecule® (22).

, Contrary to ﬁamgér*ﬁ finﬁings; Udenfrieng and Vellek
{28) detected only one terminal glyecine and one phenyl-~
alanine molecule per m@l@mulé of insulin, They obtalned
their results by treating insulin with 1131l 1gveled p=lodo=
phenylsulfonyl chloride which reacts with fre@‘amine groups
to form a derivative which upon hydrolysis of the protein
can be isolated and estimated. These authors suggest that
their lower resulis may be due to incumplete reasction of
p=iodophenylsulfonyl chloride with the protein.

The Fraenkel=-Conrats (29,30) treated insulln with
phenylisothloeyanate in aqueocus pyridine. The thiocarbamyl

derivative that was formed was cleaved in 1 N hydrochldrie
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acid at 36° to yleld a phenylthiohydantoln derived from
the terminel amino acid. The authors clalm that the H
residual protein remains intect, no additional peptide
bonds being broken by the acld treatment. The hydantoins
are extracted with ether and estimated by means of their
optical density at 268 mu. Three to 3.5 moles of amino
acide per mole of insulin were found in the terminal
position. The extracted hydantoins were shown to have
been derived from glycine and phenylalanine sand, unexpect=-
edly, & smail amount from alanine. |

A similar experiment %h&reim the cleavage was carried
out in 0.1 N hydroehloric acld at 759 yielded only glyeine
and phenylalanine, four malesl@ar'mcle of insulin (31).
The phenylisothiocyanate treatment and acid cleavare were
applied five times successivelv to an insulin sample.
After each msecld treatment the hydantolins were extracted,
estimated, and identifled. In all cases the amino aclds
predicted by Sanger's structure were encountered, but in
addition after the first acid cleavage other amino aclds
and more than six moles of hydantoin per mole of insulin
were obtalned. These results could be explained on the
basis of Ssnger's structure if it 1s assumed that interilor
pe@tiée bonds are hydrolyzed. |

Investigating the cafbaxyl ends of the insullin chains,

Fromageot and co-workers (32) found that in one wmole of



-1 -

insulin there were two woles of alanine and two moles of
glyveine having free carboxyl groups. Their procedure
conslisted in reducing the free acid groups with lithium
aluminum hydride, hydrolyzing the product, and sepsrating
and estimating the slcohols thet are liberated., While the
results are in accord with Sanger's sugrestion of four
chalns, two belnp term nated at the carboxyl end with
alanine, the appesarance of two moles of glyecine cannot

be correlated with the structure proposed by Sanger.

Glyeine was also found as earbaxcid terminus by
Chibnall and Rees (33) who esterified and then reduced with
lithium borohydride the free carboxyl groups of insulin.
The reduced protein was hydrolyzed and the aleohols derived
from alenine (two moles), glycine (one mole), and one
unidentified amino ascid were isolated.

Using the enzyme carboxypeptidase, Lens (3l1) found
that after 2.6 amino groups had been liberated as determined
by the Van 3lyke procedure, only alanine could be detected,
After six hours 3.16 amino groups had been libersted and
there could be detected glyeine, valine, leucine or iso-
leucine, and traces of tyrosine and elther aspartic or
glutamic saclde The guthor concluded that at least one and
posagibly three of the chalns of insulin were terminated

with elanine residues.
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Harris (35) reinvestigated the action of carboxypep=
tidase on insulin and on the individual fractions, A and B,
obtalned by performic acid cleavage. After two minutes
digestion, alenine, aspartic scid, and asparagine could be
detected, and sefter eight hours lysine, gluﬁwmic acid,
tyrosine, and leucine could also be found. Alanine was
libersted eight times more rapidly than asparagines, Enzymle
action on fractions A and B confirmed Sangert's observation
that two moles of alanine and two moles of asparagine were
terminal. ~

Two groups of}workﬁra have attempted to determine the
nature of the carboxyl ends of the insulin chains by resction
of the aeetyiateé protein with smmoniuwm thiocyanate. In
the presence of acetlce anhydrlide, the amino aclds bearing
fféavawcarbaxyl groups are ianvolved in a cyclizatlion to
form a thiohydantosine. When severed from the remainder of
the peptide chain by acid or alkall, the hydantoin can be
recovered and identified. Waley and Watson (36) fbund alsnine
and a trace of aspartic acld, while Beptist and Bull (37)
found alanine, tyrosine, phenylelanine, and traces of glﬁciné
in both pork and beef insulin. S&inece only alanine and
aaparagin@-éhomld be detected according bo Sangerts struce
ture, Baptist and Bull suggest that 1t 15 conceivable that

tyrosine and phenylalsnine may occupy terminel positlons in
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1mpuritie5 commnon to both pork and beef insulin. The suthors
state that sspartle scid in terminal position cannot be

detected by thelr method.
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III. METHODS
A+ The Amino Acid Residue Sequence Procedure

The method developed by Fox} et al, (5), consists in
the following-steng

1) The amino éciés in an hydrolysate of the psptide
in question are detsrmined micrébialagically.

2) The amino seld bearing a free g-amino graﬁp (aminold
terminal amino acid) is made nutritionally unavallable to
microorganisms by virtue of its resction with phenylisothio=
cyanate. Aclidic conditions convert the derivatized amino
acid to a phenylthiohydantoin.

3) #icrobiclogical determination of the amino aclds
in an hydrolysate of the phenylisothlocyanate-trented peptide
reveals a reduction in the amount of amino scid that has

rescted with the blocking agent.

Be Conditions for Reaction of Amino Acids

and Protelns with Phenyllsothioccyanate

The procedure was essenbtlally that of %Hdman (38). The
amino compound was dissolved in 50% aqueous pyridine; usually
- the concentration was about one mg. per ml. A small amount

of bromthymol blue and snough 0.1 N sodium hydroxide solution
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to produce a dark emerald green were added. The pH was
approximately 8.5. FPhenylisothiocyanate in the amount of
twenty moles per mole of amino group was shaken with the
solution until all dissolved. It was sometimes necessary

to add additional pyriéina“; The rezction was asllowed to
proceed four to six hours at 37° with additional 0,1 N sodium
hydroxide solution belnsz added periodicelly to maintain a
é&n&té@t pHe. The product is a substituted thiourea or thio-

carbanyl derlvative of the amine.

o _

I | ,
ROE-C-NE-R * + - p-n=es=s pH 8.5
NHg '

0 s 0

| W R |
©~H==0~I§H~CH~C~M~R —> ) ~NH-G-NH~CH-C~NH-R

*an alternate procedure consisted in adding the required
amount of phenylisothiocyanate dissolved 1n pyridine. An
homogeneous solution was effectsed immediately and reaction
was more rapld,



C. Formation of Substituted Hydantoins

from Thlocarbamyl Derivatives

Acids catalyze the cyclization of thiocarbamyl amino

acids and peptides to yleld substituted hydantolns (38,39).

OH
I | . it l,
@-—m&-—c-»zﬁzwc}%cum*-ﬁ R?Huc ~NH-R .
i<
B S pa—
0
Il
R
HY y&-@ #  HaN-R
l ,
!

In the present experiments, several methods were used
to effect this reaétimn. When, 1n addition to Torming the
hydentoin, 1t was desired to hydrolvze the entire protein
molecule, the thiocarbamyl derivative was autoclaved at
fifteen pounds pressure for sixteen hours with 6 ¥ hydro-
chloric acid. When 1t was desired to form the hydantoin

while not cauvsing hydrolysis of any interior peptide bonds,
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the thiocarbamyl derivative was treated with dry dioxane
saturated with gaseous hydrochloriec acid. The reaction was
carried out at room temperature in a desicecator contalning
~calelum chloride and gaseous hydrochloric acid (5). When
\thiaaarbamylwaminw acids were to be converted to hydantoins,

some addltional acidlic conditions were employed.
D. Microbiologlcal Assay Procedure

Por the determination of the amino acids of interest

in this work, four mleroorgenisms were used. Lactobacillus

arabinosus 17-5 (ATOC No. 801l), Lectobacillus brevis
(ATCC No. 8287), and Streptococcus faecalis R (ATCC No.

804.3) were obtained from the American Type Culture Col-

lection. Leuconostoc mesenteroides P=-L0 (ATCC No. £0L2)

was obtained from the bacteriology department of Iowa State
College. Stab cultures of these microorganisms were maln-
tained in nutritionally complete agar medium, with transfers
to fresh medium being made every two weeks. When an organw
ism was to be used for inooculation, a sample was transferred
to a complete ﬁedium;cantainimg no agear and was incubated
approximately sixteen hours at 37°. The cells were then
centrifuged, washed free of the medium with 0.9% sodium

chloride, and finally suspended in 0.9% sodium chloride.
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For the determination of all the amino scids the proce-
dure of Kulken, et al., (40), was used with the following
exceptions. Two and one half ml. of the assay medium were
used in each of the tubes containing graeded amounts of the
particular smino acid to be asseyed and in the tubes con=-
taining the unknown. All solutions were made to a total
volume of five ml,, and after inoculation with the appro=-
priate microorganism the itubes were incubated at 37° for
seventy~two hours or, iﬂ the case of glyecine, forty-eight
hours. The growth response was then measvrad by titrating
the lactic acid produced in the entire solution with 0.05 N
sodium hydroxide to & pH of 6.8 as indicated by a Reckmen
pH meter or by means of bromthymel blue indlcator. The
standard curve was consgtructed from the titration values of
duplicat@ tubes which usually conteined 0.0, 2.0, 4.0, 6.0,
8.0, 10.0, 14.0 end 20.0 ug of amino acid. The unknown
samples were analyzed at two levels and in duplicate.

The assay medium varied from that of Kuiken in that
hoo mge of glycine and 0.2 mz. of folic scld were added per
liter, and the tomabto eluate was omltited. Forty gm. of
glucose per liter of medium were normally present, but when

Lactobacelllus brevis was used, this was replaced by 10 gm.

of arabincse and 30 pgm. of glucose, When glutamic acid was
to be determined, the aspartiec aclid content of the medium was

reduced to 200 mg. per liter, and 200 mg. of L~asparagine and



50 mg. of glutamine were added. Four times the usual amount
of phosphate buffer was used when asp&rtic acld was assayed;
and the glutamic acid was reduced %o 200 mg. per liter of
mediume

The enumerated medificatimna of Kulkent's pracadure are
changes which have been used in these laboratories and have
been found to be most consistent in plving setisfactory
results.

The organisms used for assay of a psrticular amino aecld

are recordsd in Table 3.

Table 3

Orgenisms Used for Assay of Varilous Amino Acids

Amino Aecid liiecroorganism

isolsucine Lactobacillus arabinosus 17-5
glutemic acid _&actobaailius arabinosus 17=5
phenylalanine Lactobacillus brevis

glyeine | Lactobacillus brevis

aspartic acild Leuconostoe mesenteroides P60

valine Streptococcus faecalis R




E. Ninhydrin Procedure for the Determination

of Amino Acids

The method used was similar to that of Fowden (1), but
a standerd curve was run in conjunction with esch determi-
nation. This practice makes 1t necessary that the amino acid
to be determined be separated completely from all others on
a one~dimensional paper chromatozram, The method has the
advantage of belng leas susceptlble to errors due to vari=-
atlons in the gqguallty of the ninhydrin reagent, the tempera-
tuée and time used to develop the color, the fllter paper
used, and the distence traveled by the amino acid. When
few amino aclds were present, a solvent such as the butanol,
acetic =scid, water solution of Partridge (li2) was satis-
factory. Solvent systems suggested by McFarren (L3) were
more sultable for complex mixtures of amino acids.

The standard curve was prepared by spotting in duplicate
£, 10, and 20 ng. of the amino acid on a 7.5 x 22 inch
Whatman No. 1 filfer paper sheet. The amino acids were
epplied 2.5 inches from the narrow edge of the paper by
meens of a 5§ nl. pipet. Solutions of the amino acids werse
prepared such that the desired amount of the acid could be
spotted with one % ul. epplication. The solution to be

asssved was alsy spotted in duplicate on the same sheet.
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Chromatograms were developed by th@ descending technigue in
e large glass jar. |

Fowden (l1) located the amino acids on the paper sheet
by means of their I[luorescence after the papergrans were
heated in an oven at 100°., Recause this maethod fails com-
pletely for low concentrations of an amino écid and did not
permlt accurate outlining of spots containing larger amounts,
i1t was found preferable to locate the amino acid by spraying
the chromatogram with dilute ninhydrin solution (0.05%
ninhydrin in ethanol).

The paper sqguares were cut out, smmonia removed, and
color developed according to Fowden's procedure. The
solutions were made to a filnal volume of 10 ml., and the
optical densities at 570 mu wefa measured in a Beckman DU

gpectrophotometer.,



IV. EXPERIMENTAL AND RBRRESULTS
A. Bequence of Amino Aclid Resldues in Insulln
This problem was approached in two ways: 1) by the
procedure of Fox, et al. (5), outlined in the Methods
Sectlion, p. 17, and 2) by attempts to quantitatively remove
and estimate the terminal amino aclds derivatized with

phenylisothioeyanate.

1. Electrophoresis of the insulln sample

The insulin sample uéed in all experiments described
in this thesis was obtalned [{rom Armour and Co., Chicago,
Illinois. It was crystelline beef insulin, sample L73-
53AB, and had an actlivity of 26 units per mg. In order to
scquire additional information regarding the purlty of the
protein, two electrophoretic patterns were obhtained. A 30
me. sample was dissolved in 15 ml. of glyeine hydrochloride
buffer of pH 2.7. Enough sodium chloride was added to make
the total ionle strength of the soclution 0.1 n. Under these
conditions the insulin semple moved as a single sharp pesk
in both the ascending and descending limbs of the electro-

phoresls cell. The same 30 mg. sample was also studied in
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acetate buffer of pH l;.0 and a low but undetermined ionie
strength. The protein concentration was agein 0.249. The
peak in the elecirophoretic pattern was not as sharp under
these conditions, but again there was no indication of more
than one component in the sample.

Before being used for the electrophoretic studies, the
30 mge. insulin sample was used for a molsture determination
(Experiment 2). Fhosphorous pentoxide drying appeared to

have no disruptive effect on the homogeneiity of the sample.

2e Moisture deteruination

Because a limited amount of insulln was availaeble and
becsuse the dry protein is quite hygroscopic (Lh.), the
molsture determination wéa performed in the following manner.
A small welighing botitle was dried 1n a desiccastor over
phosphorous pentoxide., At two and four minutes after being
removed Irom the deslecabtor, the bottle was weighed on a
microbalance. A graph was constructed with time as abscissa
ané welight as ordinate. By extrapolating to zZeroe a line
connecting the weishts at two and four minutes, 1t was pos=-
gible to estimate the welght of thﬁ bottle in the desiccator.
A 31,828 mg..sampla of insulin was then weighed 1in the
flask, which had been allowed to come to equilibrium with

the balance and surroundings. After being dried six days



in a desiccator over phosphorous pentoxide, the insulin
sample was removed, weighed at two and four minutes, and
the welght at zero time was calculated as befors. The
loss in welght, 2,403 mg., represents a moisture content
of 7+5%,

In order to malintain & constant molisture content, the
insulin semple was kept in a tightly closed vial which in

turn was kept within another tightly closed container.

3. Mlerobiological determinetion of certsin anino acids

before and after phenvylisothlocvanate treatment of insulin

Five samples of insulin were welphed on a micrahalanee,
Sample 0, 6.29 mg., was hydrolyzed with three ml. of & N
hydrochlorlic acid in the sutoeclave at 15 pounds pressure
for 16 hours: The acid was removed from the hydrolysate
by concentration to dryness on a steam bath; the dry residue
was taken up in 50 ml. of water, and the pH of the solution
was ad justed to 6*?, |

The other four samples, allbwei@hing approximately one
., Were treated with phenylisothiocyanate as discussed in
the section on Methods, p. 17. Semples 1, 2, 3, and L were
given one, two, three, and four treatments respectively.

After each phenylisothiocyanate resction, except the last,
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the derivatized protein was treated with drv hydrochloric
acid-dioxane solutlons Only the aminold terminal peptlde
bond is susceptlible to hydrolysis under these conditions.
After emch sample had received the last phenylisothiocyansate
treatment, the entire protein was hydrolyzed with & X
hydrochloric acid. The hydrolysate of each of the four
samples was talken to dryness and then dissolved in 10 ml.
of water. Phenylalanine, isoleucine, valine, aspartic
acld, and glutanle acid were determined in the hyﬂrblysate
of Sample 0. Fhenylalanine was dstermined in the hydroly-
sate of Ssmple 1, iscleucine and valine in Sample 2,
valine and aspartic acid in Sample 3, and glutamic acid in
Sample ljs These particular assays were performed because
the structure advanced by Sanger (Historical, p. 10) indi=-
cates that these amino acids occupy positions near the
aminoid terwminus of the molecule. For example, phenyl=~
alanine and glyelne are reported terminalj lsoleucline and
valine are in second positions,. |
As was frequently found to be the case during the
course of these investigations, the microbiologicsl assay

33

of glyeine was unsatliafactorys. Values for glveine are
therefore not included in Table l., where are recorded the
results of the assays. lVWhen duplicate determinations weare

not in close agreemant, an average was taken, but these



Table L

Amino Acid Values Refore and After Trestments
with Phenylisothliocyanate, First Experiment

Sample 9; Semple 1‘ Sanple 2 SampIQVB Sample I

'%a- }rasﬁb zﬂ res.? %28 res.P! 48 pes,b 78 ées;b.
phenylalanine 8*; 5.9 5.1 3.7 S —— . o
isoleucine 3.8 34 ——— ——— 0.0 0.0 -—m e —— —
valine © 101 10l =ee e-- 6.8 7.0 L8 L9 ——— d—
aspartic acid (6.9 642)  wmm - —— —— (6.2 5.5) m——— mmee
zlutamic acid  (16.3 13.3) === ——— —— —— — (13.2 10.8)

8n gm./100 gm. protein.

bﬁumber of amlno acid residues

per molecule of M.W. 12,000.

- 62 -
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figures should be interprsted with caution. They are
enclosed in parentheses, The calculations are made on &

molisture free basis.

i« Repetitions of the residue sequence procedure

Attempts were made to substantiate the results obtalined
in the above experiment. In the first repetition simllar
quantities of Insulin were taken, and the phenylisothiocya=-
nate treatments and hydrelyses were carried out as before.
In this experiment, considerable difficulties were encoun=
tered with the microblologlcal assays, and as a result
there was collected only & limited amount of relieble data.

The figures are recorded in Table 5.

Table ©

Aminoe Acid Values Beforse and After Treatments
with Phenylisothliocyanate, Second Experiment

Sample O Sample 1 Sample 2 Sample 3
%8 pea,’ %% rpes.’ %4 res.?’ %& pes.?

phenylalanine —— m——- 5.1 3.7 o s
isoleucine 2.5 2.2 —— w——— i e -

valine 902 9.5 ladeudad i 51{; 6tl 5.3 S»h_

-

&n gm./100 gm. protein.

bPirumber of amino acld residues per molecule of
VieW. 12,000.
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A second repetlition of the seq&énce procedure was
earried out as follows: A 21.02 mg. insulin sample was
dissolved in dilute hydrochloric acid of pH 3, since the
protein 1s not soluble between pH li.3 and pH 7.8. Four
2.5 ml. aliquots (1L.20 mg. of insulln each) were given
zero, one, two, and three phenylisothiocyanate treatments
as described previously. The dioxane~hydrochloric acid
and & N hydrochloric acid trestments were as before. Since
larger ssmples were used in this experiment, it was possible
to assay a greater number ol aminoc aclds 1n each sample.

The results are found in Table b.

Table 6

Amino Acld Values Before and After Treatments
wlith Phenylisothioceyanate, Third Experiment

Semple 0  Bample 1  Sample 2  Sample 3
%8  pes. 4% pes.’ #° res. %'  resl

phenylslanine 7.2 5.3 EZ.b 3.9 5.5 L.o 5.2 3.8
isoleucine 3.2 3.0 3.2 3.0 0.6 0.6 0.6 0.6
valine 9.8 10.0 8.8 9.0 7.5 7.7 5.6 5.7
aspartiec acid’ 5.1 L.6 4.0 3.6 L.h gﬁg( 2.7 2.5

%In gm./100 gm. protein.

brunber of amino acid residues per molecule of



5. Attempted extraction of the phenylthiohydantoins formed

from the terminal amino aclds of insulin

An 11.9 mg. sample of imsulin was dissolved 1in I m1,
of 50 per cent aqueous pyridine and treated wilth phenyliso-
thiocyanate in the usual wmanner. After eight hours, the
reaction mixture was taken to dryness, and five ml. of
dioxsne-hydrochloric acid sclution were added to form the
hyéaﬁtaim. Af%er ten hours the suspension was again taken
to dryness, and the dry residue was stlrred four times
with five ml., portions of wmethylene chloride. Each of the
methylene chloride exiracts was transferred by means of a
filter stick directly to a smell te&t.tube, and the combined
extracts were taken to dryness by evaporation. In order to
regenerate the free amino acld from extracted hydantoin,
Oy mls of 0.25 N barium hydroxlde solution was added to the
tube., It was sealed and hested at 140° for U8 hours. At
the end of this time the tube was opened, excess barium
hydroxide was precipiteted by a gentle stream of carbon
dioxide, and ?ap@r chromatogzrams were run using 10 and 20 ul.
off the hydrolysate. Spraying the chromatogresms with ninhydrin

revealed no trace of amino scids.
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6. ZBther extraction of phenylthlohydantoins derived from

aulno acids of insulln

The insulin sample used in the previous experiment
was btreabted again with phenylisothlocyanate and dioxane~
hydrochloric acid solution. After the suspension had been
taken to &fyn@sa to remove dloxane, the residue was dissolved
as wallvas possible in water and the soclutlion was adjusted
to pH 1. The solutlion was exiracted repeatedly with ether
gt both this pH and after being made alkaline with 0.1 N
sodium hydroxide solution. The concentrated ether ext#acts
were tasken to dryness by evaporation in a small test tube
to which was added 0.4 ml. o£v0,25 N barium hydroxide solu-
tion. The hydrolysis procedure and chromatography were
carried out éa in the previous experiment. With butanol/
acetic acid/water (L1/1/5) as developing solvent, the paper-
gram showed flve ninhydrin spots. The darkest three of
these were found to have the same Ry values as glycine,
v&line.and either or both phenvlalanine and isoleucine.
This solvent system does not separate phenylalanline and
isoleucine. Two failnt ninhydrin spots were located between
the valine and zlyeine spots. VWhen the bgrium hydroxide
hyﬁraiysata was chromstographed with a diffsrent solvent

system, butanol/methylethylketone/water (I1/li/1.5), the same
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results were obtained. Kaither of the faint spots had the
Re velues of tyrosine or alanine, amino acids which could

be expected to be located between valine and glycine on
these chromatograms. As no more hyﬂrolysaté was avallable,
it wes impossible to ldentify the substances further, nor
could 1t be established whether both phenylalanine and
isoleucine were present in the fast moving spot. An apnrox-
imate visual estimation of the amount of amino acids on the
papergran indicated there was only 10-20 per cent the amount
that should have been extracted if all resctions were

quantitative.

Te Attempted extraction of the hydantoins of the terminael

amine acids of insulin

Because the amino acids identified in the preceding
experiment were derived from both the first and second
positions in the insulin molecule, the experiment was re-
peated on & semvle treated only once with phenylisothio=-
cyanate. After ﬁiaxaﬁevhydrochléric acid cleavage, fifteen
ether extractions were carried out. The extracts were
combined and eﬁa@orated as before, but no amino aclds could
be detected in the barium hydroxide hydrolysate of the

residue remaining after evaporation.
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B. Formation and Propertles of

Substituted Hydantoins

Both in this work and in reports In the literature
(29,36) difficulties have been encountered in the attempt
to quantlitatively derivatize as the hydantoin, extract, and
estimate the terminal amino acids of proteins. Because of
this, .t was decilded ﬁo investigate the formation and
properties of suéﬁtitut@d hydantoins in simpler systems.
Bdmant's {I,5) procedure for the preparation of hydantoins in
80~90 per cent yleld was used to obtaln products from a

number of amino acids%a

le Solubility of phenylthlohvdantoins in various solvents

Estimations were made of the ether solubllity of phenyl-
tmiohydantolins derived from eleven common amino acids. While
most of the compounds appesred to dissolve eventually, 1t
was generally true that they were not readily soluble. The
hydantoin from glycine (3~phenyl-2-thiohydantoin) was one of
the more insoluble compounds, while the hydantoln from

valine (3=phenyl-5-isopropyl-2-thiohydantoin) seemed to be

*Thﬁ preparation of these hydantoins was carried out
by Robert S. Baker and Villiam F. Serat.
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typleal of the more soluble compounds. Accordingly, these
two substances were selected for solubllity tests in various
other solvents with a view toward finding a more effective

extracting agent. The results are tabulated in Table 7.

Table 7

Solubility of Phenylthiohydentoins
in Various 8olvents

Fhanylthiohydantoin of

Glyeine  Valine
I

N
Solvent ‘ H,—aﬁ"‘"" o (Gﬁa)gﬁﬂﬁ}’m C

]
m <y <P
u i
3 .

ethyl ether - +
ethyl sacstate + ot
methylene chloride - ++
skelly A - -
carbon disulfide - +
pyridine ot oo
benzene - +
carbon tetrachloride - +
amyl scetate + +4
tributyl phosphate + +
triethanolamine - -
K-methylaniline + ++
tributylamine - *
dl-p-phenylethylamine ot ++
tributyl citrsate | - +
dioxane ' + L
N,N~dimethylformanld o 2 ++

++,...readlly soluble
+eeseeslow or limited solubllity
~sssseinsoluble or very slowly soluble
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2. Other substituted hydantoins

In order to find a more soluble and easlly extracted
hydantolin, the reaction between amliro aclids and two iso-
cyanates other than phenyliscothiocyanate was Investigated,
Valine snd leucline were itrested with a-naphthyl 1socyanate
under the conditions and in the amounts used by Edunan (45)
in the preparstion of phenylthiohydantoins. The reaction
with a-naphthyl isocysnate was more rapld, as evidenced by
imnediate precipltation and liberation of hydrogen ilons,
but the products were mbr@ insocluble in ether than the corre-
spondlng phenylthlohydantoins. However, solubllity in pyri-

dine end particularly ¥,N~dimethylformamide was equally as
good as that of the phenylthiohydantoins.

Octasdecyl Llsocysnate reactced with leucine much more
slowly than elther phenyllisothiocyanate or a~naphthyl

isocyanate, so the reagent was not further investigated,

3., Hydrolysis of phenylthiohydantoins

One method for identifying and estimating the hydantoin
removed from a peptide chain consists in recovering the free
smino acid from the hyﬁ&ntéin by hydrolysis with barium
hydroxide (36).
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0
, I 0
RHEC e Ba(0OH), " '
P > RHC-C~0H +  byproducts
m -
\ﬁ NHg
s

In order to determine the extent of this reaction, 9.7 mg.
{0.05 millimole) of 2-phenyl=-3-thiohydantoin (hydantoln
from glyeine) was placed in a small test tube with one ml.
of 0.25 N barium hydroxide solution. The tube was sealed
and heated L8 hours at 140°. At the end of this time, Bat+
was precipitated by means of a gentle stream of carbon
dloxide. Glyeine in & ul. aliquots of the neutralized
hydfﬁlysata was determined by means of the ninhydrin proce-
dure described in the sectlon on Methads; Pe 23« The
chromatographlic solvent was butanol/ascetic acid/water.
According to this determination, the hydrolysis of the
hydantoin proceeded to the extent of 70 per cents Wicro-
blological assay of a 5 ul aliquot of the hydrolysate
Indicated a somewhat gre&ter hydrolysis, but not quanti-

tative.
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L. Estimation of phenylthlohydantoins without hvdrolvsis

Phenylthliohydantoins exhibit an absorption peak at 268
mu and have an extinetion coefficlient of about 16,000 (30).
If all other materials that absorb in thls region of the
ultraviolet are absent, 1t is possible to assay a solution
of the hyﬁantain by determining its optical dénsity in a
spectrophotometer., For the preparation of a standard curve,
the phﬁnylﬁhiohydan%oin‘ef leucine was dissolved in ether
and five concentrations varying from 2 to 10 mgz. per ml.
were read in & Beckman DU spectrophotometer at 268 mp. Over
this renge there was no variation from Beer's law. The
hydantein can be dissolved in ethﬁnml; 50 per cent aqueous
ethanol, and dry or water-saturated ether, and in all these
solvents the extinction caafficient is approximately the
same., |

In order to determine whether pH has any effect on
the position or helght of the absorptlion pesk, 50 per cent
agueous ethanol solutions of the phenylthiohvdantoin derived
from valine were adjusted to pH values of 1, 3, 5, 7, and 9,
The absofption peak for all solutions was a wide band with a
maximun near 2&8 mi, agd at all pH valuves the peaks were of
nearly the same height. Th@ peak in the solution of pH 9

was shifted very slightly toward the longer wavelengths.
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5. Effect of pH on the extrasction of phenvlithlohydantoins

fron buffered protein solutions

It was of 1interest to determine whethsr a known asmount
of phenylthlohydantoin could be extracted quantitatively
from a protein solution, since one report in the literature
(36) suggests there 1s some interasction between hydantoins
and prateims. At the same time the effect of pH on the
extractlion was studied.,

MeElvain's eltrate~-phosphate buffers of pH 2.2, h.o,
and 6.0, and Clark and Lubs phosphate buffer, pH 8.0, and
borate buffer, pH 10.0, were prepared. IHone of these
;exﬁibitad absorption at 268 mpn. Two mg. of bovine serum
albumin and 0.2 mg. of 3-phenyl-5~isopropyl-2-thiohydantoin
were thoroughly mixed in one ml. of water. To each of five
such mixbtures was added three ml. of one of the buffers.

The soclutions were then axtraetéﬁ ten times wlith equal vol=-

umnes of ether, and the extracts were combined and diluted

to 50 ml«. A standard consisting of 0.2 mg. of the hydantoin
‘in 50 ml. ether was preparcd, and all solutions were read in
the spectrophotometer at 268 mu. The optical densities and

percents recovery are recorded in Table 8.
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Table 8

Recovery of Hydantoln from Buffered
~ Protein Solutions

Solution Optical Density % Recovery

Standard C.290 -

PH 2.2 .290 100
k.0 «295 101
6.0 .295 101
8.0 «290 100

10.0 205 69

6. Extent of the reaction of phenylisothioeysnate with

leuecine and DL-leucyl=-DL-valine

To each of two 0.476 mg., samples of DPL-leucyl-Di-
valine'dissolved in 2 mls aqueous pyridine was added 5
1le of phenylisothiocyanate. The reasction was carried out
in the usual manner for {five hours. Pyridine and excess
phenylisoecyanate were extracted with cyelohexene because
thelr presence interferes with the subsequent estimation
of the hydantoin. After ten extractions, the odor of pyri-

dine was s8tlll present so the last traces were removed by
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evaporation of the thiocarbamyl solutlion to dryness. The
dipeptide was cleaved with & N hydrochloric acid and the
resulting solution was extracted ten times with ether. The
amount of hydantolin in the éxﬁract& was calcﬁlated from the
optical density of the ether soclutions. Duplicate sxperi-
ments appeared to indicate that the reaction proceeded to
the extent of onlyv23 and 28 per cent.
In Table 9 are recorded results of experiments with

a simple amino acid in place of the dipeptide.

Teble ¢

Extent of Formation of the Phenylthiohydantoin
: of Leucine

Reaction Acid No. of Extent
Reagent extractions® of rx.(%)
1 a 10 58
2 a 10 69
3 b 10 ’ 66
Ly b 10 79
5 b

20 c 92: :

81w HCl, sutoclaved &) hours at 15 1lbs. pressure.
b1 N HC1l, 12 hours at 37°.

Chther extraction of hydantoin formed after acid
treatment.
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One-tenth mg. of leucine was derivatized with 10 ul. of
phenylisothiocyanate, In this case, however, the resction
was alliowed to proeceed 10~12 hours and the pvridine and
excess reagent were removed by ether sxtractions. Two types
of acid treatment were used to convert phenvlithiocarbamyl-
leucine into the phenylthiohydantolin. These are iﬁdiﬁﬁtéﬁ
in Teble 9 along with the apparent extent of the réaetion
as determined by the optical density of ether extractions
pverformed alter acid treatment. The total volume of the
reaction mixbture was slightly greater than one ml., and the
ether extrasctions were carried out with esguel volumes.,

The reactlon was also carrled out in & small all-
zlass continuous ether extractor. After the aqueocus phase
had been extracted seventy~two hours, only that a@ount of

hydantoin was extracted which indicated a 55% reaction.
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Ve DISCUSSION
As Sources of Error in the Sequence Procedure

It soon became apparent during the course of this
iﬂvaatigatian that the validity of conelusions concerning
the sequence of amino aclid residues in insulin would be
limited in greatest part by the micrébiolcgical assays.

The reproducibility (and probably accuracy) of the assays
varied from one amino acid to another; in some cases the
reproducibility weas sntirély satiasfactory, in others it

was quita poor. By inspection of the standard curvea, the
agreement between duplicate d@tarmin&tiona, and the results
of assays carried out at different levels of unknown, 1%

was obvious that the values for phenylaianina, valine, snd
isoleucine were more ﬁruatwsrthy than those for gﬁycina;

and aspartic and glubtamic acids. The accuracy af the values
can be inferred from reports in the litarature Which indi-
cate that mlerobiologleal asseys can be expected to be
relisble within five to ten per cent (4i&,47). This dezree
of asecuracy has the most serious effeect on amino acilds
present in large amounts. When there are more than ten to
twel#a reslidues of a particular amino scid in the protein
under investigetion, conclusions abouﬁ its seguence position

become less valid., For example, a ten per cent error in
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the glutemic acid value (Table li, p. 29) would alter by
more than one the éalcu&&ﬁeﬁ number of residuses, while the
seme error in the phenylalanine assay would produce no
slgnificant change 1in the number of residues. Although
most of the assay values in the tables are probably more
accurate then within ten per cent, interpretatlon of the
data should be made with th@vpoasibla deviations from true
values clearly in mind.

On flrst consideration, the degree of accuracy attain-
able in mieroblological assay may appear unduly poor unless
one recalls the difficultlies entailed in the determinsation
of amima‘aeiés in protein hyvdrolysates. There are Only two
other commonly employed assay methods, quantitative paper
ehramatagraphy‘(&%) and the ion-exchange column method (h?);
that could be expected to give results of comparable accu-
racy. These methods, however, have not as yet been adapted
to the determination of a large number of samples as must
be performed in the sequence procedure employed here.

In this sequence method the designation of an amino
‘acid as terminal depends upon detection of a substantial
reduction in the original quantlity of that acild after the
proteln has been ireated {irst with the blocking agent,
ph@nyliaathiéeyanaﬁa, and then with hydrochlorie acid to

effect hydrolysis, It ls assumed that the terminal amino
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aclid resldue 18 converted quantlitatively, or nesrly so, %o

a hydantoin or some derivative nutritionslly unavallable

to the microorgasnism used in assay. It may not be ftrue

that the reaction is quamt&taﬁivg; but in addition to
published results indleabting essentially cuantitative
reaction (5), there have been collectsd in these labmratoriﬁa
considerable data which are most logleally interpreted on

& basgls of a guantitative resctlon (50,51).

Ferhaps a more serious gquestion than the extent of the
reasction is one concerning the nutritional v&lua,qf the
phenylthiohydentolins to the assay organism. Can growth be
stimulated by the hydantoin as well as by the free amino
acid? If this were found to be the case, then the conversion
of a terminal ami~o aecid residue to & hydantoin migsht be
overlooked. ’Th@w@ is indication that the phenylthiohydantoins
darivaé‘from leuecine and isoleuncine are utilized in part by
the organism when the assay taﬁés contain five per cent
ethenol (52). That there is utlilization under the usual
conditions of the experiment is contraindicated by experi-
ments in which a known amount of leueine was added to a
peptide mixture. After phenylisothloeyanate and acid treat-
ments, there was no g?mwth stimuletion due to the added
leucine (53).

vIn order toe locate the position of an amino acid residue

that is other then terminal, the thiocarbamyl insulin was
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treated with dry hyﬁrochimrie gcid-dloxane solutlon. It 1is
necessary that this reagent causes no appreciable hydrolysis
of intermal peptide bonds; otherwlse newly liberated amlino
groups will be derivatized in the subsequent phenylisothio-
cyanate reactlion and an amino acld may be assigned a position
incorrectly near the amlnoild terminus of the protein molecule.
It 1s well known that certaln peptide bonds are more labile
than others, and 1t 1s conceiveble that under the conditlons
of the experiment bonds involving certeln amino acids (such
as the emino group of serine or threonine) may be severed

to some extent, However, since the sequence procedure com-
monly leads to whole number decrements in the number of amlno
acid residues before snd after phenylisothlocyanate treat-
ment, 1t appears that cleavage of internal peptide bonds is
negligibies That some hydrolysls does occur might be con-
strued from Experiment 6, p. 33. Tther extraction of insulin
treated with phenylisothiocyanate after one hydrcchloric '

- acld=dioxane cleavage produced two faint ninhydrin spots in
adéi%ion to spots expected on the basls of Sanger's struce
ture, 8ince the faint spots are probably due to amino acids,
their presence may be interpreted as being indicative elther
of partlal hydrolysis of internal bonds or, alternatively,
the pre5$nce,cf additional peptide ehains in imsulin.“;Prabw
ably no peptide bonds are cleaved during the phenylisothio=-

cyanate treatment at pH 8.5 since Harrinston and Neuberg (5h)
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showed that no irreversible change takes place in insulin
subjected to pH variations from 2.5 to 1ll.l.

The possibllity that all assay values recorded iIn the
tables may be a few per cent low ls suggested by the work
of ¥Mlller and du Vigneaud (4i). Only fifty per cent of the
molsture in thelr sample of Insulin was removed by a drying
procedure similar to the one used in this investigation.
With the exceptlon of glutamic acid (sinece it is present in
~large amounts), a few per cent errcr in the moisture value
wguid have negligible effect on most of the calculated
residue numbers. Neither is there significant error intro=-
duced by falling to make a correction for ash content, since

values for insulin are usually less than one per cent.

Bs Sequence Data and Its Compearison

to Literature Reports

In Table 10 are summarized the values found by various
authors and in the present work for the number of residues
of five amino scids in the insulln molecule of M.W. 12,000,

The assay results are in quite close agreement with one

another and with the number of residues demanded by Sengert's
gstructure. The data of this thesls 1s slightly more in
accord with Sanger's structure than 1s any of the previously
reported assays. The number of isoleucine residues is not

in agreement.



Table 10

The Number of Residues of Five Amino Aecids in Insulin

Present work

Amino acid Tristram Brand Fromageot Sanger - Average of
- {16) (17)  (15) 1T IT III 1,II,I11
phenylalanine | 5.9 5.8 6.0 6 5. === 5.3 5;5
1soleucine 2.5 2.7 1.5 2 3.4 2.2 3.0 2.9
valine 7+9 9.0 7.6 10 10.f 9.5 10.0 10.0
‘aspartic acid 6.1 6.1 5.0 6 6.2 === L6 s
glutanic acid 15.2 16 16.0 U 133 we= me= 1343

8caleculated from data presented.

PIndicated by Sangerts structure (18,19), not an analysis.

.-6‘}7...
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After’the terminal residues have besen removed from the
proposed structure, there sre two less phenylalanine and two
less glyeine residues. ‘All others remain the same. The
results of the present work are 1n excellent agreement in
the case of phenylalanine, but in addition one valine and
one aspartic acld residue are lost (Table 6, p. 31). While
it is entirely possible thet the aspartic scld value 1s in
error, the valine determination is generally reliable. The
vﬁlina figure ef‘nine residues was checked by a repesated
assay. In this connection 1t is iﬁt@résting to note that
ﬁhibnﬁll (L) found by = Van Slyke datarmiﬁation six free
amino groups iﬁ addition to the ¢&~amino group of lysine in
an insulin molecule of M.W. 12,000. Sanger (2) suggests,
however, that this value may be attributable to the fact that
glyecyl peptides give high wvalues in the Van Slyke determin-
ation (55).
| In subsequent determinations of the nunbsr of residues
remalning after one or more treatments with phenylisothio=
cyanate, there was usually obtained rather close agreement
with the residue numbers predicted by Sanger's structure.
To 1llustrate this, the results of the assa‘ys; averaged and
rounded to the nesrest whole number, are ftabulated in Tsable
1l along with the residue numberé of Sanger. The latter

values are in perentheses.



Table 11
Humber of Reslidues Beflore and After

Phenylisothiocevanate Treatments

Amino acid

Numb@r of trestments

0 1 2 3 L
phenylalanine 6 (6) Lo(L) | bo(h) L) - (l)
isoleucine 3 (2) 3 (2) o-1 (0) 0-1 (0) - (0)
veline 10 (100 90 8(B) 6 (5) - (6)
gspartic aeid 5 (6) i (6) 11 (6) 2 (L) - ()
glutamic acid 13 (1) - {1k} - {1h) - (1) 11 (10}
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A limitation in the sequence method employed in this
investigation 1s clearly illustrated by the experiments with
insulin, a protein of more than one peptide chain., While
i% can be established that both isocleucine and valine occupy
second positions, 1t is obviously impossible to state which
of these aclds was Joined to the terminal phenylalanine
residue.

The more dirsct approach to sequence anaslysis which was
attempted in Experiments 5, 6, and 7, P. 32=3l, was not
highly suecessful, It was certainly not Quantitatiﬁe. The
phenylthliohydantoins of the terminal residuss are either
incompletely formed, or more probaebly, not easily extracted.
Methylene chloride extrasction (Experiment 5) and on one
occasion fifteen ether extractions (Experiment 7) were unsuc-
cessful in recovering the phenylthlohydantoins. Fowever,
in one case (Experiment &) ether sextractlon removed the
hydantoins derived from glycine, valine, and either or both
phenylalanine and ilsoleucine. Since twoe phenyliscothiocyanate
reactions had been performed in this experiment, the ex-
tracted aclds represent the terminal and second positiana
In insulin. While the sequence method furnished some avi-
dence that aspartic acid was terminal in insulin (p. 50},
the fact that it was not found in this experiment makes it

appear daubtful that aspartic acid is terminsl. Thet there
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is an érrwr in the aspartic acid assay value 1s the mmsﬁ
probable explanation, although 1t is true that limited ether
solubility of the phenylthiohvdantoin of sspartic acid could
account for iis sbsence in the ether extracts.

Finelly 1t should be stated that these attempis to inter-
pret and correlate the data should be made with two points
in mind. One ofdthase 18 that there is a possibility ﬁhat
insulin semples obtained from different animels and prepared
by different laboratories mey have slightly different com-
position. Certalnly there l1s specles varistion (20)3 there
may actually be individual variation.
| The other fact to be considered is that there is no
assurance that only one molecular type is @raﬁent in erys-
talline insulin. The investigations of Cralg (9) meke it
appear that at least two molecules have been examined simul-
taneously in this and all other sequence work. If this is
the case, 1t 18 lmpossible to state whether the indicated
seqguences occur in the same molecule. A tentative inter-
pretation is that the majority of such sequences are
ldentical parts of very similar molecules.

The presence ol companion malacml&s in insulin samples
may account for the frequent occurrence of odd residue
numbers 1n reported anaslyses of insulin (Historical, p. 6).
No uneven value can be correlated with the symmetrical

structure proposed by Sanger,
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C. Identification of the Hydantoln as a

Sequence Procedure

In a satisfactory sequence procedure in which the
hydentoin derivative of the bterminal amino acid 1s identified
directly, the following steps are necessary:

1) the formation of the hydentoin in essentially
guantitative yleld,

2) the quantitative isolation of the derivative from
the remainder of the protein,

3) the estimation of the hydantoin extracted.

That Step 1 takes place Iin the sequence procedure used in
these experiments is sugpested by the fact that integral
decrements in resldue numbaré are encountered before and
after phenylisothiocyanate treatment. Supporting though
less convineing evidence 1s the faﬁﬁ that eighty to ninety
per cent yields of the hydantoins can be isolated in their
preparation from amino acids and phenylisothlocvanate (1L5).
It is the extraction of the hydantoin (Step 2) that presents
difficulties. In Experiment 6, p. 41, parallel preparations
gave gulte different epparent extents of reaction, the high-
eat value btelng obtalned when ether extractions were carried
out twenty times. It is probable thatb iﬁ all cases the

reaction proceeded to near completlion but that all hydantoin
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was not extracted. A result that is somewhat difficult to
reconcile with this view was obtained in Experiment 5, p. LO.
When preformed hydantoln weas added to pratein solutions, it
wes quantitetively extracted by ten ether extractions except
at a pH of 10. (The weakly acidlc property of hydantolns
derived from neutral amino seids makes thelr affinlty for
allzaline solutions readily understandable.) It would seem
that there is a difference in the extractabllity of hydantolns
depending upon whether the hydantoln is formed in a solution
or added ﬁé it.

A more effective extracting solvent, such as N,N-
dimathylform&mida; would be of much help, but because of
interference with the ultra~violet determinstion of the
hydantoin, this solvent and many others cannot be used.
Estimation of the hydantoins by means of their‘manversion
to the amino acid is time-consuming and not quantitative
{Bxperiment 3, p. 37)e If a highly colored hydanﬁmin were
prepared, 1ts extraction could be easily followed and its
colorimetric determination could be performed without the
many interferences encountered in the ultraviolet region.

It may be that nitro or azo derivatives of phenylisothlo-

cyanate would be found satisfactory.
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VIi. CONCLUSIONS

1. A quantitative sequence procedure which is based
on detection of decrements in the number of amino acid
residues before and after tresatment of a peptide with phenyl-
iaothiacyanaﬁe is applicable to proteins of the size of
insulin,

2. In an electrophoretically pure sample of bovine
insulin, there are ten valine resiéuas; six phenylalanine
residues, and three 1soleucine residues per M. W. 12,000,

3. There are two aminold terminal phenylalanine
regidues, Thls 1s in agreement with some literature reports
and contrary to others.

i, Valine and two or three iaaléucima residues occupy
second positions; aspartic acid and two valine residues
occupy third positions. An undetermined number of glutamie
acld residues are in the fourth position.

5. Difficulties encountered in the extraction of
hydantoing from protein solutlons are not due to an inter-
action between the hydantoin and the prateim; but rather
to the faet thet hydantoins formed in agueous solution are

dissolved slowly by ether.
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VIi« SUMNARY

A guantitative procedure for establishlng the sequence
of amino eeid residues in pepbtides snd low molecular welght
proteing has been applisd to an electrophoretically pure
sample of crystalline bovine insuline Results wers obialned
that are in rather c¢lose sgreement with the atructure ad-
vanced by Sanger on the basis of his investigations of frag-
ments of the molecule.

Attenpts were made to use sn alternate more direct
procedure in which the terminal amino scids were isolabed
as thelr phenylthiohydentolin derivatives. The method was
not guantitative nor consistently dependable.

With & view toward developing & new and more rapid
sequence procedure, some information regarding the formatlon
and properties of phenylthliohydantoing derived from amino

acids was obbtained.
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