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INTRODUCTION

The sequencee of the amlno acid residuee in the peptide
chaeing of the insulin molecule have recently been proposed
by Sanger and his co-workers (1, 2). The basis for this
tedious, but admirable, plece of work is a reaction first
employed by Abderhalden and Stix (3) but later improved upon
by Sanger (4). Other investigators have studled portions of
the structure of insulin. Some of these studles agree com-
pletely with Sanger's results but others provide evidence
which disagrees.

Work done in this laboratory by & previous investigator
{5) has provided evidence for one or more aminoid (N-) ter-
minal valine residues in addition to the phenylalanine and
glycine resgidues requirad‘by Sanger's structure. The method
used to study the amino acid sequence in insulin was one

developed in these laboratories (6). This method wee & modi-
fication of the phenylthiohydantoin (PTH) technique of
sequence study proposed by Edman (7), which in turn was a
modification of the Abderhslden-Brockmsnn procedure. Since
evidence for an N-terminal valline reslidue was found by this
technique, a etudy of a portion of the amino acld residue
seguence at the N-terminal end of the insulin molecule was

begun.



HISTORICAL

A review of the litersture on insulin published through
June, 1953, has been reported by Blaney (5). Only a brief
summary of that part of the previeualy reviewed work which
is pertinent to the present investigation will be reportea
here in addition to a more detailed review of publlications

which have appeared since.

Sanger's Complete Amino Acld Resldue

Sequence of Insulin

The most complete investigation of the amino acid reei-
due seguences in insulin has been carried out by Sanger (4,
8, 9) and Sanger and his co-workers (1, 2, 10, 11). Briefly,
the native insulin wes treated with performic acid to oxidize
the disulfide bonds thought to be holding four chains (two
paire of identical chaine) of amino acid residues together.
Electrophoretic patterns showed that the performic acid oxi-
dation producet contained three fractions (8), but four frac-
tiones were separated by precipitation methods (9). Two of
these four fractions were thought by Sanger to represent
the two palrs of identical peptide chains of the intact

molecule with the exception that they would cecontain cystelc



acld residues in place of half-cystine residues. One frac-
tion containing N-terminal glycine residues was called
fraction A and the second fraction containing N-terminal
phenylalanine residues wae called fraction B. Fraction &
represented 30 to 40 percent and fractlon B approximately
25 percent of the total oxidlzed insulin. Two other frac-
tione, X and M, represented 20 to 30 percent of the original
materiasl (9). The reaction of 2,4-dinitrofluorobenzene (DNFB)
with free amino groups to give, on hydrolysie, dinitrophenyl
(DNpP-) derivatives of the amino acid residues containing the
free amino group was utilized to study the perntides resulting
from both partial scid hydrolysle and proteolytic hydrolysis
(with pepsin, trypsin, and chymotrypein) of fractione A and
B (1, 2, 10, 11). The proposed sequences for the two frac-
tlons resulting from these investigations were, for frasction
A, Bly.~Ig0.~Val.~Glu.~Glu.~-Cyg.~Cys.~Ala.-Ser.-Val.~-Cys.~
Ser.-Leu.-Tyr,-Glu.-Leu.-Gly.-Aep.~Tyr.~Cys.-Asp. {(2) and
for frazction B, Phe.-Val.~Asp.-Glu.-His.~Leu.~-Cys.~Gly.~
Ser.-Hle.~-leu,-Val,~Glu.~Ala.-Leu.-Tyr.~Leu.-Val,~-Cye.~CGly.~
Glu.-Arg,.-Gly.-Phe,~Phe.-Tyr.-Thr,-Pro.~Lys.-Ala. (1).
Sanger's work hee not gone unchallenged. Bull (12) is
reluctant to accept the fact that the peptides obtained by
both enzymatic and acid hydrolysies have the amino acild ge-

guence of the native ineulln molecule. There ig, he points



out, some evidence of rearrangement of amino acid residues
and synthesls of new peptides during proteolytic hydrolysis,
and there ie no concluglve evidence to show that this does
not hasppen during partlal acid hydrolysis. Bull also ques-
tione the purity of the various fractione obtained as the
result of partial hydrolysis and would like to have a better
systen of records of the different peptldes for easier
checking of the proposed eequences (12).

Blaney {(5) points out thet some of the small peptides
of fraction B do not fit the proposed sequence for that
chain (10) and that the fractions X and M of the oxildized
Insulin were not inveatigated for their amino acid residue
sequence, There is no assgurance that one or more other
peptide chalns of insulln are not included in these frac-
tions, a fact recognized by Sanger (9),

Investigations of the Carboxoid Terminus of Insulin

Carboxypeptidase Digestlon

The enzyme, carboxypeptidase, wae used by Lens (13) to
remove the carboxoid (C-) terminal amino acid residues of
insulin with subsequent isolation and ldentification of those

regsldues. One to three residues of alanine were detected,



which result dissgress in part with Sanger's finding of two
residues each of alanine and aspartic acid. Harris (14)
repeated the technique to find that two moles of alanine
were released per mole of insulin from Sanger's fraction B
(9) and that an undetermined amount of asparagine was re-
leased from the C-terminal end of fractlon A, These data

agrec with those of Banger (1, 2).

Reduction of the Free Carboxyl CGroups

A second technique used for determining the C-terminal
amino ecid residues was to reduce thelr free ocarboxyl groups
to the corresponding alcoholle group, then to liberate, iso-
lste, and determine the amino alcohol both guallitatively and
quantlitatively.

Fromageot, Jutisz, Meyer, and Pennasse (15, 16) used
lithium aluminum hydride in N-ethyl morpholine to reduce the
free carboxyl groups. Banger's fractions A and B were found
to contain C«terminal glycine and alanine resldues, respec-
tively. Cuantitative determinations showed two moles of each
per mole of insulin. Later work by Jolles and Fromageot (17)
during an investigatlon of the aspartic acid resldues in
insulin indicated that two of the six aspartic acid residues

in the molecule had free alpha carboxyl groups. Ghly these



two carboxyl groups could be reduced by lithium aluminum
hydride. All other carboxyl groups were present in elther
peptide linkage or as amide groups. Thusg, there should be
two C-terminal asperagine residues and four asparagine
residueeg within the peptide chains.

Chibnall and Rees (18) firet esterified the free car-
boxyl groups, then reduced the ester groups to the corre-
sponding slcohollic group with lithium borohydride, The
amino alcohole found on quantitative determlnations were
two residues of alsanine, one of glycine, and one residue
of an unidentified amino acid. Later more careful work by
the same authors showed that asparagine was a C-terminal
amino acid residue of insulin (19) and their claim of a
C-terminal glyecine residue was, according to Sanger (2),

orally withdrawn.

Formation of the Thiohydantoin of the C~Terminal Residue

The reaction in acetic anhydride of the free carboxyl
groupe of proteins with ammonium cyanate was used by several
investigatore for the determination of the C-terminal amine
acld residues.

Waley end Watson (20) found only C-terminal alenine
resildues by this method, while Baptist and Bull (21) found



elanine end & small amount of glycine. The latter authors
found that aspartic acid, glutamic acld, lysine, and arginine
resldues in C~terminal positions could not be determined by
their modification of this method. Turner and Schmerzler
(22) found that C~terminsl sepsragine but not aspartic acid
would form & thiohydantoin. Vhen these authors treated
ingulin with ammonium thiocyenate in acetic anhydride and
the thlohydantoin waeg selectively hydrolyzed from the re-
sldual insulln with berium hydroxide at room temperature,

the thiohydantolins of alanine and asparagine were obtained,
The latter date sgreed with Banger'e structure, Turner and
Schmerzler were able to apply the C-terminal thiohydantoin
technique in a stepwise fashlon to aynthetlé peptides to
obtain the expected sequence, but unfortunately no sequential

determination was made on insulin.

Investigations of the Aminold Terminus of Insuliln

Fletcher, Lowther, and Reith (23) used a modification
of the DNFB method of Sanger (4) to determine the N-terminal
amino ac¢id resgidues of insulin. The insulin used in the

determination was trested with DNFB, hydrolyzed, and the



ether~goluble DNP-derivatives of amino aclds were extracted
by the same procedure used by Sanger (4). The methyl esters
of the ether soluble and the water goluble DNP-amlno acids
were then prepared. CGCuantitative determinations of the
regulting amino acid derivatives were performed by adsorption
chromatography on alumina. The calculated results showed the
presence of two residues of N-terminsl phenylalanine, two or
three residues of N-~terminsl glycine, two residues of lysine
with only its epsilon amino group free, and two to three
residues of an unidentified amino acid. The authors had
prepared the DNP-derivatives of only a few amino scld egters
and so were not able to determine what the unldentifled
resldue was, When the authors carried out the H-terminal
determination of the ssme insulin sample by Sanger's tech-
nigue (&), they obtained only nhenylslanine and glycine
derivatives.

Fletcher, Lowther, and Reith (23) aleo carefully stand-
ardized the conditions of hydrolysis of the DNP-protein
derlivative in order to study the decomposition of DNP-amino
acides and the recovery of the unchanged producte. It was
found that recovery of these derivatives varied considerably
with the method of eestimasting the yleld and with the hydro-
lytic conditione and extraction procedures used. Although

Porter and Sanger (24) report that a constant proportion of



the DNP-amino acide can be recovered in the presence of
globin, Desnuellé, Rovery, and Febre (25) found that the
recovery of DNP-gepartic acid varied according to the pro-
tein present.

The significance of the work by Fletcher et al, 1s
fer-reaching, for it indicates that not &ll DNP-amino acld
derivatives can be determined by the partition chromatography
method of Sanger (4), and that because of such variable re-
sults, the calculations of the quantities of DNP-amino acld
resldues ususlly based upon the recovery experiments of
Porter and Sanger (24) are not reliable. A more compre-
hensive and critical study of the technique used by Sanger

in his study of insulin is nov essentisl.

.5131~?1§syl Derivatives of N-Terminal Residuesg

Udenfriend and Vellck (26) treated inmsulin with I+31.
pipsyl chloride. The product then was hydrolyzed and the
1131~p1psyl derivatives of the amino aclds having free amino
groups were lsolated firom the hydrolysate. CQuentitative de-
terminatione showed that insulin hsd glycine and phenylalanine
N~terminal residuee as reguired by Sanger's structure but
only one regidue of each per mole of 1nsulin‘af molecular

welght 12,000, The authors report that the I12 -pipsyl
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smino acid derivatives are much more stable to the conditions
of hydrolysis than the DNP-derivatives of amino seclde. An
added precautlion against error in the quentitative determina-
tion of the terminal residuee was taken by addition of the |
indicator 535~1abeled pilpeyl amino acid to the labeled pro-
tein derivative before hydrolysis. The destruction due to
hydrolysis should be the same for both the 1131~pip$y1
derivative of the N-terminal residue and the ﬁaswpipayl
indlcator residue.

In view of the results of Fletcher et al, (23), a re-
examination of thls method of analysis might be appropriate
in order to eliminate calcuiationa to compensate for the

lose of derivatlives on hydrolysis of the derivatized protelin.

PTH's of the N-Terminal Resldues

The reaction of & frec amino group with phenylisothio~
cysnate (PTC) in alkeline solution with subsequént acid
hydrolyele causes formation of the PTH of amino acide having
a free alpha amino group. The reaction was used by Edman
(7) a8 a means of determining the sequence of amino acid
residues in & peptide or protein.

Edmen (7) ran the reaction in 1:1 pyridine-water solu-

tion at 40°C. with the addition of alkall ae needed to
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maintain the pH of the solution at 8.6. After removal of

the pyridine and excess reagent with bengzene, the agueous
solution wae evaporated to dryneese., The PTH of the NH-ter-
minal amino acid wae formed on cleavsge of the H-terminsl
peptide bond with anhydrous nitromethane-hydrogen chloride
leaving the intact residusl peptide. Repetition of the
trestment and cleavage gave the PTH of the penultimate amino
acld residue, and eo on in a stepwige fashlon. After each
treatment, the PTH's were extracted. Quantitative determina-
tions of the PTH'g were based on their ultra violet absorption
at 267-268 millimicrons. The PTH's were then hydrolyzed with
barium hydroxide and the regenerated amino aclde were deter-
mined qualltatively by paper chromatography.

The Fraenkel-Conrats (27) applied a slight modification
of this technique to insulin. The hydrolysis of the phenyl-
thioureido insulin derivatlive was done with 0,6~1.2 N hydro-
chloric acid at 7590.‘(29). Four N-terminsl amino acld
residueg were found by quantitative methods and the qualil-
tative methods ghowed that phenylalenine, glycine, and some
alanine were pregent.

H. Freenkel-Conrat (28) agein modified the technigque
for determining the amino scid sequence in insulin and other
proteins and peptides. A solution of the substance whose

sequence wasg to be determined wae appllied to small gtrips of
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¥hatman No. 1 filter paper and dried., A 20 percent solution
of PTC in dioxane weg used to wet the paper and the strip was
 plsced in a pyridine, dioxsne, and water saturated atmosvhere
at 40°C. for two to three hours. The strlips wers then thor-
oughly waghed with benzene and a 1l:1 mixture of neroxide~free
ether and absolute aleohol to extract excess resgent. The
PTH's of the N-terminal amino acids wers formed by plaeing
the strips in a desiccator contalning beakers of glacisl
acetlic scld and 5.7 H hydrochloriec seld. The deslecator was
evacuated to about 100 mm., After four to 16 hours, the strivs
were removed and the PTH's wers extracted with the alcohol-
ether nixture. CQuantitative determinations were made snectro-
photometrically in this esolution et 270 millimicrons.
Gualitative ldentification was mesde by direct paper chroma-
tography of the PTH's and by hydrolysie of the PTH's with
bzriun hydroxide.

Although 14 steps were carried out on insulin by this
technigue, Fraenkel-Conrat renorted the results of only five
of the steps because the chrometographle plcture becanme
complex and further ldentification was difficult beyond the
fifth etep. The reesulte found for the pentapeptides of
native insulin and sleo the insulin A chain and B chein
agreed exactly wlth those of Banger. Thus, the lnsulin A
chain conteined the pentapeptlde, Gly.-Ileu,~Val.~Glu.NHy ~--
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and the insulin B ehain‘eaﬁtainea the pentspeptide Phe.-Val.-
Asp.NHg.-Glu,NH,.~His,

Fraenkel-Conrat (28) noted thet other amino acids
apreared to approach in quantity the amino secld residues
required by fanger's structure for some positione in the
insulin chains., This then made the determination of the
correct amino scid in the seguence dAifficult.

Fraenkel-Conrat (28) slso reported that the direect
chromatography of the PTH's indlcated the N-terminal and the
adjacent peptide bonde were split through the firet five to
seven stepe. Little evidence for non-speciflc splitting was
found., It would seem, however, that the splitting of the
peptide bond adjscent to the N-terminel bond is a non-gpecific
cleavage., Perhape too little information le glven in the
paper for the proper interpretation of the statement.

Christensen (29) applied the PTH technique to insulin
to determine the first five positione beginning at the N-
terminus. The hydrolysls was accomplished in thls case with
0.1 N hydrochloric acid at 75°C. Only glyeine and phenyl-
elanine residues were obtained on the flirst degradetion.

The amino acld residues expected from Sanger's structure
appeared on the subsequent four degradations with, however,
other amino acid resliduee spprearing also. EHome of the

‘extra® amino acid residues could be explalined as the result
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of incomplete reactions during previous degradations. In
some cases, however, the amounts isolated were too large to
be explalned in this manner, ;

Kaiser, Maxwell, Laﬁdmaﬁn, and Hubata (30) prepared
vhenylthiocarbanyl insulin by the same technique used by
Edman (7), then hydrolyzed the material with 2 N hydrochloric
acld in s sealed tube in & bolling water bath for one hour.
Direct paper chromatography of the extracted PTH's showed
that phenylealanine and glycine were the N-termlinal resldues
of insulin., It should be pointed out, however, that the
conditions for hydrolyels were rather mild and may not be
severe encugh to cause complete hydrolyslse of peptide bonde
involving such difficultly hydrolyzable amino seld residues
as valine and isoleucine (31). Thue an N-terminal valine
residue could have escaped undetected.

Landmenn, Drake, and Dillsha {(32) aleo reported phenyl-
alanine and glycine as the only N-terminal amine acid residues
found in insulin by essentially the method used by Kalser et
8l. (30). Peptides and proteins treated for end-group de-
terminations were hydrolyzed with 2 N hydrochloric acid at
7096. for two houre in this work. Such hydrolytic conditione
are used for partial hydrolysles and it would seem that in-

complete hydrolysis could certainly be expected.
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The PTH method as modified by Fox, Hurst, and Itschner
(6) and Fox, Hurst, and Varner (33) was spplied to insulin
by Bleney (5). Blaney ctudied the seguences of five amino
acide in the insulln molecule. HNative ineulin wes first
hydrolyzed and the amounte of the five amino acids, phenyl-
alsnine, iscleucine, valine, aspartic scld, and glutamic
acld were determined in the hydrolysate by microblological
agspy. Glycine was not determined because the microbilological
assay of thie amino scid hsad not been successful in thise
laboratory. Table 1 compares Blaney's resulte with those of
Tristram (34), Brand (35), Fromageot (36), Sanger (1, 2),
and Harfenist (31). 4s cen be seen, the results sre in close
agreement with those of Sanger excent that three residues of
leoleucine were found. |

When the subtrasctive mieroblological sequence technlque
of Fox, Huret, and Yarner (33) was applied, resulte in gen-~
ersl agreed with thoee of Sanger. The resulte for the five
emino aclds studied ere given in Table 2, The three residues
of igoleucine appeared in both the untreated hydrolyeate and
in the hydrolysste of tre sample given one subtrective treat-
ment. Blaney found 0.6 resgldues of 1isoleucine indlcated in
the hydrolyeates of the second and third subtractive treat-
ments. He reportes that such an amount of utilization of the

FTH of isoleucine might be expected in view of the findings



Table 1. The number of residues of five amino scide in insulin®

fmino acid Tristram Brsnd Fromageot Senger® Harfenist® Blaney
{34) (35) (38) (1, 2) (31) (5)
phenylalanine 5.9 5.8 - 6.0 6 8 5.6
isoleucine 2.5 2.7 1.5 2 2 2.9
valine 7.9 9.0 7.6 10 10 10.0
aspartic acld 6.1 6.1 5.0 6 6 5.4
glutamic acid 15.2 16.4 16.0 1k 14 13.3

8The major portion of this table is taken from Blaney (5).

b, : , ,
Numbers of residues as required by Senger's structures.

CHarfenist!

12,000.

s results were doubled to conform to

e

[=2

molecular weight of

91



Table 2. Number of residues® before and after PTC tre&tmentsb

Kumber of reatments

Amino acld 5 I p 3 N
phenylalanine 6(6)° B(h) B(h) B(h) ~f
lsoleucine 3(2) 3(2) 0-1(0) 0-1(0) -(0)
valine 10(10) 9(10) 8(8) 6(6) -{6)
aspartic acid 5(6) 4(8) 11(8) 2(4) -{4)
glutamic acid 13(14) -(14) ~(14) ~(14) 11(10)

&The numbere of residues have been rounded to the nearest whole
number, '

Prable 1s taken from the unpublished Ph.D. thesis of D. J. Blaney (5).

®The number of residues of each amino aclid reeldue required by Ssnger's
structure (1, 2) ie given in parentheses.

53
Blanke indicste that the amino scld residue was not agpayed.

41
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of Serat (37) that thie PTH and the one derived from leucine
are utilized to esome extent by the assay organlism,

The diseppearsnce of one residue of vsline in the hy-
drolysate of the first subtractive treatment indicated that
one valine residue occurred in an N-terminal position. These
results were borne out when the PIH's were extracted with
ether from the hydrolysste of another sample given one sub-
tractive treatment. On hydrolysis of the extracted PTH's with
barium hyéroxide and paper chromatography of the regenerated
amino scids, strong spots appeared for phenylalanine, glycine,
and valine (5). After his thesis hed been completed and
submitted, Blaney repeated the extraction and hydrolyels
technligue, Paper chrometography of the regenerated amino
aclds again ylelded strong svots for phenylalanine, glycine,
and valine aeg well as two faint evots between the glycine
and valine spotes (38).

The regults for aspartic scid are not consietent, prob-
ably due to some inconsistency in the assay organiesm or
procedure at the time these sssaye were run. The mierobio-
loglcal agsay of aspartic scid has been somewhat troublesome
in this laborsatory until recently (39). Therefore, the
appearance of one aspartic acld residue as an N-terminal

residue may not be significant.
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It should be noted that the presence of six N-terminal
amine acid residues, two of phenylslanine, two of glyecine,
one of vallne, and‘ane of aspartic acid would, ae pointed out
by Blaney (5), agree with results reported by Chibnall (40)
that 18 free amino groups per molecule of weilght 35,500 in
addition to the free € -amino groups of lysine were found by
the Van Slyke amino nitrogen determination. Crowfoot's (41)
X~rey data also indicates there are 18 peptlde chsine per
insulin molecule of molecular weight 36,000, On a basis of
an insulin mnlaculevof & minimum molecular weight of 12,000,
both Chibnall's and Crowfoot's results would indlicate six
peptide chalins per molecule, thus 1&5&1&@ support to Blaney's

results of silx N-terminal amino acids.
Additional Investigations

Variation in Amino Acid Composition of Insulin from Different

Sources

Harfeniet (31) has published the results of complete
amino acld snalyses of beef, pork, and sheep ingulins. Pre-
vious work by Harfenlet and Craig (42, 43) had indicated
beel insulin could be separated into two blologically active

componente, called insulin A and insulin B by the authors.
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The amino scid analysie of both beef ineulins A and B and
of pork and gheep insuline was carried out. The rasulté
reported by Harfenlet (31) are given in Table 3.

As can be noted from Table 3, beef insulins A and B
differed from each other by only one smmonlis residue and did
not differ from the amino acid composition of Sanger's struc-
ture. The differencee in insuling from other gources are
shown in the numbere of reslidues of lsoleucine, valine,
glycine, alanine, threonine, and serine,

Harfeniet (31) reports that no differences in immunologi-
cal properties or physiologlical activity were shown by any of
the insulins from these sources. The differences in amlno
acid composition muet, therefore, have & very small effect

on their blologleal properties.

Fractionation of Performic Acld-Oxidized Insulin

Andersen (44) separated performic acid-oxidized insulin
into crude preparstions of fractione A and B uging ammonlum
acetate buffer as wae done by Sanger (9). The crude prepara-
tions were then subjected to partition chromatogrsphy on
silane-tre:.ted Hyflo-Super Cel, The aolﬁant gsyetem used was

2-butanol and 0.01 N trichloroacetic acid (1:2.5). The peaks
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Table 3. Amino acid compositions of insuline from different
sources

Humber of reaiduesb

Beef-A Beef-B Pork Bheep

Amino acld

isoleucine
valine
glyecine
alanine

ot

FOoON BRON
bt

Foan oOmon
I b

FONON BOON

threonine
gserine
agpartic secld
glutamie acid

FOEFEFE FoooOpR

ok
ok
o
i

proline
cyetine
leuclne
tyrosine

oot

GroNnEe @ooen
ot

wmonEe oo
ot

Qo EN onpoN
i

phenylalanine
histidine
lysine
arginine
ammonia

8These results were reported by Harfenist (31).

bThe numbers of residues were converted to a molecular
welght of 12,000 for the insulin molecule for comparison
with previous analyses.
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of peptide materisl were located by determining the optical
density a2t 277 millimicrons of the fractions collected.

A single sharp peek wae obtained for fractlon A and two
pesks were obtained for crude fraction B. One peak of the
latter two represented Sanger's fraction B, although Andersen
glves no details on how thilsg was determined. The trichloro-
acetic acid was removed from the fraction€ with Dowex~2 and
each was lyophlilised. Paper electrophoreeis of the two
fractione indicated that complete geparation had been
obtained.

Although the suthor apparently dleregards the second
peak obtained in the partition chromatography of the erude
prapgratian of fractiocn B, it would be interesting to know

the nature of the material forming thieg peak. Could 1%t

perhaps ha#e been a third peptide chain of ineulin?

Brgwn,Shumaker,‘ﬁimaaheff, and Kirkwood (45) investi-
gated the fractionstion of insulln by meane of electrophore-
sile-convection, The 1nsgulin used in these preliminary
experiments wasg found to be separasbls into twoe components.
Timasheff, Brown, and Kirkwood (46) found, in an extension

of the investigation, that commercial Lilly Zinc-crystalline
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Insulin and a specially prepared Lilly amorphous insulin
could be fractionated into a major, active, electrophoreti-
cally homogeneous component and a minor electrophoretically
heterogeneous fraction containing a considerable lower
activity. Study of the fractionatlion data indlcated that
the najor electrophoretically rapld-moving component probably
contained all the activity and thet the slow highly hetero-
geneous minor component probably contained none of the
insulin activity. The total amount of the slow minor com-
ponent was estimated to contain as much as 40 percent of the
total protein., The simllarity in behavior between the two
componentes indlcated that thelr chemical differences were
very minute and mobility date indicated difierences of
three electronic charges per molecule of 36,000 molecular
welght,

The two frasctiong separated by electrophoresls-convection
(46) aiffered from those separated by counter-current dis-
tribution by Harfenist and Cralg (42, 43) because the latter
two fractions d4id not dlffer in activity. Harfenist and
Cralg (42), however, reported that all the insulin investi-
gated by counter-current distribution contalned from ten to
50 perecent protein other than the m&jor component, There 1is
no data glven in elther paper which will allow one to decide

whether the minor heterogenecus component of Timasheff,
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Brown, and Kirkwood (46) is perhaps some of thie vprotein or
not. The possibility should be investligsated.

Timesheff and Kirkwood (47) studied the fractionation
of the complexed insulin-protamine egysteme by means of
electrophoresis~convection. The insulin-protamine complex
wag very easlly separsated at pH's very c¢lose to the iso-
electric point of insulin. This wae not poseible for the
free insulin alone. As shown by the activity of the sepa-
rated insulin components, the complexed insulln-protamine
syetem could be more completely sepsrated. The data obtained
frem thieg work seemed to support the conclusions of the pre-
viocus work that the slow minor component contalned little or
no activity. '

No attempt was mede during theee lnvestigatlons to
determine the amino acid anslysis or amino acid sequence of
the major or minor components of the fractionated insulin.
The investigetione have probably not progressed to thls point.
Until euch date are avallable the significance of the frac-
tionations cannot be evaluated or compared with information

obtained by other investigators.
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Summary

Although there is coneiderable evidence in the literature
to support portions of Sanger's proposed amino acld sequence
in insulin, there is mounting evidence to show that hile strue~
ture may not be entirely correct. Fletcher, Lowther, and
Reith {23) have certainly cast doubt on the ability of
SBanger's pertition chromatography technigue to determlne
all the amino scides having free amino groups. As pointed
out in the discussions of various pleces of work, other por-
tiones of Banger's operations used to ldentify peptides or
amino acld derivatives may have to be sorutinized more
carefully esnd perhape be reinterpreted. Such reinvestiga-~
tion need not detract from the admiration one rightly holds
for such a prodigious task so ably performed by Sanger and
hie co-workers. The scope of the work and the large number
of operations necessitated by the nature of the investiga-
tione of portions of the emino acld sequence of ineulin,
however, meke a reinvestigation of the complete structure

of insulin & necessity.
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METHODE

Paper Chromatography

Apparstue

Chromsatovraphy Jare equipped with stainless atesl
racks, Pyrex troughs and antisiphon rods, and covers (Re-
search Equipment Corporation) were used for all the de-
gecending chromatograms. Two sizes of Jar were used. A 12
% 24 in. Jar was eguipped to hold four 20 x 57 cm. sheets
of papsr. Two 8 x 18 in. Jars were each egulpped to hold
two 10 x 45 cm. sheets of paper.

Agcending chromatograms were run in a 10 x 12 in. Jar
equipped with a desicecator 114 for = top. & 46.5 x 28.5 em.
sheet of chromatography paper, when stapled in the form of a

cylinder (see p. 30 ) could easily be fitted in this Jar.

Papsr

Whatman No. 1, a medium speed and general purpose
chromatography paper, was used for all the paper chromsto-

gramg described.
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Solvents

All solvents used were elther reagent grade solvents or

were purifled by redistillation in an all glass apparatus,

£tandard Compounds

All the standard solutlons used were made to concentra-
tions of 1 mg., per ml.

4‘ The standard solutlons of amino acids were prepared
from,gcﬁm&rcially avallable %Egnamin@ aclds except where
specifically noted otherwise.

The stendard solutions of PTH!'s of amino acides were
prepared from the PTH's syntheslzed by Serat (37).
The DNP-amino aclde used to prepare standard sclutions

were synthesized by the method of Porter (48).

Location of the Compoundes on the Developed Chromatozram

Amino scids were at first detected on paper chromato-
srams by spraying the paper with a 0.2 percent solution of
ninhydrin in water eaturated n-butyl aleohol. After heating
the sprayed paper at 100%¢. for seven minutes, the areas

oceupled by the amino aclds were blue or purple.
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The ninhydrin reagent of Levy and Chung (49) was later
found to give reproducible differential colors with certain
of the amino acids. These colore were: phenylalanine, blue-
gray; tyrosine, gray; glycine, red-purple; cystine, brown;
histidine, brown-purple; proline, yellow; aspartic acld, blue;
leucine, isoleucine, alanine, threonine, glutamic acid, ly-
gine, and veline, blue-purple,

& 0.2 percent solution of ninhydrin in either water-
saturated butanol or absolute ethsnol was prepared. Two ml,
of 2,4,6~collidine and 15 ml. of glacial acetic seld were
added to each 50 ml. of this solution.

The reagent was sprayed on the developed chromatogram
and the sheet was heated for three minutes at 100°C. The
colore were intenee for five gemma quantitizs of each of the
_gmino acide chromatographed. The ninhydrin-acetic acid-
callid;ne resgent appearse to be superior in thet it is
seneltive to very small quantities of amino acld and the
colore of the individual amino scids are reproducible in
every cace.

PTH'e were detected by spraying the paper (impregnated
with & 5 percent starch solution) with a solution of a 1:1
mixture of 0.01 ¥ lodine in 0.5 M potaseium lodide and 0.5 M
éodium azide. The areas occupled by the PTH's remeained

white against a brown background.
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The DNP-amino acid derivatives are bright yellow and so
can easily be scen on the paper. No reagent is required %o
detect thelr presence. Faint spots are easler to see 1f the

paper ls held between a light source and the observer.

General Procedure

Descending chromstogrephy. The genersl procedure fol-

lowed in preparing and developing a papeéer chromatogram was
the eame in all experimente. The paper was cut to the slgze
required for the chromstography Jar used. If the paper was
to be impregnated with a buffer golution or with a starch
solution, thie was done and the paper was dried thoroughly.
A line 6 cm. from one of the narrow ends of the paper sheet
wae marked with & pencil. The soiﬁticna, standards and
unknowns, were spotted at intervals of 2 to 3 cm. on this
line., Five lambda sliquots of the solution were applied at
a time from a micropipette (Microchemical Specialties Com-
pany) until the proper amount had been added. Each five
lambda allguot wase dried before another waes added,.

The solvent systeme were always freshly prepared. The
paper chromatogram was hung in the chromatography Jar in the

presence of the lower solvent phase to equllibrate with the
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solvent. The length of time of equilibration depended upon
the solvent system used.

After eqnili%rgticn of the paper, the organlic phase of
the solvent syestem wae placed in the trough. The chromato-
grams were usually developed until the solvent front had
nearly resched the end of the paper. If a longer developing
time than thie was required, & plece of Kleenex was stapled
to the bottom of the sheet and the solvent waes allowed to
run off the bottom.

After development, the sheets were dried, then trested
with the proper reagent for logation of the aress occupled

by the compounds being chromatographed.

Ascending chromatogrschy. A 46.5 x 28.5 om. sheet of
chromatography paper was cut (the originel 46.5 x 57 om.

gheet wae ocut in half). 4 pencil line wes marked 2 em, away
from and parsllel to one of the long edges of the sheet.

The stendard and unknown solutione were applied at 2 to 3

cm, intervels Just ss was done for descending chromatography.
The narrow edges of the gheet were then brought together to
form a cylinder of the sheet. Ordinary staples were used to
hold the edges about 0.5 em. apsrt. The cylinder thus formed
war then placed in the 10 x 12 in, Jar with that end contain-
ing the applied substances on the bottom of the Jjar. After

the proper equilibration period in the presence of a beaker
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of the aqueous solvent phase, the orgenic solvent phase was
placed in the bottom of the Jar. The chromatogram was allowed
to develo» until the solvent front had just reéch&ﬁ the top
of the paper, The chromatogram wae then removed, dried, and
sprayed with the proper resgent to detect the separated

compounds.

Bilica Chromatography of DNP-Amino Acids

Avparestus

Sillca chromatograms were run in glass columne made from
14 inch lengthe of 12 mm. {outslde dlameter) glass tublng.
One end was heated until the edge of the glase formed a
slight constriction.

An apparatus for applying a positive alr pressure of
about 5 inches of mercury to the top of the column was pre-
pared. Thies was needed to force the solvent system through
the tlghtly pvecked eillea column,

Pipettes for trensferring solvent and the solutions of
the DNP-amino aclde to the surface of the gllica columne
without disturbing the surface particles were made of 6 mm.
gless tubing. A rubber bulb at one end wae used to fill the

pipette and the other end was drawn out at = slight angle
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for applying the solutions to the side of the glass column
Just above the gilica surface.

Filter paper disks having a dlameter of exactly 1 cm.
were cut with a eharp cork borer from Whatman No. 50 filter
paper. Thege were bolled in 0.1 ¥ nitric zcid for a Tew
minutes, then dried. Just before use, the disks were wet
with 2 N hydrochloric acid, blotted between pleces of fillter
paper, and fitted ageinet the constriction in the end of the
glass tube of the column. The silica gel was held in the
gless column by this disk. |

A plunger wae prepared by attaching cotton to one end
of a plece of 6 mm., glase tubling with & doubled plece of
etring. The doubled string was passed through the glase
tube and tled to a match stick at the other end so that the
cotton wae held tightly againet the tube. The quantity of
cotton wag guch that 1t Just fltted in the chromatography
tube but at the same time would slide freely in it. This

plunger was used to pack the silica colunmn.

Preparation of the Eillica Gel

One pound of eodium silicate (Baker Chemical Company,
40%-42° Be, lot 7595) wae placed in a large beaker. One and

one quarter volumeg of dilegtllled water were added and the
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golution wae cooled to 2°C. in an ice bath. Concentrated
hydrochloric scid was added slowly with stirring. The solu-
tion was not allowed to warm above 10°C. during the addition
of the acid. The silicate thickened to & gel which wag dif-
ficult to stir but the addition of more acid caused the gel
to liquefy sgain anﬁ'fiﬁally to become a esuspension of
particles., The larger lumps were broken up. VWhen the solu-
tion wag strongly acid, 1t was left to warm slowly to room
temperature, After aﬁanﬁing overnight, an equal volume of
water wae added. The aqueous acid was decanted and the
sllica gel was washed several times with water., The washings,
containing suspended fine particles of silica which would
make filtretion difficult, were poured off each time and
diecarded., The remaining perticles were filtered and washed
agaln until no more chloride ion was found in the washings.
The gel particles were dried for four days at 11000. with

frequent stirring.

Preparation of the Solvents

The chloroform used in the solvent system was redis-
tilled, then washed five times with an equsl volume of water
to remove ethanol. It was stored in the dark in an amber

bottle.
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Ethanol was allowed to stand over potassium hydroxide
pellete for a few days to polymerlze any aldehydes present
and to remove water. It was distilled and stored in the
dark in amber bottles.

Phosphate buffer of pH 3.7 was prepared by dissolving
- 13.8 g. of sodium dihydrogen phosphate monohydrate in water
and diluting 1t to the 100 ml. msrk in a volumetrie flask.

This was used ag the stationary phase.

Standard Solutions of the DNP~Amino Acids

The standard solutions of DNP-amino aclds were prepared

a8 described on p. 27.

General Procedurs

Three g. of the dry sillica gel were ground with 1.5 ml,
of the phosphate buffer (pH 3.7) until a very fine dry powder
wae obtained. The grinding was done in & beaker. A flat
bottomed test tube wae used as a pestle.

One of the 1 em. fllter dleke was wetted witn 2 N
hydrochloric acid and blotted between filter papers. The
disk wae then placed in the large end of the glass column

and carefully pushed to the constriction at the other end
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of the column. Care had to be taken that the filter disk
wae perfectly flst on the inside of the column and had no
creases to allow the sillica suepension to run between the
disk and the glass wall.

4 0.25 percent solution of ethenol in wet chloroform
wae used as the moving phase. The finely ground ellica con-
taining the gtationary phase was suspended In a little of
the moving phage and the suspension was poured into the glass
column. Care was taken to let the suspeneion run slowly
along the side of the column in order not to dislodge the
fllter disk at the bottom.

After the gilica gel suspension had all been poured |
into the column, positive air pressure was applied until the
suspension hed descended about half-way down the column.

The alr prescure wae removed and the column was rotated
rapldly between the palmes of the hands to help settle the
sllica gel partlcles evenly. Pogltive alr pressure was
then agaln applled until the surface of the solvent had
Just resched the top surface of tSE settled silica gel.

The plunger was used to put slight pressure on the top of
the column to nack the sllica particles together. Too nmuch
presczure at this point was found to pack the column too
tightly and the solvent ran through very slowly even with

the air pressure. A small amount of the moving eolvent
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waes placed on the column with the pipette and alr vresesure
was applied until the solvent surfsce had Just reached the
top surface of the gilica gel again. The column was now
ready for the applicastion of the DNP-amino acide. At no time
during the use of the column was the solvent surface allowed
to fall below the surface of the silica column. When this
acclidentally occurred, the sllica gel cracked and a new
c¢olumn had to be prepared.

EBetween one and two micromoles of each DNP-amlno acid
in 0.5 ml. of moving phase were apvlied at one time. The
insulin hydrolysates were dliluted so that approximately this
amount of the DNP-derivative of the terminal amino aclds
would be applied in 0.5 ml. of the moving phase. The DNP-
amino acld solution was pressed into the column with air
presgure and a few milliliters of the moving vhase was care-
fully sdded to the top of the silica to wash any DNP-amino
acid off the glde of the glass column. After pressing this
into the column, the moving phase was appllied to the silica
gel and forced through with pressure.

Standerd DNP-amino acld solutlons were first run through
each newly prepared column to measure their R values. The
distance of the meniscus of the solvent above the silica cel
surface was measured before anplying alr presesure and agaln

after releasing the pressure. The dletance of the lower
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edge of the yellow band formed by the DNP-amino acid was also
measured before and again after releasing the preesure. The

R value wae calculated from these values as follows:

R = dietance moved by the DNP-amino acid band
=~ distance moved by the meniecus of the solvent

After obtaining R values of the standard DNP-amino
aclds, the unknown solution wae applied and the R values of
the bands formed were measured in the same manner. The R
values of the unknowne were then compared with the R values
of the standards to determine which derivatives were in the
unknown. For further checking, the band of one of the unknown
amino aclide wae completely eluted and mixed with some of the
standard solution of the DNP-amino acld whose R value wae
spproximately the same. The mixture was chromatographed to
see if it ran as & single band. A single band indicated the
derivative from the hydrolysste and the standard DNP-amino
acid were the same.

It should be noted that the same standard DNP-amino
acid solution had a different R value on each new silica
column prepared. Preparation of a new batch of the 0.25
percent ethanol in chloroform sgolvent alsgo required deter-

mining the R values of the standerds agsain. Excess solvent
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was always prepared so that the R values of the gtandarde
did not have to be determined more than once for esch run.
Enough silice gel had been prepared in the one prepara-
tion revorted here for all the experimente done. However,
batchee of gllica are known to vary in their chrometographic
nroperties even when carefully prepared by the same method
(48, 50). For thie reason, the R values obtained with one
gllica gel preparetion may differ considerably from those
obtained with snother. Dr. ¥W. R. Middlebrook (50) has also
found that the solvent systems may have to be varied from
one preparation of silica gel to another. For example, where
0.25 percent ethanol in chloroform gave the best separation
of DNP-phenylalanine from DNP-valine with the silica gel
preparation used for these experiments, a solution of 0.5
percent ethanolin chloroform gave the best sevaration of the
same two DNP-amino acids on columns packed with silica gel

Dp. ﬁidﬁlébrook had prepared by the same method.

Terminal Reglidue and Residue Sequence Studles

Ireatment with PTC

The procedure followed by Edmen (7), Blaney (5), and
Fox et sal. (33) was essentially that used in these experiments.
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 Approximately 5 mg. of insulin was welghed into a welghing
_Buttle. One ml, of water and 1 ml. of pyrldine contalning
\20 moles of PTC per mole of reactive groups in insulin were
added to the welghing bottle. A few crystale of brom thymol
blue and enough of a mixture of 1:1 pyridine and 0.1 N sodium
hydroxide to turn the color of the solution blue-green were
added, The blue-green solution indicates a pH of about 8.5.
In gome cases where more than one sample was being treated
at the same time, the brom thymol blue was added to only one
sample and the same number of drops of the alkall solution
needed to bring that sample to & blue-green color was added
to each of the others. The welghing bottle containing the
sample wag heated at 37°C. with frequent addition of the
alkall selution to bring the color back to & biue-green be-
cause acldlic by-producte are relessed as the reaction proceeds.
When the color of the solutlon had not changed from blue-
green within a two hour period of incubation, the reaction
wae coneldered complete. The solution wae then evaporated
to dryneee in vacuo in the presence of sodium hydroxide
pelletes and concentrated sulfuric acid. At this point‘the
insulin should contein s phenylthioureido group attached to
gach free reactive group. The groups which are known to
react with PTC are free amino, phenelic, thiol, and imidazol

groupe. The typlecal reaction with the amino group follows.
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pH 8.5
ROH-G-NH-R  + Q—N:G:S 5

NH,

SH 0 ﬁ
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Hydrolysle of the Phenylthioureido Derivative

The formation of the PTH of terminal aminc scide is
catalyzed by acids (5, 7).

s R O OH
T " |
@-ﬁH~G~NH~CH~C-NH~B————-) R?H«ﬁ——-—ﬁﬁ«-ﬂ
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If only the PTH of the amino acid residue to which the
phenylthioureido group was attached was wanted and no further
sequence studleeg were planned for the sample, the phenylthlo-
ureldo insulin wae completely hydrolyzed in 6 N hydrochlorie
acld in the autoclave for 16 hours.

If further seguence studies were desired, the phenyl-
thioureldo ineulin was treasted with anhydrous dloxane
saturated with hydrogen chleoride gas, Only the peptide
bond of the terminal amino acid whose alpha amlno group has
an ettached phenylthioureido group ie selectively cleaved by
the anhydrous dioxane-hydrogen chloride (dioxane-HCl) leaving
the interlor peptide bonds intact for further treatment.

After PTH formaetion by elther method, the hydrolysate
was evaporated to dryness in vacuo in the presence of sodium

hydroxide pellets and concentrated sulfuric acld.

Subgeguent Treatment

If further positions were to be studied, the dried
regidue of the dioxane-HCl wae egain trested with PTC and
the complste cycle was repeated in the same manner as

before.
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Extraction of the PTH's

When the PIH'g were to be studled, 5 ml, of O.1 N
hydrochloric scld were added to the dry residue of the
hydrolysate. The PTH's were then extrscted. A glasc appa-
ratus was constructed for continuous ether extractlon of the
PTH's directly from the weighing bottle in which the reaction
- had been run. Extraction for sbout two hours produced a
celarlése ether phase above the sgueous phase of the hydroly-
sate. The aqueous hydrolysate was on other meeaaions‘ex~
tracted with from ten to twenty 4 ml. portions of ether and
two to five 4 ml. portione of ethyl acetate. ?he’ether and
ethyl acetate extracte were combined. The extracts were, in

either cese, evaporated to dryness.

Hydrolysies of the PTH's

The drled extracted PTH's were dissolved in & emall
amount of ethyl acetate or ether and transferred to s small
Pyrex test tube. After the addlition of 0.2 ml. of 0.25 R
barium hydroxide to the tegt tube, 1t was eealed and sus~-
pended for 48 hours in an oil bath kept at 140°C. The test
' tube was opened and the barium was precipitated with a gentle

gtream of carbon dioxide or with a slizht excess of oxallc
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acld. The precipitate was centrifuged to the bottom of the
teet tube and the supernatant, containing the regenerated
amino aclds, was used for paper chromatography.

Some paper chromatograms of the barium hydroxlde hydroly-
gates of PTH's stresked badly snd contaeined yellow and orange
colored epots which did not correspond to any known amlno
eclde., These often interfered with the interpretation of
results. Hydrobromic scid was therefore used to hydrolyze
some of the PTH's (22, 51). The extracted PTH's were hydro-
lyzed with 0.2 ml. of 48 percent hydrobromic acid in a sealed
tube at 15006. for 24 hours. The hydrolysate was evaporated
to dryness, dissolved in 10 ml. of water and ageln eveporated
to drynees. The dry residue was dissolved in 10 ml. of water
and extracted three times with a 5 percent solution of di-2-
ethylhexylamino in chloroform to remove hydrobromic acld
(51, 52). The aqueous solution was extracted three times
with chloroform to remove excess amine. The aqueous phase
wag again evaporated to dryness, then dissolved in 0.2 ml.

of water and used for paper chromatography.

Preparation of the DNP-Derlvatlives of the N-Terminsl Amino
Aclde of Insulin

The proecedure of Sanger (4) and Porter (48) was followed

In the preparation of the DN¢-derivative of ineulin. The
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insulln and an equal welght of sodium bicarbonate were welghed
into an Erlenmeyer flask., The insulin end blcarbonate were
suspended in ten times the welght of water and twlce the
volume of & 10 percent solution of DNFB in ethanoclwas added.
The flask was sheken on a mechanical shaker for two hours at
-room temperature. The bgight yellow DNP-Iinsulln precipitate
wag centrifuged and washed twlce with water, twice with
ethenol, and twice with ether, then dried in alr.

The DNP-insulin was hydrolyzed in 5.7 N hydrochlorie
acid for 24 hours to completely split all peptide bonde in-
volving vallne residues. After cooling, the hydrolyesate was
extracted with three portione of ether., The ether extracts
were combined and extracted three times with water, the water
extracts belng sdded to the aqueoas/hydrolysate. Both the
ether extract and the aqueous hydrolysate were evaporated to
dryness. The ether extract should contalin the DiP-derivatives
of all but the basic amino aclids. The DNP-derivatives of the
basic amino acids should be found in the aqueous hydrolysate

regldue,
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EXPERIMENTAL AND RESULTS

The sequence of the amino acid reesidues in inesulin weae
studied by two methods: (1) The formation of PTH's of the
N-terminal and subseqguent amino scld residues by the tech-
nique described in the Methods section, p. 39, and (2) the
formatlon of DNP-derivatives of the N-terminal sand subsequent

amino scid regidues by the technique described on p. 43,

Insulin Sample Used for Ex epriments

The insulin sample ueed for the following experiments
was obtained through the generosity of Dr. ¥W. F. Yhite of
the Armour Laboratories. The insulin sesm-le (No. B73-534B)
was prevared by the fibril purificstion technigue (53) from
bovine pancress in 1952, Ite noteney was 27 units per mg.
when sssayed shortly after preparation, The total nitrogen
content waeg 15.4 percent. The sample wae a portion of one
reported as hsving been tested by Dr. Lyman €, Crailg and

found to be “"extremely pure® (54),
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Investigation of the Amino Aclid Resldue
Beguence of Insulin by the PTH Method

Direct Paper Chromatography of PTH's

Landmenn et gl. (32) end 8Joquist (55) reported that
PTH'g could be determined by direct paper chromatography.
The time-concuming hydrolyesls of the substituted hydantoln
could be eliminated in the sequence determinastions by direct
paper chromatography of PTH's. The method of SJjoquist (55)
wee chogen because 1% was sensgitive to asg little as 0.5
micrograms of PTH and gave better geparation of the PTH's of
phenylalanine snd valine than the technlique used by Landmann
&t al. (32).

Sjoquist's solvent system A (55), & mixture of 70 ml.
of n-heptane and 30 ml. pyridine, was used to develop the
chromatogranms.

A 4,725 mg, ssmple of ineulin was treated with PTC,
completely hydrolyzed with 6 N hydrochloric acid in the auto-
clave, and the PTH'g were extracted with ether and ethyl
acetate as described in the section oh Methods, pp. 38-~43,

4 10 x 46 cm. sheet of Whatman No. 1 chromatography
paper wae impregnated with a 0.5 percent starch solution and

dried., Five 5 lambda sliquots of the ether solution of the
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extracted PTH's was spotted on the paper. Ten gammas each
of the PTH's of phenylalenine, glycine, and valine &nd a
mixture of flve gammas of each of these three PTH's were
placed at 2 cm. intervsle on the sheet. The chromatogranm
was equillbrated for one hour, developed in the salvenﬁ
syetem for three hours, dried at 100°C. for ten minutes, and
sprayed with the lodine-agzide solution described on p. 28 of
the Methods section. Bleached areas for all of the PTH
gtandards appeared lmmediately but no bleached area sppeared
for any PTH'e in the ares traversed by the ether extract of
the hydrolysate ef PTC treated insulin. The exveriments
were repeated with larger volumes of the ether extracts of
the treated insulin hydrolysate with no better succese.

In & similer experiment, 8.51 mg. of glyecylphenylalanine
was trested with PTC, hydrclyzéd, and extracted with ether
and ethyl acetate, The combined extracts were evaporated to
dryness, then dissolved in 0.2 ml., of ethyl acetate. A 25
lambde rortion was chromatographed with five gammes of
synthetic PTH of glycine on an adjacent spot as & reference
gstandard. Although the 25 lambdas of the extract of the
treated peptide hydrolysate would have yilelded 1375 gammas
of glycine PTH if the theoretical yleld bhad been formed and
extracted. However, no visible bleached areas appeared at

the expected posltion. There wasg a faint bleached area with
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an Ry of 0.68 compared to 0.24 for the PTH of glyeine. The
point of origin was very vrominently blesched, indlecating
that a large amount of sulfur-containing meterlsl had not
moved., Further attempts to determine PTH's by direct paper

chromatography were abandoned.

Investigstion of Bacterial Conteminastion in Ineulin

Dr. W, R. Middlebrook (50) suggested that s minute
amount of bacterizl conteminant in the insulin might have
provided an enzyme which hydrolyzed certain peptide bondg in
the insulin. A& eterile loop was used to streask some of the
ineulin on sterile nutrient agar (Difco Bscto Nutrient Agar,
Difco Laboratoriese) in a Petrl dish. The Petri dish was
incubated at 37°¢. for eix days. Only a mold contaminant
began to grow at one edge of the dish at a considerable

distance from any of the insulin.

Sequence of Amino Acid Residues of Native Insulin

ggﬁest%gation of the N-terminal smino acid resldues.

Two samples of ineulin, each weighing 5.07 mg., were treated
with PTC in the usual way. One sample wae hydrolyzed with

6 N hydrochloric acid in the autoclave. The second was
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treated with anhydrous dioxane-HCl, then given a second
treatment with PTC end completely hydrolyzed in the auto-
clave. Each sample was dried and extracted with ether and
ethyl acetate, The extracted PTﬁ'é were hydrolyzed with
barium hydroxide and the barium precipitated with carbon
dloxide as described in the section on Methods, pp. 38-43,
Peper chromstograms of the regenerated amino acide were
developed in a butanol-acetic acid-water (4:1:5) solvent
system, The regenerated amino acide from the N-terminal
position of insulin given one PTC treatment were phenylalanine,
glycine, and veline. All three spots were about &8s intense
as those of thelr reference standsrds which contained five
gammas of each amino acid. The results of the chromatogram
of the amino acids regenersted from the PTH's of the N-
terminal and penultimete posgitione of insulin were somewhat
ambiguous. The 4:1:5 butanol-acetic acid-water solvent sye-
tem does not separate phenylalanine and isoleucine. Aspartic
acid and glyeine are also listed as having the same Rg
values in this syetem. The spot at the position of iso-
leucine and phenylalanine had the color of the isoleucine
reference standard. The valine spot was nearly twice the
gilze of, and more intenee than, the same spot in the hy-
drolysate of once treated insulin. An elongated colored

area occurred at the position opposite the glycine and
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aspartic acld reference spots. The upper portion of the
elongated area, slthough it had run ahead of the reference
gtandard, appeared to have the color of the aspartic acid
reference standard and the lower part that of the glycine
reference gtandard. These resgulte cannot be interpreted
because there was no definite separation.

An experiment to gtudy the relesss of amino aclds as
their PTH derivatives in the stepwise sequence determinstion
wes begun. Four samplee of insulln were welighed into weilgh~
ing bottles. Eample 1-N weighed 4.5 mg.; Sample 2-N welghed
4.6 mg.; Bample 3-N weighed 5.1 mg.; and Sample 4-N weighed
5.8 mg. All of the samples were glven one treatment with
PTC and znhydrous dloxane-HCl fiesion, then dried.

A continuous extraction apraratus (see p. 42 of the
Methode section) was ﬁsaﬂ for the direct ether extraction of
the PTtt's of Ssmples 1-N and 4-N from the weighing bottles
in which the reactions were performed,

‘The aqueous residues of the two samples containing the
resldual ineulin less the N-terminal amino acid resldues were
evaporated to drynese. The dry residue of Sawmple l1-N was
uged for the study’of the penultimate amino ascid residues
by reaction with DNFB (see p. 99). The dry residue of samvle

L-N was used for a eecond PTC treatment (see p. 62).
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The extracted PTH's of Bamples 1-N and 4-N were hydro-
lyzed with berium hydroxide and the regenerated amino sclds
were determined by paper chromstography of the hydrolysate
after preclpitation of the barium. The paper chromstography
was unsucceseful. A weak glycine spot and a yellow spot
opnogite the valine standard appeared in the chromatogram
of the PTH hydrolyesate of Bample 1-N. Weak colored spots
were obtalned for the five gamma quantities of the standard
emino aclds, phenylelanine, glycine, and valine, and a glyclne
epot in the area traversed by the Sample 4-N hydrolysate.
Buch quantities of phenylslanine, glycine, and valine etand-
ards had given intense colored spote in test chromatograus.
The chromatograme were repeated but were developed in an air
conditioned room. On epraying the chromatogram with the
ninhydrin-acetic acid-collidine reagent (49), only phenyl~
alanine and glycine spots were prominent, A weak spot
having an Rp neer that of alanine appeared above the glyocine
gpot. No evidence of valine was present.

The first treatment of & 10.0 mg, sample (Sample ATy)
of insulin with PYC was repeated. After dioxsne-HCl figsion,
the PTH's were extracted and hydrolyzed with 48 percent
hydrobromic acid. Paper chromatography of the hydrolysate
in 2 4:1:1 n-butyl slcohol-acetic acid-water solvent system

agaln gave exactly the same results as shown in the photograph
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of the paper chromstogram in Figure 1. The squeous residue
remaining sfter the extraction of the PTH's was evaporated
to dryness and used in a second PTC treatment (p. 64).

An 11.1 mg. sample of insulin (Sample 1-R) was treated
with PTC and hydrolyzed with 5.7 N hydrochloriec acld, The
PTH's were extracted with ether and hydrolyzed with 48 per-
cent hydrobromic acid. Paper chromstography of the PTH
hydrolysate produced prominent epote for‘phenylalanina,
valine, and glycine plus three other spots. The Re's of the
latter three spots did not match those of the lsoleucine,
phenylalanine, valine, alanine, tyrosine, glutamic acid,
glycine, aspartlic acid, or lysine standards chromatographed
on the same sheet of Whatman No. 1 chromatography paper.

The PTC trestment and subsequent aqueous acid hydrolysils
of insulin was repeated on & 10.0 mg. sample (Sample AT;Ba)
to determine whether the aprearance of spots other than
phenylalanine, glycine, and valine was due to the hydrolysis
of the PTH's with hydrobromic acid, The PTH'es were extracted
with ether and ethyl acetate and the combined ether-ethyl
acetate extracts were washed thres times with water. After
evavoration of the ether and ethyl scetate, the PTH!'g were
hydrolyzed with barium hydroxide. Barium ion was precipi-
tated with oxalle acld and the hydrolysate was spotted on

& paper chromatogram, The chromatogram was developed with



Flgure 1. A photograph of the paper chromatogram of the
amino aclide regenerated from the PTH's of the
N-terminal amino acide of Sample ATy

Chromatogram
No.

1

Material applied to the chromatogram
5 gammas each of all the amino sacid
gtandards

5 gammas each of aspartic acid, threonine,
and proline

5 gammas each of glutamic acid and alanilne
5 gammas of 1soleucine

5 gammas each of hietidine, glycine, valine,
and phenylalanine

5 gammas each of glyeine, valine, and
phenylalanine and 20 lambdas of Sample
ATq

40 lambdas of Sample AT



j‘& FEF
g g%vlgr-‘ i A\r

'Q“(n <




55

the H:1:1 n-butyl aleohol-acetic aclid-water zolvent system
and gpraysd with ninhydrin-acetic acid-collidine reagent
(49). A large blue sword shaped streak was found in the aresa
treversed by the sample. Very prominent spote of phenylala-
nine, veline, and glycine were found within the sword shaped
stresk as determined by thelr positions end colors.

The PTC treatment of a 25.7 mg. sample of insuliln
(Sample AT{BL) was repeated in the usual way (pp. 38-43) with
two exceptions. Firet, the solution, after the initiel re-
action with PTC, was extracted ten times with about 5 ml.
portions of ether in order to remove pyridine and excesc
PTC. The squeous solution remaiﬂing waeg then evaporsted to
dryness, The gecond exceptlion was that after the ether-
ethyl acetate extraction of the PTH's, the combined extracts
were washed three times with smell quantlties of water in
order to remove any free amino aclde which had been carried
over. The aqueous washinge were drled and ueed 1n later
paper chromatography (see p. 89).

After barium hydroxide hydrolyels in the usual manner,
the regenerated amino sclds were chromatographed on Whatmen
No. 1 vaper in the L:1:1 n-butyl esleohol-acetic acid-water
systen, Very prominent epote sppeared for phenylalenine,
glycine, and valine, anc weaker spots were easlly detected

for slanine, and an unknown ninhydrin reaction substance
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having an Ry higher thsn that of any amino acid known to be
pregent in insulin.

Three additionsl ssmples of insulin, one welching 10.0
mg., one welghing 10.1 mg., end one welghing 8.8 mg., were
treated with PTC in the usual manner. Pyridine and excess
PTC were extracted with ether as was done with Sample ATyBL.
Agueous acid hydrolyels and extraction of the PTH's by 20
portions of ether and five portions of ethyl acetate was done
as usual, The combined extracts of the 10.0 mg. sample were
waghed flve times with small quantitlies of distilled water.
The PTH extracte of the 10.1 mg. sample were washed flve
timee with small quantities of 0.1 N hydrochloric acid. The
PTH extrzcts of the 8.8 mg. eample were not washed at all.
The PTH'e were hydrolyzed with berium hydroxide ag usual.
The aqueous and 0.1 N hydrochloric scid washinge of the
ether-ethyl aeétata extracts of the 10.0 mg, end 10.1 mg.
gamples, respectively, were evaporated to dryness and used
for paper chromatosraphy (see p. 92).

Paper chromatograme of the regenerated amlno aclds were
run on Whatman No., 1 paper. The chromstogram was developed
in the 4:1:1 n-butyl alcohol-acetic acid-water solvent system.
A photograph of the paper chromatograms of the 10.0 mg. and
the 10.1 mg. samples is ehown in Figure 2. Flgure 3 is &



Flgure 2. A photograph of the paper chromatograms of
amino aclds regenerated from the PTH's of the
H-terminal emino acids of two insulin samples,
a 10.0 mg. sample (sheet on the left) and a
10.1 mg. sample (sheet on the right)

Chromstogram Materlasl applled to the chromatogram
Ko.
1 5 gammas each of glycine, ealanine,

valine and phenylalsanine standards

2 5 gammas each of the four amino acid
standards plus 75 lambdas of the
hydrolysate of the PTH's of the 10.0
me. insulin sample

3, 4, 5, and 6 100, 75, 50, and 25 lambdas, re-
gpectively, of the hydrolysate of
the PTH's of the 10.0 mg. insulin
gample

Same as epot no. 1

5 gammgs each of the amino acid stand-
arde nlus 75 lambdas of the hydrolysate
of the PTH's of the 10.1 mg. insulin
sample

9, 10, 11, end 12 100, 75, 50, and 25 lsmbdas of the
hydrolysate of the PTH'e of the 10.1
mg. insulin sample '
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Figure 13.

& photograph of the paper chromstogram of the
hydrolysate of the PTH's of the N-terminsl
amino aclds of an 8.8 mg. sample of insulin
(see p. 56)

Chromatogrem Material applied to the chromatogram

No.
1

3,4,5,6

5 gammae each of glycine, alanine, valine,
and phenylalanine standards

5 gammags of the amino acid standsrds plus
75 lembdsse of the hydrolysate of the PTH'se
of the 8.8 mg. insulin sample

100, 75, 50, and 25 lambdae, respectively,
of the hydrolysate of the PTH'e of the
8.8 mg., insulin sample
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photograph of the paper chromatogram of the 8.8 mg. insulin
sample.

The amino scid residues found ﬁé be present in the PTH
hydrolysate of the 10.0 mg. sample of insulin were glycine,
alenine, valine, and phenylalanine. The alanine spot appearea
to be lesgs intense than the phenylslanine, veline, and gly-
cine gpots when the svote of these amino aclde in the four
levels of hydrolysate used were compared with the spots of
the five gamma standards., There appeared to be no difference
in the intensity of the phenylalanine, valine ané glycine
gpots.

Blycine, alanine, valine, and phenylalanine were also
present on the paper chromstogram of the hydrolysate of the
PTH's of the N-terminal amino acid resgidues of the 10.1 ng.
gsample of insulin. When the relative intensitlies of the
spots made by the regenereted amino aecide were visually com-
pared with the relative intenelties of the epots produced
by the amino acld standards, the regenerated valine and
alsnine spots appeared to have lower intensities and thus to
be present in lower amounts.

Glyecine, alanine, valine, phenylalanlne, and two wunknown
regidues were regenerated from the PTH's of the N-terminal
eminc acid residues of the 8.8 mg. sample of insulin. One

of the unknown spots had an Ry between thet of szlanine and
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veline but dld not have the c¢olor produced by tyrosine, The
second unknown gpot had an Ry greater then that of any smino
acld knovn to be present in insulin,

Anveetigetion of the penultimete sminc
The dry resldue remaining after extraction of %the PTH's of

the N~terminal amino aclid residues of Sample 4-N and the

dry residues of Samples 2-¥ and 73-N were glven & second come
plete PTC trestment and anhydrous dioxane~HCl flesion in ordepr
to produce the PTH's of the penultimate smino acld reslidues
of these insulin eamples. The PTE'e of Bamples 2-H and 4-H
were extracted with ether by mesns of the continuous extraec~
tion spparstus. The squeous residuse of Samples 2-H and H4-H
were evsa-orated to dryness. The dry resildue of Bamnle 2-H
was ueed for the study of the smino sclid residues in the
third positions on the insulin cheine by resction with

DEPB {p. 99). The dry mesidue of Sample 4-K wae used for

a third PTC treatment {(see p. 64).

The extracted PTH's of Bemples 2-N and Ll were hydrow
lyzed with barium hydroxide. The barium weg precipitated
with oxalle scid, 7The hydrolysate wag used for paper chroms-
togrephy on Vhatman Mo, 1 parer in & 1:1 n-amyl alcohol-
water solvent syeten,

A1l of the hydrolyeate of the PTH's extracted from

femple 4= was gpotted on ¢ chrometogram. After development
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and spraying with the ninhydrin-acetic acid-collidine reasgent,
& large blue sword shaped stresk was obtained. No interpre-
tation of regults was possible.

Thirty lambdas of the Sample 2~-N PTH hydrolysate were
spotted on a sheet of Whatman No. 1 chromstography parer.
The chromatogram was developed in the 4:1:1 n-butanol-acetic
acld-water solvent system. Treatment with the 0.2 percent
ninhydrin-acetic acid-~collidine resgent produced ambiguous
reéults. No igoleucine wae present. Valine and glycine may
have been present although the colors of the spots were aif-
ferent than those of the atandarﬁs; A third amino acid was
indicated but the poeition of the spot did not correspond
with that of any of the histldine, aspartlic acld, glycine,
glutamic atid, threonine, alsnine, proline, valine, phenyl-
alanine, and lsoleuvcine gtandards. |

The paper chrometography of the PTH hydrolysate of
Sample 2-N was repeated with 30 and 60 lambde quantitles of
the hydrolysate in the same solvent system. Spots comparing
with aspartie &éid, glycine or glutamle acid, al&ﬁina, and
valine were observed. An additionsl blue "V" gopeared
opposite the yellow &pot of the proline standard. Agsain,
no lsoleucine appeared.

The determination of the amino scld reslidues in the

penultimate positions in the ineulin chalns was repeated.
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The drled residue of Sample -ATy after extraction of the PTH's
of the N-terminel aminc aclds (p. 52) was given & second
treatment with PTC and anhydrous dloxane-HCl. The PTH's were
extracted by continuous ether extraction and hydrolyzed with
48 percent hydrobromic acld. Paper chromatography of the
hydrﬁlysate in the 4:1:1 n-butyl slcohol-acetic acid-water
solvent system resulted in intense spots for isoleuclne,
veline, phenylalanine, glutamic acid, and glycine. VYeaker
epotes for alanine, aspartic acld, and lysine were also pres-
ent as was a spot having an Ry which did not compare with
that of &ny of the amino acids known to be present in

insulin, Figure 4 ig a photograph of the paper chromatogranm.

Investigation of the amino acid residues in the third

and fourth positions. Samples 3~N and 4-N were given a

third treatment wit:r PTC and subsequent dioxane-HCl fisceion.
The PTH's were extracted with ether and hydrolyzed with 48
percent hydrobromic acid., The aqueous residue of Bample 3-N
was evaporated to dryness and used in DNFB studies (p. 99).
The hydrolysate of Sample 4-N (third PTC tresatment) was
chromatographed on Whatman No. 1 c¢hromatography paper in

the 4:1:1 n-butyl alecohol-acetic acid-water solvent system.
Vsline aﬁd glutamic acld were present in large quantities.

A very large, intense gspot was present in the aresa occupled

'by glycine and aspartic acid. The greater intensity of this



Figure 4,

& photogzraph of the paper chromstograms of

the emino acids regenerated from the PTH's of
the amino acid residue in the second position
in the peptide chains of Samples AT, and AT,Ox
and in the third poeition of Samples 4-N an

HaOx

Chromatogram  Material applied to the chromatogram

No.
1

75 lambdas of the hydrolysate of the PTH's
of Sample 4-0x

75 lambdas of the hydrolyeate of the pPTH'e
of Sample 4N

5 gammas each of cyetine, lyeine, separtic
acld, glycine, glutamlc acid, alanine,
tyrogine, valine, phenylalsnine, and liso-
leucine

5 gammas easch of aspartic acid, valine,
and isoleucine

75 lambdas of the hydrolysate of the PTH's
of Sample AT 0x

75 lambdas of the hydrolysate of the PTH's
of Bample &Ta
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gnot was undoubtedly due to a poor eeparsztion of some glycine
and & large amount of aspartlc acid, Weak spots and streake
occurred between the glutamic acld and veline spots, indi-
cating that other amino acide and/or peptides were also
present. Ag 8 result of the numerous spots which appeared,
it wae not possible to state definitely which amino acid
residues occupled the third nositlions in the insulin chains,
The hydrolysate of Sample 3-N was not used for paper chrome-
tography because the additlion of the N-terminel and penulti-
mate amino acid residuee would have gerved no good purpoee.
The paper chromatogram is shown in Figure 4.

The residue of Sample 4-N, after the extraction of the
PTH's of the aminoc acld residues occupying the third position
in the insulln chains, was given & fourth treatment with PIC
and anhydrous dioxane-HCl. The PTH's of the amino acid resi-
dueg 1n the fourth positions in the ineulin chains were
extracted with ether and hydrolyzed with 48 percent hydro-
bromic acid. The residue remeining after the extraction of
the PTH's was evaporated to dryness ana uged for DNFB studles
of the amino acld residues in the £ifth positions of the
insulin chains {(see ». 99). The hydrolysate of the PTH's of
the amino acid residues in the fourth positions was chromato-
graphed on Whatman No. 1 filter paper with the 4:1:1 n-butyl

alcohol-scetic acld-water solvent system. The chromatogranm
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is shown in Figure 5. Numerous spots occurred. The moset
prominent epote were those for glutamic acid, glycine and-or
aspartic acid, and lysine and/or histidine. WYeaker spote of
valine, slanine, snd one having the Rr value but not the
color of tyrosine, and faint epots for isoleucine or leucine,
phenylalanine, tyrosine and cystine were present. Epots
having the Re's of none of the amino acids known to be in

insulin were also wvisible.

Sequence of Amino icld Residues of Oxidized Insulin

A portion of the purified insulin was oxldized by dis-
golving 50.1 mg. in 1.8 ml, of 88-90 percent formlc acid, then
adding 0.2 ml. of hydrogen peroxide. The solutlion was thor-
oughly mixed and allowed to reasct for 15 minutes at room |
temperature. The reaction mixture wae concentrated to &
small volume and & large volume of acetone wes added. The
white »nrecipitate which formed was centrifuged and the clear
supernatant was decanted. The precipltate was washed four
times with large amounts of scetone, then air dried (8, 9).
The yield was 50.9 mg., or 97 percent of the theoretical
yleld. A portion of this oxidized ineulin wae used for
sequence studlies by the PTH method. Four samples were

welghed out ag follows. Sample 1-0x weighed 5.3 mg.,



Pigure 5. A photograsph of the paper chromatograme of the
amino aclds regenerated from the PTH's of the
amino acid residues in the fourth peosition in
the peptide chains of Samples 4-0x and 4-N

Chromatogram
No.

1

Materlal applied to the chromstogram

5 gammas each of c¢ystine, lysine, aspartic
acld, glyeine, glutamie scld, alanine,
tyrosline, valine, vphenylalanine, and iso-
leucine standards

5 gammas of glutamic acld standerd

75 lambdas of the hydrolysste of the PTH's
of Sample 4-0x

75 lembdas of the hydrolysate of the PTH'g
of Sample 4-N



70




71

Eemple 2-0x welghed 5.5 mg., Sample 3-0x welghed 5.6 mg.,

and Sample 4-0x weighed 5.8 mg. Each sample of the oxidized
insulin was treated in exactly the same way and at the same
time as the corresponding numbered sample of native insulin.
It will therefore not be necessary to repeat the details of
the PTC end dioxane-HCl treatments, the rTH extraction and
hydrolysis, or the conditions of the paper chromstography of
the PTH hydrolysete. These details can be obtained by re-
ferring to the section on the trestment of the native insulin

gample having the same Arabic numeral.

Investigation of the N-terminel amino acid residues.
The solution of the hydrolysate of the PTH's of the N-terminal
amino scid residues of Sample 1-0x wae spilled. The paper
chromatogram of the hydrolysate of the PTH's of the N-terminal
amino acid residues of Sample 4-0x indicated that phenylala-
nine end glyecine were present., A weak spot appeared for
alenine. No wvaline was found. The hydrolysate of the PTH's
of the KN-terminel amlino acide of & second sample of oxldlzed
insulin, AT10xz (see p. §2 for detalls of trestment of Sample
AT1), was chromatographed. Numerous spote appesred indi-
cating that a large number of amino sclde and/or peptldees
were present., Spote corresponding to phenylalenine and gly-
clne were the most prominsent. A photograph of the chromato-

gram is presented in Figure 6.
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Figure 6.

& photograph of the paper chromatograms of
the amino scide regenerated from the PTH's
of the smino acid residues in the K-terminal
position of SBample AT,0x

Chromstogram Maeterial applled to the chromatogram

Ho.
1

A mixture of 5 gammag of each amino
aei&“stanﬂard applied to spote 2, 3,
and &

5 gammas of cyetine, aspartic acid,
threonine, and valine

5 gamras esch of lyeine, glycine, alanine,
and phenylalanine

5 gammes each of histidine, glutamic
scid, tyroeine, and isgoleuclne

70 lambdas of the hydrolysate of the
PTH's of Bamnle AT0x
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investigation of the penultimste amine acid residues.

The hydrolysate of the PTH's of Samsle 4-0x after two treat-
mentes with PTC and dioxane-HCl wasg found to zive a large
blue sword-shaped streak.

The chromatogzraphy of the hydrolysate of the PTH's of
the nenultimete emino acid residues of Sample AT,0x (reeidue
of Sample AT10x glven & eecond complete PTC and dloxane-HCl
treatment) produced prominent epots for isoleucine, valine,
and glycine. Some agrartic scld wae evident at the base of
the glycine spot. Vesker egpots were present for cystine,
histidine and/or lyeine, glutemic acid, alsnine, and phenyl-
slanine. At least two other wesgk enots were present having
Re's different than those of the amino acid standarde used.

Figure 4 is & photograph of the paper chromatogram.

Investigstion of the amino aclid residues in the third
and fourth positions. The hydrolysate of the PTH'e of Samcle

Le0Ox extracted after three PTC and dloxane-HCl treatments
gave 12 ninhydrin resctive spots. Agpartic acid, glycine,
and valilne were very prominent, while isoleucine, phenyl-
slenine, glutamie acld, and histidine and/or lyeine svots
were algo vislble as well as other spots which could not be
assigned to any of the othsr amino scid standards uced. Hee

Figure 4 for a photogravh of this chromatogram.



75

The paper chromatogram of the hydrolysste of the PIH's
of Samnle 4-0x after four complete PTC and dloxane~HC1
trestmente also contained numerous spote. Glutamic scid
wae moet orominent. A epot corresponding to histidine sand/
or lyeine waes gulte intensge., Alanine and vallne were pres-
end, while wepker spots for lsoleucine, phenylslanine, and
at least three other spots were vigible. £ee Flgure 5.

Investigation of the Barium Hydroxide Hydrolysis of P"TH'e

Hydrolysis of the PTH of phenylaslenine, The theoretical
welght of the PTH of phenylalsnine which could be formed from

6.0 mg. of insulin (molecular weight 12,000) wae calculated
to be 282 gammae, Therefore, 0.3 mg. of the “TH of rhenyl-
alanine {(synthesized by Serat, 37) was placed in & small
Pyrex t<gt tube, 0.2 ml. of 0.25 K barium hydroxzide was
added and the test tube was gealed., After heating the solu~
tion for 48 houre in an oil bath =t 145°C., the test tube
wag opened and the barium was precipltated with a gentle
gtream of carbon dleoxide from dry ice. (Thie same nrocedure
wag used for all the hydrolysle of sll the PTH's in this
portion of the investigstion.) VWhatman No. 1 paper chroma-
tography of the hydrolysate in the 4:1:1 n-butyl alcohol-
scitlic aclid-water golvent system produced a very intense,

gray to greenish blue swot for phenylalanine, an easily
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vieible glycine spot, & weak alanine spot, & weak supra-
nhenylalanine spot whose Ef wag too high to be leu.clne or
isoleueine, a weak blue spot between the slanine and phenyl-
alanine spots, and & blue sres at the bace of the large
phenylalanine spot which may have been due to valine. |

The melting point of the synthetic PTE of phenylalanine
wae found to be 18&.5«18666. Edmsn {61) reported the melting
point to be 18?66‘ The ten colored needleg were recrystal-
lized from glacisl scetic scld (61), The snow-white crystals
obtsined had & melting point of 186-187°¢C.

4 sample of the PTH of phenylaslsnine before recrystallizs-
tion and one of the recrystalllized PTH were hydrolyzed with
barium hydroxlde, The amino acide found by paper chroma~
tography of the hydrolysates (Figures 7 and 8) were exactly
the same for both samples, £ very intense blue-green spot
of phenylelanine and nrominent spote for glycine and a nin-
hydrin reactive substance whose Ry was greater than that of
isoleucine and leucine appeared on the chromatograms.

Phenylalanine (Dow Chemical Co.,), which had been re-
crystalllized from water and found %o be pure by paper chrome-
tography, wae used to syntheslize the PTH of phenylalanine by
the method of Edman (61). No attempt wae made to recrystel-
lize the gynthetic PTH of phenylalasnine because the PTH's

of the H-terminsl amino acide of insulin were not



Figure 7. A photograph of the paper chromatograms of
o the barium hydroxide hydrolysates of the PTH
of phenylalanine before recrystallization
(sheet on the left) snd after recrystallizstion
(sheet on the right)

Chrometogram  Material applled to the chromatogram
No.

1l and 7 5 gammae each of glycine, slanine, valine,
and phenylalanine sgtandards

2 and 8 5 gammas of the four amino scid stendards
and 20 lambdae of the hydrolysates of the
PTH of phenylalanine before snd after
recryetallization, respectively

3 and 9 40 lambdae of the hydrolysates of the PTH
of phenylalanine before and after recrye-
tallizetion, regpectively

4 gnd 10 30 lambdag of the hydrolysates of the PTH
of phenylalanine before and after recrys-
tallization, respectively

5 and 11 20 lambdas of the hydrolysstes of the PTH
of phenylalsnine before and after recrys-
tallization, respectively

6 and 12 10 lambdes of the hydrolysates of the PTH
of phenylalanine before and after recrys-
tellizetion, respectively






Figure 8.

A photogreph of the paper chromatograms of
the hydrolysate of the product of the firet
synthesis of the PTH of phenylalenine and
the hydrolysate of two additlonal samples
of the recrystalllized PTH of phenylalanine
chromatographed in Figure 7

Shramétagram Haterial applled to the chrometogram

Bo.
1

5 gemmas each of glycine, alaenine,
valine, phenylalsnine, 1soleucine, and
leucine standards

60 lsmbdae of the hydrolysate of a 4.5
mg. sample of the product of the first
syntheels of the PTH of phenylalanine

60 lembdae of the hydrolyeate of & 3.0
mg. ssmple of the product of the firset
synthesis of the PTH of phenylalanine

60 lsmbdas of the hydrolysate of a 1.5
mg. sample of the product of the first
synthesis of the PTH of phenylalanine

60 lambdas of hydrolysate no. 2 of
recrystallized phenylalanine PTH

60 lembdas of hydrolyeate no. 1 of
recrystallized phenylalsnine PTH
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recrystallized before hydrolysis. The residue obtained after
evaporating the resction mixture to drynese was suspended in
0.1 N hyérochloric zcid end extracted three times with ether
snd once with ethyl scetate. The combined extracts were
evaporated to dryness. The melting point of the light btrown
material obteined in this manner wae 178-184°C.

Samples containing 1.5 mg., 3.0 mg., and 4,5 me. of
this synthetic PTH of phenylalanine were placed in test
tubes, One ml. of 0.25 N barium hydroxlde wes added to each.
The teet tubes were gegled and suspended in an oil bath at
145%C, for 4B houre. The test tubes were then cooled and
opened. The barium wes precipitated with carbon dicxide and
60 lembdas of each of the resulting solutions was used for
paper chromatography. The phenylalanine gpot of each hy-
drolysate wag intense blue-green. In addition, gliycine,
alanine, and a ninhydrin reactive substance having an Re
greater than that of the leucline~isoleucine standard were
easlly wvisible, The chromatogram is shown in Figuré 8.

The barium hydroxide hydroclyssatec of two 1.5 mg. samples
of the recrystsllized PTH of phenylslanine (see p. 76) were
chromatographed on the same sheet of Whatmen No. 1 paper as
the above synthetic PTH to determine whether there were
variations between regults of two identical hydrolysls pro-

cedures. The results were identical when 60 lambdas of each



82

of the two hydrolysates were chromeatographed. Phenylalanine
was present as an intense blue-green spot. Glycine, alanine,
and & third ninhydrin reasctive gpot with an Rp above that

of leucine snd isoleucine were slso easily visible,

A 1.85 g. gample of the Dow Chemicel Co. recrystalllized
phenylalanine wag used for & second synthegis of the PTH of
phenylalanine by the method of Edman (81). 4 1.8 mg. sample
of the tan colored needles was suspended in 0.1 N hydrochloriec
acld and extracted ten timeg with ether and twice with ethyl
acetate, The combined extreots were evaporated to dryness.
The PTH was hydrolyzed with 1 ml. of 0.25 N barium hydroxide
for 48 hours at 145°C. The hydrolysate, after precipitation
of barium with carbon dloxide, wes used for paper chroma-
tography. The solution wae spotted on the paper in 5 lambds,
15 lambde, 25 lambda, 50 lambde, and 75 lambda quantities.

The results showed increaesing intensities in the phenylala-~
nine spote with incressing quantities of the spplied hydroly-
sate (eee Figure 9). Only the phenylslenine spot was visible
in the chromstograms to which less than 50 lambdee of hydroly-
gsate had been applied. In the 50 lambda chromstogram, however,
a week glycine spot and & weask spot with an Ry greater than
that of 1soleucine or leucine were plalnly vislble, Thesge
same spote appeared with greater intensity in the 75 lambda

chromatogranm.



Figure 9.

A photograph of the paper chromstograms of
the berium hydroxide hydrolysate of the
material extracted with ether and ethyl

-aecetate from the resction mixture of the

?emenﬁ)synth@sis of the PTH of phenylalanine
P. 32

Chromatogram  Material spplled to the chromatogram

No.
1

2 through 6

& gammes each of glycine, alanine,
valine, phenylalanine and lsoleucine
gtandards

75, 50, 25, 15, and 5 lambdas, respec-
tively, of the hydrolysate of the PTH of
phenylalanine
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Hydrolysis of the PTH of glycine, A pample of the
geynthetic PTH of glyelne nrepared by Serat (37) was used for

studlesg of the »roducte of its barium hydroxide hydrolyels.
The theoretical weight of the PTHE of glycine produced when
6.0 mg. of insulin (molecular weight 12,000) was treated
with PTC and dioxane~HCl was caloulated to be 171 gammas.

A 0.2 mg, sample of the ©TH of glycine was hydrolyzed
with 0.2 ml. of 1.25 N barium hydroxide snd the resulting
hydrolysate was chromatographed in the usual way. A very
intense glycine gpot and a less intenee but prominent alanine
snot were obltained,

The barium hydroxide hydrolysls of eanother 0.2 mg.
sample of the PTH of glycine was reneated to determine
. whether the results were reproducible. Tenm, 20, 30, and 40
lambdae of the hydrolysate were applied to adjacent chromato-
.grumse on the sheet of chromatography paper. &n lntense gly-

cine and a vprominent alasnine snot were obtained from each
aprlication. The gpots increased in intenelty as the amount
of hydrolysate applled inereased ag shown in the photograph

in Figure 10,

Hydrolysle of mixtures the PTH's of vphenylalanine

and glyeine, A mixture of 0.3 mg. of the PTH of phenylslanine
(m.p. 184,5-186°C.) end 0.2 mg. of the PTH of glycine was
hydrolyzed with 0.2 ml., of 1.25 N barium hydroxide and



Figure 10,

& photograrh of the paper chromastograms of
the hydrolysate of a mixture of 0.3 g. of
phenylalanine PTH and 0.2 mg. of glycine
PTH (sheet on the left) and of the hydroly-
sate of glycine PTH (eheet on the right)

Chromatogram Materisl epplied to the chromatogram

No.

1l and 7

2 and 8

3 and 9

4 and 10

5 and 11

6 and 12

5 gemmwas esch of glycine, alanine,
valine, and phenylslsznine standards

5 gammge esch of the four amino acid
etanderde plus 20 lambdas of the hydroly-
sates of the mixed PTH'# and of the PTH
of glycine, respectively

40 lembdas of the hydrolysates of the
mixed PTH's and of the PTH of glyclne,
respectively

30 lambdeg of the hydrolysates of the
mixed PTH's and of PTH of glycine,
respectively

20 lambdas of the hydrolysates of the
mixed PTH's and of PTH of glyeine,
respectively

10 lambdes of the hydrolysates of the
mixed PTH's and of PTH of glycine,
respectively
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chromatogranhed in the ususl way. Very intense phenylalenine
and glyecine spots were obtained in sddition to orominent
spots for slanine and the ninhydrin resctive spot with a
greater Ry than leucine and isoleucine.

The experliment wes repeated with 0.3 mg. of the recrys-
tallized PTH of phenylelanine and 0.2 mg. of the pPTH of
glycine. Again, very intense phenylelsnine and glycine spots
and a prominent alanine spot were obtained, The fast blue
spot wae absent from this chromatogram, Figure 10 contains

a photograph of these paper chromatograms.

Extraction or Carrying-Over of Amino Zcide by

the YWater-Saturated Ether-Ethyl Acetate

Celoulations indicated that there were 585 gammas or
ap roximately 0.6 mg. of érvaline in 6.0 mg. of insulin
(molecular welght 12,000). Five times this amount, or 3.0
mg. of L-valine {Nutritional Biochemical Corporation) were
disgolved in 5 ml, of 5.7 K hydrochloric acid., The solution
was evaporated to drynese Just se# would be done with an
insulin hydrolysate. The dry resldue was dissolved in 10
ml. of 0.1 N hydrochloric acld and extracted ten tlmes with
ether and five times with ethyl ascetate. The combined ex-

tracts were evaporsted to dryness, redisecolved in ether and
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waghed into a small test tube. The ether was svaporated.

The dry residue was trested with 0.2 ml. of 0.25 N barium
hydroxide and allowed to etand for two hours. The barium
was preclpltated with carbon dioxide and 60 and 120 lambda
elicuots of the repgulting solution were applied to adjJacent
chromatograme of a sheet of Whatman No. 1 chromatogranhy
peper. An adjlaecent chrometogrsem contained & 5 lambda aliguot
of the L-veline hydrochloride solution remsining after the
ether-ethyl acetate extraction and another adjacent chromato-
gram contained 5 gammss of éfvaline. The developed and nin-
hydrin trested chromestogram showed a barely perceptible blue
gpot opposite the prominent g;valine standard and grvaline
hydrochloride spots but only in the chromatogram of the 120
lambda application. Figure 11 ig a photograph of the
chromatogran,

Evidence wae sought of the ether-ethyl acetate extrsac-
tion of amino aclds or the carrying-over of amino acldes in
the small amount of water which ie always dissolved by the
ether and ethyl scetate during the extraction of the PTH's
from aquecus acid hydrolysates of PTC treated insulin. The
agueous waghingeg of the sther-ethyl scetate extreacts of
Bample ATyBL (p. 55) were evaporated tc drynese, then dlie-
golved in 0.5 ml. of weter. Two adjecent chromatogranms on

a sheet of Yhatman No, 1 chromstograchy paper were spotted,



Figure 1l. A photograph of the paper chromatogram of
the ether-ethyl acetate extract of a soclution
of lL-vasline hydrochloride and of the aqueous
wasTiinge of the combined ether-ethyl acetate
extracts of the PTH's of the N-terminal
amino aeclde of Sample ATyBL

Chromatogram  Materisl applled fto the chromstogram

No.

1 and 2 120 and 60 lambdas, resgpectively, of the
ether-ethyl acetate extract of the %F
valine hydrochloride solution

3 5 gammes of L~-vallne
5 lgmbdas of the L-valine hydrochloride
eolution remeining after the ether-ethyl
acetate extraction

5 and 6 60 and 30 lambdaes, respectively, of the

sgueous washings of the combined ether-
ethyl acetate washings of Sample AT{BL
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one with 30 lambdesg and the second with 60 lambdse of thie
golution. The results are shown in Figure 11. The chromato-
grem wes developed in the 4:1:1 n-butyl slcobol-acetlc acid-
water golvent system and sprayed with ninhydrin-acetic acid-
collidine reagent. Very prominent spote were obtained for
cystine, histidine and/or lysine, ssnertic acid, glycine,
glutemic acid and/or threonine, alanine, tyrosine, valine,
phenylalanine, and leucine and/or lsoleucine. These amino
acide were determined by comparison of the positions and
colors of thelr spots with amino acid standards run on nre-
vious paper chrometograns.

The paper chromatography of the dletilled water washings
of the ether-sthyl scetate extracte of the agueous aclid hy-
drolysate of & 10.0 mg. sample of inesulin glven one PTC
treatment and of the 0.1 N hydrochloriec acild washings of
eimilar extrascts of & 10.1 mg. sample of insulin (p. 56)
yielded exactly the same results. Agein vrominent spots
were obtasined for all the emino aelds known to be present
in ineulin., A photograph of the chromatogrem ig shown in

Figure 12.



Flgure 12. A photograph of the paper chromstograms of
the agueous washings of the ether-ethyl
acetate extracts of the PTH's of the N-
terminal amino aclide of a 10.0 mg. sample
of insulin and of the 0.1 ¥ hydrochloric acid
washings of the corregponding extracts of a
10.1 mg. sample of insulin

Chromatogram
No.

1l and 2

5 and 6

Haterlal applied to the chrometogram

60 and 30 lambdse, respectively, of the
distilled water washings of the extracte
of the 10.0 mg. ineulin eample

5 gammes each of the amino acid standards
of gpot 4 plus 30 lambdas of the material
on gpots 5 and 6

5 gammag each of cystine, histldine,
lyeine, glycine, zlutamic scid, threonine,
alanine, proline, tyroeine, valine, phenyl-
alanine, and lsoleucine standsrds

80 and 30 lambdas, respectively, of the
0.1 N hydrochloric scid washlings of the
extracts of the 10.1 mg. Insulin sample
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Investigation of the Amino Acid Resldue Sequence of
Native Insulin by the DNFB Method

Sequence of Amino Acid Residues of Natlive Ingulin

Investigation of the N-terminal smino scid residues.
A 6.159 mg. sample of native insulin was trested with DNFB

in the manner described in the Methode seection (p. 43). The
yellow DNP-insulin derivaetive was hyirolyzed by refluxing
eizht houre in 20 percent (w/w) hydrochloric acid. The DNP-
derivatives of the N-terminal amino acldes were extracted
with ether. The combined ether extracte were evaporated to
dryness after wasﬁing with water. The dry DHP-smino aclds
were dissolved in a small amount of ether and washed intoe s
1 ml. volumetric flask. The volume wae adjusted to the 1 ml.
mark with ether, The squeous phase of the hydrolysate was
evaporated to dryness, washed into a 1 ml. volumetric flasgk
and made up to volume with water. Aliquote (40 lambdas) of
each were ap-lied to sheets of Whatman No. 1 chromatography
paper which had been buffered by dipping in 0.05 M potessium
scid phthalate at pH 6.0 and dried. The paper was developed
in & tertiary amyl alcohol-0.05 M notsssium ascld phthalate
buffer solvent system (56) after equilibration for an hour

in the preeence of the lower solvent phase.
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Two yellow spots were present in the area traversed by
the ether extract of the hydrolysate, one diffuse, talled
spot opposite the DNP-phenylalanine staendard end & compact,
bright yellow spot opposite the DNP-glyeine standerd. DNP-
Valine could have been present in the sther extrasct of the
hydrolysate of the DNP-insulin because a mixture of DNP-
phenylalanine and DNP-valins standards formed a long etresk
instead of separating.

A compact epot formed by € -DNP-lyesine was present in
the ares traversed by the aqueous phase of the DNP-insulin
hydrolysats., A yellow sireak extended about 2 cm. above the
point of origin of the agueous hydrolyeate snd mey have been
a mixture of incompletely hydrolyzed DNP-peptlde derivatives
of insulin.

The chromatograme were repeated twice more with 60,
then 100 lambde sliquots of the ether extrscteg and the
aqueous phase of the DNP-inesulin hydrolysete, The results
were always the same and no conclugions about the presence
or abeence of DNP-valine in the hydrolysate were obtained,

A sample of insulin welghing 29.753 mg. wes treated
with DNFB, hydrolyzed by refluxing 24 hours in 5.7 N hydro-
chloric acid, and extracted with ether. The ethsr extracts

were washed into a 5 ml. volumetric flask and evaporated to
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drynees., The dry DNP-amino acld derivatives were dlssolved

in and adjusted to 5 ml. with a 0.25 percent solution of
ethanel in chloroform. Five~tenths ml. alliquote of the re-
sulting solution were used for chromatography on buffered
(13.8 g. monosodium phosphate monohydrate per 100 ml.) silica
gel columns. A 0.25 percent solution of ethanol in chloroform
was the moving phase,

The regults of two runs indiecated that only DNP~vhenyl-
alanine and DNP-glycine were present in the ether extract
of the DNP-insulln hydrolysate. DNF-phenylalanine and DNp-
valine were essily identified and sevsrated because of thelr
widely different R values {(gee p. 37, Methods) on gilica
columns prepared in this way.

An experiment wae get up to determine whether the re-
action medium for the PTC treatments denatured insulin or
otherwige exposed an N-terminal vsline residue. A sample of
the insulin welghing 6.056 mg. was dlgsolved in 2 ml. of a
1:1 golution of pyridine and water. A few orystals of bLrom
thymol blue were added and the color was adlusted to blue-
green by the acdition of four drops of a 1:1 solution of 0.05
N sodlum hydroxide and pyridine. The solution was incubated
for 25 houre at 37°C. ¥o change in color occurred during this
period, After evaporation to drynees and extraction of the

residue with benzene, the dry residue was tre:sted with DNFB
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in the usuel menner. The DNP-insulin was refluxed 24 houre
wlth 6 N hydrochlorlc scid, extracted with ether, and the
ether eveporated from the combined extracts. The dry resldue
wee dissolved in 0.5 ml. of 25 percent ethanol in chloroform
and spplied to & 3.0 g. buffered (pH 3.7) silica gel column.
Only DNP-phenylelanine and DNP-glycine were found to be
present. HNo DNP~-valine could be detected.

A sample of insulin was treated with quanidine-HCl,
then with DNEB in order to determine whether densturation
would expose a "protected” N-terminal valine resldue to re-
action with DNFB. A 5.4 mg. ssmple of insulin wae treated
with 8 M quanidine-HCl (0.1430 g. in 0.25 ml, water) solution
for 24 hours. The resulting solutlion was treated with DNFB
in the usuel way. The DNP-denatured insulln was hydrolyzed
24 hours with 5.7 N hydrochloric acid and extracted with
ether. The ether extract, after concentration to 0.2 ml.,
was used for paper chrometography. The ether extract (30
lambdas) was spotted on Whatman No. 1 chromatography peaper
with the necessary DNP-amino acid derivatives and 2,4-
dinitrophenol (DN-vhenol) on adjacent chromatograme. The
chromatograms were developed in & 2:1!3 n-butyl acetate-n-
butyl alcohol~l percent ammonis in water solvent system (58).
DNP-Phenylalanine, DNP-glycines, and DN-phenol were ldentified
in the ether extract of the hydrolysate of the DNP-derivative
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of guanidine-HCl treated insulin. Flgure 13 1s & photograph

of the chromatogram.

Seguence of amino zeld residues in penultimste, third,
fourth, and fifth positions. The dry residues of samples

of native ineulin given one PTC and dloxane-HCl treatment

(Sample %-N, p. 45), two PTC and dloxane-HC1 treatments
(Sample 2-N, p. 62), three PTIC and dioxane-HCl treatments
(Sample 3-N, p. 64), and four PTC and dloxene-HCl treatments
(Sample &-ﬂ; p. 67) were each trested with DNFB in the usual
way. ‘The DNP-insulin reeidues were refluxed for 24 hours
with 5.7 N hydrochloric acid., The DNP-amino acids were
extracted with ether and ueed for aseending paper chromatog-
raphy in the 2:1:3 n-butyl scetate-n-butyl aleohol-l percent
smmonia in water solvent gystem {(58). A portion of the ether
extract of the DNP-insulln hydrolysate used for sgilica column
chromatography {p. 96) was also plese:d on & chromatogram
adjacent to those of the above gamples on the same sheet of
Whatman No. 1 chromatography paper. A photograph of the
chromatograms will be found in Figure 13.

DNpP-Phenylalanine, DNP-glycine, and DN-phenol were
present in the ether extracts of the DNP-insulin hydrolysate.
DNP-Igoleueine, DNP-valine, DN-phenol snd two spots, one
with an Ry elightly above DNP-glycine, were found in DHP-
1-N., DNP-iepartic acid, DNP-valine, DN-phenol, and the



Figure 13. A photograph of & paper chromatogram of the DNP-amino acid
derivatives of native, denatured, and oxidlzed insulin, aznd
ineulin samnles after one, two, three, and four PTC treatments
ané dloxane-HCl cleavages

Chromatogranm HMaterisl aprlied to the chromatogranm
Ho.
1 DiP-asspartic acid {contained DN-phenol as an impurity),

DNP-glycine, DNP-valine, and DHP-phenylalanine

2 DH-phenol {etreaked, excessive amount applled)
3 DiP-alenine and DNP-isoleuncine
4 DHP-glutamic acid, DNP~-proline, bis-DNP-histidine
5 A1l of the above DNP-amino aecids and derivatives
6 N~-terminal DNP-amino acids of DEP-native insulin
7 N-terminal DNP-amino acids of the DNP-derivative of
insulin denstured with quanidine-HCl
8 K-terminal amino seclds of the DNP-derivetive of performic
acid oxidized ingulin
9 DRP-amino acid derivatives of DHNP-1-H
10 DRP-amino acid derivatives of DNP-2-N
11 DNP-smino scld derivatives of DHP-ATo0x
iz DNP-amino acid derivatives of DHNP-3-N
13 DNP-amino scld derivaetives of DNP-3-0x
14 DNP~amino acld derivatives of DNP-4-N

15 DNp-amino scid derivatives of DNP-4-0Ox
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two spots noted in DNP-1~-N with Re's near the Re of glycine
were found in DNP-2-N. A bright yellow spot of DNP-glutamic
acid, a faint spot of DNP-valine, snd DN-phenol were present
in Eﬁ?quﬁ; A weak DNP-glutamic acld spot and one containing
DN-phenol were present in the DNp-4-N, Attempts to chromato-
graph the agueoue phase of DNP-4-H failed because gome orange-
yellow gubstance present diffused out into the paper ruining
2ll results.

The results of the mequence studles of native insulin
by the DNFB method are summarized in Table 4 and comvared
with those expected from Sanger's structure (1, 2).

Teble 4., Amino scid residues found in the first five posi-
tiong of the insulin chsins

Eample Amino aclds Expeected from

identified from Banger's
DNP-derivatives structure (1, 2)

DNP-4insulin phenylalanine phenylaleanine
glycine glycine

DNP-1N valine valine

( Two

chromstograme) ieoleucine isoleucine

DNP-2-N aspartic acild sgpartic acld

(Two

chromatograms) valine valine

DNpP-3-N glutamic acld glutamic acid

DNP-4-N glutamic acid hlstidine

glutamic acid
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feguence of Amino Acid Feridues of Oxidized Insulln

;i 6.2 mg., semple of oxidlrzed ineulin (p. 68) was treated
with DNFB and hydrolyzed in the ususl way. The DNP-deriva-
tives of the H-terminal amino acide were extracted with ether
and used for paper chromatography. One paper chromabtogram
produced & prominent spot of DHP-rhenylalanine and & wesk
gpot of DNP-glycine, & gecond paper chromatogrsm of the
ether axtraai produced very wesk gpots for both DNP-phenyl-
alanine and DNP-glycine.

The dry regldues of the PTC treated samples, 1-0x,
2=-0%x, 3-0%, and b-0x were also treated with DNFB ae usual.
The ether extracts of the hydrolysates gave very disanpointing
resulte whe. chromatographed on paper. DHP-1-0x and DN -2-0x
produced long yellow stresks which gould not be interpreted.
DNP-glycine sppeared to be present as a weak svot and large
amounts of Di-phenol were evident, DHV-3-0x and DNP-4-0x
both appeared to heve very weak brownieh yellow DNpP-glutamlc

scid svote and crominent spots for DN-phenol {see Figure 13).
Photography of Paper Chromatograms

£ Voletlander Vito 35 mm. camers with a 2 Bastman

Kodsk nortrslt lsne was used to photograph the chromatograms
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in Figuree 1 through 13. Plus-X film (Eeetman Kodsk Compeny,
Rochester, N. Y.) was chosen because it ie& an easily ob-
tained, fine-grsin film which 1s reasonably sensitive to
blue colors.

The chromatogrsms were placed upon the milk-glsss top
of & viewing box. The photosrephs were usuelly teken in a
darkened room with the fluorescent lamps in the viewing box
as the only liaht eource, 4 meter stick was used for all
meagurements of distence from camera to the chromatogran,
A Weston Junlor photoelectric exrosure meter wap used to
ealculat& all exvosures. The rhotographs were ususlly

taken with an £:3.5 leng opening at one twenty-fifth eecond.
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DISCUBSION

The Appesrance of Valine among the N~Terminal
Amino Acid Resldues of Insulin

Vigorous vs. Mild Cleavage of Peptide Bonde

Senger (4) and Sanger and his co-workers (1, 2) found
only phenylalanine and glyoine as N-terminal residues of the
peptide chalne of ineulin. The appearasnce of an apparent
N-terminel valine residue in addition fe the expected phenyl-
alanine and glycine regidues 1in seven experimente of the
pregent investigation and in two during @ianey'a investiga-
tion (5) dieagrees with Sanger's results. Valine, however,
appeared only as the result of vigorous aqﬁaoua acid hydroly-
eis {5.7 N hydrochloric acid at autoclave temperstures and
pressures for 16 houre). Anhydroue dloxane-HCl cleavage
produced the NH-terminal phenylalenine and glycine residues
expscted from Sanger's structure (1, 2). The results of the
present investigation thus indicate that valine appeears
among the N-terminal residues, when determined by the PTH
method, only after vigorous aqueous acid hydrolysis. All
other invectigations of the N-terminal amlino acld reslduee

of insulin by the PTH method have provided negative evidence
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to suprort this finding. Other investigators used mild
aqueous acld cleavegee, namely, 0.6-1.2 N hydrochloric acid
(Fraeenkel-Conrat and Fraenkel-Conrat, 27), vaepors of glacial
scetic acld and 5.7 N hydrochloric scld at reduced pressure
(Fraenkel-Conrat, 28), and 0.1 N hydrochleric scld at 20°¢,
(Christensen, 29). Such mild cleaveges apperently produced
only the PTH's of phenylalanine and glycine., Even when some-
what more vigorous hydrolytlc condltlons were useed, such as

2 N hydrochloric scid in a sealed tube in boiling water for
one hour, (XKaiser et sl., 30) or 2 N hydrochloric ecid &t
70°C. for two hours (Lsndmann et gl., 32), only phenylalanine
and alyclne were reported. The veline found in the presgent
investigation was spparently linked in some bond which could
not be cleaved by mild conditions of hydrolysis. Other in-
vegtigstors who used the PTH method therefore were not able
to detect ite presence.

Seven poeslible explanations for the presence of valine
among the amino aclde regensreted from PTH's of the N-terminsl
amino aclids of insulin have been considered. These ere, (1)
e nossible third peptide chaln or a side chain in ineulin,
(2) the cleavage of the N-terminal and adjecent peptide
bonde, (3) sroteolysis of the N-terminsl bond by sn snzyme
provided by & contaminating microorganism, (4) the incomplete

hydrolysis of the N-terminel peptide bond, (5) the extraction



107
or carrying-over of valine by the ether-ethyl acetate ex-

traction, (6) the presence of an atyplcal derivative of

valine, and (7) the presence of an atypleal ring structure.

The Possibllity of a Third Peptide Chain in Insulin

The strong valine spot on chromatogrenms of the barium
hydroxide hydrolyesate of the PTH's of the N-terminal anmino
acld residues of insulin can be interpreted to mean thet
insulin contains & third peptide chain with an N-terminal
valine residue, Thle interpretetion receives support in the
work of Chibnall (40) and of Crowfoot {41). Chibnall (40)
found 18 free amino groups in addition to the -amino groups
of lyeine per ingulin molecule of molecular welght 35, 500
by the Van Slyke amino nitrogen determination. The X-ray
data of Crowfoot (41) showed the presence of 18 peptide
~ ehains per insulin molecule of molecular weight 36,000.

The presence of s8ix free amino groupse &nd six peptide chains
for an insulin molecule of molecular weight 12,000 1is
indicated by the results of the two investigations. It ghould
further be noted thet fanger's fractionation of the performic
acld oxidized ineulin produced four prscipitates (9). The
fractionation of oxidized insulin by Andersen produced two

fractions from Sanger's fraction B (44). No data concerning
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the nature of Sanger's fractions X and M (9) and of Andersen's
second "B fraction" (44) have been published other than to
gay that these were oconeldered to be shorter peptldes derived
from the A and/or B chaine of insulin. Comparison of the
sequences of these peptldes with those of the A and B frac~
tions to determine whether these represent additional peptide
chains of insulin 18 thus imposslble. The method of vprecipl-
tation of the A and B ehains of insulin by Sanger (9) also
made no provislion for isolating any short, soluble peptides
or gingle amino acide, It ie poseible that one or more solu-
ble peptides or amino acide escaped isclation. Ewldence can
thus be accumulated which would support the presence of a
third peptide chain in insulln, or whieh would at least show
how & thlird peptide chain could have escaped detection in
other investigations.

The present investigation, on the other hand, has also
provided evidence that the insulin sample studled contalined
no peptide chain with an N-terminal valine resldue. An N-
terminal valine, either attached to a peptide chain, or
attached to the A or B chains of insulin as & single amino
acld side chain, would be expected to react with PTC. PFPre-
vious investigations indicate that the PTH of valine would
be formed by dioxane-~HUL filsslon. Valine residuee heve been
shown to resct readily and guantitatively with PTC and to be
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cleaved by dloxane-HCl in whole number increments by Fox,
Hurst, and Itschner {(6). Thepe zuthors investigated the

PTC reaction with seversl waline containing peptides, two
of which contalned H-terminal wveline. The penultimste valine
regsidue of lysozyme wae shown by De Fontaine and Fox (63)

to resct guantitatively with PTC after the N-terminel lysine
recidue had been removed. One mole of valine was found to
be unavallable for microblologlcal assay after cleavage by
dlexane-HCl in an investigatlon of the amino acld residue
seguence of that protein, Furthermore, DNFB gtudies of the
N-terminal residuse of insulin would be exnected to show the
presence of sny N-terminal valine residues because velline
rescts readily with DNFB to form DNP-valine, N-Terminal
valine in proteine hae been guantitatively determined as the
DNrP-valine derivetive by kiddlebrook (50). Another indica-
tion of the ready reaction of N-terminal valine with DHFB ie
thaet the N-terminal valine residue of the residual B chain
of insulin after one FTC treatment and dloxane-HCl cleavage,
end aleo the N-terminel valine residue in the residue of

the A chain of insulln after two PIC trestments end dloxane-
HCl cleavages yescted with UNFEB ag would be expected. The
poeeibllity thet an N-terminal valine resldue of insulin
‘cuul& escape resction wlith DNFB cannot, however, be entirely
discounted until Fletcher, Lowther, and Reith (23) determine

the nature of the unknown DNP-derivative found sg the result
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of their investigation of the N-termlnal amino acld residues
of insulin,

Porter (64) found that DNFB would not react with all
the free aminoe groups of native /Bwlactaglebmlin end native
ssrum globulin, All of the free amino groupse could, however,
be acetylated with ketene or scetlc anhydride. DNFB reacted
with all of the free amino groupe when the vroteins were
denatured with urea or guanidine~HCl. Thege results sug~
geeted that & free amino proup could be protected from
reacting with the bulky DNFB by the folding of the protein
molecule. The nitrous acid of the Van Slyke amino nitrogen
determination of Chibnall (40) would also be expected to re-
sct with amino groups which the bulky DHFB could not reach.
PTC containe no bulky nitro groups. In addition, the lgo~-
thiocyanate group of PTC is probably ne more bulky than
ketene or scetic anhydride snd therefore may be able fo
“resch into" the folds of the insulin molecule to resct
with an H-terminel valine residue which is protected from
reaction with DNFB. Experiments were s¢t up to determine
whether such a poeslbllity exieted in insulin.

Only DNP-phenylelsnine and DNP-glycine were 1solated
by silica column chromatography when an insulin sample was
digeolved and allowed to stand for 25 houre 1in 1:1 pyridine-

water (the solvent syetem used for the PPC treatment), then
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treated with DNFB. The same DNP-amino acid derivatives were
obtalned when insulin, denatured in 8 M guanidine-HCl, was
treated with DNFB.

Oxidatlion of the disulfide bonde of insulin with per-
formic acld to form cystelc acid residues would be expected
to release 8ll peptide chains held together by these bonds.
An Ne-terminal valine residue of a third peptide chain would
thus bhecome more sueceptible to reaction with DHFB., If the
peptide chain existed se a side chain of one of the longer
A or B chalne, it still might become more aveilable to re-
action with DNFB after performic acid oxidation. When,
however, performic acld oxidized insulin was treasted with
DNFB, only DNP-phenyleslanine and DNP-glycine were isolated.

On the basie of the evidence accumulated during the
present investligation, there does not appear to be a third
peptide chain having an N«terminal veline residue, nor does
there appesr to be & single valline residue as a side chain
to one of the long peptide chains. The evidence presented
does not rule out the possibllity of & third peptide cheain
or single residue side chain having an amino acid residue
with a free amina group which breske down te s valine resldue.

Such a possible structure will be discuesed later.
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Cleavsge of the N-Terminal and the Adlacent Peptide Bonde

Fraenkel-Conrat reported that direct paper chromatography
of the PTH's of PTC treated insulln, oxytoclin, and alpha
corticotropin indicated thet "the N-terminsl and adjacent
bonds were split through the first five to seven steps with
1ittle eyideaée of non-specific splitting* (28). Fraenkel-
Conrat appears to mean thst the cleavege reactlion used in
his invegtigation not only epllits the N-terminal peptlde
bond, to form the PTH's of the N-terminal smino acids, but
sleo egplite the adjacent bonde to release the penultimate
regidues as free amino aclde. The data presented in the
paper do not support any but the expected cleavages. Because
the author has provided such meager information in hie brief
report (28), it is poesible that his statement has been mis-
interpreted., The results of the present investigation were
examined to determine whether such a cleavage could be a
poesible explanation for the apparent appearsnce of an N-
terminal valine residue. An examination of the N-terminal
smino acld sequences for the two peptides of insulin sas
propogsed by Sanger (1, 2) and apparently confirmed by the
work of Fraenkel-Conrat (28) shows that isoleucine muet be
relessed as well ag valine 1f the N-terminal and adjlacent

bonde are eplit. Furthermore, the free¢ valine hydrochloride
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Phe.-Val.~Aep.-Glu.~Hig.~

would have to be extracted from the aqueocus solution of the
hydrolysate. The investigation of the ether-ethyl acetate
extraction of é;Valina hydreehloride, under the same condi-
tions used to extract PTH's and chromatograph the regenerated
amino acide of the PTH's, resulted in a very faint blue spot
indicative of L~valine, The initial gquantity of L-valine
hydrochloride waes five timeg that of a 6 mg. insulin sample,
and, in addition, twlce the usual amount of solution was
apnlied to the chromatogram. It 1s thus unllikely that free
valine hydrochloride can be extracted with the PTH's in
sufficlent quantity to be visible on chromatograms.

The method of cleavage used by Fraenkel-Conrat (28)
was to place the filtser paper containing the PTC treated
protein in the bottonm of a desliceoator which sleo contsined
8 besker of gleeciasl scetle acid and ons of 5.7 N hydrochloric
acid. The desiccator was then evaocuated to 100 mm. Under
such conditions, the cleavage of bonds other than the N~
terminal bonds 1s not surprising because thie le essentlislly
s mlld agueous acld hydrolysie. Perhaps glselal scetic acid
eaturated wlth hydrogen chloride or anhydrous dloxane-HCL

would have given selective fiselon of the N-terminsal bond.
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The DNFB trested resldues of esch step of the PIC
treatments in the present investigation ylelded only the
expected DNP-amino acid derivatives. It 1e¢ evident, there-
fore, that the anhydrous dloxane-HCl cleavage gives selective
flegsion of the H-terminal peptide bond to release only the
amino acid residue containing the attached phenylthiocarbamyl
group {(see p. 40),

Proteolytic Enzyme Provided by s Contaminating

The poesibility was suggested {50) that the ineulin
preparation used in thie investigatlion was contaminated with
a minute amount of a mlicroorgsenism which provided a proteo-
lytic enzyme to cleave some of the N-terminal phenylaslanine
and/or the N-terminal glycyl-isoleucine from the B and A
chalns, respectively, of ineulin, Valine resldues would
thug Dbecome N-terminal amino acids of one or more pentide
chaing. No growth of a contaminating microorgsniem was ob-
tained when some of the inesulin sample was streaked on
nutrient agar and incubated for six days at 3?QG. Furthermore,
any such enzymatic hydrolyses would have become apparent when
a native insulin sample and the residues of the first PIC

treatments of insulln were snelyzed for terminal residues by
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the DKFE method. Only the expected DNP-amino acid derivatives

werz lsoleted.

the Insulin B Chaln

The poesibility was suggested (50) ﬁh&t the peptide
bond between the N-terminal phenylalanyl-valine dipeptide
of the insulin B chein was not completely cleaved during
the squeocus acid hydrolysis after PTC treatment. This in-
complete hydrolysis would have left » pnenylthioaarbamylﬁgr
pnmnylalanylﬂQ;Valiﬁe residue in the aqueocus acld hydrolysate.
The phenylthiocarbamyl derivatives of short peptides have
been found by Dshlerup~-Petersen et al. (65) to be soluble
in the solventes used to extract PTH'es from agueous solutions.
DNpP-Aepartic acld should have been lsolated from the hydroly-
sate of the DNP-derivatlive of the reslidue remaining after
one PTC treatment and dloxane-~HCl cleavage if such & partisl
hydrolysie had cccurred. Dir-Aspartic acid was not isolated
and therefore guch an incomplete cleavage could not have

oocourred,
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Ihe Extrasction or Carrying-Over of Vsline and Other Amino
solde

The ether-ethyl scetate extrsction used was lnvestigated
when numerous emino scid residues appeared on the chromato~
grems of the hydrolysates of PTH's extracted from the second,
third, and fourth PTH trestments and dioxane~HCl fissions of
insulin {(see Figures 4, 5, and 6), The 0.1 N aqueous acild
golution from which the PTH's of the N-terminal aminc acid
residues were extracted always decreased in volume during
the ten to 20 ether and two to five ethyl acetate extrasctions.
The ether, and especially the ethyl acetate, dissolved and
thus cearried over a certain amount of the agqueous solution
on each extraction. Some of the agueous acld eolution of
the continuous ether extraction was also carried over into
the ether extractse. The volume of aguecus acid solution
carrled over in the latter case was much less than in the
former.

The paper chromatogreme of the agueous weshings of the
combined ether-~ethyl acetate extracts of the N-terminal amino
acld residuee of Bample AT{BL and of a 10.0 mg. sample of
insulin, and the 0.1 N hydrochloriec acid washinzs of the
similar extrscts of 2 10.1 mg. sample of insulin (see pp.

56-61 and 92, and Figures 11 and 12) showed quite conclusively
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that the agqueous solutlon carried over during these extrac-
tione did contein free amino aclds. Unfortunately, no more
continuous ether extractions were avallable to determine
whether free amino aclds were carrled over during continuous
extraction or not.

These resulte emphasize the need for care in the way
the ether-ethyl azcetate extracts sre handled. If the un-
washed extractes had been transferred directly into a test
tube for barium hydroxide hydrolysis, sufficlient amounts of
all the amino acid residues found in insullin would have been
carried along to give easlily visible spots on paper chromato-
grame. In the preaaat investigation, however, the ether-
ethyl acetate extracte were always evaporated to complete
drynegs. The dry residue wae then redissolved in dry ether
{(dried over sodium). The resulting ether solution was trans-
ferred to the test tube for barium hydroxide or hydrobromic
acild hydrolysis. It would therefore be necessary for the
free aminoe scide (present as thelr hydrochlorides) tc iis-
solve in the dry ether. This is highly unlikely. The
resulte of the attempt to extract érvaline hycrochloride
from 0.1 N hydrochloric acld solution with ether and ethyl
acetate demonsirated that the evanoration to dryness and
redissolving in dry ether would not transfer sufficlent L-
valine hydrochlorlde to be vigible on the paper chromatogranm
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unlesg much larger guentitiee of insulin were used. Starting
with five times the quantity of L-valine hydrochloride
pregent in insulin, approximately twice the amount of solu~
tlon ususlly applied to paper chromatograsms was necessary
on the chromatogram shown in Figure 11 to give a barely
vielible valine spot. The very faint spot, too faint to
photograph well, indicasted thset the volume of the extract
applied to the paper contained a concentration of wvaline
barely over the threshold quantity necegsary to produce a
visible spot. The apparent appearsnce of sn N-terminsl
vellne residue 1s not likely to be due to extraction of thie
particular amino acid residue by ether and/or ethyl acetate.
If the appearance of an apparent N-terminal valine reeldue
were due to the carrying-over of the amino ascld with the
aqueous phase during ether-ethyl acetate extraction, all
the other amino scide present in insulin would be expected
to appear on the chromatograms also. Thelr spots on the

paper chromatogramse would be expected to be ag intense as

valine. Thls doess not happen (Figures 2 and 3).

One explanation for the appesarance of an apparent R-

terminal valine regidue by the PTC method might be that an



119

etypleal derivative of valine is bound in the linsulin peptide
chaine by means ér ite carboxyl group and a reasctive group
of 1te slde chain leaving ite alphs amino group free. This
atypical valine derivative, though it would thus be free to
reaot with the PTC, would have to be bound in the insulin
molecule by a linkage which would not be eplit by mild
aqueous mcid hydrolyeis or dloxane-HCl cleavage. The bond
would have to be one which e¢ould be split by vigorous acid
hydrolysle with elther degradation of the resulting PTH to
that of veline or the degradation of the PTH or ite regener-
ated amino acid to valine during barium hydroxide hydrolysis.
Penicillamine, for exsmple {and offered only a8 an example),
could be attached through a dieulfide linkage as a slde
chain. The penicillamine carboxyl group could be attached
to serine, threonine, tyrosine or cyetelne by an ester
linkage. The disulfide linkage would be stable to sacid
hydrolysis but would be broken and the penicillamine would
undergo dlsmutation to valine upon the alkaline hydrolysie
of the PIH's, Another atypicsl residue which might be con-
gldered is -, '-dimethyl aspertic acid. One carboxyl
group of such an amino acld could be attached through a

HOOC - O(CH,), - CH(NHp)-COOH
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peptide linkage to one of the insulin chains. The second
carboxyl group could be attached through an ester linksge
to & hydroxyl group of a serine, threonine, or tyrosine
residue. The amino group would be free to resct with PTC,
The gamme carboxyl group of this amino seid would decarbox-
ylate easily to form vsline, However, one would expect, in
this case, to leolate DNP-valine on treztment with DNFB,
Other simlilsr linkeges could no doubt be sugepested. No
positive evidence for the presence of such atyplcal sub-
stances can, however, be offered a8 the result of this
investigation.

The direet paper chromatography of PTH's wes unsuccessful.
The resulte of sueh chromatograms could very well have estab-
lished the reason for the appearsnce of valine among the N
terminal amino acld residues under the condltlons used in
this investigation., The failure of these paper chromatograms
was most likely due to failure to form and/or extract the
PTH's of the N-terminel amino acids. The successful use of
direct paper chromatography of PTH'a has been reported by
four investigstors (28, 32, 55, and 66). Further work with
the PIC reaction and the better methods of extraction used
later in the investigation would probably have glven suce

cesgful resulte if the trlale had been repeated.
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The fact that no evidence for atyplcal amino acid resi-
fduee has been found as the result of DNFB studles during the
present and other investigations may be offered as evidence
againset such a structure. There are, however, no dats con-
eerning the reactlons of DNFB with any substances other than
the typilcal amino acid residues. To carry on the exsmple of
the penicillamine structure vroposed abeve, Porter (48) re-
ports & 75 percent destruction of bis-DNP-cystine during
hydrolysie in boiling 5.7 N hydrochloric acid for 12 hours.
It 18 quite poseible that nearly all of & DNP-derivative of
the proposed structure would be destroyed during the hydroly-
gles of the DNP-insulin. If aeny remained, the guantity could
qulite conceivably be below the visible threshold for both
paper and silice column chromatography. Furthermore, the
bulky side chain of penicillamine msy hinder the reaction
with DNFB. There is slso no evidence to show how the DNP-
derivative of penicillamine and other atyplcel amino acids
would react on paper and eilica column chromatography. Again,
one must consider the findings of Fletcher, Lowther, and
Reith (23) of a third, and as yet, unknown DNP-derivative in
thelr determination of the N-terminal amino acld residues of
insulin by preparing the methyl esters of the DNP-amino aclds.

Much more research would have to be done before the poseible
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presence of an atypicsl emino scid in insulin could elther

be proved or disvproved.

The Presence of an Atypicel Ring Structure

The poseibility should be coneidered, during further
investigations, of the presence of come atypleal ring struc-
ture with no free amino group in the ineulin molecule, which,
though stable to acld hydrolyels, 18 freed from the amino
acld resglduee of the insulin chaine by vigorous aqueous acid
hydrolyeis. Such & structure would need to be extracted
during the ether-ethyl eacetate extraction of the PTH's, and
then be hydrolyzed or degraded by the barlum hydroxide to
give a free valine residue. An atyplezl ring would be un-
detected during DNFB etudles because there 1is no free amino
group to resect with the reagent. A ring with the proposed
properties would probably remsln undetected by DNFB studles
as they are usually performed. The structure would have to
be extractable from aqueous acld solution with ether and/or
ethyl acetate in order to be carried over for alksasline
degradation during the PTH hydrolysis.

Ring setructures having no free amino groups and which
are present in blologically active compounds are not uncommon.

Examples are the thlezole nucleus of thismine, and the
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thiazolidine ring of penicillin and perhape of bacltracin
(67). Penicillin, of course, contalne penicillamine which
could be degraded to valine., Further evidence of unexpected
linkages in proteing is found in the report of Viewsnaths
end De (68). These authore found evidence for the presence
of a nitrogen-sulfur complex in soybean proteln which re-
glste enzymstic hydrolyslis unlese the vroteln is first heated.
Resistance or susceptibility of the bond to acid hydrolysis
was not discussed in the abstract of the paper. The occur-
rence of such & linkage demonstrates the inadvissbillty of
discounting any logleal linkage one might suepect. Again,
the present investigstion provides no data to support such
& structure. The posslibility must, however, be considered

until it is disproved.

The Becond, Third, Fourth, end Fifth Posgitlions
in the Ingulin Peptide Chains

Ihe Use of the PTH Method

The investigation of the amino acids in the second,
third, and fourth poeitions in the insulin chalne by the PTH
method ig far from complete because major emphasls was placed

uron the invegtigation of the N-terminal amino acid reslidues
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of these chaine. The appearance of the numerous ninhydrin
reactive svote on the paper chromatograms of the amino acide
regenerated from the PTH'e of residues in the second, third,
and fourth positione hae been puzzling. It may be that some
spote 4o not represent smino acid resldues because thelr Re'e
do not agree with those of the amino scid residues reported
to be in ineulin. Hydrobromic scid (48 percent) was used in
the hydrolysls of these PTH's, Thie method of PTH hydrolysls
may produce numerous ninhydrin resctive degradation products.
Dismutation of the regenerated amino scids to glycine and/or
slanine would explain the very intense gpote obtalined for
glycine in most chromatogrems and for alasnine in some.
Degradation and dismutation would also explain the numerocus
colored spots obteined which either do not agree with the
amino acid standards in position and/or color produced.
Turner and Schmertzler (22) and De Fontaine (51), however,
found the parent amino acide and no other snote on paper
chromatograms of the amino aclds regenerated from PTH's by
hydrobromlc acid hydrolysils.

The pregence of spote other than for the parent smino
aclds has been interpreted by Thompson (66) and Christensen
(29) to mesn that linkages within the protein molecule have
been broken. If linkages within the protein molecule had

been broken, other amino acides would have appeared during
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subsequsnt steps of the sequence determinstlion. The DNFB
studles of the residues of each successive step in the PTH
method of sequence determination showed that no bonds athﬁr‘
than those expected from Sanger's structure (1, 2) were
cleaved by the dioxane-H(Cl. The ninhydrin resctive spots
could not therefore have arlsen from amino acids which had
become N-terminal residues due to non-sgpecific cleavage of
peptide bonde in other portions of the insulin chaine
durlng a previocus stepn.

The poselble carrying over of free amino wcld regidues
and peptlides by the wet ether during the continuous extrac-
tion of the weak ac¢idlc suepension of the insulin residues
of each succeseive PIC treatment ls aleo not indlcated. The
pregence of numerous free amino ascide and/or peptides after
dioxane~HCl cleavage would require that bonds other than the
N-terminal bonds were gpllt. Such nmn~8péairi@ cleavages
would have provided numeroue DNP-amino aclds as the result
of the DNFB studies of the resldues after each FTC ahd
&ioéane~ﬁﬂl treatment., The excess ninhydrin reasctive spots
in the paper chromatograms of the amino aclids regenerated
from the PTH'e of the residues in the second, third, and
fourth positione of ineulin cannot be expleined on the

bagls of the results obtsined in the present investigation.
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The Use of DNFB on the Resldues of Stepwlse PTC Treatmente

The paper chromstogrephy of the DNP-derivatives of the
emino aecid resldues in the N-terminal positionse in native,
denatured, and oxidized insulin, and the amino acid residues
in the N-terminal positions of each residue remaining after
the firet, second, third, and fourth PTC treatment and
dioxene-HCl cleavage of ingulin has provided complete agree-
ment with the structure proposed by Sanger (1, 2). The paper
chromatogram reproduced in Figure 13 is one of thoge prepared
during the DNFB studles.

The DNP-isoleucine of the DNP-1-N insulln residue
(Chromatogram no. 9) is streaked enough on the reproduced
chromatogram so that identificstion would be uncertsin. The
DNp-isoleucine of the same DNP-l-N insulin prepasration on a
previoug chromstogram wes much more compact and better separa~
tion from DNP-phenylalanine was obtained than in the renroduced
chromatogram.

The DNP-derivatives of the residues of oxldized insulin
after the various PTC treatments did not give eny conclusive
results. The shorter, more soluble peptideg were probably
lost during the 1solation of the DNP-oxidized ineulin

derivatives.
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The DN-nhenol standard solution applled to the chromato-
grem in Figure 13 had been applied in such excessive guanti-
tles thet a large sword-shaped streak was obtained. When,
however, & subsequent paper strip chromatogram wae run with
much gmaller quantitlies of DN-phenol and with some of the
DNP-gspartic acid standard on an adjacent spot, 1t was found
that the impurity in the DNP-amspertic acid standard (the
third spot from the bottom of the sheet in the area traversed
by the material applied to chromatogrem no. 1) and the DN-
phenol had the same Ry values. Thie indlcates that the
substances having the same Ry ag the impurity 1in the DNP-
aspartic acid etandard and found in chromatograms no. 6, 7,
9, 10, 11, 12, 13, 14, and 15 are also DH~phenol. Such a
product of the degradation of DNP-amino aclds during
hydrolyele would be exrected in every case where a DNP-
derivative of a protein ie hydrolyzed in aqueous acid solution.

The fallure of big-DNP-histidine (fifth position in the
B chain of insulin) to appear on the reoroduced chromatogram
in the area traversed by the ether extracts of the hydroly-
sate of DNP-A4-H is not surprising. Bils-DNP-histidine is
soluble in squeous solutione and ethanol but not in ether.
This derivative of histidine ehould asppear in psper chromato-
grams of the aqueous phase of the DNP-4-N (1), However, the

attempte to chromstograph the agueous phese of the varlous
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hydrolyeates falled due to & substsnce which diffused very
rapldly throughout the paper during equilibration of the
paper chromatogram. No interpretation of recults was

rossible,

The Investigaetion of the Barium Hydroxide
Hydrolysls of PTH's

The barium hydroxide hydrolyele of the PTH's of phenyl-
alanine and glycine was investigated in ar&er\ta determine
whether the sppearance of valine was a result of thie hydroly-
sis. The resulte obtained by paper chrometogrephy of the
firet hydrolysates of the PTH of phenylalanine and & mixture
of the PTHE's of phenylalsnine and glyclne synthesized by
Serat (37) were thought to indicate that valine was produced
during thls hydrolysis. A blue area at the base of the large
blue-green phenylalanine spot was thought to represent the
presence of valine. Lster chromatograms of the barium hy-
droxide hydrolysates of the PTH of phenylalanine and mixtures
of the PTH's of phenylalanine and glycine indicated that no
valine was nresent in thes hydrolysate. The blue color was
probably due to & particuler concentration of phenylalahinc

at the base of the major portion of the amino ascld because
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such blulsh sreas were found in other positions in the
gubsequent chromatograms.

The investigstions of the barium hydroxlde hydrolysls
of the PTh's of phenylalenine and glyecine, both senarately
and in & mixture of the two, indicate that the amounte of
amino acid regenerated from any two hydrolysee can vary
greatly even though the initial quantitiee and the conditions
of the hydrolyses of the PTH's ere the same. The difference
in the intensitles of the phenylalsnine and glycine spote in
the two paper chrometogreme in Figure 7 shows thie varisbil-
ity. The amount of PTH used for easch hydrolysis waeg 0.3 g.
The recrystallized PTH of phenylalanine, however, gave the
weaker phenylalanine spots even though 1t was presumably the
purer precaration. An equal amount of 0.25 N barium hy-
droxlide wes added to each, and the two test tubes in which
the PTH's were hydrolyzed were hung slde-~by-side in the game
oll bath., There ehould thus have been no significant dif-
ference in the conditions of hydrolysis.

If one compares Flgures 8 and 9, it 1is quité evident
that alanine ogeurs in every chromatogram of a hydrolysate
of the PTH of phenylalanine in Figure 8 while alanine ocours
in none of those in Figure 9. The dilutions of the hydroly-
sates of the PTH!e in chromatograme 4, 5, and 6 of Figure 8

are the same as those usged for the chromstogrsms in Figure 9,
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although more hydrolysate was ap-lied to chromstogram 2 of
Figure 9 then was applied to chromatograms 4, 5, and 6 of
Figure 8. The apparent vaeriability in the appesrance of ale-
nine and of the ninhydrin reactive spot having an Ry grester
than that of any amino scid residue known to be present in
insulin was also noticed during the inveestigatlons of the
N-terminal amino scids of insulin. The lstter unknown nin-
hydrin resctive spot wae preseéent on the paper chromatoprams
of the hydrolysstes of the PTH'g of the N-terminal amino
acids of Sample ATyBL (p. 55) and of the 8.8 mg. eample of
insulin (Figure 3). An slsnine spot was present on all
chromatograms but varied in intensity. The combined ether-
ethyl acetate extracts of Sample AT;BL had been washed

three times with dietilled water, evaporsted to dryness,
then redisgolved in ether for transfer to a test tube for
subsequent hydrolysis of the extracted PIH's, The corre-
sponding extracts of the 8.8 mg. sample hed not been washed
but were evaperateﬁ to dryners, then redissolved in ether
for transfer to the hydrolysis tube. Yet the unknown com-
pound appeared In both hydrolysates but did not appesr in
those of the washed 10.0 mg. samples (Figure 2). The unknown
compound sapparently 1is & product of the barium hydroxide
hydrolysie of the PTH of phenylalanine because it 1ls preesent
only in chromstograms containing the hydrolysate of the PTH
of phenylalanine.
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The barium hydroxide hydrolysis of PTE's causes not
only degradation of the PTH to 1te parent amino scid, but
slso degrsdeg the amino acid to other amino aclde. Thus
the PTH of phenylaslanine, including the recrystallized PTH,
ag well as the PTH gyntheeized from chromatographically pure
phenylalenine, leg not only hydrolyzed to phenylalanine, but
apparently the phenylalanine undergoes dlsmutation to alanine,
glycine, and a third ninhydrin reactive compound. The ap-
pearance of alanine and glycine indicates that phenyl and
benzyl zroupe are removed, either from the PTH, or from the
regenerated phenylalanine, FHowever, the appearasnce of ala-
nine in easlily vigible quantities during the barium hydroxide
hydrolysis of the PTH of glycine may be due to the presence
of some PTH of alanine as & contaminant of the PTH of glycine.
Such & possiblility exlets because no recrystallization or
synthetic studlee of this PTH were made,

Fraenkel-Conrst and Fraenkel-Conrat (27) found phenyl-
alanine, glycine, and & small amount of alanine during their
determination of the N-terminal amino acld residuec of insulin
by the PTH method. The small amount of alanine found on
their paper chromatograms very likely wae formed during the
barium hydroxide hydrolyels of the PTH's of the N-terminal
emino acide of insulin. The results found by the Fraenkel-

Conrats (27) therefore appear to confirm those obtalined in
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the present invectigation of the barium hydroxide hydrolysis
of the synthetic PTH's of phenylelanine and glycine.

The investigstion of the barlum hydroxide hydrolysis of
the PTH'e of phenylalanine and glycine did not provide, as
wae hoped, an answer to the vroblem of the N-terminasl valine
regidue. The results, however, indicate that one must use
extreme caution in interpreting the results obtained by
this method., Indeed, it would be most advigable to use the
extraction and hydreolysis of PTH's only in conjunction with\
a second method of anslysis such as the subtractive micro-
blologicsl aesay method of Fox, Hurst, and Warner (33) or
a subtractive method using the Dowex-50 column separetion of
emino scide in protein hydrolysates ss was applled to the
amino aclild residue sequence determination of bacltracin by
Griffith (69). In conjunction with the subtractive method,
the hydrolysate of PTH's can, if carefully interpreted, pro-
vide quallitatlive informetion about which amino acid residues
are present and their order in the sequence. Such informa-
tion would reduce the number of microblologlcal assays which
must be mede. Here sgelin, however, direct paper chromatog-
raphy of the extracted PTH's can further reduce the work
involved and would probebly not be subject to the limitations
of the appearance of degradation products ae 1s the case when

the PTH's are hydrolyzed.
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The Lack of Evidence for HNon-8pecifie Cleavages

The report of the investigation by Thompeon (66) of
the N-terminal amino acid residue sequence of serum albumine
appears to be critical of the PTH method of sequence deter-
mination. Thompeon trested human serum albumin with PTC, then
cleaved portions of the phenylthiocerbamyl serum albumin by
one of four methods, namely, acetic acld-HCl (70), dioxane-
BC1 (33), formic acid (66), and 0.05 ¥ citrate buffer at pH
4.5 (64). VYhen the residues remaining after the cleavage
reactions were treated with DNFB, slanine (0.5 mole per mole
slbumin), serine (0,1 mole per mole albumin), threonine (0.2
and 0.15 moles, respectively, per mole albumin), and aspartic
acid (0.1 mole per mole albumin) were obtalned from the resi-
dues of the acetic meld~HCl and dloxane-HCl cleavages. Ala-
nine (0.6 and 0,25 moles, respectively, per mole slbumin)
end sspartic acid (0.l mole per m@ie slbumin) were obtained
when the cleavage reagents were formic acid and cltrate
buffer. Since the H-terminal amino acid residue of human
gerum albumin is aspartic acid (25, 71) and the N-terminal
dipeptide 1s aspartylalanine (66), Thompson did not obtain
complete reaction of the PTC with the N-terminzl amino scid,
His results also indicate that non-specific cleavage occurred

2t serine and threonine residues. The present investigation,
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which alsc utilized the independently concelved method of
firet reascting the lnsulin with PTC, cleaving with dloxasne-
HCl, then treating the residue with DNFB to obtain the DNP-
resldue of the next smino acid residue, provides no evidence
of incomplete resction of PTC with any N-terminal amino scid.
The DNP~amino acld derivatives isolated after each successive
PTC reactlion and cleavage were those expected from Sanger's
structure and no others, The cleavages of only the terminal
blocked units of proteins by dloxsne-HCl were also reported
by Fox gt al. (33) and Lendmann et sl. (32). Since an
aspartic acld residue was in the third posltion of the insu-
1in phenylalanine chaln sccording to Banger's etructure, this
residue must have also reacted quantitatively with the P?G.
Theee results slso gave no indication of splitting at aa%ine
and/or threcnine bonds or any other than the expected terminal
bond of the blocked residue. The results of Fox et al. (33),
Landmann et al. (32), and Harrie and Li (72) with ACTH with
ite N~terminal Ser.-Tyr.-Met.,-Glu.-His.-Phe.- sequence aleo
indicate no unexpected cleavages. Explanstions which can be
of fered for Thomveon's resulte after a comparieon of his
method of PTC treatment with that used in the present investi-
gation sre thet the resction medium he used (1:1 dioxane~
water, pH adjusted with triethylamine) and/or the conditions
of the resction used (1 to 2 hours at 40°C. and pH 8.5) may
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not have allowed the reaction to go to comnletion. In
addition, anhydrous condltlions of cleavege may not have
been rigldly maintained by Thompeson (68) so that the lablle
serine and threonine bonde were split during his cleavage
reasctions., The observation of Thompson (66) that the 3~
phenyl-2-thiohydantoine of amino acide are difficult to .
recover quantitatively has been observed by Blaney (5) and

was apparent during the present investigsation.

The Use of an Air-Conditioned Room

for Paper Chromatography

The uee of an sir-conditioned room for paper chromatog-
raphy wag found to be highly desirable, if not essgential,
for obtsining reproducible resulte. The temperature of the
room used was found to be 25°+ 0.5°C. Conditione of con-
stant humidity were also meintained. The chromstograms
developed in this room, then dried for at least one half
hour in s stream of alr before spraying with the ninhydrin
reagent, were found to he completely reproducible. The Ry
values and the colors of the amino acid stsndards did not
vary noticeably during any of the work carried on in thie
room. Paper chromatogrsms developed in the laboratory and

gubject to fluctuations in temperature and humidity often
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could not be interpreted due to poor sepasrstion of the sub-
stances being chromatographed. Laboratory temperature and
humidity conditions may very well have contributed to the
failure of the direct paper chromatography of PTH's and the
first attempte to separsate DNP-amino acid derivatives by

paper chromatography.

The Photography of Paper Chromatogranms

The photogrsphy of paper chromatogcrame, especlally
those of emino aclids treated with the quickly fading ninhydrin
reagents, is highly recommended. The use of MNicrofile film
(LEestman Kodak Company, Rochester, N. Y.) would undoubtedly
provide greater contracst than was obtained with Plus-X film
(Eastman Xodek). MNot only does the photograph of the chromato-
gram provide an easily filed, permanent record, but s film
which is highly sensitive to the blue end of the spectrum will
often bring to the attention of the investigator spote of
ninhydrin reactive compounds which are below the visible
threshold of the eye. Indlcations of such spote are found
in the chromatogrsam in Figure 3 between the salanine and

valine spots.



137

SUMMARY

The sequence of the amino acid residues ln the poly-
peptide chains of insulin have been studied by the PTH and
DNFB methods and by s combination of the two.

The amino acid residues seguence predicted by the insu-
lin structure proposed by Sanger and hls co-workers (1, 2)
has been verified by a combination of the PTH and DNFB
methods.,

When the N-terminal amino acld residuss of lnsulin were
determined by the PTH method using anhydrous dloxane-HCl
for cleavage of the N-terminsl peptide bonds or by the DNFB
method, only phenylalenine eand glycine resldues were indl-
cated at N-teminal residues. VWhen, however, the N-terminal
amino scld regidues are determined by the PTH method and
all peptide bonds in the insulin molecule were cleaved by
vigorous agueous acld hydrolysis, phenylaslanine, glycine,
and valine residues appeared ag N-terminal residues. Some
possible explanations for the appearsnce of valine by the
latter method were discusesed.

An invegtigstion of the barium hydroxide hydrolyeils of
the PTH's of phenylalsnine and glycine was begun. The re-
sulte showed that not only the parent but one or more other

smino acid residues were produced during the reaction. The
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resulte of such hydrolyses must be Interpreted with csution
and should preferably be used in conjunction with other
methods of sequence determination.

Some observatione on the advisablility of using an air-
conditioned room for paper chromatogrephy and of photographing
the completed paper chrometogram to provide a permanent

record were given,
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