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CHAPTER I
CHEMICAL CHARACTERISTICS OF PROTEINS

The classical experiments of Fiascher and his coworkers
at the beginning of the century have glven much impetus to the
investigation of the chemical naturs of proteins. Knowledge in
this field has acoumulated steadily. Partlcularly rapid advances
have been made in the last decade., The past five years have seen
the development of many ingenious methods of attacking the
problem of protein structure and the advent of these techniques
has brought intensified interest in the fleld, This problem is
one of outstanding intereast, for ultimately the explanation of
the physiological and biochemical characteristica of proteins
must lie in the complete elucidation of their chemical structures,
LTh,a widespread occcurrence and varied functions of proteins in

the animal organism make the study of this class of compounds one
of the most important in the field of blochemistry. Enzymatic
activity, hormonal action and the conversion of chemical energy
to mechanical work in muscle are only a few of the more important

phenomena whose mechanisms may be more clearly understood when

L §




ghe structures of individual proteins are known.

In this chapter, a few of tha.more important charac-
éerisbics of proteins will be discussed. A consideration of some
df the chemical characteristios is essential for an appreciation
df the rationale of structure studles to bs desoribed later.

The major proauétu of hydrolysis of proteins are amino
dcids, although a few proteins yleld productg auch as polysag~
dnarides, 1ipids, porphyrins, or the phosphate radical in addie

ion to the amino socids. The number of amino acids which have
een 1solated from proteins thus far is quite small, about
wenty-one, Certain amino acids, e.g., hydroxylysine, hydroxy-
lutemic acid, norleucine etc,, although they have been found

In a few proteins or free in bilological fluidas, are no longer

%onsidored to be of general occurrence in protein moleculeas.

The amino acid compositions of most proteins are roughly compara-

Qlo, the largest wvariations coming in the content of the various

olyfunctional amino acids such as aspartic acld, serine, lysine,
Ita. There are a few proteins which have strikingly different
gmino aéid compositionas gelatin, for example, which has an
¢xtremely high content of glyecine., Only & few properties of
proteins can be explained on the baiia of amino acld analysis
4lone. For example, the low "biological value" of gliasdin, a
protoin'or wheat, is known to be due to lack of the essential

gmino aoid lysine in this protein.
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One would expect that 1if the total number of ioni:a-
ble groups and their pK's in a proteiﬁ were known, the isoelec-
tric point of the protein could be caleulated, With many pro-
teins this calculated value 18 not far from the expsrimentally
determined valus. IDut there are some exceptions. One notable
exception 18 pepsin, the isoelectric point of which has never
been experimentally determined., It is apparently well below
the calculated value of 3,5, Proteins with very aimilar amino
acid compositions possess varied functions and characteristics,
This is very striking in the case of the serum albumins from
different speclies of animals. The amino acid compositions of
these proteins are almost identiocal and yet the proteins are
species specifie. This specificity may lie in the arrangment
of the aminc acids in the molecules,

The fact that the blologlcal asetivity of proteins is
dependent on the free functional groups of the amino acids has
been recogniged for some time. For example, the free phenolic
hydroxy groups of tyrosine are essential for the activity of
the leutinising hormone of the pitﬁitarx. T™is has been demone
strated by a loss of activity upon acetylation of the molecule,
Several other examples could be cited which also support the role
of functional groups in the biological activity of proteins,
The present theories concerning the mechanism of enzyme action

postulate certain "active sites" on the surface of the protein
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molecule. Theae sites are probably associated with tho‘runcw
tional groups essential to the aotivléy of the protein. The
arrangement of the functional groups on bhe‘suvraco of the
molesule, in turn, depends on the arrangement of the amino aclds
in the peptide chains. Therefore, 1t 1s evident that before the
charecteristics and functiona of proteins ¢an be explained, it
will be necessary to develop definite procedures for d;ﬁormining
the chemical and physlcal aantigurdtiana of the protein molscules|

In 1902, Fischer (392) and Hofmeister (60), independent-
ly and simultaneously, proposed a theory oconcerning the nature
of the bond joining amino acids in peptides and prateina.. Thia.
is the only theory of ths naﬁuro 6f this bond, thus far proposed,
whioh has survived critiocal investigation. It is now universally
accepted and all techniques developed for determining the se-
quence of amino acids in proteins and peptides are based on_this
theory. Flascher postulated that the amino acids are joined by
amide linkages, the alphs amino group of one amino acid jéined
with the carboxyl group of the na#t amino soid in the aoquonc;.-
The amide bond in proteins is referred to as a peptide bond or
link and the polymer of amino aclds is known as a popti&e chain,
The repeating unit in the peptide chain is the grouping

~CO*NH+CHR~,

Attached to each nnit is a side chain, R, characteristic of the
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amino acid involved. Thus, for the tripeptide, alanylserinyl-
aspartic acid, the peptide chain could be represented by the

following structure:

H;nocmco-xn-gn- co'm-cjn-cng
Ciig CHgOH  CHoCOOH

X-ray diffraction patterns of stretched keratin have been inter-
preted by Astbury to indicats a repeating unit of 3.52. Studies
with 8ilk fibroin have shown a unit of 3.&? in length. These
values are in close agresment with the figure expected from the
-~NH*CH*CO~ distence (3.6 g) caloulated from the known atomioc
dimensions and bond angles that are involved., It 1s conceivable
that the terminal amino group at one end of a ﬁpptido chain
could condense with the free carboxyl group at the other end of
the chain to form a oyclie peptide, and 1n&aad‘tho presence of
such peptides in nature has been domonstratéd. Sanger (102) in
1946 presented evidence of the c¢yclic nature of gramicidin S,
end more recently Mueller et al (78) and Turner et sl (117) heave
shoen the pitniﬁary hormones, oxytocin and vasopressin, to be
cyclic peptides. Both gramieidin S and the pituitarﬁ hormone s
mentioned are small peptides, a pentapeptide and two octapeptides
Thus far no conclusive evidence of larger peptides or proteins
with cyclic ohains has been found., A bond between the epsilon
amine group of lysine and the beta or garmma carboxyl group of
aspartic or glutamic acids would lead to branching of the psntide
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chain. Thus far there is no evidence of that type of b;nd exist~
ing in proteine., By chemiocsl mesans 1; has been possible to
demonstrate that one of the amino groups of lysine is free in
most proteins and in those where an attempt has been made to
identify this group; it has always}been the epsilon amino group.

The presence in proteins of polyfunctional smino scids
could lead to the existence of bonds other than peptide bonds.
Three of these bonds involve the carboxyl group., This group
could interact with the sulfhydryl group of cysteine, the pheno~
lic hydroxyl group of tyrosine or the hydroxyl group of either
serine or threonine., These ester and thiocester bonds could form
bridges between peptide chains or might form bonds within a
sigglo cshain. Insufficient work has been done to determine if
these bonds are of any significant occurrence in proteins.

The presence of ocystine in proﬁaina introduces another
type of bond, the disulfide bond, If half of a cystine residue
occurred in sach of two gaptido cheins, then these peptides
would be joined by a disulfide bridge. Sanger (103) has recent~
ly shown, by‘mnthoda to be discussed later, that insulin consists
of four 6pen peptide chains joined by this type of bond., The
disulfide link can also participate in eyclic structures in
proteins and peptides, This has recently been demonatrated by
duvigneaud et al. (33). These authors have prop@aad‘atruﬁtursa

for oxytaeid and vasopressin which may be represented as

follows:
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gy-uuwyru——lleu gyfuu&yn—-ufhe ’
S 8 -

Cym—~Bp(NHg ) =Glu(NHg) ¢ y~Asp(NH; ) -G1lu(NHg)
Pro—li® 3 Ly NHp ) PrOw—A PgeuGly(NHy)
oxytocin vasopressin,

VXt has been shown that 1n order to conform to the
dimensions demonstrated by X-ray analysis, globular proteins must
consist of folded long chain peptides or short parallel ohain#.
This folding 1s probably in part responsible for the biologlcal
funotions of proteins by bringing about a certaln required
spatial arrangement of the functional groups. Since proteins
are quite labile with respect to their biologloal sctivity, it
appears that the forces holding the peptide chain in the required|
configurations must be rather weak. These weak forcees could re-
sult from ionic¢ salt linkagez, from mutual intersction or:dipoles,
and from hydrogen bonding. Thus, the destruction of charged
centers by the action of acild or alkali 6an be explain in part
the denaturation brought about by pH changes.

The presence of the peptide bond in proteins makes
possible the formation of a large number of hydrogen bonda, These
bonds are possible between the imino nitrogen of one peptide bond
and the carboxyl oxygan'or another, Since the peptide bond is
the predominant link in proteins, one might expect that the
hydrogen bond is the one of the major forces raspanaiblg for the

L]

speocifioc configuration of proteins. Hydrogen bonds are considers




8
bly weaker then the ordinsry chemical bonds, o.g., 8 ké;l per
mole for the hydrogen bond between th; imino nitrogen and car- |
boxyl oxygen of peptide donds, The relatively small energy of _
these bonds togetiwr with the small changes rjquirod for denature|
ation, are two factors which have led to the hypotheais that
these bonds are involved in holding the protein in its speocific
configuration. Pauling (85) has recently published an hypothesis
of the hellcal arrangement of the folded peptide chain., The
energy hooassary to hold the protein in this configuration is
supplied by hydrogen bonds, He haa dissovered several other
types of configurations and in addition, other authors have pro-
posed hydrogen bonded folded peptide chains of helical and
nonhelical configurationa, Most of these hypothetical configura-
tions fall short of meeting theoretiocal criteria or X-ray defrac-
tion data. One configuration suggested by Pauling, however, meetp
most of the theoretlcal criteris set up by himself and other
authors and also is in agresment with X-ray diffraction patterns
obtained on several proteins. "hias conflguration ia known as
the 3.7 residue or alpha helix, Each peptide bond is hydrogen
bonded to the third peptide link beyond it in the chain and forms
a spiral around a straight central axis, #s shown in Figure 1l.
The bond angles and lengths (Figure 2) are those determined by
Corey and Donshue from studies on alanine, threonine, N-acetyl
glyocine and beta glyecylglyocine.




The a Helix (After Pauling, Corey, and Branson!
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Sanger (10l1) in 1945 began a series of studles which
culminated in the complete determination of the amino acid
sequences in the peptide chains of insulin (101,103,104,105,106,
107)« ‘Thus far, this is the only protein which has besen com-
pletely characterized in this respect. A few naturally occurring
peptides have been fully charscteriged and work 1s now under way
on several proteins. Thess studies will be disoussed later under
the specific methods being employed. Prompted by the success
of Sanger and other workers, the satudy of the amino acid sequence
in the very interessting protein, pepsin, has been undertaken

with a view toward explaining some of its unique characteristics,




CHAPTER II
PROTEIN STRUCTURE STUDIES

The development of methods for the study of the amino
acid sequences in proteins has occurred very recently although
the rationsle of the methods was established as early as 1907
by Fischer and Abderhalden (40). Active application of these
methods has taken place in the past 6«8 years, MNost of the
methods proposed have proven to have definite limitations al~
though a few have yielded very excellent results, notably, the
method of Sanger (101).

The objective of most of the attempts has been to
develop methods which would enable the investigator to identify
the amino ucldd sltuated at the ends of peptide chains or frayge
ments of chains, These amino acids possess fres alpha aminc
groups or free ocarboxyl groups. These groups are now termed
Ne«terminal and C-terminal residues respectively, The determina-
tion of the number of these groups in a protein gives informa-
tion as to the structure of peptide chains in the molecule., Some

posaible configurations are 1llustrated in Figure 3,

18
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If analysis showed one N-terminal residuse and‘Bna Cw
terminal residue, the protein would bé‘canaidared as & single
open peptide chsain, disregarding the possibility of the presence
of eyclic peptides., This is illustrsted in Figure 3a., If more
than ona of each type of terminal residue were found, in equal
amounts, i.e., 2,3, or n. of each, the protein can be considered
tc be composed of 2,3, or n open peptide chains joined togsther
by some secondary linkages, Flgure 3b illustrates the cmse where
two Ne-terminal groups and one C-terminal grdup are found, These
results indicate branching of 2 peptide ehaln, In the c¢ase
illustrated the braneh comea off the epailon amino group of
lysine. The opposite type of branching could be concelved where
-the branch would come off the second carboxyl group of one of the
monoamino dicarboxylic amino acids. In this case the analyais
would reveal two C-terminal residues and one N-terminal residue,
Cyclic ﬁapbidea of the type shown in Figure 3¢ would show no
terminal free rexidues, There is a type of cy¢lic peptide,
involving a cystine disulfide link, which would show N- and C-
terminal residues of cysteic ncid after oxidation with performic
&acid, This type 18 shown in Figure 3d4. Various combinetions
of the above configurations are also posasibdle.

A second objective of the methodas to be described is
the determination of amino acid saquences by marking the ¥~ or
C-terminal group, selectively removing the marked residue and
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then marking the next residue in succession., Thus a st&pviaa
degradation of'tho peptide or protein“woulﬁ be asccomplished.
Abderhalden and Brockmann (1) in 1930 described one of the first
degradative methods, Previous to this time the emphasis had
been on the determination of the terminal resldues.

The first method for the determination of N~terminal
residues was introdueed by Fischer ard Abderhalden (40). The
peptide was treated with naphthalene~-2-sulfonyl chloride con-
verting the free smino group to the N~naphthalene-2-sulfonyl
derivative which was isolated after hydrolysis of the peptide.
The derlivatives were separated from the hydrolysate by differen-
tial solubility which entailed large losses. Abderhalden and
Stix (2) investigated the H-terminal groups of partial hydroly-
sates of silk fibroin by converting the terminal residue to this
N312, 4~dinitrophenyl derivative using 2,4~dinitrochlorobenzens
a8 the labeling sgent. The N:2,4~dinitrophenyl nmino acids can
be 1sclated from the subsequent hydrolysate by extraction. Both
of the above reactions required a total hydrolysis of the pro-
tein to obtain the derivative of the terminal residue. Abderhal-
den and Brockmann (1) utilizing the resction described by
Bexgmann in 1527 rescted the terminal free amino group with
phenylisooyanate. By controlling the hydrolyals conditions they
found 1t possible to remove the terminal group as the phenylhy~
dantoin leaving the remainder of the peptides essentially intaot.
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However, there was scme spliting of peptide bonds during éhp
hydrolysis. These authors then propaua& that the process could
ve reapplied to the peptide obtained from the first step and then
to that obtained at the second step and so on. This was the |
rirst description of a astepwise degradation. Jensen and Evans
(65) used phenylisocyanate and a-naphthaylisocyanate to identify
the free amino groups of insulin as the phenylhydantolins and
naphthylhydantoins. Benzenesulfonyl chloride was used by Gurin
and Clark (51) to identify the free emino groups in gelatin,

Within the past ten years there have been several very
interesting methods propossd. These methods were devised with
the end view of utilizing miero quantities of peptides and pro-
teins, as 1s usually necessary in the case of naturally occurring
products, | |

The derivatives of the N-terminal residues are not
isolated in orystalline form for melting points, elemsntary
analysis etc,, but are identifled usually by chromarography.

The first, and one of the two most widely used, of the
newer methods 18 that of Ssnger (101). The N:2,4-dinitrophenyl
amino acids described by Abderhalden and S§ix (2) are vellow
compounds and lend themselves well to chromatography. Sanger
wished to take advantage of this but the method of preparing
them from 2,4-dinitrochlorobenzene required heating at rather
high temperatures which would lead to p&ﬁtial destruction of the
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proteins. Therefore, he investigated the corresponding dinitro-
fluorobengens (DNFE) and found that itqraaotod in sodium biesr-

ponate solution at room temperature.

,CH=—=C{ OH"
.RQK'CG‘HK’R!W'QD - $ 0 !‘G CF‘ o - o P
HoN 2 2 \CH-—-G/
NOo

cli=
anc/ c%;cxﬁ-ﬁﬁﬂ-CO*KH*R'Q%¢G0§
—¢?

WO,
Aqid hydrolysis of the resulting DNP-derivative (protein}or pep~
tide) ylelds the free DNP~amino aclds which are separsted from
the hydrolysate by ether extraction. The yellow DNP-amino acids
are then separsted and identified by chromatography and measured
spautroﬁhotomatrically, This method served as the basis for
Sanger's structursl studies on insulin.

In 1950 three methods were introduced each of which
utilized a different reagent capable of reacting with the free
amino groups of proteins. Levy (73) utilized carbon disulfide
as the reagent. Leonis in 1948 had used this reagent to titrate
free =~amino groups. The reaction lesds to the formation of s
thiocoearbamyl peptide or protein and tha‘terminal residue is split

off as a Z2«thiothiazolid-S-one,
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The reasction with carbon disulfide is carried out at room tewp-
erature in 0.3 N Ba (OH),. The terminal group is aplit off by
mild seld hydrolysis (pH 3-4) at room temperature. The deriva-
tive of the terminel group can be measured spectrophotometrically
or the amino acid can be liberated from the derivative by acid
hydrolysis., Further modifications have been reported by Leonis
and Levy (78).

| Ingrem (62) altered the terminal free amino group in
such abway that it would not apresr among the ninhydrin positive
spots of the hydrolysate of the treated protein, .Tho peptide 1s
methylated with,formulﬁhhyda snd hydrogen in the presence of a
palladized charcoal cutalyst produaing the corresponding N:dime-
thylamino asid of the H-terminal residue., These substituted
amino acids do not give a positive ninhydrin test. The diffi-
culty with the method lies in the detection of diminished inten-
sity of ninhydrin spota, If the peptide contains two residues
of alanine, for example, and one of them 13 a terminal residue,
& diminished intensity would be expected. If, however, a pro-
tein contains twenty residues of alanine, one of which is a

terminal residue, the detection of a diminished intensity is very

unlikely. For this reason the method 1s limited to peptides with




19

only & small number of residues of like kind to the tarﬁknal
residue. The method has been applied Eo three peptides ?hich
were obtained as sutolysis products of pepsin (63). The results
showed the peptides each contained one terminal free alanine
residue, The difficulties described above were not encountersed
since the peptides contained only one residue of alanine sach.

A method receiving wide attention at the present was
proposed by Edman (36) in this same year, Two major modifica-
tions of Abderhalden and Brockmann's meth od were made by Edman,
¥First, he reasoned that the ease of thse reaction should parallel
the ease of ring closure to hydantoin and in this respect the
use of phenylisothiocyanate (PITC) should be an impra:emon€ over
phenylisocyanate. He found, using various peptides, that the
reaction was esaentially.eomploto within fifteen minutes at
40°c. Secondly, in order to avold the peptide bond hydrolysis
~encountered under thﬁ hydrolysia conditions of Abderhalden anmd
Brockmann, Edman developed an anhydrous medium. Thus, while
water is necessary to break the peptide bond, the terminal bond
was labile and could be broken by HC1l in anhydrous nitromethane.
Later investigators (37,44,84) found that the hydrolysis ooﬁld
be ocarried out in the presencs of up to 30 per cent water without
causing hydrolysis of peptide bonds other than the terminal

bond. The reactiorsof the method are as follows:
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The phenylthiohydantoin oan be identified chromato-
graphically or the parent amino scid uan»bu obtained by hydroly-
sis of the thiohydantoin, Sjoquist (110) and Landmann et al
(70) have developed methods for paper chromatography of the
phenylthichydantoins.

In 1951, Udenfriend and Velick (119) reported s method

using I131 labeled p-iodophenylsulfonyl ohloride (pipsyl) to

label the terminal amino group.
HoN+RCH.CO+NH+R'CH*COgH § I"CgHg+80+Clmmmmsamr
I¥C gl * 80+ NH+RCH+ CO*NH+R'CH. COgH

After hydrolysis of the protein derivative, the pipsyl
derivative of the terminal amino acid is isolated and identified
by counterocurrent distribution and paper chromatography. For
quantitative determination and also as & check of the purity of
the isolated derivative, & known amount of the derivative

labeled with 335 is added toc & known amount of the protein
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131 , *
derivative labeled with I . The derivative isolated from the
hydrolysate 1s chromatographed on paper. The area containing
the derivative is located, cut in sections perpendicular to the

direction of migrstion, and the derivative eluted from the

131 and 355 using

55:1151 remains

sections, Differential determinations of I
filters are made on each eluate, If the ratio S
constant along the direction of migration, purity is assumed.
The quantitative oaleulation of end groups is made from known
amounts of added 335 indicator and protein derivative employed
and the specific aetivihy of the labeling reagent. This methd
has & few advantages over the DNP technigue when applied to
smino acids and peptides, The method is more sensitive and
therefore, smaller quantities ocan be used, In the former methad ,
some breakdown of the D¥P-derivatives does oeccur on hydrolysis,
however, the 85-N bond of the Hipipayl derivative 1s very resis-
tant to the hydrolytic conditions necessary to break the peptide
bond,. t

However, when the technique was applied to insulin,
vary gross gquantitative discrepancies were found between the
results obtalned by Udenfriend and Vellieck and those reported by
Sanger (101), Whereas, Sanger found two terminal glycine and
two terminal phenylalanine residues in insulin, the pipsyl method
reveals only one of each of these residues, Forter and Sanger

(92) found six terminal valine residues in horse hemoglobin but

the pipsyl method showm two valine residues., The authors
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suggested that perhaps the pipsyl resgent does not raaaﬁ'freo
amino groups in ths interior of the f&idcﬁ peptide chains., Until
further work is done on this method, its apﬁlicabllxty to proteing
1s doubtful. If the author's explanation that residuss in the
interior of folded peptide ohains are not reached by the reagent,
is correct, it is conceivable that qualitative as well as gquanti-
tative discrepancies might arise. For sxample, 1f in the case of
insulin, the glycine residues were "interior" and the phenyla-
lanine residues were "exterior" the results would show only two
phenylalanine terminal residues in the molecule.

In 1962, Holley and Holley (61) proposed a degradative
method to be applied to the amino terminus which makes use of
the following series of reactions:

pH=cH v -
GHSOOGQ‘GH—G FSF ¢ ﬁﬂz* RCH*CO*NH*R!'CH*COpwamwo

Nﬁa

053000(<c /CKH'RGK*GO‘&H‘R' cﬁ‘ﬂcgnunmo\.ﬁnnn‘b

oB—C
3‘32
CH=CH
7/ -
CH, 000 N 7 HHsROCH+CO«HH*RYCH QO  wommmm e mos m e P
3 c\ca—q’c 2
NH
2
GH=0 -
cnaoesc( 50—5\*1 # WHgeR'CH+CO,
Ngg— CHR
CH G\ )
WH=-C

0
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The method has been applied only to small simple poptid;n.
pifficulties are envisioned by the auéhnra when amino acids such
as mothion&ué. cystine, systeine, lysine, tyrosine, proline and
tryptophane are encountered. Therefore, the method is probably
only of limited ussfulness.

Ingram (64) describes an improvement of his method of
1950 in which the dimethylamino acid can be identifled by paper
chromatography, The dimethyl amino aclid need not be separated
from the hydrolysate of the protein since the derivative can dbe
detected by reagents other than ninhydrin. Also, dimethylgly-
cine and monomethylproline are more stable to ascld hydrolysis
than the corresponding 2,4-dinitrophenyl derivatives, This is
an advantage over Sanger's technique,

A preliminary report by Reith (95) in 1953 described
the use of 3,8~dinitro-t4~dimethylaminophenylisothicoyanate as
a reagent for the stepwise degradation of peptides from the
smino end. The reagent has the advantage that the resulting
3,5~dinitro-4~dimethylaminophenylthiohydantoins are colored
derivatives, facilitating their chromatography and colorimetrio
measurement. ,

A series of four papera'(aa,ﬂs,ﬁs,sa) with the general
title "Studies on the Determination of ths Sequence of Amino
Acida in Peptides and Protoins“'hna very recently come from thia
same laboratory. In the firat papar,’tha applicability of




24
azobenzene~p-sulfonyl chloride to the problem was atudl;d. It
was concluded that the resulting K~p-;nobenzana~p~aulfenyl
derivatives obtasined were not sufficiently stadble to the condi=-
tions of hydrolysis of the protein and therefore the method was
not suited to end group analyals. The aaebnd method investigated
was the isoclation of methyl esters of DNP-emino soids from
DNP-proteins. It was found however, that the stability of the
mothyl.antars of the amino scids varied considerably, thus
negating their use. The next paper desoribes the use of 3,5~
dinltro-4-dimethylaminophenyliscoyanate as the reagent. The
conclusion di?wn was that the method was good for Neterminal
studies but was not applicable as & degradative method, Finally,
a detailed account of the preliminary report mentioned above was
published. 80-80 per cent yields at each step were obtained.
with small peptides, ‘

Methoda for the determination of the terminal free
carboxyl group have not been so numerous, nor have the quantita~
tive aspects been as favorable as at the amino end, Most of the
methods developed before 1949 are of only historicsl importance
for none of them sare used at the present time,

The first method developed for the identification of
the terminal free carboxyl group was that of Scohleck and Kumpf
(108). In this technique the peptide was treated with ammoniume
thioecyanate, and acetic anhydride to form the thiohydantoing
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«NHeCHR* COOHwwmw) «=Ne= CHR
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Ny

H

The thiohydantoin was split from the peptide, isclated and
identified. In 19851, Tibbs (115) reported a micro method based
on the above technique in which the isoclated thiohydantoin is
hydrolyzed in aqueous barium hydroxide to liberate the parent
amino acid. The amino scid is then identified by paper chroma-
tdgraphy‘ The method worked well on small peptides bdut in pre-
liminary experiments on insulin and wool keratin it became evi-
dent that modifications would be necessary. In 1953, Baptist
and Bull (9) modified the method in an attempt to make it use-
ful in qusntitative studies., The isolated amino scid was de~
termined by a spot dilution technique developed by Bull et al
(17). Certain of the smino acids however, did notkgive the
‘expected results and the mothcd has not been used extensively.
The method does not detect C-terminal residues of aspartic or
glutamic acids, lysine or arginine and 1t gives ambiguous results
with serine and threonins. In addition, the yields from peptide
studies usually are below 50 per cent for moat of the amino acids
which can be detected, Waley and Watson (123) had described a
similar modification in 19881 and recoveries of added thiohydan~
toins from protein solutions, such as are encountered in the

method, were less than 20 per cent,
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Bettgzgliaeche (14) investigated the free curbaxy14graupn
of peptides by means of the Grignard iiagont. Lﬁah&enstatn (75)
used S«~naphthol to identify the Ceterminal residues, Eergmann
(10,11), daveloped a ccmplicated scheme for the stepwise degrada-
tion of peptides from the carboxyl end. The ocarboxyl group was
first converted to the methyl ester; the ester was treated with
hydrasine toAgiva the hydrazide which in turn was converted via
the Curtius resction tu—tha azide; the azide was reacted with
benzyl aleohol to give the benzyl urethane which was convarted
to the aldehyde characteristic of the terminal sarboxyl group
by ortalytio reduction, The reasons thnt this proocess has never
become popular are spparent. Akaborl (5) also employed hydrazine
for the identification of the terminal free carboxyl group. ‘Tha
method however, was more straightforward than Bergmenn's. The
protein was heated with anhydrous hydrezine st 126°C. The re-
sulting mixture consists of the hydrazides of all amino acids
except the C-terminal residus whioh ;s presant as the free amino
acld, The amino ecid hydrazides are converted to insoluble
dibenzal compounds by treating the residue with an excess of
bengaldehyde in water. The precipitate is riltered off and the
supernatant containing the terminal free carboxyl amino acld is
exanmined by pméar chromatography. Experiments on 1nau11n,~
glutahione, and tyrocidin are in agreement with other reports
found in the literature. |
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Lens (71) in 1949 applied carboxypeptidase to ;ha
problem of identifying the terminal rrée carboxyl groups of insu-
1in. Since that time several other authors (24,46,50,63,54,113)
have used this method with suocess and in some instances even for
determination of sequences adjacent to the C~terminal residue
(124).,

‘ The reduction of the terminal free carboxyl group to a
primary alcohol by means of lithium aluminum hydrlide was reported
by Fromageot et al (47) in 1950, This is an excellent method
for identification purposes but only one other author has pub-
1ished on the technique (19,20). The quantitative aspects of
this method are however, very unfavorable, This involves oxida~
tion of the smino alechol to armionis, formaldehyde and an alde~
hyde characteristic of the amino alechol involved., Measurement
of the ammonia or formaldehyde gives the total number of C=-
terminal residues,If however, there is more than one kind of ‘
terminel residue, the determination of the number of each type
becomes difficult, Jutisz (67) has developed the method into a
photocolorimetric one, The amino alechol 1as converted to the
N:2,4~-dinitrophenylaminoe aleohol and measured in a photoelectrie~
colorimeter. The development of the technlque was simultaneous
and independent of the same method described later as a part of
the original work of this dlssertatlon,

Ohno (82) recently has described a similar modification
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of Alkabori's hydrazinolysis method. The hydrazinolyaato‘is
treated with DNFB and the DNP-amino acid corresponding to the
c-terminal residues 1s extracted, identified and measured photo=-
leclorimetrically. |
Boissonnas (185) has carried out anodic oxidations of
small neutral DNP-peptides in methanol, The C-terminel is con-
verted to a methoxyalkylamide., When the peptide is then hydro-
lyzed, the terminal group will not appesar on a chromatogram of
the hydrolysate. 1If, inatead of complete hydrolysis, the peptide
derivative 1s heated for a short time with dilute HC1l, the
methoxyalkylamide group 1s split off leaving a peptide with a
jnew C-terminal group. This new paptide can then be subjected to
Fa second anodic¢ oxlidation., These reactions ocan be summarized as

follows:

[DNP-NH¢ CHR? . CO+ HH+ CHR+ COOHw==m= === DNP=NHs CHR! . CO. NH+ CHR+ OCHg $CO,
HCL
[PNP-NE.CHR! ,0CHy =--==3 DNP-NH:CHR'.COOH + NHy #RCHO & CHgOH

Beveral reviews (66,98,127) on the newer techniques are now
javailable. | |

Tables I and II give, at a short glance, an indication
lof the amount of work that has been done on proteins using the
[pethods that have just been described., Most of this work has been
Lane within the past five years, A few of thaée studies may be
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N-TERMINAL GROUPS OF PROTEINS AND RATURALLY OCCURRING PEPTIDES

N~terminal Residues

Protein or peptide Method  Ref,
Aldolase (rabbit) 2 Pro Plpsyl 119
Avidin 3 Ala DNP 45
«=Chymotrypsin 1 Ileu, 1 Ala DuP 29
Chymotrypainogen none DHP= 29
Conalbumin 1l Ala DHP 48
Corticotropin A 1 Ser gues €9
¥ibrinogen none DXP 8
G~3-P dehydrogenase 2 Val Pipsyl 122
Glutathione 1 Glu #ncs 69
Glucagon His DHP 112
Gramiolidin 8 none DNP 102
Growth Hormone 1 Phe, 1 Ala DNP 74
Growth Hormone 1 Phe, 1 Ala DHP 24
flemoglobins
Human, adult 5 Val DNP 92
Human, adult 2 Val DNP 85
Iuman, fetal 2.6 Val DNP 92
Human, slckle 2 Val DHP 55
Horse, Donkey 8 Val pup o2
Horse, Donkey 2 Val Pipsyl 1160
Cow, Sheep, Goat 2 Val, 2 Met DNP 92




TABLE I (Cont.) -

N~-TERMINAL GROUPS OF PHOTEINS AKD NATURALLY OCCURRING PEPTIDES

Protein or peptide N=terminal residues Hethod Ref.
Insulin 2 Phe, 2 Gly DNP 101
Insulin Phe, Gly #Ncs 22
Insulin 1 Phe, 1 Gly Pipsyl 119
Insulin Phe Gly - gwcs 69
Insulin 2 Phe, 2 Gly DKP (Me Ester)
Keratin 4 Val, 2 Ala, 8 Gly, 42

8 Thr, 2 Ser, 2 Glu,

1l Asp DNP 8
Lysozyme 1 Lys }DNP 100
Lysosyme 1 Lys gucs 69
Myoglobin, horse 1l aly DNP - 92
Myvosin | : none DNP 8
Ovomucocid 1 Ala DNP 45
Papain Ilen DNP 114
Pepsin | 1 Leu DNP 128
Ribonuclease 1 Lys DNP 7
Salmine 1 Pro Pipsayl 121
Salmine Pro gucs 69

aorum albumins 28
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N-TERMINAL GROUPS OF PROTEINS AND NATURALLY OCCURRING PEPTIDES

Protein or peptide

K-terminal residues

Method Ref.

Human
Bovine
Porecine
Horse
Tropamyosin
Trypsin
Trypsinogen
Tyrocidin
Vasopressin (oxidized)

1l Asp

1l Asp

1 Asp

1l Asp

none

1 Ileu
1 Vsl

none

1 CysogH

DNP 28
DRP
DNP
DNP
DKRP 8

DNF,#ECS 98,99
DNP,gNCS 98,99
DNP 21
DNP,#NCS 3




TABLE II

32

-

C~-TERMINAL GROUPS OF PROTEINS AND NATURALLY OGCURRING PEPTIDES

————

protein or peptide

C=terminal residues

Method  Ref.

x=Chymotrypsin
xX=Chymotrypsin
Chymotrypsinogen
Chymotrypsinogen
Corticotropin A
Glutathione

Insulin

Insulin
Insulin
Insulin
Insulin
Insulin
Insulin
Insulin
Insulin

Glucagon

Lysozyme
Lysozyme
Lysozyme

1 Ileu, 1 Tyr
Gly
none
Gly
Phe
Gly

1l Gly, 2 Ala
1 unidentified

2 Ala, 2 Asp 1KHp)
2 Ala, 2 01y
x Ala

Ala

2 Ale, 2 Asp (NH,)
Ala, Gly

X Als

2 Ala, 2 hsp (NKQ)
Thr

1 Leu
1 Leu
1 Leu

- Carboxy. 49,50

Hydras. 8
Carboxy. 49,50
Hydraz, é
Carboxy. 124
Hydraz. &

Reduect'n 19
Reduct'n 48
Reduct'n 47
5 Hydan. 123
Carboxy. 71
Carboxy. 53
Hydraz. 5
S Hydsn. 9
DAP,Carb, 107

Carb,,Hydraz.
- 112

Carboxy. 53
DiP~Hydrgs .82
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f-?ERﬁINAL GROUPS OF PROTEINS AND NATURALLY OCCURRING PEPTIDES

Protein or peptide C-Terminal Residues Hethod Raf.,
Ribonuoldaaa 1 Val Carboxy.

Tobacco osala Vir, 5400 Thr Carhoxy. 54
Tobacco Mosals Vir, 2800 Thy Carboxy. 46
Trypsin (denat,) Lys Carboxy« 24
Trypsinogen none Carboxy. 24
Trypsin (native) none Carboxy. 24
Tyrocidin none Hydraz, ]
Cvomucoid Pne 5 Hydan. 118
Hﬂvulhumin Ala 5 Hydan. 118
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mentioned here because the results are more than mere 1dentifica~

tion of terminal groups or short sequences.

The first extensive studies were carried out by Ssnger
and co-workers (101,103,104,105,106,107) on insulin, Sanger
first sstablished with his DNP technique that there were two
free amino groups per insulin submolecule of moleculaer weight
6000, These were phanylalanine and glycine., He then showed that
by oxidation with parrcrgic acid, the insulin molecule could be
split intc two chains, one, chain A, having an F-terminal residue
of glyoine and the second, chain B, having a free phenylalsnine
group. Ey.partial hydrolysis of the chains, which had been con-
verted to the DNP-derivatives, it was possible to determine the
sequence of smino sacids near the N-terminal groups. This is
aceomplished by isolating, by chromatography, the DNPe-peptides
from partial hydroly:ato. The DNP-peptides were then hydrolyzed
and the amino scid compositions determined by paper chromatography
vwus in the A chain, the peptides DNP-glyeylisoleucine, DNP=-
glycylisoleucylvaline, DNP~glyeylisoleueylvalylglutamic acid and
DNP-glycylisoleucylvalylglutamylglutamic acid were isclated, The
terminel sequence can be visualized from these peptlides in the
following manner, |

DRP-gly.lleu
DNP.gly.lleu.val
DHP.gly.ileu,val.zglu

DNP.gly.ileu,val.glu.glu
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Removing the DNP residue, the sequence as it ocours in the
insulin molecule is gly.lleu.,val,.glu.glu=-, The abbreviations
using the first three letters of the amino scids are those
suggested by Brand et al. (16). The next step in the atudies
was to partielly hydrolyze the individual chains, i1solate the
small peptides by chromatography and other methods and determine
the sequences of amino scids in these peptides, This was
accomplished in the manner described above for the terminal
sequence, ¥hen all the saquences were determined the peptides
were “"pleced together" to obtain the sequences of higher peptides.
It was found that certain peptide bonds, those involving the
amino groups of serine and glyocine, were absent in the partial
hydrolysate, leaving gaps in what otherwise would be the complete
saequences in the chains. Therefore, ensymic hydrolyses were
employed and these bonds were obtained intact, thus allowing the
reconstruction of the entire sequences in the chsins, In the
partirl hydrolysis studies on the B chain in the sequences of
twenty~-three dipeptides, fifteen tripeptides, nine tetrapeptides,
two pentapeptides and one hexspeptide were determined, Similar
efforts were put forth in determing the sequence in the A chain,
The sequences may he represented as followass

Chain A - Gly.Ileu,Val,Glu.0lu,Cys.Cys.Ala.Ser,.Val,
CyS.Ser.Leu.Tyr.Glu,Leu.Glu,Asp.Tyr.Cyb.Asp, |

Chain B « Phe.Val.Asp.Glu. His, Leu.CyS.Gly,.3er, His,
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Leu.Vel.Glu.Als.Leu.Tyr.Leu,Val.Cy8.01y.Glu.Arg.Gly.Phe.Phe.
Tyr.Thr.Pro.Lys.Ala, '

It is of intereat to note that there is apprarently no simple
pericdie arrangement of amino aclids as has been postulated by
pergmann (12) and others,

In adﬁitién to the sequences determined by Sanger on
insulin, Table III lista several other partisl sequences which
have been determined,
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PARTIAL TERMINAL SEQUENCES IN SOME PROTEINS

——

Protein Seqguence Terminus Method Ref.
Carboxypeptidase Asp(NHp) .Ser- N DRP
Corticotropin A Ser.tyr- N DNP ,#NCs 69
Corticotropin A =leu.glu.phe, c Sarboxy. 124
o =Chymo trypsin Ileu.val~ N DNP 100
y~globulin(rabbit) Ala.Leu.Val.Arg. N DNP
Insulln (A chain) @ly.Ileu.Val.Glu, N

Glu- g#ucs 69
Insulin (B ochain) Phe.Val,Asp.Glu. N

His~ gcs 69
Lysozyme Lys.Val.Phe,Gly- N PNP 109 .
Lysozyme Lys.Val.Phe.Gly., N gues 69

Ser-
Papain Ileu,.Pro.0lu- N DRP 113
Trypsinogen Val.(Aap)4.Lya. N DNP 31
Trypsin Ileu.Val,.Gly- DNP 131

Another interesting series of astudies are those which

have been undertaken on the pancreatic enzymes, -chymotrypsin

and trypsin,

DNFB and PITC, that

=ghymotrypsin contains one Nwterminal

Desneulle et al. (30) have established, using

residue of isolesucine and one N~-terminal slanine, The zymogen,
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chymotrypsinogen, on the other hsnd, contains no torminai free
amino groups. The authors have inzorﬁéstod this to mean that
the activation process involves a proteolytic cleavage of peptide
bonds in the gymogen, engendsring the N-terminal residues in the
entyme, . Gledner and Neurath (49,50) have investigated the C-
terminal residues in this pymogen-enzyme asystem snd have found
no C~terminal reslduag in the zymogen and one ;auoino and one
tyrosine C~terminal residues in the enzyme, Thus both investiga~-
tors agree that in the activation of chymotrypsin there is a
cleavage of peptide bonds in the cyeclie zymogen thus produeing
two open peptide chains in the active ensyme, Trypsinogen and
trypsin appear to be single open chains. The N~terminal residues
have been identified by Rovery et al. (99) as isoleucine for the
zymogen and valine for the active enzyme, Native hrypain‘and
trypsinogen do not poasess therminai residues whlch are reactive
toward carboxypeptidase. However, acid denatured trypsin possess
a free carboxyl group of lysine (24). ¥hether this same amino
acid is at the carboxyl terminus or trypsinogsn is not known.
Thus, 1t appears that the aotivation of trypsin involves the
splitting of a peptide from the amino end of grypsinbgan.
Desnuelle and Fabre (31) haveksstablidhod a sequence at the amino’
terminus of trypsinogen which contains isoclsueine (1 mole),
aspartic acid (4 moles) and lysine (1 mole). This composition
is 1dentical) with the peptide isolated by Davie and ﬁgurath (28)

lfrter the asctivation of trypsin,
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In a most interesting series of studies (33,54,;6,73,87,
188,89,80,91,117) employing Sanger's t;ehniqne, Edman'a degrada-
tgion, and performic acid oxldation, duVigneaud's group from
Cornell University Medical College have elucidated the structures
of vasopressin and oxytoein illustrated in Chapter I, Acher (4)
simultaneously publiashed the same structure for vasopressin,
Having deduced the s trusture of oxytooin, duVigneaud's group
proceeded to synthesisze this interesting hormone (34). The
synthetlc product produced the expected oxytoeic activity in the
isolated rat uterus., Purther, the compound was fully effective
in stimulating labor in the human, It likewise poaa@uaad milke
ejecting activity in the human. The synthetic material also
possesassd physical and chemical proportiaa identical with the

best preparations of the natural hormone,




CHAPTER III
THE CHARACTERISTICS OF PEPSIN

Pepsin, the proteolytic enzyme of the stomach, was
first isolated in orystalline formed by Northrop (1930), Prepar-
ations of orystalline pepsin, which are 90~89 per cent pure by
electrophoretic analysis, have Lsen made by salt and ethsanol
precipitation. |

The reaction catalyzed by pepsin is far from a complete
hydrolysis of the protein. The end products of peptic hydroly-
sis are high molecular weight peptides., Desneulle et al. (1950)
have shown that the average sigze of the peptides obtained from
horse globin and egg albumin is that of dedecapeptides. Since
only a relatively few peptides are hydrolyjed, it has been con~
cluded that pepsin attacks only specific types of peptide bonds,
In an‘attumpt to determine the exact nature of the speciflcity
of pepsin several investigetors have prepared syathetic sub-
strates which are hydrolyzed by pepsin, The first group of
synthetic substrates were prepared and reported by Bergmann and
Fruton (19&1). This group includes carbobengzoxy-L-glutamyl-l-
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jyrosine, glyayl~Léglytamyl-L~tyroaine, sarbobenzoxyglyeyl-L-
jlutamyl=Le«tyrosine, carbobenzoxy-L-glutamyl-L-tyrosylglycine,

1:d earbobansvxy—L-glutamy1~L-phanyla1an1nc. The peptide bond

plit in all ocases was that between the arcmatio roaiduo and
jicarboxylic amino acid residue. The presence of tyrosine or
phenylalanine in the substrates was not in itself sufficient for
peptic activity. Both fres carboxyl groups and the aromatic
rosidue were found to be essentisl.,

Resulta which did not agree with the generalizations

pf Bergmann and Fruton iﬂrc later cbtained by Harrington and

PLtt Rivers (1944). These 1nv§stigatéra have shown that pepsin
tatalyszes the hydrolysis of cysteinyl-tyrosine and tyrosyle
tysteine and the corresponding oystine owmpounds.

Studies on proteins, however, do not reveal such a
parrow specificity, With the development of techniques for
dentification of the amino acids which possess free amino groups
n protains, it has been possible to 1dantiry the bonds which

re atﬁackod by pepsin in the intact protein molecule. Desnuslle
it al. (1850) in their studies on the action of pepsin on horse
lobin and egg albumin, found that pepsin attacks peptide links

n which the amino groups of slanine, phenylalanine, leucine, and
erine are fnvolved. Sanger and Tuppy (1961) have used pepsin
studying the amino acid sequence in insulin. These investi~
tions found the following bonds to be the major sites of action
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PEPTIDE BONRDS SPLIT BY PEPSIN

Paptide

Reference

CBO-L-glutamylwu%tyrosino
glyeyl»k«glutamy1~L%tyroainc

CEOugly@yl-Luglutﬁmyl-L%tyrosine_

CBO~-t-glutamyl=- | >tyrosylglycine
CBO=lLeglutamyl=- I »phenylalanine
. v

oystoinylé%yroaino

tyroayl%eyutoina
cystinyiétyrosine
tyrbaylé;yatine'
| Rivalani:u
Réphenylalanine
R;luueina

v

Rz:origo

lenayl%valina
tyranyiélauoino
phonyla;anyl%phenylalaninc
phonylalanyl%tyrosino

phenylalsnylevaline

Bergmann and Fruton (1641)

"
"
"

L]

Harrington end Pitt Rivers
(1944)

"
"

"

Desnuelle et al. (1950)

"

2

"
Sanger a nd Tuppy (1951)
"
”
]

3
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of the ensyme: leucylvalines, tyrosylleucine, phénylalaﬁylphenyl-
slanine, alanylleucine, leucyltyrosine, and glycylphenylsalanine.
A summary of the bonds known to be split by pepsin is presented
- in Table IV,

The molecular weight of pepsin has been determined by
a number of different methods, The results of these determina-

tions are recorded in Table V.
PTABLE V

THE MOLECULAR WEIGHT OF PEPSIN

Molecular Weight Method of Determination 'R-rcronuo

35,000 § 1000 Sedimentation Philipot and
Erickason~
KRuensel, 1933

34,000 Honomolacular Lavers Dieu and Bull,
1949

34,000 ?hoaphorua inalysis #

356,100 Methlionine Analysis %

- 32,500 Lysine Analysis »

35,000 Diffusion Neurath et al,
1941

# Bee Table VI, Page 44.
Crystalline pepsin has a very low lamlectric point.
No actual determination of the isoceleotric point has been made
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TABLE V1

AMINO ACID COMPOSITION OF PEPSIN

{ Brand)+#
Analysia Percent of the Protein Residues
Mols per
Mol of Protsin

Glyecine 644 29
Alanine
Valine 7.1 21
Leucine 10,4 e
Isoleucine 10,8 28
Proline 5.0 18
Phenylalanine 844 13
Cysteins 0,6 2
Half-oyatine 1.64 4
Methionine 1.7 4
Tryptophan 2.36 4
Arginine 1.0 2
Histlidine 0.9 2
Lyaine ‘ 0.9 2
Glutamic Acid 11,9 28
Aaspartic Aecld 16,0 41
Serine 12.8 40
Threonine 9.6 28
Tyroaine 8.8 lé
Total 115,15 308
Total, Caloulated

as Anmino Acid

Residues 97.47
Total, Amino Aoid

R as % of Total N 08,2
Total N 14.6
Total 8 O.94
Total P 0.00
Free alpha smino N 0.081
Total amino ¥ 0.162

*Inpublished data cited by J. H, Northrop, Crystalline
Enzymes, Columbla Univ. Press, New York, 1948, pp. 26, 74,
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for this reason., Tiselius, Henschen, and Svensson (195@5 have
shown that pepsin migrates as 1if nogaéivaly charged even in
0.IN HCl. These results confirm those of Northrop (1925) who
studlied the distridbution of pepsin between egg albumin particles
and the surrounding solution., It was found that papiin behaves
1ike the chloride ion in this respect. This result was baken
to indicate that pepsin ia a negatively charged, monovalent acid,
even at pH 1.,0. Ionographic studies indicate the pI to be well
below pH 2 (Willlemson 1951). An examination of the amino seid
content of pepain does not suggest an explanation for the unigue
eleotrochemiocal bshavior of the snzyme since the caloulated
iscioniec point is Ca. 3.0, using the pK's of the free amino acidal
As yet no explsnation for this phenomenon has appeared in the
literature. Other investigators have reported isoul&otricApoinei
near pH 3.0 but these have been found to be due to the presence
of non=protein nitrogen.

The amino sold composition of pa?sin is given in
Table VI, A few points in this analysia sre worthy of note.
The content of dicardoxylic amino aoids is high while that of
basic and sulfur containing amino acids is exceptionally low.
Free alpha amino nitrogen is also low, Papsin contains one atom
of phosphorous psr molecule, This phospliorous is evidently an
integral part of the molecule (Northrop et &1, 1948)., Flavin

(41) has recently reported that the phosphorus occurs as phos-

phate and is Iin the form of Oephosphoserine, This phosphorylated

.
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serine residue occours in the s equence, threouylphoaphoa;;ylglu-
tamic acid, .

Pepsin is known to have such free groups as carboxyl,
amino and phenolic hydroxyl. The introduction of twenty acetyl
residues per molecule of pepsin causes a great loss of peptic
activity. Iodination of the tyrosine residues csuses a similar
inactivation. Controlled scetylation of the free amino graﬁps
produces only a aslight decrease in activity, From this data 1t
has been concluded by investigators (Herriot, 1835,1937, Herriot
and Northrop, 1934) that the phenolic hydroxyl groups are closely
assoclated with the activity of pepsin,

Several of the charaocteristies cited above have led to
the partiocular cholce of pepsin as a subject for structural
studies, The results of these studies may clarify the question
of the specificity of pepsin in particular and proteolytio
engyme specificity in general, The unique 1sooleo?r1a‘point of
pepsin, which is unexplainable in terms of mere chemlical analysis,
may be explainable when the structures of the molecule 1s known,
The low molecular weight of the protein will make the study
relstively less difficult thean if a larger molecule were astudied.
Finally, the enzyme is well oharacterized and readily available
in a highly purified crystalline form,




CHAPTER IV
OUTLINE OF EXPERIMENTAL PROCEDURE

During the eo@m of the preaesnt studies on pepsin,
several techniques have been applied to the problem. The use
of most of them has come about as & result of efforts to find
a satisfectory quantitative method for the determinstion of the
terminal free oarboxyl gx-éup.

At the time these investigations were initiated, the
only adequately studied chemical method for the C-terminal
identification was the reduction of these amino acids with
1lithium sluminum hydride. Carboxypeptidass had been used earlien
by Lens but the spacificity requirements of this enzgyme are such
that certain amino esolds cannot be detected. Therefore, the
first method which was employed in the investigation of the C~-
terninal reas.diw of pepain was a reduction with lithium aluminum
hydride, The technique used was a modification of that proposed
by Fromageoct. No éuantitatiﬁ atudies were made but the anmino
aloohols were isolated and identified by chromatography. There
was & degres of uncertaintity in the chromatographic identifica~
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tions and so another methcd was employed to improve the 1dent1=~
fication, ”

The technique ruﬁortod t0 next was an engymatic diges-
tion wlth carboxypeptidase. This enzyme splita off terminal
amino acids which possess free carboxyl groups. The tentative
identifications made with the reduction method indicated that
carboxypeptidase could be employed since the specificity require~
ments would be favorable. This study corroborated the conclusiong
drawn from the redustion experiments and in addition sllowed a
seniquantitative eastimation of the number of C~terminal groups,

In an attempt to improve the quantitative aspects of
the study, the thiohydantoin methoda reported by Waley and Watson
(123) and Baptist and Bull (9) were employed. Instead of recov-
ering the parent amino acids of the C-~terminal hydantoin #n these
authors did, the thichydantoin itself was isolated and measured
at its absorption maximm, in a speotrophotometer, HRecoveries
were poor as had also been reported by Waley and by Baptist.

In addition, interfering substances made the measurements unre-
liable and without further attempts to remove these materlals a
fourth method was investigated,

This method made possible spectrophotometric measure=-
ments in sonjunction with the lithium sluminum hydride redustion.
The reduction was carried out as indicated previously, but the
hydrolysate was treated with 2,4~dinitrofluorobenzene, converting
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the amino alcohols and amine aclids to the Dﬁ?vdarivativ;a.

The amino aloohol derivatives were th;n isolated, identifled
and measured in a Beckman spectrophotometer. At the time this
technique was being developed there were only a few reports of
the use of spsctrophotometric methods in the study of terminal
rosidues, At the present time the literature shows an inoreasing
use of spectral anasurgmunﬁs, where possible, in preference to
chamlioal methods,

In #ddlbiﬁn to the identification of the C«terminal
residue, the sequence of amino acids adjmcent to the terminal
free amino residue was investigated. This atudy is s continuae~
tion of previous work (126) on this end of the pepsin molecule.
In the N~terminal sequence studles, s madifzaatian of the method
of Edman was devaloped, This method is less laborious than
Sanger's technigque of partial hydrolysis of the DNP-protein and
in addition served to corroborate the previocus studies on the
Heterminus in whioch the terminal group was identified as the
DNP-amino acld,. '

Papsin Preparation The pepsin used in these experi-
ments was Armour's three timea crystalliszed pepsin (Lot. No,.
128-191) of poreine origin, Eleetrophoritiu analysis by Armour
Researoh Laboratories produced the pattern shown in Figure 4.
The analysis was made in acetate buffer (7/2¢0.l1) at pH 4.3. The
largest component represents 99 per gcent of the total protein.




FIGURE 4

THE <LECTROPHORETIC FATTERN OF PiPoIN
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The preparation contained 1,62 per cent moisture, 5.8 pe; cent
sulfated ash and 15.2 per cent nitrogo; on a moisture free basis.
The pspsin was prepared by the method of Northrop (81),

g¢arboxypeptidase Preparation The carboxypsptidase
used in these expsriments was a six times reorvstallized prepara=-|
tion from Armour Research Laboratories (Lot, Ko, R 381-169),
containing 24 mg of enzyme per milliter., The product was claimed

to be essentlally free of tryptic and chromotryptic asctivity.

. Library
Stritch School of Medicine
Loyola University




CHAPTER V
REDUCTION EXPERIMENTS ON PEPSIN

¥hen a protein ia treasted with lithium aluminum hydride
thers ia a reduction of all the fres carboxyl groups. The
reduction of the terminal free carboxyl group gives riéa to a
primary amino aloohol in the hydrolysate of the reduced protein,
The reduation of S-and Kcnrboxyl groups of aspartioc and glutamic
acids leads to the corresponding ,-end Baunhmuqmamino acids in
the hydrolysate. These compounds are obviously analagous to the
arino acids serine and threonine and hence do not interfere in
the determination, The amino alcohols are extracted from the
hydrolysate of the reduced protein at alkaline pH with ether whilT
the amino acids remain behind.

The work of Fromageot on the reduction technique was
- the first to appear in the literature. He used unesterified
protein in his procedurs, which was bassed on the work of Nystrom
and Brown (83). In addition he used the methods of Karrer,
Suter and Poritmsnn for the preparation of the amino alcchols
from the amino mcid esters. Chibnall and Rees (19) have used

b2
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esterified protein in their investigations. There appears to be
no speclial advantage of one method over the other. Nystrom has
indlcated that 80-90 per cent ylelds can be obtained by the
reduction of the unesterified amino acids., Karrer et al. have
prepared the amino alcohols corresponding to most of the comon
anino acids, The present investigations were started prior to
the publicstion of the work of Chibnall and Rees. Since there
is no reported advantege of the use of esterified over non-
esterilied protein, no chunges were made in the procedure de~
scribed below:

Reduction Teshnigque The apparatus used is the same as that

described below for the preparation of the amino aleohols., As
finally developed the procedure is as followss 100 mgm of
pepsin are suspended in 50 ml of anhydrous ethyl sther. To this
suspension are added 50 ml of an ether solution of 75 mgm of
lithium aluminum hydride. After addition is complete, the
mixture is stirred for eight hours at about 40°C. At the end

of this time the excess lithium aluminum hydride is destroyed

by the cautious sddition of water. The mixture is s tirred for
an additional half-hour, T7The mixture is then acidified with

9 N HCl, The ether 1s evaporated off at about 50°C. After
evaporation of the ether, 35 ml of 6 N HCl are added and the
raeduced protein 1s hydrolyzed uider reflux for twenty~-four hours,
At the end of this time the solution is taken to dryness three
times to remove HCl. Sufficient water is added to make a syrup
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which 13 cocled in an 1ce bath and brought up pH 2,0 wiﬁé 1% 4
sodium hydroxide, The syrup is absorbéﬁ onto filter-cel and
extracted with ethyl ether for thirty hours in s Soxhlet. The
ether sxtract 1s dried over anhydrous sodium sulfate and evapora-
ted under reduced pressure, The residue 1s taken up in 0,5 ml

of acid-ethanol and used for chromatographic identification,.
Chromatography of Amino Aleohols Identifications of the redus-
tion product isolated from pepsin weie made by unid&mnnaianni

paper ohromatography. Whatman No. 1 paper was used and the
3ehromtagrama were devsloped by deacending solvent flow. The
distance of migration was always at least 30 am., The time re~
quired for development was about twelve hours, Chromabographic
cabinet temperature was masintained at 20 *‘206. Thn‘colar de«-
veloping reagent for the amino aleohols was a D.4 per cent -
solution of ninhydrin in 90 per cent butanolﬁic per aentvphanox. ,
The drled chromatograms were asprayed with the reaganﬁ Qnd heated
in an oven at 100°C for five minutes to develop the color. The
color obtained with amino alecchols is about ten to twenty times
less intense than that obtained with the amino acids,

The solvent used in these ohromatographic studies was
n-butanol-acetic acide-water (77:8;17). This is a singla phase
system and is used as both developing solvent and to saturate

the atmosphere of the chromatographlie chamber,
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preparation of Amino Aloohols Authentlic amino slcohols were

prepared for use in the ehromatographié comparisons, At first
a few with widely different R;'s were prepared to get a general
jdea of the identity of the unknown alochols., Then samples of
those aleohols with ﬁf'a elose to that cf the unknown wers pre-
pared. V
The amino aleohols sorresponding to aianine, lsucine
valine, tyrcsine, aspartic acid and glutamic acid were preparsd
from the ethyl ssters of the amino acidas. The amino alcohola
were characterized by chromatographie behavior only. The
following description of the preparation of wvalinol (2-aming=35-
methylbutanol~l) is 41llustrative of the method used. This 1is
essentially the method of Karrer, Portmsnn and OSuter (68),

The general reaction may be written as follows:

4REH«RCH*GOQEt L 4 LiAlK‘->1/@(32H~RGK*CKQD)4 L1Al ¢ 1/2 (ETG}‘LiAI
332§*RGB»CHQOK ¢ 2 EtOH

1 gm of valine was suspended in 50 ml of absolute
ethanol. Dry HC1l was bubbled into the suspension until all the
valine was dissolved. The ethanol was then evaporated off under
reduced pressure, The residue was taken up in a little water,
covered with a layer of sther and cooled to 09C. The cooled

solution was then mads alkaline with concentrated sodium

¥
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hydroxide and the ester extracted into the ether 1ayar¢‘ The
ether extract was dried overnlght ove#'anhydroua sodium sulfate.
After drying, the solution of ester was transferred to a dry
thres necked flask. The flask was fitted with a dropping funnel,
an ebulating tube for maintaining an atmosphere of dry nitrogen,
and a reflux condenser fitted with a soda lime tube to eliminate
atmospheric CO, from the reaction vessel, A solution of 1 gm of
lithium sluminum hydride in 50 ml of ether was then added drop=
wise to the ester solution., The reducing solution was edded over
a period of ten minutes., The reaction mixture was allowed to
stand for an edditlional fifteen minutes with agitation (bubbling
nitrogen) before the exceszs lithium aluminum hydride wasg de-
composed by the cautious addition of 5 ml of water, The resulte
ing precipitate was flltered, washed twice with 50 ml of sther
and finally with three 50 ml volumes of hot 95 per cent ethanol.
A pale yellow oll was obtained after evaporation of the combined
filtrates, The product was dissolved in aclid-ethanol and atored
in the refrigerator. Identifications were msade by comparing the
relative rates 6: movement in paper chromatography with the rela-
tive Rr'a reported by Fromageot, .

Results of the Reduction of Pepain Filgure 5 1llustrates the
pattern observed when the amiho aloohol isolated from reduced
pepsin was chromatographed on paper. Included in this chroma-

togram are a number of authentie amine aloohols for comparative
purposes., The alcohol moved with an Ry intermediate bstween thosd
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of alaninel and glutemidicl: None of the eminc alcohols corres-
ponding to the common amino aclds move éith this Rf, Therefgrﬂs
1t was concluded that the material Isolated from reduced pepsin
wves elither alaninol or glutamidiol, Fromageot (47) had reported
that the presence of lithium and aluminum salts would slow up
the chromatographic movement of anino alcohols., These salts can
ve carrisd over from the reduction step during the ether extrac-
tion. Therefore, the tentative conclusion was drawn that the

amino alechol isolated from reduced pepsin was alsninol.




CHAPTER VI

EXPERIMENTS ON THE
DIGESTION OF PEPSIN WITH CARNOXYPEPTIDASE

The use of carboxypeptidese for the determination of
Ceterminal residues in proteins does not give unequivocal resultsp
Due to the speeificity requirements of the enzyme (11l), certain
amine acids sannot be deteoted, e.g., Prolins and hydroxyproline.

¥hen basic or acldic amino scids (lysine, glutamic asid, atéy)
occupy the terminal position, the clevage is slow and requires
relatively large amounts of enzyme, Aromatioc amino acids sre
most essily cleaved by this excopsptidase, followed by the lovg
chain aliphatie amino aoclds and finelly by theshorter chailn

' aeids, Considering this relsative specificity, it is possibie %o
visuslize s number of anomalous results, For exsmple, if the
Cetoerminal residue is hydrolyzed slowly and the sscond amino uni;
from the carboxyl end is hydrolyzed rapidly, 1t is possible that
approximately squivalent emounts of both amino soclds may be
aleaved in the same time interval. The results would indicate
tnu chains whereas in reclity there is only one, Also, 1f a
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protein consisted of two open chains one of which t«rminaéod in
proline or hydroxyproline, the earbaxyp;ptidauu method would
indicate only a single chain, These diffioculties were not en-
cauntered in the present study dince it had slready been de-
ternined that there was onlj one species at uha'ﬁatarminal ond
of pepsin., The method was thevrefore used only to sorroborate
the tentative conclusion drawn from the redustion ozporinnntg
and to obtain a sehi-quantitative estimation of ths number of
C~terminal residues, |
Carbox tidase Ligestion 200 mgm of pepsin were dissolved in
§ ml of 0.1 }f phopphate buffer at pH 7.6 0,3 ml of a carboxy-
peptidase suapenuian containing 8 mg of anzymi was then added,
The temperature during digestion was 28-89°C, At 1,2,4, and
5 hours, 1 ml aliquots wers withdrawn and added to 1 volume of
0.6 N HC1 in 95 per cent ethanol, The precipitate was centri-
fuged and aliquots of the order of 20-30\were applied to & paper
chromatogram, Known quantities of aminé acids corresponding to
1, 2 and 4 end groups psr mole of pepsin were applied to the
same chromatogram, The chromatogram was developed with 77 per
cent ethanol, The spots were developed with ninhydrin and the
intensities compared in order to estimate the mumber of end
groups.

The minimal distance, direction and time of solvent
flow, and the type paper were the same as desoribed for the




FIGURE 6
SPOT DILUTION CHROMATOCGRAM OF AMINO ACIDS LIBERATED
FROM PEPSIN BY THE ACTION OF CARBOXYPEPTIDASE

(1) 1.54g alanine (2) 30A 4 hr, digest (3) 30)\
5 hr., digest (4) 3«g alanine (5) 2.4 lutamic
acid (6) 3ug alanine+30A 4 hr, digest (7) 3ug alanine
+ 30X 5 hr, digest (8) 6ug alanine (9) 60A 5 hr, digest,
l.5ug mlanine=l end group, 2,4 g glutamic acildsl end grouy.
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chromatography of the amino aleohols, The color developing

. 3

reagent was the same ninhydrin solution used in the chromatograph]
of the amino sloohols,

Results Seversl amino acids and scme slow moving peptide material

L2

appeared on the chromatograms of the carboxypeptidase digests of
pepsin, The most intense spot corresponded in movement to alaning.
A spot dilution chromatogrem of the alanine spot is shown in
Figure 6. The ohromatograms faded before s photograph could be
made and therefore a drawing was prepared to 1llustrate the
results,

If there are two C-terminal alanine residues in pepsin,
the smount of alanine to be _expected in the 30N aliquot of the
supernatant taken for chromatography is about 3ug. Approximately
24g of glutamic acld correspond to ons end group of this amino
.acid. From the figure it can be seen that the intensity of the
alanine spot corresponds most closely to two end groups, The
estimations were made by visual comparison. The intensity of
the glutamic acid spot 1a less than one end group. This amino
acid was also estimated since it was the next most intense spot
on the chromatogram. The patterns on the right of the figure
1llustrate the results obtained when double amounts of all the
components of interest were chromatographed, Fatters & and 7 aref
mixtures of alanine with the four and five hour digests respect-
ively. These patterns also serve as mixed chromatograms further
strengthening the identification of the C~terminal residue as
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alanine. ﬂ

In addition to the glutamic acid and alanine spots,
there were spots corresponding in movement to leucine (or iso-
leucine), phnnylalahine. methionine, and an unidentified amino
acid with an Ry smaller than glutemic acid. The movement of
this spot in 77 per cent ethanol correasponded to the group, |
serine, glycine, aspartic mcid. The faster moving spots are |
not shown in the figure. The substances shown in the figure are,
from top to bottom, peptide material, unidentified amino acid,

glutamic acid, slanine and methionine.




CHAPTER VII

INVESTIGATION OF THE C~TERMINAL GROUP OF PEPSIN
'AS THE THIOHYDANTOIN

In the methods published by Waley and Watson and by
Baptist and Bull the recoveries of the thiohydantoins were
measured by spot dilution chromatography of the aminoc acid after
hydrolysis of the thichydantoin. No attempt to determine the
losses that might be incurred in this step were reported. In
the present atudles, the thiahydaneain 1tself was measured
spectrophotometrically in an attempt to improve the quantitative
aspects by eliminating the hydrolysis of the hydantoin, The
method was used .n the hope of obtaining better gquantitative
data than that ylelded by the carboxypeptidase experimenta.
Thiohydantoin Technique In the chromatographic studies, 50
mg of pepsin were dissolved in 5 ml of acetic anhydride containe
ing 10 per cent scetic acid and 250 mg of ammonium thiococyanate.
The mixture was kept at 40-50°C for four hours with mechanical
stirring. At the end of this time the protein was precipitated
with 10 volumes of acetone. The preciplitate was washed three
times with § ml volumes of acetone. The dried protein was
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suspended in 2 ml of 10 per cent HCl and heated over a B;lling
water bath for one hour. The prettin.;uu again precipitated
with 10 volumes of acetone sand washed as before, The supernatant
and washings were taken to dryness and the residue was dissolved
in about 0,5 ml of ethanol., This solution was used in the
chromatography. |

In the ipeutraphnbamaﬁric studies, the residus, after
evaporation of asetone, was taken up in 10 ml of O.25 M phosphate
buffer at pH 8.45. This solution was then extracted three times
with 10 ml volumes of ethyl acetate and the extract was diluted
to 50 ml. The measurements wers made at 265 mu in a Beckman
Model DU spectrophotometer. |

Blank determinations were made by subjecting the pro-
tein to the same procedure execept that the ammonium thiceyunate
wags omitted in the initial reaction. ,

Recovery experiments were sarried out by adding 1 ml
of a solution containing 3,49 x 10~° moles of 5~m¢&hyl~2-thia~
hydsntoin and 1 ml of 20 per cent HCl to a protein preparation
prodused in the same manner as in the blank determination or as
in the experimental determination. The hydrolysis and subse~-
queht procedurs were the same as deacribsd for the speatrophoto-
metric determination.

Chromatography who-pnpor; minimal distance of solvent flow and
direction of solvent flow were the same as described for the

chromatography of the amino aleohols. The time required for the
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minimal distance of a solvent flow wes about 3-4 hours. Aaha
solvents used were thoses proposed by siéquiut (110) with the
substitution of iscoctane for heptane, For initial separations
the solvent used was isoocctane-n~butanol«85 per cent formic acid,
40:20140 (83-B). The components were shsken in a separatory
funnol and the lowser layer was used to saturate the atmosphere
of the chamber. PFor secondary separations two other solvents
were used, isoootane~n-butancl~85 per cent formic acid, 20:&&:
40 (5)~c) and iscoctane-anhydrous pyridine, 70130 (Sj-A). These
two solvents are gingla phase,

The thiohydantoins were located on a paper by aéraying
with an lodine-potassium iodidowan&ium‘agidﬁ reagent which gives
& fading brown background with white aspots (18). The background
can be stabilized by pretreating the papsr with starch. The

background is then blue. The reagent is prepared by mixing,
irmmediately before use, squal volumes of M/100 Iﬂ'xn M/2 KI and
M/2 Xans. The sulfur in the thiohydentoins is sald to cstalyze
the reaction

2 NaNy 4 I, = 2Nal ¢ 3N,

The chromatograms were dried five minutes at 98°C before spray-
ing with the resgent, |

Preparation of Th&ohzggntoigu " The thiochydantoins corresponding
to the amino acids leucine and alanine were prepared according
to the methoffi of Johnson and Kicolet, The thiochydantoins were

—
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obtained in orystalline form and the melting points eor;oaponded
to those in the literature. S-Hathyi;anthiahyaantein: M.P.
Lit. 163-188°C, Oba, 182-1835°C, BS~isobutyleS«-thichydantoin:
M.P, Lit, 174-176°C, Oba. 175-177°C,

The preparation of the alanine thiohydantoin (5-methyl-
2-thiochydantoin) ls a typloal procedure. £ gm of slanine and
2.6 gm of pﬁtauaiun thioccyanate were ground together 1& a2 mortar,
The mixture was butp&ndbd in 10 ml of acetic anhydride and placed
over a boiling watsr bath for thirty-five minutes. The solutlion
was then cooled to room tempsrature and 60.m1 of cold water were
added and the solution placed in a refrigerator for about one
hour, The orange~yellow crystals were filtered, dried snd re-
crystallized from aqueous ethanol. The orystals of NHeacetyl-
S-methyl-2«thiohydantoin were a light tan in color. M,P. Lit.
171%¢c, Obs. 169-171°C. 0.5 gm of this R»acotya;s~nathy1~z-
thiohydantoin was suspsnded in & ml of 10 per cent HCl and
roflux#d rgr forty minutes, The solution was then cooled to
room temperaturs and placed in an lee bath, A large orop cof
white orystals was obtained, The Se~methyl-2«-thichydantoin was
reorystsllized from 96 per cent ethanol. M.P. Lit. 163-168°C,
Obs, 182-163%C,

Results The chromatographlic studies on pepsin using the thio~
hydsntoin technique gave negative results, i.s., thers was no

sulfur on the ohromatograms of the acetone extract, These re«
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sults could be interpreted to mean that the method was uhsuaeeaaﬁ
ful at one of the steps or that there ;an no C=terminal residues,
in pepsin. That ;he first conclusion and not the last was most
prqbably eorrict was demonstrated by the faot that a protein knawk
to have a C~terminal group also gave negative results. The
technique was appligd to lysosyme which has a single Ceterminal
group of leuscine. Ho‘evidcnao of S5-isobutyl-2-thiochydantein
could be found on the chromatograms in this sxperinent.

Figure 9 summarizes the results obtained in the spec~
trophotometric studlea., Curves 1 and 2 were made at one-half the]
dilution used to make the other curves and therefore cannot be
direotly compared with them., A ecomperison of these curves with
the :boorﬁtion apsctyun of S-methyl-2-thiohydantoin shows a
similarity only for curves 3 and 4 and curves 7 and 8, These are
the preparations to which H-methyl-2«thiohydantoin had been added}
The curves are flatter than the aspectrum of the pure compound
indicating the presence of interfering #ubstancas. Curves 1 and
2 indicate that there was soms ultraviolet absorbing material
extracted even in the blank dsterminations. Caloulated at 266 my
this amounts to 0.0125 moles of S~methyl~2-thiochydantoin per

-mole of pepsin used., This value was substracted from the values
obtained from calculations made with the other curves, In the
recovery experiments, ourves 3 and 4, a corrected value of 22,5

per cent was obtained, This would indicate that the losses
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reported hy the other authors were not incurred during the
hydrolysis of the thiohydantoin but rather may be due to adsorpe
tion on the protein or incomplete cleavage from the protein,

In the experiments represented by curves 7 and 8, after applica~
tion of the raoovarf factor practically all (3,1 x 1078 moles)

of the added H~methyl-2-thiohydantoin was recovered. There was,
however, no additional hydantoin from the reaction with amnonium
thiocyanate, Curves 5 and 6 indloate, from tha‘shape, that there
is probably no thichydantoin present., If there were one C~termi-
nal group in pebsin, the optical density at 266 m should be at
least as high as that in curves 3 and 4. The actual cazleulated

value was 0,12 end groups and when corrected for recovery was

ineoreased only to 0,61 end groups.




CHAPTER VIIIX
DETERMINATION OF THE C~TERMINAL GROUPS OF PEPSIN
AS THE DNP~-AMING ALCOHOIS

since the results of the thichydsntoin technique in-
dioated no improvement over the results obtained by Waley and
Watason and by Baptist and Bull, another method of spectrophoto-
metric determination of the cwtqrminal group was developed,

Dinitropheny)l compounds are relatively stable and
have an adequate absorbancy coefficlent at 350 mu for use in
spectrophotometric measuraments of small amounts of materials.
The use of DNP-amino acidas has met with mich success in the
determination of N-terminal residues and therefore it was de- -
cided to oonvert the C-terminal residue, in the form of the
amino aloohol, to the DHP~derivative,

DNP Treatment of Redused Pepsin The reduction proocedure was

the same as desoribed in the preceding section. After the hy-
drolysis the solution was taken to dryness once under reduced
pressure, made to 50 ml and neutralized with sclid sodium

bicarbonate, To this mixture was added 0,28 gm of solid NaHCO,

3
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and 45 ml of acetone containing 0.21 gm of DNFB. The mi;:turo
was stirred for three hours sfter vh:m.h time 0.2 gm of glutamic
acid were added to react with the excess DNFB, The mixture was
stirred for an additional two houra. After this time, the mixe
ture was centrifuged and the precipitate was washed twice with
10 ml volumes of water and three times with 10 ml volumes of
ethanol, The acetone and ethanol were svaporated off under
reduced pressure. The resulting solution was extracted three
times with 50 ml volumes of ether. The ether extraot was back-
extracted twice with 50 ml volumes of 0,08 M NaOH and once with
50 ml of water,

After drying over anhydrous sodium sulfates, the ether
was removed from the extract and the residue was dissolved in
10 ml of 98 per cent ethancl, Two ml aliquots of this solution
were used in the fdentifiocations and measurements. The aliquot
was first passed through an alumina column to remove dinitro-
phenol, The sluate was taken to dryness, dissolved in a minimal
amount of the solvent to be used on the silicone treated column
and then ohromatographed. The proper fraction was collected,
the golvmt sveporated under reduced pressure, and ths residue
made to volume in 95 per cent ethanol., Measuremsnts were made
in the Beckman spectrophotometer at 350 mu., The concentration
of the eluste was determined from a standa»d curve. Identifica-
tions were made by running mixed chromatograms with suthentioc
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DNP=-amino aleochols. ‘ 4

In recovery experiments, 0,1 ml of a solution of
alanine conteining 7.7 mg/ml was added to the ether suspension
of pepsin, Sufficient excess lithium aluminum hydride was
added to react with the water from the alanine solution. The
procedure was then carried ocut as described in the previous
section,

Chromatogra

DHP~amino alechols were separated on columns n: ﬁyflo
Supercel impregnated with silicone. This treatment rendersd the
adsorbent hydrophobic. The process of chromatogr#phy on o lumnsa
of hydrophobic adsorbents is called inverse phase chromatography.
Known mixtures sepsrated on these columns cantained abow 100 g
of each aouponjnt.

The sillicone treated Hyflo 8uparfaol was prepared as
follows: 50 gm of Hyflo Super~cel were suspended in 125 ml of
10 per cent acetic acid. The suspension ﬁna filtered and washed
twice with 126 ml volumes of 1C per cent acetic acid. The
material was then washed with water until neutral. 30 ml of
ethyl moetate then were dddad and the resulting slurry was
filtered on & Buchner funnel., The filter cake was powderad and
dried overnight at 100°C. The dried material was ground in a
mortar, The powder was transferred to 2 glass stoppered round

bottom flask., 75 ml of & 5 per cent solution of Rhodorsil 240
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(Scciete des Usines Chimiqumi, Rhonguyaﬁlono, Paris) in thloro-
form were sdded and the mixture was shaken vigoradaly for one
minute. Rhodorsil 240 is a partlally hydrolysed polymer of
chlorosiloxane. Tho‘mixtura was flltered on a Buchner, trana-
ferred to filter paper and allowed to dry in air, The last
traces of chloroform were removed by washing vvxco with 75 ml
volumes of ethanol., HC1l from the Rhodorsil was removed by
washing with distilled water until the filtrate gave no test
with silver nitrate. The final product was then driid in an air
oven at 100°C for forty hours.
The column‘wus prepared by grinding, in & mortar, 8

gn of the Hyflo suptr#acl and 1,2 ml of the organic phase of the
solvent system to be used., The Super=-cel was then suspended in |
30 ml of the aqueous phase of the solvent and poured carefully
down the side of ths column. The ¢olumn was rotated between
the hands between each addition to remove any trapped air bubbles
The column was then allowed to settle by gravity., It was found
that columns packed by ﬁonittvo pressurs or by wvecuum did not
give satisfactory results. |

. When the menisous of the solvent just touched the
uurfuqa of the ¢dum, the mixture to be separated was added in
about 1«2 ml of the aqueous ﬁh&ao of the solvent and alloved to
settle into the column. ‘whn developing solvent was then added

carefully ia a8 not to disturb the surface of the column.
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It was found during the course of the atudies mt
separations on these columns eonld only be effected below 18"(:
and should be carried out preferably at about 12-18°¢, For this
purpose the columns were jacketed and tap water in this tempei;aw
turs range was circulated through them during the run.

In order to remove dinitrophenol from mixztures dbefore
applying them to the Super-cel columns, the mixtures were first
passed through an activated alumina column about 3 om., long.

The dinitrophenol remains in the upper portion of the colwm
while remaining components are washed through. The solvent used
on the alumina column wzas 95 per cent emnnl.

The solvents used on the silicon treated columns were
those employed by Jutisz (67). These were tcmry systems of
acetic mold, butyl acetate and water, Ths components were mixed
in either the ratlio 50:10:100 or 20:10:100 and shaken in a
separatory funnel., The two layers were sllowed to equilibrate
under running tep water. The temperaturs at which the aqueous
layer was drawn off was 12%c,

A standard concentration ourve for DNP-slaninol is
shown in Figure 10, The curve was prepared from solutions of the
compound in 85 per cent ethsnol, The measurements were made in
a Beckman Model DU spectrophotometer with a photomultiplier
attachment, The sensitivity control of the photmuipnar unit
was set at "4", The optical densities were read at 350muwith a

slit width of 0,03 mm., A tungsten light source was used,
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Zéggﬂggggx In early attempts to separate the Dﬂyuumnmq

aloohols in the DNP-reduction technique, ionography was employed
and the INP-amino slcohols were measured on the paper strips

according to the method deseribed by Marbach (77) and Urbin (IEO)L

For this purpose a Bausch and Lomd diffraction grating monochro-
meter witha meroury lamp source was employed, The strip was
moved past the light source (350mu ) and the optical density was
recorded automatiocally on a Brown recorder. The area under the
recorded curve was measured with a planimeter and plotted aguinatJ
the amount of material appxiod. The strips were prepared by
adding known volumes (A quantities) of e solution of known con-
centration to strips wetted with a phosphate-citrate buffer

(¥ o0.285, I'/2 = 0.01. ph 7.8). The strips were then subjaatéé

to a current at 10 v/om. The distance of migration usually
required to effect good separation of dinitrophenocl, dinitroe
anilino,‘nnd the DNP~amino aleochols from the pepsin preparations
wns about 8 om, This distance of migration was also used in
preparing the standard curves. The standard concentration curve
for DNP-alaninol 1a shown in Figure 11,

Preparation of DNP-amino Algohols The DNP-derivatives of sthanol
amine, alaninol, leusinol, glutamidiol, and aspartidiol were
prepared, DHP-ethanol amine snd DNPe~alaninol were obtained in
orystalline fomm, The other derivatives were obtalned as oile,
' The melting points of DNF-ethanolemine (88-899C) and DNP-alaninol

k]
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(92-94°C) agree well with those reported byhzutian gL_“;. (67).
The preparations of Jutiss ¢t al, had not yst been published at
the time the compounds used int his study were prepared. These
are the first reports in the litcrétnra of the preparstion of
these compounds, A typlesl preparation is that of DNP-ethanol-
amine (DNPeglycinol).

0.5 gm of ethanoclamine was dissolved in 50 ml of 2 per
sent Nal(COz. To this solution was added 10 ml of 95 per cent
ethanol containing 1.54 gm of 2,4«dinitrofluorobenzene, The
reaction mixture was shaken for three hours after which,sufficient
glyoine was added to react with the excess DNFB. The mixture
was shaken for an additionel two hours. The mixture was then
sxtracted with ether until the extraocting aolvnnz was colorlesas,
After drying the qukr sxtract over anhydrous sodium sulfate,
the ether was svaporated and the DNP~sthancl amine was recrystal-
lized from ethanol-isooctane,

Results In the icnographic studles 1t was not possible to
separate DNP-amino aleohols. However, since the reduction and

carboxypeptidase experiments indicated only the presence of
alanine as an end group separation was not essentisl, At the pH
chosen for the runs on the ionograph, dinitrophenol moved to the
positive electrode, dinitroaniline remained essentially at the
point of appliecation, and the DNP-amino alcohols moved to the

negetlive electrode. W¥hile the separation of these compounds
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was good, thire'waa a ysllow background along the 1ongt; of mi~
gration whioch interferred with the messurements. The average
value obtained with duplicate preparations was 3.4 end groups.

When Dr. Jutisz made avallable the details of his
inverse phase method of chromatography of DNP~amino aloohols,
the same samples used in lonography were put through Super-cel
columna, There was some material which remained absorbed at the
surface of the column, The remainder of the colored material
passed through the ecolumn =ss a aingle diffuse band, The average
value obtained from the eluastes was 2.5 end groups, It was later|
found that dinitrophenol could be removed by putting the mixture
through an alumina colum. These first solumns employed, it was
found later, did not separate DNP-aleninol and dinitroaniline
and consequently the value of 2.5 end grouba was too high., In
the final recovery and experimental determinations, the precau~
tions regarding temperature and method of packing the column ete.)
as dsaoribed under "Chromatography" were employed. IR the re-
covery experiments, 86 per cent of tha‘addad elanine, measured
as DRP=alaninol, was recoversd, The uncorrected value for the
C=terminal residue was l.6 end groups, When corrected for re-
covery, the value was 1,7 C~terminal residues,

Mixed chromatrograms were run for identiflcuation pur-
poses, Only two bands were present on the columns., The fast

fraction from the rreparation was collected and mixed in one
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case with DNP-alaninol and in another case with dinitroaniline,
The mixturs with authentic DiP-alaninol gave only & single band
on the column whereas the mixture with dinitroaniline gave two
bends, These results confirm the twe previous identifications
of the Ceterminal residue as slanine, The alower moving bend
was mixed with dinitroaniline and chromatographed. Only a

single band was obtained,




CHAPTER IX
DETERMINATION OF THE NeTERMINAL SEQUENCE OF PEPSIN

In most of the modifications of Edman'u-degradation
in use at preaent,’eho hydantoin after oleavage is extracted from
the sclution in which the cleavage occurred, The §honylthiahyr
dantoins are aelnbla in acetone and therciure 1t was decided to
eliminate the extrnétion step by precipitating the protein with

scetone and recovering the hydantoin from ths supernstant. In

addition, the removal of excess phenylisothioccyanate and Nemathyl:
morpholine from the reaction mixture by benzens extraction usually
leads to amululoné. Both of these compounds are soluble in ace~
tone and therefore an acetone precipltation of the PIrC-protein
was substituted for the extraction. The protein is washed with
additional amounts of acetons. Although thers is some loss of
protein in the precipitation, the method worked sufficlently
well to allow the determination of the firat four reslidues in the
sequense, |
Phenylthiohydantoin Degradation 50 mg of pepsin were dissolved
in 1.5 ml of water to which was added 0.25 ml of ¥ NaOH and 1.8

84
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ml of Nemethylmorpholine, To this solution was then a&;od 0.28
ml of phenylisothiocyanate, (PITC), aﬁd_thc mixture was stirred
vigorously for one and one half houra, At the end of this time
the protein was preciplitated with 10 volumes of acetone, centrie
fuged and washed with three 10 ml volumes of acetone. The dry
 protein was dissolved Iin 3 ml of 70 per cent acofic scld whioh
1s 1,8 M with respect to HCl., The solution was atirred and kept
at 40-45°C for thirty minutes to effect cleavage of the phenyle
thiohydantoin. The protein was then precipitated with 10 volumes
of acetone, centrifuged, and washed three timas‘with 10 ml volumes
of acetone, The protein was then ready for the second tfaatmant
with PITC. The combined supernatant and washings were evaporated
to dryness and the residue was dissolved in 0,5 ml of és por esnt
ethenol. This solution was used for chromatography.

As will bs shown later in the chapter, the degradation
vielded no phenylthiohydantoins beyond the fourth step, In order
to determine the nature of the fifth residue, the protein from
the fourth step was treated by Sanger's technique as follows:
It was suspended in 2 ml of water.0,15 gm of NaHCO, and 1 ml of
98 per cent ethanol containing 0.14 gm of DNFB were rdded, Ths
nixture was stirred at room temperature for three howsa, The '
mixture waa then made acld to congo red and 30 ml of scetone were
added, The protein was washed three times with 10 ml volumes of

acetone, The dry protein was then transferred to a pyrex tube,
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1 ml of 12 } HC1 was added and the tube was sealed. The sealed
tubs was heated in a bolling toluone b;th (1140) for sixteen
hours. The contents were cooclsd, diluted to 5 ml with water and
extracted three times with 6 ml volumes of ether. The ether was
dried over anhydrous sodium sulfate, evaporated off, and the
residue was teikan up in a few drops of 95 per gsent ethanol. This
solution was used for chromatography of the ether scluble Dﬂ?-
compounds .
Coromatopraphy The chromatography of the phenylthiohydantoins
was tpﬂ same in all raspeéta &8s the chromatography of the thloe
hyﬁﬁhtaina.

The solvents used to chromatograph Dﬁ?éamina roida were
those used in Shs.DN? satudies on the Ne~terminal groups (126).
The solvent used for preliminary separstions was toluene~pyridines
sthqlonnahlorahydrin»ﬂﬁa {("toluens” sclvent). The solvent was
prepared as follows: The organic components were mixed in the
volune ratio 53133 and shaken in a separatory funnel., Aqueous
0.8 NHg was then poured carefully down the side of the funnel
and the two lsyers allowed to equilibrate for one hour. The
aqueous layer was then drawn off and used to saturate the atmos~
phere of the ochromatographlie chamber, The organic layer was - '
filtered to remove droplets of water, Fresh solvent must be
prepared for each run. 4 second sclvent used in the chromato=~

graphy of DNP-umino acids was phencl-ispamyl alceohol-water in the

ratic 1:1:1 ("Phenol® solvent). The components were shaken in
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a separatory funnel and the organic layer was used in bh; solventd
troughe. | ‘
Freparation of Phenylthiohydantoins Fhenylthiohydantoins corres=
ponding to glycine, aspartic acid, glutamic seid, lsucine, phenyld
alaine, lysine, and valine were prepared asccording to ths method
of Edman (35), The compounds were obtained in crystalline form
except for the glutamic acid hydantoin which was an amorphous
white powder. The observed melting points of the phenylthiohy~

dentoiné and those from the litersture are listed in Tadle VII.
TARLE VII

MELTING POINTS OF SOME PHENYLTHICHYDANTOTNS

Amino Acld ‘ Observed (uncorr.) Literature (uncorr,)
Glyoine - gageg | B45-248°C

Alanine 104-185.5% 188°C

Valine ; 21,2°C . 206-2089¢C

Leucine 171-173% 178%

Phenylalanine 189~190°C 187°¢

Lysine 166=166°C 162-164°%C

Aspartio Acid 226°¢c 229°%

. The general method of preparntinn was as follows:
0.01 moles of the smino acid were dissolved in 50O ml of 50 per
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-

cent pyridine-water. The pH was adjusted to 9 with K NaOH and
the solution was heated in a bath to 40°C. ‘This temperature was
maintained throughout the resction. 2.4 ml of phenylisothlooya-
nate were added and the mixture was stirred vigorously. The pH
was readjusted every five minutes to 9.0 with N NaOH as the
resction proceeded. When the pH remained constant at 9.0 the
reaction was complete., This usually required about thirty
minutes. The reaction mixture was extracted three times with

50 ml volumes of benszene. An amount of X HC1l equivalent to the
amount of N NeGH used in the reaction was added to the extracted
solution. A mixture of white amorphous sclid and a pale yellow
ayrup, which solldified on atanding in the refrigerator ovarnlghtJ
was obtained. This phenylthiocarbamylamino acid was not purified
but was suspended in 30 ml of N HC1l and refluxed for two hours.
On ocooling, the hydantoin solidified, The suspension was eva-
porated three times under reduced pressure to remove HCl. Finally
the solution was filtered and the hydantoin recrystalliszed.
Host of the compounds were recrystallized from acetic aocld,
The hydantoins of lysine, leucine, and aspartic acid icra re-~
orystallised from ethanol.

Spectrophotometry The spectra of a few phenylthiohydantoins
were determined and are included here (Figures 12, 13, M), al-

though they wers not used in quantitative studies as originally
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intended. | , 4
Results Figqroa 15, 18, and 17 111uat£ata the results obtained
with this teshnique. Figure 15 i3 a chromatogram of the hydan=
toins obtained at stepa 1, 2, 3, and 4 and a mixture of the
hydantoins of aspartiu aclid, glyoine and lsucine, The material
obtained at steps 3 and 4 moved like the phenylthichydantoin of
aspartic acid, however, the sulfur conteining emino acids also
move ilavly. In order to check the identity of the substances
obtained at the third and fourth steps, a solvent was employed
in which the aspartiec acid hydantoin moves much faster than the
sulfur amino scids, The results of this ohromstogram are ihom
in FPigure 16, The results establish that the compounds 1anuna~
tion are hydantoins and not sulfur amino scids, With the solvent
enployed on the ehrnmﬁtogrum shown in Figure 15, the thiohydantoin
of iapartie and glutamic acids cannot be separated. To establish
[vhieh of thess compounds was obtained at steps 3 and C solvent
Sj~A was used, The results are shown in Figurs 17. The chroma~-
togram identifies the third and fourth residuss as uapnrtic agid,.
IThe identity of the first two residues is evideat from the first
chromatogram (Figure 15). The identity of the first residue agreey
vith the fdentification obtained with the DNP-method (126).,
In order to check the reliability 5! the degradation,
it was nppiicd to lysosyme. The sequence of thd first five amino

c¢ids in lysozyme 1s knawn.' The sequence 1s Lys.Val.Phe,Gly.Ser.
igure 18 is a chromatogram of the phenylthiohydantoins isolated
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from lysotyme at the first four ateps of the degraedation., From
the position of the authentic hydantoins on the chromatogram 1t
can be seen that the degradation ylelded the ssme results as thm&
reported in the literature,

As mentioned before, the degradation gave negative
results at the fifth residue. Attempts to identify the fifth
residue, by Sangerts technique have not &s yet been maaurui.
FPigure 19 shows a chromatogram of the ethsr soluble DNP material
resulting from the application of Sanger's method to the protein
after the fourth residue had been removed. The slow moving spot
moves liks dinitrophencl, DNP-proline and DHP-alanine zlso have
the same Ry in the "toluens” solvent. The slow spot was out out,
eluted and rechromatographed using the "phenol® solvent, It was
antiolpated that the fifth residue might be proline, however, the
results of the ohromatogram (Figure 20) demonstrated that ths
slow spot was dinitrophencl, Identiffiecation of the fast apot
from the "toluene” mtasrm hes not been made. It may be
stated that compounds moving faster than dinitrophenol {n the
"toluene®™ solvent include phenylalanine, ’kmtuphnu. tyrosine
and lysine, | '

The results of the degradation studies therefore
demonstrate the N-terminal sequences |

lou.gly«Rep AP«
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CHAPTER X
DISCUSSION AND SUMMARY

Four methods have been applied to the detemination
of the terminal free carboxyl groups of pepsin, The first
method, reduction with lithium aluminum hydride, estadblished
that there was only one apecles of amino acid at the C-terminus
tut gave only a tentative identification of this amino soid as
Rlanine, |

A s ubsequent msthod, ocarboxypeptidase digntic_m. |
corroborated the identification of the C-terminus as alénino |
and in addition gave an estimate of two end groups per nmole
of pepsin. Also the enzyme cleaved several other amino acids
in small amounts, the one appearing in largest amount after
slanine being glutamic acid, The other identified amino acids
were leucine (or isoleucine), phenylalanine, and methionine.
These amino acids may ocoupy positions nesr the Ce~terminal groups
Glutamic aoid may ococupy the second position at one or both C-
terminal ends,

The attempts to make the thiochydantoin methods of Waley
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and Watson sand Baptist and Bull quantitative did not meet with
success. It may be that this method is applicable only to small
peptidesn,

Finally, the redusction technique of Fromageot was
modified by applying the DNPemethod to the liberated amino alco~
hols. Th§ results of this msthod gave oaéanﬁ&sliy the same
quantitative results as the carboxypsptidase sxperiment and also
substantiated the two previous 1dsnt&fiaationa'afvthe Ceterminal
residus as alanine,

The application of & modiflication of Edmants degrada~
tion to the determmination of the N-terminel seqw nce in pepsin
established the sequence

| Leu,Gly.Asp.Asp_.
The f1ifth residue in the sequence appesrs to be unreactive
towards phenyisothioeyanate, An attempt to identify this residus
as the DNP-amino acid was unsuccessful although it was estadblish-
ed that the residus is not proline or any of the amino acids whid}
move slower than DNP-proline on chromatographing with the
“toluene” solvent, Among the amino acids which have not been
ruled are phenylalanine, tyrosine and trypscphanog

In the chapter on the characteriatiecs of pepsin, it was
noted that Flavin has established that the phosphorus in pepsin
is present in the form of O«phosphossrine and that the serine

appears in the sequence
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Thr.Ser, Glu..

A summary of the findings of the present investigations

jus the data from the literature can be presented in the

¢llowing schematic structure of the pepsin molecules

?u.Gly.Anp.Asp. sansnsen -‘rhl' Ser.Glu.ee seee (Mot ,Phc.Lou.Glu) «Ala

0338 ....(uet,?hu Leu.Glu.) .Ala
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ADDERDUM

After the completion of this thesis, a report of
studies on the structure of pepsin by Herriot(58) appesred
in print, The results of these studies are summarized and
compared with the results of thls thesis in the following
table,

This thesls Herriot
R«terminus 1 Leu 1 Ileu
Netorminsl tuqunncc Leu.Gly.Asp.dap~ Ileu.0ly~
C-terminus 2 Ala Ala

C-terminsl sequence ~{Phe,Asp,Val,Leu, <-Val.Leu(Ileu).
Glu)Ala Ale

Herriot "favors® isoleucine as the single N-terminal group.
The differentistion betwesn leucine and isoleucine was made
using te-amyl alcohol as the soclvent, A psper chromatogram
using this solvent requires 2-3 weeks development to obtein
& separation, The choice of leucine msde by Willlamson snd
Passmann(125) was based on s two dimensional pg er chromato-

gram using collidine-water anﬁ.phenol-NHucH as the solvents,




Herriot identified the C-terminel group by means of cnrb:axy-
peptidese but gives no indicetion as to the number of ala-
nine residues detected., The text can be interpreted as
Proposing a single C-terminal group.
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