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SUMMARY :

Chromatographlc systems for cystme pept1des ‘were establlshed and rmxed
dlsulﬁde formation  was: studied’ using ‘a- Technicon :Amino ‘Acid Analyzer. The nin-
hydrin molar color yield of peptides with N-terminal cystme was 1ncreased by sphttmg
the disulfide bond with sodium: bisulfite..

Cystine peptides were prepared in the sulﬂ1ydry1 form by reducmg the d1sulﬁde‘
bonds with dithiothreitol. The reduced peptides were separated from  dithiothreitol
on a small column of Dowex 50W- X4.in the H* form. The sulfliydryl peptides were
mixed. . together and allowed to -oxidize . ‘completely. The. oxidized. products: were
analyzed in the chromatograph1c system. The formation of symmetrical and mixed
disulfides from the sulfhydryl compounds appeared to occur randomly. o

INTRODUCTION

" The biological significance of disulfide bonds and sulfhydryl groups has two main
.aspects. Disulfide bonds play an important role in maintaining the conformation of
proteinst. Sulihydryl-contammg compounds have been shown to prov1de protection
for a variety of organisms against radiation-induced damage®. 'While studying the
‘mechanism of the protective properties of sulfhydryl compounds, ELDJARN AND
P1rr%4 showed the formation of some mixed disulfides. Recently, VAN RENSBURG
:AND SWANEPOELS showed that when bisulfite (HSO3~) ruptures mixed disulfides,
‘steric factors sometimes cause the SO42~ group to attach preferentially to one of the
.two resulting thiol compounds Further study of mixed disulfides has been limited
by the techniques available.: This: paper. reports the use of ion- exchange chromatog-
raphy to study disulfide formation from: cysteme-contammg peptides:: - E

-;The work consisted, of three main: problems. First;'a chromatographm system
for analy/,mg the amounts of peptldes had to be estabhshed Beca.use the commercmlly

"v;‘(' ¥
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available compounds were symmetrical disulfides, the second problem was to devise
a method of reducing the disulfides to isolate the peptides in their sulfhydryl form.
The third phase of the work was the actual formation of mixed disulfides from the
reduced peptides and the chromatographic analysis of the products. Because the
mixed disulfides formed were to consist of two peptides of differing amino acid compo-
sition, we were curious to see if steric factors would favor or hinder any partlcular

disulfides from forming.
MATERIALS AND METHODS

Cystine-containing peptides were obtained from Cyclo Chemical Corp. (Los
Angeles, Calif.). Dithiothreitol (DTT) and reduced glutathione (GSH) were obtained
from Calbiochem Company (Los Angeles, Calif.). :

A Technicon Amino Acid Analyzer was used with a 125 X 0.6 cm column of
Chromobeads Type-A cation exchange resin in the sodium form (Technicon Corp.,
Ardsley, N.Y.). The column was maintained at 60° by a jacketed circulating water
bath. Eluting buffers were pumped through the column at 0.6 ml per min. Ninhydrin
reagent was obtained from Pierce Chemical Company (Rockford, Ill.). o.o1 N NaCN
(0.2 ml/75 ml buffer) was added to the eluting buffers to reduce.the.ninhydrin, -as
described by ROSEN et al.%..Ninhydrin color of the effluent was measured at 570 mu.

The ﬁrst problem was to adapt the amino acid analyzer for the chromatography

T ABLE I

COMPOSITION oF BUFFDR GRADIENTS FOR PEPTIDE ELUTION

The pH of the solution in chamber 1 for Group 1 peptldes was 4.5. The stock solutions of citrate
buffer, pH 3.10, pH 5.10, and pH 10.50, were prepared as directed by the Technicon Corp.? The
stock solutions of buffers used for Group II peptldcs conta.med 10 ml Bru 35 per. 11ter (Plerce

Chemical Co.).

Autograd Group I peptides Group Il peptides-
chamber
No. - ml sodium citrate buffer ml sodium citrvate buffer

pPH 3.r0 pH 5.1r0 pH r0.50 pH 3.170 pH 5.170 pH ro.50

20 70 a5

1 ‘

2 20 70 ' ' 45 ’

3 » ’ 9o . - 30 \ T5

4 40 .. 50 . .10 35

5 . 90 . 45

6 go o -7 20 25

7 90 . - S : 45
'8 . 45
9 45

of the peptldes Techmcon Corp recommended a gradlent of pH 3. Io—pH IO 50 for
the eluting buffers.using their -nine-chamber Autograd device? for: peptide elution.
This gradlent was, modlﬁed in two wa.ys for the chromatography of. the cystme peptldes
" as shown:in Table I.. R :
. The peptides used were d1v1ded into two groups because of theu‘ chromatographlc.
behavior and color yield with nmhydrm L-Cystinyl-bis-(L-alanine) (Cys-Ala)s, L--
cystinyl- bls~(L-vahne) (Cys-Val), and.L-cy stmyl bis-(L-leucine) (Cys-Leu)o made: up..
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Group I.  Group II consisted of bis-(L-alanyl-L-cysteinyl-L-tyrosine) (Ala—Cys-—Tvr) 2,
glycylglycyl -bis-cystine (Gly-Cys),, and 'oxidized glutathione (GSSG).-

The elution - gradient pH 4.5-pH 10.50 was used for the chromatography of
Group I peptides. The molar color y1eld of the cystme dipeptides (Group I) were very
low. Whereas 0.1—0.5 umoles of most amino acids give sufficient color for automated
ana1y51s, 10°to 20 times these amounts of cystine dipeptides were. necessary’ to ‘give
comparable- color values. It is interesting to note that the amino acid cysteine has a
ninhydrin color yield only 69, that of norleucine; while the color yield of cystine is
about 509, that of norleucine8. Other dlpeptldes have nmhydrm ‘color ylelds similar
to those of amino acids?.1°, ’

‘ 'The ninhydrin color yields of Group I peptldes were mcreased by sphttmg the
disulfide with NaHSOa The column effluent was mixed with NaHSO, in the analytical
portion of the amino acid analyzer. NaHSO, (10 mg/ml) was dissolved in 4 2V sodium
acetate buffer pH 5.5 and pumped into the system at 0.x ml per min (F ig. 1). After
mixing with NaHSOy, the effluent was mixed with ninhydrin solution in the normal
manner. Absorption spectra of ninhydrin-peptide solutions showed peaks at 405 mu
and 570 mu. Both peaks:were approximately doubled if the peptide was reacted with
bisulfite before ninhydrin color development. Since the'amino acid analyzer is normally
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equipped with a 570 mu filter, we used this wavelength to measure color intensity. .

A typical chromatogram of Group 1 peptldes was carried out as follows. The
column was washed with 0.2 V.- NaOH for 30 min and -then regenerated with buffer
of the same pH as at the start of the grad1ent (pH 4.5.for Group I). The regenerating
buffer . contained o0.01 N NaCN (0.2 'ml/75 ml buffer). After the column had been
equilibrated for 1.5 h, the sample was applied and the. pH gradient elution started.
A chromatogram of all Group I peptides was complete in 5 h.. The mixed dlsulﬁde
formed from a pair of dipeptides emerged between the elution peal».s for each of the
respective symmetrical disulfides. . -

Group II peptides, GSSG, (Gly-Cys)s, and (A]a-Cys—Tyr)n had colo1 y1e1ds close
to those of amino. acids and required a different pH gradient elution pattern. The
buffer gradient for elution of Group II peptides was pH 3.10-pH 10.50 (Table.I).
Group 1I peptides gave much greater ninhydrin color yields than those of Group I
and sulfitolysis of Group II peptides did not increase their color y1e1ds Therefore, it
was not necessary to react Group II peptides with NaHSO; in the amino acid analyzer. .
: The cystine.peptides. were prepared in the. sulfhydryl form by reducing-the
dlsulﬁde ‘bonds with dithiothreitoll? at neutral pH. After r5 min, reduction of the
peptides: was .complete and the pH was lowered to 2 to prevent reoxidation. - The
reduced peptldes were separated from DTT on a 3.0 X 0.5 cm column of Dowex
50W X4 in the H* form. DTT was eluted with water and 6 N HCI was used to elute
the reduced peptides. The eluates were neutralized and assayed for ~SH content with
'ELLMAN’s reagent (d1t]11ob1sn1trobenzoate DTNB)'2. The acid fractions contammg

the peptide were lyophllued to dryness, redissolved in water, and lyophilized again
to remove excess HCI. :

An aliquot of reduced peptlde was adjusted to neutral pI—I and allowed to oxidize
- completely overnight. Complete oxidation was confirmed by a negative test for- -=SH
groups with DTNB. The reoxidized peptlde ‘was then chromatographed in the. ap-
propriate system. ‘From the ELLMAN test of the reduced peptide and the chroma.togram
of a reoxidized ahquot the amount of reduced peptide recovered from the Dowex 50
column was détermined. Each Group'l peptide was reduced and isolated in this
manner. The reduced pethdes were divided into equal fractions (1o umoles), lyophlhaed
to dryness, and stored in a freezer.

Formation'of mixed disulfides was the third problem. Group I and Group: II
peptides were treated separately because of their different’ color yields and chromato-
graphic behav1or Equal.fractions of Group I peptides were dissolved in 1.0 ml 0.1 N
"HCl, mixed together and the pH adjusted to neutrality. The mixtures were allowed
to oxidize overmght Complete oxidation was confirmed by using DTNB to detect
—SH groups. When oxidation was complete, each mixture was acidified with I—ICl.
‘ lyophllued to dryness redxssolved in . ml 0.1, N HCl and then applied to the ammo
acid analyzer. v

. .Group. I1 peptldes were treated dlfferently Reduced glutathlone (GSH) was
avallable commercially and was nnxed 1nd1v1dually w1th each of the other Group II
pept1des Mixtures of GSH and the oxidized. peptldes wére ad]usted to neutral pH and
th1ol—dlsulﬁde mterchange was allowed to occur until’ oxidation of all compounds was
complete ‘The. mlxtures were ac1d1ﬁed lyopluhzed rechssolved 1n 0.1 N HCI and_
fchromatographed ,' R ‘ :

The areas under the nmhydrm peaks of all chromatograms were mtegrated w1th ‘
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a Technicon Integrator/Calculator. The amount of symmetrical disulfides were
calculated based on color yields previously determined from known amounts of
oxidized peptrdes

RESULTS

Theformation of mixed and symmetrical disulfides from reduced peptitles
appeared to occur randomly. Table II presents the amount of the various disulfides

TABLE 11

PERCENT TOTAL S As SYMMETRICAL OR MIXED DISULFIDES AFTER OXIDATION OF GROUP I PEPTIDES

Reduced Oxidation products
peptides
- mixed I 2 3 P 5 6
together . (Cys-Ala), Cys—Ala =  (Cys—Val), Cyvs—-Ala . Cys—Val = (Cys—Leu)y
Cys—Val \ Cys—Leu Cys—Leu o
Cys—Ala 23.4 - .. 47.8 . 28.8
+ - 24.1 (25) 49.7 (50) ~  25.6 (25)
Cys—Val = 23.6 ' " 51.4 " 26.0
Cys-Ala.. . 20.8‘ . - o . 53.4 " - _ ' v 25.8 .
-+ o o2nt (25) , ~ 56.2 (50) , - 22.7 (25)
Cys-Leu -~ = '~ = T R 4 . o [
Cys-Val ' o 220 so5 266
+ . . 229 (25) 51.1 {(50) = 26.0(25)"
Cys—Leun . -~ S 19,20 : T 52.2 - 28,6 . .
Cys—-Ala 11.1 ' 9.87 ' ' 11.6
Cys~-Val 12.5 (11.1) (22.2) . 12,0 (11.1)  (22.2) . . .(22.2) 12.2 (11.1)
‘ Cys;Leu S

Numbers in pa.rentheses are theoretlcal values for random combmatmn E\:penmenta.l values
for mixed disulfides were determined as the difference between roo0% and the symmetrrcal
disulfide values. A typical chromatogram is given in Fig. 2. Buffer gradxents for elution are given
in. Table 1 Other dctalls of the chromatographrc system are ngen in the text.. o

formed in each expemnent with Group I peptldes The amount of a given sulfhydryl
peptide (RSH) not represented inthe symmetrical disulfide form (RSSR) was assumed
to exist as half of a mixed disulfide (RSSR’). Thus, when RSH and R’SH were mixed
in equal amounts and allowed to6 oxidize comipletely, the products were RSSR, R’SSR,
and R’ SSR’, where R and R’ de51gnate peptides of differing amino acid composition.
One would expect 500/o of the total sulfur to appear as the mixed disulfide (RSSR’)
and 259, to appear in each of the- two symmetrical disulfides, if RSH and R'SH
combined randomly. As can be seen in Table II, the expermlental results’ approach the
theoretlcal values for random formatlon of disulfides. o

Similarly, when' all three sulfhydryl peptides were oxldued together, each of
the resultmg symmetncal disulfides contained close to the theoretical 1. 1% (1/9) of
the total sulfur (Table II) Flg zisa typlcal chromatogram of Group I peptldes It is

j' waomatog 37. (1968) 55—61 k



|33 mcaTER, A, wanNER

- OPTICAL. DENSITY

v Hours
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fv‘.,'dlsu‘ﬁde value "'Buft‘er gra.d1ents for elutxon are. gwen m Table I Other deta.lls of . the chromat
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When GSH was mixed with either of the disulfides (Gly-Cys), or (Ala-Cys-Tyr),,
thiol-disulfide 1nterchange appeared to occur randomly. Because random interaction
was observed in’this manner, it was not necessary to ox1d1.4e mlxtures sta.rtmg with
all peptides in the reduced form.

‘When equal amounts of GSH and (Gly-Cys) and (Ala-C ys’-T'yr)'o' were mixed
and oxidized, it appeared that equilibrium of thiol-disulfide interchanges was not
reached. Therefore, the sulfhydryl forms of these peptides were mixed and allowed to
oxidize. As can be seen in Table III, random formation of disulfides appeared to occur
when all three Group II peptides oxidized in this manner. The tnpeptlde (Ala-Cys-,
Tyr),, was considerably less pure than the others. This may account for its greater
deviation from the theoretical amount than the others.

DISCUSSION

The ninhydrin color yield of cystine is 509, that of normal amino acids and the
color yield of cysteine is only 69%,°. Ninhydrin color yields of Group I peptides (where
cystine was in the N-terminal position) were all very low, similar to cysteine. Group II
peptides (where cystine was in the middle or in the C-terminal position) all produced
ninhydrin color yields similar to those:of normal amino acids. I‘urthermore sulﬁtoly51s
of N-termmal cystme ‘peptides increased the color y1elds by 'a factor of about 2. Tt is
apparent from these observations that the sulfur atoms of cystine have an effect on
the reactivity of that compound’s amino group ‘toward' nmhydrm L P A

‘Disulfide’ formatlon among the peptides studied appeared ‘to ‘occur randomly
The amino acid sequences did not influence the formation of any part1cular combination
of peptides. ‘These results are consistent with the concept that the amino acid sequences
of a protein determines its conformatmn and the arrangement of dlsulﬁdes between
cysteine residues.

The chromatography of cystine peptides and the methods for prepanng them in -
the reduced form may be of general usefulness in the future study of peptldes and
dlsulﬁdes._ o
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